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ABSTRACT 

Near Surface Mounted (NSM) Fibre Reinforced Polymer (FRP) reinforcement is an effective 

rehabilitation solution to strengthen RC structures, as it can enable higher load carrying capacity 

and ductility than conventional Externally Bonded Reinforcement (EBR). However, the 

performance of elements strengthened in flexure is still controlled by bond failure between the 

NSMR system and the concrete substrate. This can reduce both the effectiveness and safety of 

NSMR systems and should be accounted for in design. The development of high stresses due to 

the abrupt termination of NSMR is the main cause for the dominant end debonding failure. This 

type of failure is not well understood and needs to be examined in detail. The aim of this work is 

to achieve a comprehensive understanding of bond behaviour and debonding mechanisms of the 

NSMR in flexural strengthening applications both experimentally and theoretically so as to 

enable the development of practical and reliable design methods for RC beams strengthened in 

flexure with NSMR. 

An analytical elastic model is developed to facilitate a fundamental understanding of the 

distribution of bond stresses along the NSMR, especially in the region around the termination 

point. The model identifies differences of stress states between EBR and NSMR. However, since 

it is based on elastic analysis and continuum mechanics, it is unable to represent bond behaviour 

of NSMR at high load levels. This issue can only be examined in detail via specially developed 

experimental work. 

A total of ten RC beams, including two control beams and eight beams strengthened in flexure 

with CFRP and BFRP bars or strips, are tested to examine the overall structural behaviour of RC 

beams retrofitted with NSMR of different embedment lengths. Tested beams are heavily 

instrumented to examine the influence of yield penetration along the internal steel bars on the 

bond behaviour of the NSM reinforcement within the shear spans and the resulting debonding 

mechanisms. NSMR enhanced flexural capacity by up to 50% and the dominant failure mode was 

end debonding after yielding. The experimental results show that yielding of the steel 

reinforcement penetrates in the shear span much further than predicted through classic section 

analysis, reaching near or even beyond the termination point. The experimental evidence is used 

to develop a new simple, yet effective methodology to estimate the minimum embedment length. 

The new design method is validated against an extensive database collected from literature and is 

found to provide more accurate and reliable results. 
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embedment lengths and was found to outperform EBR in terms of debonding load in 

flexural tests (Quattlebaum et al. 2005; Cruz et al. 2006). The superior performance of the 

NSMR over EBR can be explained by the fact that the embedment of NSMR in the concrete 

substrate provides a higher ratio of bond area to cross section area and improves peeling 

resistance. The use of NSMR can also reduce the risk of vandalism and provide extra UV 

and fire protection. 

Failure modes of beams strengthened with NSMR are similar to those observed in beams 

strengthened with EBR, including flexural failure, concrete cover separation, intermediate 

crack-induced debonding (Barros and Fortes 2005; Quattlebaum et al. 2005; Cruz et al. 

2006; Teng et al. 2006). Similar to EBR, the presence of epoxy bonded FRP materials can 

change the failure mode from ductile to brittle, due to debonding caused by high bond stress 

concentration at the termination points of FRP. This causes sudden concrete cover separation 

and debonding before the full flexural capacity of the composite member is reached. As a 

result, the performance of structures strengthened with NSMR is limited by the bond 

developed between the FRP and the concrete substrate. Thus, understanding bond behaviour 

of the NSMR, both theoretically and experimentally is a crucial aspect that needs to be 

examined in detail so as to develop practical and reliable design guidelines. 

Analytical solutions can provide a fundamental understanding of bond behaviour of NSMR 

in strengthened RC structures, but are limited by their inability to accurately model sources 

of singularity and nonlinearity that govern concrete behaviour, such as cracks and interaction 

of steel reinforcement and FRP (Smith 2006, Hassan 2005, Hien Nguyen 2009). 

Experimental work is therefore needed to understand the real structural behaviour of NSMR 

and help develop more accurate analytical models. 

Bond behaviour of NSMR is generally examined mostly through small scale bond tests and 

only few studies have been conducted on large scale flexural tests. Bond tests are generally 

simple to undertake, but can reveal bond behaviour only at the local level. The absence of 

the true mechanisms that typically develop in flexural elements, such as bending effects, 

cracks and the interaction between flexural steel rebars and the NSMR system (particularly 

after yielding of the steel reinforcement), limits the use of bond test results when 

characterising the real stress states and failure mechanisms of NSMR in real structures  

(Teng et al. 2006). In addition, large scatter in bond strength results, partly due to lack of 

standard tests (De Lorenzis and Nanni 2002; De Lorenzis et al. 2002; Cruz et al. 2006; Teng 

et al. 2006; Novidis et al. 2007; Kotynia 2010), has led to unreliable design guidelines. 

Beam tests, though more demanding, can provide a more accurate representation of bond 

behaviour and debonding mechanism of NSMR in real flexural strengthening applications. 
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However, the current understanding on bond behaviour and the debonding mechanism of 

NSMR in beam tests is limited due to lack of published data, as well as insufficient 

experimental details. For example, the lack of data on the distribution of strains along the 

entire length of both steel and FRP reinforcement prevents the understanding of the 

interaction between the internal and the external reinforcement around the termination 

points, as well as the impact of the yielding penetration of steel reinforcement in shear spans 

on the end debonding failure of NSMR. Although the likely failure modes of NSMR have 

been identified, the existing knowledge on the NSM FRP method is still very limited 

compared to that already exist for the EBR method. The designers are still not offered an 

efficient design method that would cover all possible failure modes that the strengthened RC 

elements need to be guarded against and this is a significant barrier for the wider adoption of 

the NSMR method. 

1.2 Aims and objectives  

The main aim of this research programme is to achieve a comprehensive understanding of 

bond behaviour and debonding mechanisms of the NSMR in flexural strengthening 

applications, both experimentally and theoretically, so as to enable the development of 

practical and reliable design methods for RC beams strengthened in flexure with NSMR. For 

this purpose, the following objectives have been identified: 

 Derive an analytical method to gain fundamental understanding of bond stress 

concentration along the NSMR, especially in the vicinity of the termination point.  

 Undertake an extensive experimental study to (a) characterise the mechanical properties of 

the materials that can be used in the development of numerical and analytical models and 

(b) to examine the overall structural performance of pre-damaged RC beams strengthened 

with NSMR. Examine strain and bond stress distributions along the NSMR and the steel 

reinforcement to evaluate effects of interaction between the steel reinforcement and the 

NSMR; shear, crack pattern.  

 Propose a simple, yet efficient, design method to estimate the required embedment length 

of NSMR to avoid end debonding.  

 Validate the proposed design method against an extensive database collected from 

literature.  

 Provide step-by-step guidance and design examples that can be used by researchers and 

consulting engineers to design the structures flexurally strengthened with NSM FRP 

reinforcement. 
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1.3 Thesis layout 

The thesis is organised in six chapters. Chapters 2, 3, 4 and 5 are based on four journal 

papers (to be submitted). A brief overview of each chapter is given in the following. 

Chapter 1 introduces the use of NSM FRP reinforcement for flexural strengthening 

applications and discusses problems that need further research. In this chapter, the main aims 

and objectives of this research programme are presented along with a brief discussion on the 

methodology implemented. 

Chapter 2 (paper was published in FRPRCS9 proceeding, 2009. Extended version will be 

submitted to Composites Part B: Engineering, Elsevier) 

The paper presents the derivation of a closed-form analytical solution to compute the 

interfacial bond stress distribution between FRP, adhesive and concrete. The effect of 

various parameters is discussed including the area and yield strength of steel; Young’s 

modulus of FRP; adhesive and its thickness; concrete matrix; thickness, height, embedded 

length and number of FRP strips; beam geometry and loading condition. Special attention is 

paid to the stress concentration in the vicinity of the cut-off point where both vertical and 

longitudinal shear stresses reach their maximum values. 

Chapter 3 (paper to be submitted to Composites Part B: Engineering, Elsevier)  

The paper presents the experimental work undertaken and it is divided in two main parts: 

material testing and beam testing. In the first testing series, materials used in the beam tests: 

concrete, structural adhesive, steel reinforcement, CFRP and BFRP are tested to obtain their 

mechanical properties. In the second test series sixteen tests are carried out on eight beams, 

strengthened in flexure by CFRP and BFRP. A brief description of test set-up, specimen 

preparation, instrumentation and testing is included. The structural behaviour of tested 

beams is presented and discussed in detail. Special attention is paid on the analysis of strain 

and bond stress distribution along the NSMR and the steel reinforcement, in the region near 

the termination point. 

Chapter 4 (paper prepared for the Journal of Composites in Construction, ASCE) 

The paper presents experimental evidence of deep yielding penetration of the steel 

reinforcement towards the termination points at high load levels and discusses its impact on 

bond behaviour and end debonding failure mechanisms. 

Chapter 5 (paper prepared for the Journal of Composites for Construction, ASCE) 

In this chapter, a new design method based on experimental findings is presented along with 

validation against an extensive database collected from literature.  
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Chapter 6, general conclusions from the study are drawn, together with recommendations 

for further research in the area of study. 
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2 BOND STRESS CONCENTRATION: AN ANALYTICAL MODEL 

Chapter 2 

BOND STRESS CONCENTRATION:                   

AN ANALYTICAL MODEL 

  
Hien V. Nguyen1, Maurizio Guadagnini1, Kypros Pilakoutas1, Nam V. Le2 

1Department of Civil and Structural Engineering 

The University of Sheffield, UK. Email: n.hien@sheff.ac.uk 
2 Department of Civil and Structural Engineering  

HCMC University of Technology, Vietnam National University, Vietnam 

 

(Paper published in FRPRCS9 Proceeding, Sydney 2009) 

2.1 Introduction 

The strengthening of RC structures using near surface mounted Reinforcement (NSMR) 

has emerged as a very attractive and promising technique. Previous experimental results 

indicate that this technique can enhance significantly the bond performance between FRP 

and concrete substrate, delay premature debonding and improve the load carrying 

capacity of RC concrete structures [1, 2]. Despite the fact that NSMR exhibits a better 

bond behaviour than plate bonding, debonding remains a crucial issue that needs to be 

further examined. Existing models developed to predict debonding failures of NSMR 

FRPs ignore the effects of axial deformation of the beam and flexural deformation of FRP 

strips [3]. These simplifications yield rather conservative predictions when the flexural 

effect and the flexural rigidity FRP bars/strips are significant. This paper proposes a new 

close-form analytical solution to compute the interfacial stresses between FRP, adhesive 

and concrete materials in beams retrofitted with NSMR. In this model, a 3-D state of 

stress is considered including normal stress, shear stress in both longitudinal and vertical 

directions. The influence of various parameters is discussed including the area of steel, 
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2.2.3 Mathematical model, equilibrium equations  

A differential segment of the RC beam retrofitted with NSMR, as shown in Fig. 2-2, is 

considered in the following. The Figures 2-2a and 2-2b present the full model and the 

simplified model, respectively. The longitudinal, vertical shear stresses and the normal 

stress are denoted as ߬௬௫ , ߬௬௭  and ߪ௬. The sign convention for bending moment, shear 

force, axial force and loading is also indicated in Figure 2-2. 

 

 
Figure 2-2 Differential segment of beam retrofitted with NSMR (a) full model  (b) simplified model 

Equilibrium and compatibility conditions of the beam, FRP strips and their interfaces are 

imposed for the derivation of the close-form solution. The derivation leads to the system 

of differential equations of longitudinal and vertical shear stress as shown in equations 1 

and 2. 

dτ୷୶ଶ (x)dx − Gୟ2nh୤tୟ ቎(yୣ୤୤ − h୤2 )ଶEୡIୣ୤୤ + E୤I୤ + 1EୡAୣ୤୤ + 1E୤A୤቏ 	τ୷୶(x) 	= Gୟtୟ 	 (yୣ୤୤ − h୤2 )EୡIୣ୤୤ + E୤I୤ V୘(x) −	 
−Gୟtୟ (yୣ୤୤ − h୤)GୡA୤୤ dqdx + 	2nh ൬yୣ୤୤ − h୤GୡAୣ୤୤ + h୤b2G୤A୤൰ d	τ୷୸(x)dx 																					(Eq. 1) 

              dସ	τ୷୸(x)dxସ − 2Gୟnh୤tୟ ൬ 1GୡAୣ୤୤ + 1G୤A୤൰ dଶ	τ୷୸(x)dxଶ + Gୟ2nh୤tୟ 	൬ 1EୡAୣ୤୤ + 1E୤A୤൰ 	τ୷୸(x) 
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= ୋ౗ଶ୬୦౜୲౗୉ౙ୍౛౜౜ ቀyୣ୤୤ − ୦౜ଶ ቁ 	த౯౮(୶)ୢ୶ + ୋ౗୲౗ ୠୋభ୅౛౜౜ ୢమ୯ୢ୶మ − ୋ౗୯୲౗୉ౙ୍౛౜౜                        (Eq. 2) 

 

Where 	܎܎܍ܡ = ܐ − (Eq. 3)                                                                                                           ܎܎܍۱                               

Cୣ୤୤ = ൬Mୡ୰Mୟ ൰ଶ.ହ C୥ − ቆ1 − ൬Mୡ୰Mୟ ൰ଶ.ହ	ቇ Cୡ୰; 			Aୣ୤୤ = bCୣ୤୤	; 			Iୣ୤୤ = ൬Mୡ୰Mୟ ൰ଷ I୥ − ቆ1 − ൬Mୡ୰Mୟ ൰ଷ	ቇ Iୡ୰ 
(Eq. 4) ܯ௖௥, ,௖௥ܫ  ௖௥ are the cracking bending moment, moment of inertia and the neutral axisܥ

depth of the cracked RC beam, respectively. 	ܫ௚,  ,௚ are gross moment of inertia and the neutral axis depth of the un-cracked RC beamܥ

respectively. ܯ௔is the imposed bending moment. 	yୣ୤୤ is distance from the bottom fibre to the effective neutral axis.  Cୣ୤୤,	Aୣ୤୤,	Iୣ୤୤ are effective neutral axis depth, area and moment of inertia of RC beam, 

respectively. 

2.3 Solution and discussion 

Since these equations are coupled form, their solution is rather complicated. To solve the 

system, a simplification is made by assuming that the shear deformation in RC beam, 

FRP strips and normal stress are negligible. In this paper, only the four-point bending 

case is considered when imposing the boundary conditions (P is a concentrated load). The 

solution for the longitudinal shear stress and the vertical shear stress for this case are 

shown in equations (5) - (10) as follows 

 τ୷୶(x) = ஑ஒ Paeିஒ୶ + γP                                                  (Eq. 5) 

ߚ = ඨ2GaAftatf ൥(yeff−hf2 )2EcIeff+EfIf + 1EcAeff + 1EfAf൩                                        (Eq. 6) 

ߙ = Gataβ2	 yeff−hf2EcIeff+Eff ߛ															 = Gata yeffEcIeff                                           (Eq. 7)                

 τ୷୸(x) = eିன୶ሾAcos(ωx) + Bsin(ωx)ሿ																																									(Eq. 8) 
where        ߱ = ටୋ౗୬୦౜ଶ୲౗ ቂ ଵ୉౜୍౜ + ଵ୉ౙ୍౛౜౜ቃర

                                                        (Eq. 9) 
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ܣ  = ୋ౗୔ଶ୉ౙ୍౛౜౜ఠయ୲౗ ቂ1 + ߱ܽ − 2nh୤ ቀఈఉ ܽ + ቁߛ (yୣ୤୤ − h୤)ቃ ܤ				 = − ୋ౗୔௔ଶఠమ୲౗୉ౙ୍౛౜౜                   (Eq. 10) 

 

The derivation of the equations and the analysis of the results were performed with the 

aid of software packages such as MATHCAD and MAPLE. The results were used to 

calculate longitudinal and vertical shear interfacial stresses along the FRP strips. The 

distribution of longitudinal and vertical shear interfacial stresses is shown in  

Figure 2-3a and  

Figure 2-3b, respectively, for values of a of 60mm, 90mm, 120mm. For the examined 

beam, both peak stresses increase sharply when the location of the cut-off point changes 

from 90mm to 120mm from the support. 

  

 

Figure 2-3 Interfacial shear stress (a) longitudinal shear stress  (b) vertical shear stress. 

Figure 2-3 presents the distribution of the longitudinal shear stress (Figure 2-4a) and the 

vertical shear stress (Figure 2-4b) along the FRP strips as a function of the position of the 

cut-off point. From the 3-D plots, it can be observed that when the value of a increases, 

so does the peak interfacial shear stress. This increase is more significant when the cut-off 

point moves from un-cracked section to a cracked section. This transition occurs for a 

value of a equal to 109mm (Lcr) of the examined beam. When the cut-off point is in a 

non-cracked zone, the peak stresses rise steadily with the increase of a. However, when a 

is greater than Lcr, the peak stress rises suddenly and the slope of the curves at the cut-off 

point becomes much steeper. 
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Figure 2-4. Variation of distribution of interfacial shear stresses along FRP strips as a function of 

location of the cut-off point (a) longitudinal shear stress   (b) vertical shear stress 

2.4 Conclusions 

This paper presents a new closed-form analytical solution for interfacial stresses that can 

be used to predict the failure load of beam retrofitted with NSMR. The solution takes into 

account axial deformation of RC beam and flexural effect of FRP strips. The following 

conclusions are deduced from the present study: 

• The flexural effects influence noticeably on interfacial shear behaviour at the FRP. 

• The magnitude of longitudinal shear stress is approximately four times higher than 

that of vertical shear stress. 

• The results from the model also indicate that when the cut-off point is located in the 

non-cracked zone, shear stresses are rather small. Beyond this point, shear stresses rise 

noticeably and the load carrying capacity of the strengthened beam reduces sharply. 

Future work will examine the proposed solution parametrically and make comparisons 

with experimental work and other analytical methods. 

2.5 Further discussion 

The analytical model developed, has enabled a more fundamental understanding of the 

bond stress development along the NSMR, especially in the region around the termination 

point. The model accounts for differences in stress states between EBR and NSMR 

induced by shifting the FRP from the surface, into the concrete. Details of the derivations 

as well as a parametric study are given in appendix A. This additional work and the 

conference paper will be included in a new paper to be submitted in Journal of composite: 

part B. Some of the most significant findings are discussed below: 

                     
 xy   

x(mm) 

a(mm) 

ty x(MPa) ty z(MPa)

x(mm) a(mm) 

(a) (b) 
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- The longitudinal shear resulting from the variation of strains along the NSMR, reduces 

about twofold compared to that developed in the EBR system. The peak shear stress 

concentrates in a very narrow zone approximately 20mm from the termination point 

and reduces sharply towards mid-span. 

- The vertical shear stress (τyz), a result of the difference of flexural stiffness of the 

NSMR and the beam, peaks around the termination point and decreases sharply 

towards mid span. The vertical shear stress developed in the NSMR is approximately 

twice the normal stress developed in EBR (σy). This can be explained by the fact that 

the stiffness of the vertical NSMR system is much higher than that of the EBR. The 

peak vertical shear stress is approximately 25%-30% of the peak longitudinal shear 

stress (τyx). 

- The vertical shear stress is more dominant in NSMR placed vertically than the normal 

stress in EBR system. As a result, the failure modes of NSMR are the combination of 

fracture mode II (sliding mode with a shear stress acting parallel to the plane of the 

crack and perpendicular to the crack front) and III (tearing mode with a shear stress 

acting parallel to the plane of the crack and parallel to the crack front), instead of 

mode I (a tensile stress normal to the plane of the crack) and II typical of EBR. 

Despite the higher vertical shear stress developed, NSMR is not affected by peeling, 

as the fracture energy of mode 2 in NSMR is much greater than the fracture energy of 

mode 1 in EBR. 

- The bond stress concentration reduces significantly when the termination point of the 

NSMR is located in the un-cracked region. 

Even though the analytical model provides useful information (both qualitative and 

quantitative) and helps to understand bond behaviour along the FRP in NSMR 

applications, it still has several limitations as it is based on elastic analysis and continuum 

mechanics. At high load levels, both the concrete and the steel reinforcement exhibit a 

highly nonlinear behaviour, while the bond along the NSMR is affected by severe 

discontinuities (eg. flexural-shear cracks, tributary shear cracks). This leads to 

inaccuracies in the analytical solution. Moreover, bond stress concentration zones near 

the termination point can significantly affect bond behaviour and trigger debonding 

failure of the NSMR. 

To complement this study, some initial numerical analysis using commercial FEM 

software (ABAQUS) was also carried out to examine the bond behaviour of NSMR in 
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strengthened beams. The results of the numerical analysis are given in appendix A. 

Similar to the analytical solutions, the basic numerical method has significant limitations. 

Therefore, a focused experimental investigation was designed with the aim to examine 

the strain development along NSMR and steel reinforcement in concrete elements 

subjected to combinations of external actions that are representative of real life structures. 

The experimental phase of this research programme, which is described in the next 

chapter, will be used to gain extra insight into bond behaviour of NSMR in flexural 

strengthening applications, overall structural behaviour as well as to inform possible 

improvements to the above analytical model. Understanding bond behaviour of NSMR, 

both theoretically and experimentally, can provide the foundation for the development of 

a simple, yet effective design method. 
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ABSTRACT 

Debonding of near surface mounted (NSM) FRP reinforcement remains an important issue 

that needs to be better understood and controlled as it can prevent strengthened structures 

from developing their full flexural capacity. This paper presents an experimental study that 

examines the overall structural behaviour of RC beams retrofitted with NSMR of different 

embedment lengths. Special attention is paid to the influence of yield penetration along the 

internal steel bars on the bond behavior of the NSM reinforcement within the shear spans 

and the resulting debonding mechanisms. The experimental results show that yielding of the 

steel reinforcement penetrates in the shear spans much further than predicted according to 

classic section analysis, reaching near or even beyond the cut-off point (termination point). 

The existence of yielding intensifies bond stresses in the vicinity of the cut-off points and 

eventually leads to debonding. This work will assist in the development of more efficient 

design guidelines for flexural strengthening using NSM FRP reinforcement.  

 

Keywords: NSMR, debonding, BFRP, CFRP, yielding 
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3.1 Introduction 

The use of NSM FRP reinforcement has been widely adopted by the construction industry 

for the strengthening of RC structures [1-5] and initial design guidelines have already been 

published [6, 7]. Similarly to externally bonded reinforcement (EBR) applications, the 

design of NSMR strengthening systems is limited by bond performance. Previous research 

on bond behaviour and debonding failure of NSM FRP reinforcement in flexural 

strengthening applications has concluded that: 

(1) Failure modes of beams strengthened with NSMR are similar to those observed in 

beams strengthened with EBR, including flexural failure, concrete cover separation, 

intermediate crack-induced debonding [8-11]. 

(2) The high ratio of bond area to cross section area along with the deeper embedded 

position of the NSMR, results in a bond behaviour that is superior to that of EBR, both in 

terms of bond strength and post-peak residual strength behaviour. NSMR can develop high 

bond strength even with short embedment length and can outperform EBR in terms of 

debonding load [12-17]. 

(3) Debonding failure of NSMR is affected by various parameters including shape, size, 

surface finish of FRP, properties of the adhesive, concrete and FRP, and geometry of the 

grooves (location, size, shape, spacing etc.) [13, 15, 18-20]. 

The bond behaviour of NSM FRP reinforcement has been examined mostly through bond 

tests and only a few studies have included tests on large scale flexural specimens. Although 

bond tests are generally simple to undertake, these can be used to examine bond behaviour 

only at the local level. In fact, typical bond tests cannot account for the effect of critical 

aspects that are typical of flexural structures, such as bending effects and the interaction 

between flexural steel rebars and the NSMR system, particularly after yielding of the steel 

reinforcement. In addition, the scatter in bond strength results, partly due to lack of standard 

tests [10, 16, 20-22] can lead to conservative design guidelines. In contrast, though more 

complex, beam tests can represent more adequately the bond behaviour and the debonding 

mechanisms of NSMR in real strengthening applications. However, the current knowledge 

on the bond behaviour and debonding mechanisms of NSMR in beam tests, is limited due to 

lack of sufficiently detailed experimental data in the literature. For example, the absence of 

data on the distribution of strains along the entire length of both steel and FRP reinforcement 

can hinder the understanding of the interaction between the internal and the external 

reinforcement around the termination points as well as the impact of the penetration of 

yielding of the steel reinforcement on end debonding failure mechanisms.  
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Group A included six beams NSM2Aa-NSM7Aa retrofitted with CFRP bars/strips with long 

embedment lengths; and group B included beams retrofitted with BFRP bars with short 

embedment lengths. For comparison purposes, beam EBR, which had similar type, amount 

and bond length of FRP as beam NSM4Aa was also tested (Serbescu 2014). Figure 3-3 

shows the overall dimensions of the tested beams along with typical cross sections showing 

the position of the steel and NSM reinforcement. All beams were 2.5m long and had a 

rectangular cross section of 150 mm by 250 mm.  

 
Figure 3-3 Design of beam specimens and details of reinforcement 

The beams were simply supported and tested in four point bending, with a clear span of 

2.3m and shear spans of 0.767m. Table 3-4 summarises the design details for each of the 

tested beams. All specimens were under-reinforced, with the ratio of flexural steel 

reinforcement being 1.3%. The ratio between the area of the NSMR and the steel rebars 

varied from 12.5% (beams NSM3Aa-NSM7Aa) to 42% (beam NSM2Aa) (Table 3-4). The 

shear reinforcement was designed to prevent shear failure of the fully strengthened beams 

and comprised 10 mm diameter steel stirrups at spacing of 100 mm or 150mm. Except for 

beam NSM2Aa, which was retrofitted with CFRP round bars, the remaining beams, were 

retrofitted with BFRP and CFRP strips. Three types of grooves were cut in the concrete 

soffit as shown in Figure 3-3. Type A grooves were used to accommodate CFRP round bars 

on the bottom face of beam NSM2Aa; type B grooves were used in combination with 

rectangular FRP strips on the bottom face of beams NSM3Aa- NSM9Ba, and type C grooves 
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were cut on the side faces of beam NSM7Aa. The ratio of bonded length and shear span 

(La/Ls and Lb/Ls, see Figure 3-4) of the NSMR varied from 0.54 to 1 for the beams retrofitted 

with CFRP, and from 0.22 to 0.35 for BFRP (Table 3-5). Except for beam NSM2Aa for 

which the bond length of the CFRP bars were symmetrical (La= Lb), the remaining beams 

were strengthened with asymmetric embedment length (La> Lb). The strengthening scheme 

and details of the bonded length of the NSMR are given in Figure 3-4 and Table 3-5. The 

asymmetric arrangement of embedment lengths of the NSMR bars/strips was designed to 

force debonding failure on the side with a shorter embedment length (side B) and enabled 

the examination of the bond behaviour of the NSMR at different bond lengths as these 

beams could be re-tested. 

 
Figure 3-4 Scheme of embedment length of the beam specimens 

Table 3-4 Details of tested beams 

Beam 

Concret  Steel reinforcement  FRP 
 Flexure  Shear  

ρf/ρs  fc  

(MPa) 

 As 

(mm2) 

ρs 

(%) 

 s 

(mm) 
 Cross section 

Ef   

(GPa) 

Af  

(mm2) 

ρf 

(%) 

B0 50.2  402 1.3  100  --- --- --- --- --- 
B1 32.3  402 1.3  100  --- --- --- --- --- 

EBR 32.3  402 1.3  100  36x1.4mm* 214 50 0.15 0.13 
NSM2Aa 23.9  402 1.3  100  2D6+D12* 133/119 170 0.54 0.42 
NSM3Aa 50.2  402 1.3  100  3x12x1.4mm* 214 50 0.16 0.13 
NSM4Aa 32.3  402 1.3  100  3x12x1.4mm* 214 50 0.16 0.13 
NSM5Aa 32.3  402 1.3  100  3x12x1.4mm* 214 50 0.16 0.13 
NSM6Aa 32.3  402 1.3  150  3x12x1.4mm* 214 50 0.16 0.13 
NSM7Aa 32.3  402 1.3  100  3x12x1.4mm* 214 50 0.16 0.13 
NSM8Ba 32.3  402 1.3  150  3x 14x2mm** 57 84 0.27 0.21 
NSM9Ba 32.3  402 1.3  100  3x 14x2mm** 57  84 0.27 0.21 

Note:  * CFRP     ** BFRP 

Table 3-5 Embedment length of NSMR 

Beam 
Lf 

(mm) 

a 

(mm) 

Lfa 

(mm) 

La 

(mm) 
La/Ls 

b 

(mm) 

Lfb 

(mm) 

Lb 

(mm) 
Lb/Ls 

EBR 1800 200 950 567 0.74 300 850 467 0.61 
NSM2Aa 2000 150 1000 617 0.80 150 1000 617 0.80 
NSM3Aa 2150 0 1150 767 1.00 150 1000 617 0.80 
NSM4Aa 1800 200 950 567 0.74 300 850 467 0.61 
NSM5Aa 1700 250 900 517 0.67 350 800 417 0.54 
NSM6Aa 1700 250 900 517 0.67 350 800 417 0.54 
NSM7Aa 1700 250 900 517 0.67 350 800 417 0.54 
NSM8Ba 1200 500 650 267 0.35 600 550 167 0.22 
NSM9Ba 1200 500 650 267 0.35 600 550 167 0.22 
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3.2.3 Instrumentation 

A total of 60-89 strain gauges were bonded to the FRP bars/strips, the tension and 

compression steel rebars and the stirrups of each beam. In the vicinity of the termination 

points, strain gauges were typically bonded at intervals of 15-35 mm on the FRP bars/ strips 

and at 30-50 mm on the tensile steel bars. Figure 3-5a illustrates typical strain gauge 

arrangement for the tested beams. Figure 3-5b illustrates a typical layout of LVDTs for the 

tested beams. A total of 15-20 LVDTs were installed, to monitor beam deflection profiles, 

end displacement of NSMR and formation and development of tributary shear cracks and 

bridging cracks in the vicinity of the cut-off points (COPs) (Figure 3.5b). The first set of 

seven LVDTs (D1-D7) was mounted along the beam specimens to record deflection profiles. 

The second set of four to six LVDTs (E1a- E3a, E1b-E3b) was installed at the ends of the 

NSMR strips to measure their end displacement; and the third set including four to six 

LVDTs (C1f- C3f, C1b-C3b) was mounted in the region between cracks near the COPs on 

the side faces to detect the formation and to monitor the propagation of tributary shear 

cracks and bridging cracks. 

 

(a) Location of strain gauges on shear links, steel and NSMR reinforcements 

 

(b)  Layout of LVDTs                                Note (C1f/b f-front face; b-bottom face) 

Figure 3-5 Instrumentation of beam NSM4Aa 

3.2.4 Testing procedure 

With the exception of beams NSM2Aa and NSM3Aa, which were not pre-cracked before 

strengthening, the remaining beams were loaded up to a load Po that induced a stable 

flexural crack pattern before strengthening (Table 3-6). The beams were loaded in 

displacement control at a rate of 0.2mm/min. The strengthened beam specimens were also 
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loaded at a rate of 0.2mm/min up to the yielding load and then at 0.4mm/min until failure. 

Loading-unloading cycles were carried out at 20kN, 40kN, and 60kN and just before steel 

yielding. Several cameras, microscopes and camcorders were used during the tests to 

document the initiation and development of cracks and failure at both cut-off regions. 

3.3 Results 

Table 3-6 summarises the main test results including pre-cracking load (Po), yield load (Py), 

peak load (Pp), ultimate load (Pu), and failure modes, as well as  the theoretical flexural 

failure load (Pcal) predicted according to the section analysis approach. 

Table 3-6 Summary of test results 

Beam Po Py Pp Pp/P0   Pcal Pexp/Pcal dp/d0 Pu Pu/Py Failure 

 (kN) (kN) (kN) (kN)   (kN)  modes 

NSM2Aa --- 139 146 1.35 145 1.01 --- 123 1.05 C 
B0 --- 106 116 1.07 109 1.06 --- 107 1.09 C 
B1 --- 94 100 1.05 105 0.95 --- 92 1.06 C 

EBR 50 --- 98 --- 149 0.66 0.27 98 --- D 
NSM2Aa --- 140 146 1.35 145 1.01 --- 123 1.04 C 
NSM3Aa 56 136 174 1.53 176 0.99 1.08 174 1.28 C, D*, F* 
NSM4Aa 51 122 149 1.25 146 1.02 0.64 149 1.22 D 
NSM5Aa 40 122 141 1.30 146 0.97 0.62 141 1.16 D 
NSM6Aa 41 122 130 1.32 146 0.89 0.54 130 1.07 D 
NSM7Aa 40 121 138 1.25 142 1.00 0.7 138 1.14 D 
NSM8Ba 41 105 113 1.09 126 0.90 0.76 106 1.08 C**,S* 
NSM9Ba 40 103 111 1.07 126 0.88 0.63 109 1.08 C**,S* 

Note :  *Secondary failure mode; ** Crushing of concrete after high rotation developed 

C: Concrete crushing following steel yielding, D: end debonding; S: Shear failure 

3.3.1 Failure of beam specimens 

The two control beams (B0, B1) and beams NSM2Aa failed in pure flexure following 

concrete crushing. Two beams NSM8Ba and NSM9Ba also failed in flexure after developing 

excessive rotation around the termination points. The remaining beams failed by end 

debonding of the NSMR and mixed modes (Table 6). There was no visual evidence of 

intermediate crack induced debonding in any of the tested specimens. Each of the different 

mode of failure is discussed briefly in the following section. 

3.3.1.1 Concrete crushing 

Figure 3-6 shows the failure of beam NSM2Aa, which failed in flexure due to crushing of 

concrete shortly after yielding of the steel reinforcement at 138.5kN. The load then gradually 

dropped to 122.6kN before abrupt failure. There was no visual evidence of debonding of the 

NSMR. This beam behaved like an over-reinforced beam due to having an un-expected 

weak concrete and relatively high amount of total reinforcement. 
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reinforcement contributes to the total flexural resistance. In zone 2, which spans 

approximately 200mm, the strain in the steel reinforcement increases rather moderately 

whilst strain increases rapidly in the NSMR as stress is shared progressively between the 

two reinforcement systems. In zone 3, the strains in the NSMR are higher than those in the 

steel reinforcement as expected from plane strain section.  

After yielding of the steel reinforcement, the strain in both the steel reinforcement and the 

NSMR increased rapidly. With the exception of local effects, strains along the mid strip and 

side strips were almost similar. At peak load, yielding of the steel reinforcement almost 

reached the termination point on side B, whilst it developed 220mm away from the 

termination point on side A. The strain readings in the NSMR were also much higher than 

those in the steel reinforcement (Figure 3-14b), possibly due to the smaller contribution of 

the concrete surrounding the NSMR as well as the confinement effects caused by the shear 

links on the steel reinforcement. 

At yield load, bond stress along the NSMR (Figures 3-14c and 3-14d) attained the highest 

value around the termination point (zone 2), then decreased rapidly in zone 3 (Figure 3-14d). 

In contrast, bond stress along the steel reinforcement attained the highest magnitude in zone 

1 then decreased rapidly in zones 2 and 3. Subsequently, the yield penetration into the shear 

spans increased strain gradient in the NSMR, creating a high bond stress concentration zone 

along the yield length of the shear spans (zone 3). When yielding approached to the 

termination point region, this zone expanded and merged with high bond stress 

concentration in zone 2, creating a critical zone of bond stress and triggering end debonding 

failure. In the steel reinforcement, yield penetration within the shear span caused the bond 

stress to drop to zero in the yield region while increased sharply in adjacent regions (Figure 

3-14d). At failure, the maximum bond stresses in the steel reinforcement and the NSMR 

were 10.5MPa and 6.3 MPa, respectively. 
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the termination point, creating a yield length about 1.3-1.8 d (effective beam depth) longer 

than predicted by conventional section analysis. This can be attributed to the formation and 

development of inclined cracks caused by high shear-bending interaction. Deep penetration 

of steel yielding inside the shear span greatly affected the bond stress distribution due to the 

higher strain gradient induced in the NSMR. As a result, this caused significant increase in 

bond stresses not only around the termination point, but also in the yield zone. At the 

ultimate load, yielding of the steel reinforcement around the termination point led to a 

significant increase in the bond stress in both curtailment and yield zones and promoted the 

development of two stress concentration zones, which eventually merged creating a wider 

bond stress concentration zone covering the entire embedment length in the shear span. Such 

substantial increase of bond stresses caused the formation of a large number of tributary 

shear cracks, particularly near the termination point, weakening the concrete soffit and 

eventually leading to the development of splitting, bridging cracks and ultimately debonding 

failure.  

 

Figure 3-16 Progressive yielding of the steel reinforcement (a) in the beam group A (b) in the beams 
group B 

In contrast, for beams in group B, yielding initiated around the termination point, then 

developed rapidly within a narrow zone of about 150mm, especially around the termination 

point on side B (shortest embedment length - Figure 3-16b). The development of very high 

yielding strains within a narrow zone tends to cause high curvatures, creating a plastic hinge 

around the termination point region. Although yielding of the steel reinforcement did not 

cause a noticeable change in the bond behaviour of the NSMR, it did affect significantly the 

bond stress distribution along the steel reinforcement. At failure, strains in the NSMR 

remained high at mid-span whilst bond stress around the termination point remained stable. 

This confirms that NSMR is still well bonded at termination points while bond stresses 

along the steel reinforcement increase significantly before decreasing, indicating local 

debonding of the steel reinforcement around the termination point.  

3.5 Conclusions 

This paper presented an experimental study that examined the overall behaviour of pre-

damaged RC beams retrofitted with CFRP and BFRP NSMR. The discussion mainly 
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focused on the impact of progressive yielding of the internal steel reinforcement on the bond 

behaviour of the NSMR, and the resulting debonding failure mechanisms. From the 

experimental results and discussion presented above, the following conclusions can be 

drawn:  

1. End debonding is the most dominant failure mode and none of the tested beams failed by 

intermediate crack induced debonding. 

2. Yielding of the internal steel reinforcement at failure loads was detected near the 

termination point in the beams in group A and even penetrated beyond the termination point 

in the beams in group B. The yield length of the steel reinforcement is longer than that 

calculated by theoretical predictions, approximately 1-1.4 times the effective beam depth. 

3. The steel reinforcement of the beams in groups A and B exhibited distinctive yielding 

patterns.  For beams in group A, yield initiated in the maximum moment region and 

subsequently spread into the shear spans. For beams in group B, yielding initiated and 

developed within a narrow region around the termination points, creating a plastic hinge. 

4. Yielding of the steel reinforcement affected significantly the bond behaviour and failure 

mechanism of the NSMR. In beams of group A, a significant increase of bond stress due to 

the yield penetration near the termination point triggered the formation of tributary shear 

cracks and weakened the concrete, eventually leading to debonding of the NSMR. In beams 

of group B, the plastic hinge formed in the vicinity of the termination point and, while this 

did not cause a significant change in bond stress along the NSMR, it caused a severe 

increase in bond stress along the steel reinforcement, leading to local debonding of the steel 

reinforcement around the termination point.  

5. End debonding failure followed the development of significant cracking near the 

termination point, which caused the formation of concrete blocks delimited by splitting 

cracks surrounding the NSMR, bridging cracks and tributary shear cracks. 
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Abstract  

RC structures strengthened in flexure with NSMR are generally designed to reach their 

capacity after considerable yielding of the steel reinforcement to maintain ductility and to 

take advantage of the high strength of the FRP. However, yield penetration inside the shear 

span can cause (a) complex bond interactions between the reinforcements and (b) a 

significant change in bond behaviour of NSMR in the termination and yield region, 

triggering the premature debonding of the FRP. Understanding the impact of yield 

penetration inside the shear span on bond performance of NSMR and debonding failure 

mechanism can lead to more accurate predictions of the debonding load. This paper presents 

experimental evidence of deep yield penetration into the termination region and investigates 

its impact on bond performance and debonding failure of NSMR. This is the first such work 

to show that the yield penetration can reach the termination region and this understanding 

can lead to the development of simpler and more efficient design methods to predict 

debonding load of RC beams strengthened in flexure with NSMR system. 

 

Keywords: NSMR, yielding, experimental, design method. 
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4.1 Introduction 

Lightweight, high strength-weight ratio and corrosion resistance (Task Group 9.3 2001) 

make FRP an attractive option for repairing and retrofitting RC structures. Two main 

strengthening techniques using bonded FRP are adopted in construction (a) externally 

bonded reinforcement (EBR) and (b) NSMR. Bond tests provide solid evidence that NSMR 

is superior to EBR in terms of bond strength and post peak performance (Barros and Fortes 

2005; Quattlebaum et al. 2005; Kotynia 2010; Nguyen et al. 2016)). Beam tests also confirm 

that beams retrofitted with NSMR can attain much higher debonding loads and ductility 

compared to those retrofitted with EBR (Hassan and Rizkalla 2003; Barros and Fortes 2005; 

Quattlebaum et al. 2005; Teng et al. 2006; Barros et al. 2007; Bonaldo et al. 2008; Soliman 

et al. 2008; Soliman et al. 2010; Sharaky et al. 2014; Sharaky et al. 2015; Nguyen et al. 

2016). Although NSMR outperforms EBR, it still can suffer from the premature failure 

(Hassan and Rizkalla 2003; Barros and Fortes 2005; Quattlebaum et al. 2005; Teng et al. 

2006; Barros et al. 2007; Bonaldo et al. 2008; Sharaky et al. 2014; Nguyen et al. 2016). 

Debonding failure of NMSR is influenced by various parameters including: shape, size and 

surface finish of FRP, properties of the adhesive, concrete and FRP, and geometry of the 

grooves (location, size, shape, spacing etc.) as well as end treatments (De Lorenzis and 

Antonio 2001; De Lorenzis et al. 2002; Hassan and Rizkalla 2003; Kotynia 2010; 

Kalupahana et al. 2013; Wu et al. 2013). 

Strengthened beams are designed to attain ultimate loads much higher than the yield load, to 

take advantage of the high strength of FRP and to maintain adequate ductility. As a 

consequence, yielding of the steel reinforcement may penetrate into the shear span towards 

the termination point. This can cause a complex interaction between the steel reinforcement 

and the NSMR. In the yield region, strains in both the steel reinforcement and the NSMR 

increase rapidly. The bond stress in the steel reinforcement drops dramatically to zero due to 

its plastic behaviour, whilst that in the NSMR increases significantly to create a new bond 

stress concentration zone. This zone tends to expand along with yield penetration and may 

interact with other high bond stress regions developed around the termination point and 

flexural cracks. Moreover, shear-bending interaction also increases strains in the steel 

reinforcement and FRP, intensifying yielding as well as the bond stress in the NSMR along 

the shear span. These issues have not been reported in the literature and need to be 

highlighted and examined in detail to further our understanding of NSMR debonding. Bond 

tests are not able to examine such issues due to the absence of key features of flexural 

structures (such as bending, shear-bending interaction and the interaction of the two 

reinforcements) and beam tests are necessary for this purpose. 
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This paper presents and discusses experimental evidence, from eight RC beams, of yield 

penetration around the termination point. It then elaborates on its impact on bond behaviour 

and debonding failure mechanism of the NSMR on beam specimens. 

4.2 Experimental work 

A total eight RC beams retrofitted with carbon and basalt FRP bars/strips NSM 

reinforcement (NSM2a-NSM9a) and two control beams (B0 and B1) were tested. Details of 

dimensions, the layout of the steel and NSM reinforcements of the tested beams are shown 

in Figure 4-1. All beams were 2.5m long with a rectangular cross section of 150 mm by 250 

mm. The beams were simply supported and tested using the four point bending scheme, with 

a clear span of 2.3m and a shear span of 0.767m. Table 4-1 summaries details of concrete; 

flexure and shear rebars and the FRP NSMR. Full details of mechanical properties of 

materials used in the tests are reported elsewhere (Nguyen et al. 2016).With the exception of 

beam NSM2a which was retrofitted with CFRP round bars, the remaining beams were 

retrofitted with BFRP and CFRP strips. Beam NSM7Aa was retrofitted with two NSM strips 

placed along the side faces and one placed along the bottom face. Details of test set up and 

instrumentation are reported elsewhere (Nguyen et al. 2016). 

 
Figure 4-1 Design of beam specimens and details of reinforcement 
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Table 4-1 Details of tested beams 

Beam 

Concrete  Steel reinforcement  FRP ρf/ρs 
 Flexure  Shea  

 
 fc  

(MPa) 

 As 

(mm2) 

ρs 

(%) 

 s 

(mm) 
 Cross section 

Ef   

(GPa) 

Af  

(mm2) 

ρf 

(%) 

B0 50.2  402 1.3  100  --- --- --- --- --- 
B1 32.3  402 1.3  100  --- --- --- --- --- 
EBR 32.3  402 1.3  100  36x1.4mm 214 50 0.15 0.13 
NSM2Aa 23.9  402 1.3  100  2D6+D12 133/119 170 0.54 0.42 
NSM3Aa 50.2  402 1.3  100  3x12x1.4mm* 214 50 0.16 0.13 
NSM4Aa 32.3  402 1.3  100  3x12x1.4mm* 214 50 0.16 0.13 
NSM5Aa 32.3  402 1.3  100  3x12x1.4mm* 214 50 0.16 0.13 
NSM6Aa 32.3  402 1.3  150  3x12x1.4mm* 214 50 0.16 0.13 
NSM7Aa 32.3  402 1.3  100  3x12x1.4mm* 214 50 0.16 0.13 
NSM8Ba 32.3  402 1.3  150  3x 14x2mm** 57 84 0.27 0.21 
NSM9Ba 32.3  402 1.3  100  3x 14x2mm** 57  84 0.27 0.21 

 

The ratio of bonded length and shear span (La/Ls) of the NSMR varied from 0.7-1 for the 

beams retrofitted with CFRP, and 0.22-0.35 for BFRP. Except for beam NSM2a which had a 

symmetric bond length, the remaining beams were strengthened un-symmetrically. The un-

symmetric arrangement of embedment lengths of NSMR bars/strips was designed to force 

debonding failure to occur at the side with the shorter embedment length (side B). The 

scheme and details of the bond length of the NSMR are given in Figure 4-2 and Table 4-2. 

 
Figure 4-2 Scheme of embedment length of the beam specimens 

Table 4-2 Embedment length of NSMR 

Beam 
Lf 

(mm) 
a 

(mm) 
Lfa 

(mm) 
La 

(mm) 
La/Ls 

b 
(mm) 

Lfb 

(mm) 
Lb 

(mm) 
Lb/Ls 

EBR 1800 200 950 567 0.74 300 850 467 0.61 
NSM2Aa 2000 150 1000 617 0.80 150 1000 617 0.80 
NSM3Aa 2150 0 1150 767 1.00 150 1000 617 0.80 
NSM4Aa 1800 200 950 567 0.74 300 850 467 0.61 
NSM5Aa 1700 250 900 517 0.67 350 800 417 0.54 
NSM6Aa 1700 250 900 517 0.67 350 800 417 0.54 
NSM7Aa 1700 250 900 517 0.67 350 800 417 0.54 
NSM8Ba 1200 500 650 267 0.35 600 550 167 0.22 
NSM9Ba 1200 500 650 267 0.35 600 550 167 0.22 
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4.3 Results and discussion 

Beam NSM2Aa failed in pure flexure following concrete crushing and two other beams 

NSM8Ba and NSM9Ba also failed in flexure, but after developing substantial rotation 

around the termination points. The remaining beams failed by end debonding of the NSMR 

and mixed modes. Intermediate crack induced debonding was not observed in any of the 

tested specimens. Figure 4-3 shows the deflection at mid-span versus load of tested beams. 

Table 4-3, summarises the test results. The overall behaviour including more extensive test 

data are presented in (Nguyen et al. 2016). This section presents and discusses the impact of 

yield penetration on bond distribution. 

 
Figure 4-3 Load-deflection of tested beams 
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Table 4-3 Summary of test results 

Beam Po Py Pp Pp/P0   Pcal Pexp/Pcal dp/d0 Pu Pu/Py Failure 

 (kN) (kN) (kN) (kN)   (kN)  modes 

NSM2Aa --- 139 146 1.35 145 1.01 --- 123 1.05 C 
B0 --- 106 116 1.07 109 1.06 --- 107 1.09 C 
B1 --- 94 100 1.05 105 0.95 --- 92 1.06 C 

EBR 50 --- 98 --- 149 0.66 0.27 98 --- D 
NSM2Aa --- 140 146 1.35 145 1.01 --- 123 1.04 C 
NSM3Aa 56 136 174 1.53 176 0.99 1.08 174 1.28 C, D*, F* 
NSM4Aa 51 122 149 1.25 146 1.02 0.64 149 1.22 D 
NSM5Aa 40 122 141 1.30 146 0.97 0.62 141 1.16 D 
NSM6Aa 41 122 130 1.32 146 0.89 0.54 130 1.07 D 
NSM7Aa 40 121 138 1.25 142 1.00 0.7 138 1.14 D 
NSM8Ba 41 105 113 1.09 126 0.90 0.76 106 1.08 C**,S* 
NSM9Ba 40 103 111 1.07 126 0.88 0.63 109 1.08 C**,S* 

Note :  *Secondary failure mode; ** Crushing of concrete after high rotation developed 

C: Concrete crushing following steel yielding, D: end debonding; S: Shear failure 

4.3.1 Yield penetration 

Figures 4-4a-d and 4-4e-h show strain profiles for the steel reinforcement and the NSMR of 

beams of group A at failure load around the termination points on side A and side B, 

respectively. Table 4-4 summaries the yield lengths of tested specimens, the ratios of yield 

length over embedment length and shear span of each side of the tested beams along with 

yield lengths calculated using the section analysis approach. As expected, yielding of beams 

in group A initiated in the pure flexure span then developed rapidly towards the termination 

point after yield load. This rapid development of yielding increased significantly the strain in 

the FRP in the yield zone as well as in the vicinity of the termination point. At failure, 

yielding almost reached the termination point; 95-100% of the embedment length on side B 

and 78-83% on side A. For beam NSM2Aa which failed in flexure, yielding penetrates only 

50% of the embedment length. In contrast, for beams in group B, steel initially yielded 

around the termination point then strain developed intensively in a narrow region around the 

termination point.  Despite that yielding in the pure flexure span was rather moderate 

(approximately 3000µε). The intensive yielding around the termination point produced a 

plastic hinge with high local curvature. At failure yielding was observed to develop 100-

150mm beyond the termination point on side B. 

The yield lengths recorded at the ultimate load in the tested beams failing by end debonding 

were longer than those predicted by section analysis in the range of 260mm-270mm 

corresponding to 1.3-1.8 of the effective depth. The deeper yield penetration than expected 

may be contributed to inclined shear cracks in the shear span that tend to add extra strain on 

both steel and NSMR reinforcement, as a result of the truss effect (or shear shift). 
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            (a)                                                                                             (b) 

 
                                                (c)                                                                                         (d) 
 

 
                                         (e)                                                                                           (f) 
 

 
                                            (g)                                                                                      (h) 

 Yield section                       COP                       Yield strain 

Figure 4-4 Strain profiles of steel reinforcement and NSMR around the termination points of beam 
group A (a,b)beam NSM4Aa, (c,d) beam NSM5Aa, (e,f) beam NSM6Aa and (g,h) beam NSM7Aa 
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                                                (a)                                                                                               (b) 

 
                                                 (c)                                                                                           (d)  

 Yield section                       COP                       Yield strain 

Figure 4-5 Strain profiles of steel reinforcement and NSMR around the termination points of beam 
group B (a,b)beam NSM8Ba and (c, d) beam NSM9Ba. 

Table 4-4 Penetration of yielding at failure load of the beam specimens 

Beam 
ID. 

Side B (Damaged side) Side A(Non-damaged side) 

a ay yA (yA/Ls) (yA/La) b by yB (yB/Ls) (yB/Lb) 

NSM2Aa 150 380(520)* 387 50% 50% 150 380 387 50% 50% 

NSM3Aa 150 --- --- --- --- 0 --- --- --- --- 

NSM4Aa 300 45 422 55% 95% 200 250 317 41% 74% 

NSM5Aa 350 18 399 52% 98% 250 218 299 39% 76% 

NSM6Aa 350 0 417 54% 100% 250 190 327 43% 79% 

NSM7Aa 350 25 392 51% 97% 250 155 362 47% 83% 

NSM8Aa 600 -100 202 26% 106% 500 12 255 33% 98% 

NSM9Aa 600 -150 317 41% 127% 500 40 227 30% 94% 

a,b : distance from termination point to the support on side A and side B, respectively 

yA and yB: yield lengths on sides A and B, respectively 

ay and by: distances from yield point to the termination points of sides A and B, respectively 

4.4  Discussion 

4.4.1 Catch-up length and transition length in beams of group A 

Within zone 2, strains in the NSMR develop rapidly, while those in the steel reinforcement 

develop rather moderately or even decrease as a result of progressive force distribution 

between the two sets of reinforcement.  
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Strain in the NSMR catches-up and matches that in the steel reinforcement at some section 

within zone 2, hereafter referred to as the ‘catch-up’ section. The ‘catch-up’ length is 

determined as the distance between the termination point and the ‘catch-up’ section. Along 

this length, the classical assumption that plane sections remain plane is not valid; strains in 

the NSMR are smaller than (or equal to) those in the steel reinforcement, but are 

characterised by a much steeper gradient, thus resulting in higher bond stresses. Moreover, 

the penetration of yielding into the catch up length intensifies bond stresses thus promoting 

end debonding within this zone. The catch up lengths measured in the tested beams were in 

the range of 200-250mm, equivalent to approximately 1-1.1 times the effective depth of the 

beam. Strain in the NSMR and the steel reinforcement at the catch-up section ranged 

between 1 to 1.3 times the yield strain.  

 

Figure 4-6 Transition length and catch up length at failure. 

Transition length is an extended version of the ‘catch-up’ length. Within this length, the 

plane sections assumption is still not valid. The transition length for NSMR is approximately 

1.1 times greater than the catch-up length (Figure 4-6). It is worth distinguishing between 

the anchorage length calibrated from bond tests and the transition length obtained from beam 

tests. The anchorage length is calibrated from pure shear tests to evaluate the bond strength 

between FRP and concrete substrate. In contrast, the transition length is determined via 
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strain profiles of both steel and FRP in flexure tests and reflects the mutual interaction 

between the steel reinforcement and the NSMR. 

4.4.2 Yield patterns 

As expected, yielding in beams of group A initiated in the pure bending zone and then 

spread rapidly into the shear spans at higher loads, expanding the yield region significantly 

(Figure 4-7a).  

 
Figure 4-7 Formation and development of yielding of beams in group B 

At failure yielding penetrated into the region near the COP, creating a yield length about 1.3-

1.8 d (effective beam depth) longer than predicted by conventional section analysis. This can 

be attributed to the formation and development of inclined cracks caused by high shear-
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E in between pre-existing cracks (Figure 4-7b). This can be explained by the fact that the 

contribution of concrete surrounding the steel reinforcement is much more significant than 

that near the NSMR where cracks move uniformly. At failure, yielding penetrates into the 

‘catch-up length’ with strain in the reinforcement at the catch-up section being in the range 

of 1.1-1.2 times yield strain. 

Yielding in beams in group B (Figure 4-8), initiated around the COP, then developed 

intensively within a narrow zone of about 150mm. Yielding in the mid-span was rather 

moderate. Intensive yielding within a narrow zone caused high curvatures, creating a plastic 

hinge around the COP region. Yielding developed within the catch-up length, and was even 

found to develop 100-150mm in the un-strengthened section of the beam. The strain in the 

steel reinforcement within the ‘catch up’ length was up to five times higher than the yield 

strain, much higher than that in beams in group A (gauge 67) (Figure 4-9a). 

 

 
Figure 4-8 Formation and development of yielding in beams group B 
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(a)                                                          (b) 
Figure 4-9 Strain in steel reinforcement around the termination point (a) un-strengthen region (b) 

strengthened region 

4.4.3 Effects of steel yielding on the bond stress along the NSMR 

4.4.3.1 Beams in group A 

Figures 4-10 a-b and c-d show the strain and bond stress around the termination point of the 

NSMR of beams NSM4Aa and NSM7Aa, respectively. Up to the yield load, high bond 

stresses developed in a narrow region within approximately 50mm from the termination 

point; these then decreased significantly away from the termination point (Figure 4-10b). It 

is worth noting that by the yield load, the peak of bond stress can shift 50-70 mm away from 

the termination point, as in NSM7Aa, due to loss of stress in the FRP (existence of stress-

free zone) in the FRP (Figures 4.10 c and d).  

At failure load, the deep yield penetration in the vicinity of the termination point increases 

significantly the strain along the NSMR, causing higher average bond stress along the entire 

shear span (Figures 4-10 b and d). In beam NSM4Aa, bond stresses decreased significantly 

after reaching the maximum magnitude of 5.8MPa around the termination point, indicating 

local debonding of NSMR. Consequently, bond stresses increased substantially in the yield 

zone (starting at 50mm from the termination point) (Figure 4-10b). Despite the lower bond 

stress very near the termination point, a significant increase in bond stress in the shear span 

was also observed in beam NSM7Aa (Figure 4-10d). 
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significant additional load). As yield penetrates near the termination point, all bond stresses 

τc, τcr and τa are intensified. This promotes local debonding around the termination point and 

the adjacent cracks and causes the shift of the two bond stress concentration zones close 

together. Furthermore, yield penetration into the region promotes the formation and 

development of tributary shear cracks, reducing significantly crack spacing in the region 

(only 35-50mm at failure). The development of these cracks makes the interaction between 

the two high bond stress zones more intensive, ultimately leading to end debonding failure 

(Figure 4-12). 

  
                                                        (a)                                                                      (b) 

Figure 4-11 Evolution of bond stress along the NSMR in beams in group A(a) at yield load (b) at 
ultimate load 
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Figure 4-12 Formation of critical zone of bond stress in the vicinity of the termination point following 
the formation of tributary shear cracks 

4.4.3.1 Beams in group B 

Figures 4-13a and b show the strain and bond stress distribution, respectively, along the steel 

reinforcement and NSMR at failure. Intensive yielding at the COP did not cause a noticeable 

change in the bond behaviour of the NSMR, but it did affect significantly the local bond 

stress distribution along the steel reinforcement even though this is a very localised effect 

due to the high yielding strains and local debonding. This confirms that NSMR are still well 

bonded at COPs (Figure 4-13). 

 

 

Figure 4-13. Profile of strain (a) and bond stress (b) of NSMR and the steel reinforcement along the 
span on side B at failure 
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4.5 Conclusions  

The work presented here has provided experimental evidence that yielding of the flexural 

steel reinforcement can develop deeply into the shear span and can reach close or even 

beyond the COP when failure occurs. From the discussion presented above the following 

conclusions can be drawn: 

 At failure, the yield length in the tested beams was longer than predicted by section 

analysis. 

 The penetration of yielding near the termination point not only increases remarkably 

the average bond stress along the NSMR, but also intensifies the bond stress 

concentration around the termination point and adjacent cracks. 

 The interaction between bond stress concentration zones increases with increasing the 

load. These zones eventually merge together to create the critical bond stress 

concentration zone between the termination point and the adjacent crack (crack B). 

 Yielding around the COP promotes the development of debonding from the local scale 

to the global scale (i.e. failure). 

The findings of this experimental work can be used to develop more effective design 

methodologies to prevent end debonding failure for NSMR. 

ACKNOWLEDGMENTS 

The first author gratefully acknowledges the financial support provided by the Ministry of 

Education and Training of Vietnam and the University of Sheffield. 

REFERENCES 

Al-Mahmoud, F., A. Castel, et al. (2009). "Strengthening of RC members with near-surface 
mounted CFRP rods." Composite Structures 91(2): 138-147. 

Al-Mahmoud, F., A. Castel, et al. (2010). "RC beams strengthened with NSM CFRP rods 

and modeling of peeling-off failure." Composite Structures 92(8): 1920-1930. 

Barros, J. A. O., S. J. E. Dias, et al. (2007). "Efficacy of CFRP-based techniques for the 

flexural and shear strengthening of concrete beams." Cement and Concrete Composites 

29(3): 203-217. 

Bilotta, A., F. Ceroni, et al. (2011). "Bond Efficiency of EBR and NSM FRP Systems for 

Strengthening Concrete Members." Journal of Composites for Construction 15(5): 757-772. 

Bonaldo, E., J. A. O. Barros, et al. (2005). "Concrete slabs strips reinforced with epoxy-

bonded carbon laminates into slits." International conference on construction materials 3 

“Construction materials : performance, innovations and structural implications (ConMat'05) 

proceedingsVancouver, Canada [CD-ROM]. 



 

Chapter4. Effects of yield penetration on debonding failure of NSMR 

 

51 

 

Bonaldo, E., J. de Barros, et al. (2008). "Efficient Strengthening Technique to Increase the 

Flexural Resistance of Existing RC Slabs." Journal of Composites for Construction 12(2): 

149-159. 

Ceroni, F. (2010). "Experimental performances of RC beams strengthened with FRP 

materials." Construction and Building Materials 24(9): 1547-1559. 

Cruz, J. M. S., J. A. O. Barros, et al. (2006). "Bond Behavior of Near-Surface Mounted 

CFRP Laminate Strips under Monotonic and Cyclic Loading." Journal of Composites for 

Construction 10(4): 295-303. 

De Lorenzis, L. and N. Antonio (2001). "Characterization of FRP Rods as Near-Surface 

Mounted Reinforcement." Journal of Composites for Construction 5(2): 114-121. 

De Lorenzis, L. and A. Nanni (2002). "Bond between near-surface mounted fiber-reinforced 

polymer rods and concrete in structural strengthening." ACI structural journal 99(2): 123-

132. 

De Lorenzis, L., A. Rizzo, et al. (2002). "A modified pull-out test for bond of near-surface 

mounted FRP rods in concrete." Composites Part B: Engineering 33(8): 589-603. 

fib-TG9.3. 2001. Design and Use of Externally Bonded Fiber Polymer Reinforcement (FRP 

EBR) for Reinforced Concrete Structures. Technical Report Prepared by EBR Task Group 

9.3, Bulletin 14, Lausanne, Swiss. 

Hassan, T. and S. Rizkalla (2003). "Investigation of Bond in Concrete Structures 

Strengthened with Near Surface Mounted Carbon Fiber Reinforced Polymer Strips." Journal 

of Composites for Construction 7(3): 248-257. 

Kalupahana, W. K. K. G., T. J. Ibell, et al. (2013). "Bond characteristics of near surface 

mounted CFRP bars." Construction and Building Materials 43(0): 58-68. 

Kotynia, R. (2010). "Bond between FRP and concrete in reinforced concrete beams 

strengthened with near surface mounted and externally bonded reinforcement." Construction 

and Building Materials 32: 41-54. 

Nguyen, V., Hien, M. Guadagnini, et al. (2016a). "Performance of RC beams strengthened 

in flexure with FRP NSMR." Composite part B: (to be submitted). 

Quattlebaum, J., B. , K. Harries, A. , et al. (2005). "Comparison of Three Flexural Retrofit 

Systems under Monotonic and Fatigue Loads." Journal of Bridge Engineering 10(6): 731-

740. 

Seracino, R., M. Raizal Saifulnaz, et al. (2007). "Generic Debonding Resistance of EB and 

NSM Plate-to-Concrete Joints." Journal of Composites for Construction 11(1): 62-70. 



 

Chapter4. Effects of yield penetration on debonding failure of NSMR 

 

52 

 

Sharaky, I. A., L. Torres, et al. (2014). "Flexural response of reinforced concrete (RC) 

beams strengthened with near surface mounted (NSM) fibre reinforced polymer (FRP) bars." 

Composite Structures 109(0): 8-22. 

Sharaky, I. A., L. Torres, et al. (2015). "Experimental and analytical investigation into the 

flexural performance of RC beams with partially and fully bonded NSM FRP bars/strips." 

Composite Structures 122(0): 113-126. 

Soliman, S. M., E. El-Salakawy, et al. (2010). "Flexural behaviour of concrete beams 

strengthened with near surface mounted fibre reinforced polymer bars." Canadian Journal of 

Civil Engineering 37(10): 1371-1382. 

Teng, J. G., L. De Lorenzis, et al. (2006). "Debonding Failures of RC Beams Strengthened 

with Near Surface Mounted CFRP Strips." Journal of Composites for Construction 10(2): 

92-105. 

Wang, B., J. G. Teng, et al. (2008). "Strain monitoring of RC members strengthened with 

smart NSM FRP bars." Construction and Building Materials In Press, Corrected Proof. 

Wu, G., Z. Dong, et al. (2013). "Performance and Parametric Analysis of Flexural 

Strengthening for RC Beams with NSM-CFRP Bars." Journal of Composites for 

Construction: 04013051. 



 

Chapter 5. New design method for embedment length of FRP 

 

53 

 

5 NEW DESIGN METHOD TO CALCULATE THE BOND LENGTH OF THE NSMR 

Chapter 5 

NEW DESIGN METHOD FOR EMBEDMENT 

LENGTH OF NSMR 

Hien V. Nguyen1, Maurizio Guadagnini1, Kypros Pilakoutas1, Nam V. Le 2  
1,Department of Civil and Structural Engineering 

The University of Sheffield, UK. Email: n.hien@sheffield.ac.uk 
2 Department of Civil and Structural Engineering  

HCMC University of Technology, Vietnam National University, Vietnam 

 

(Paper to be submitted to the Journal of Composites for Construction, ASCE) 

 

ABSTRACT 

Premature end debonding is the most common failure mode of RC structures strengthened in 

flexure with Near Surface Mounted Reinforcement (NSMR), which prevents structures from 

developing their full flexural capacity. The failure can be avoided by providing a sufficient 

embedment length for NSMR. Embedment length models proposed by existing design 

guidelines are currently unable to provide a consistent level of safety. This paper presents a 

new simple, yet effective design method based on experimental evidence which shows that 

yielding of the steel reinforcement in the termination region intensifies stresses and triggers 

end debonding failure. The proposed design method is validated against an extensive 

database of results reported in the literature and is compared against existing design 

guidelines. It is shown that that the new design method preforms better than existing models 

and provides more reliable predictions. 

 

Keywords: NSMR, end debonding, yielding, design guidelines. 
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5.1 Introduction 

The superior bond behaviour of NSMR guarantees an overall better performance of this 

strengthening solution when compared to the more conventional externally bonded 

reinforcement (EBR) (Barros and Fortes 2005; Quattlebaum et al. 2005; Kotynia 2010; 

Nguyen et al. 2016b). However, performance of NSMR is still controlled by the bond 

strength between FRP and the concrete substrate and premature debonding is still a crucial 

issue in strengthening applications. The stress concentration that develops at the termination 

point of the FRP can cause end debonding. The magnitude of developed stresses around the 

termination point can be affected by several parameters, such as, embedment length; FRP 

and steel reinforcement ratios; shapes, size and surface finish of FRP and mechanical 

properties of steel and FRP reinforcement, structural adhesive and concrete; concrete cover, 

spacing between NSMR and distance to the edge, etc. Of all these parameters, the 

embedment length of NSMR is one of the most important parameters in controlling end 

debonding. The use of adequate embedment length for the NSMR can reduce sufficiently the 

stresses around the termination point and help to prevent end debonding (Hassan and 

Rizkalla 2003; Barros and Fortes 2005; Quattlebaum et al. 2005; Teng et al. 2006; Barros et 

al. 2007; Bonaldo et al. 2008; Soliman et al. 2008; Soliman et al. 2010; Sharaky et al. 2014; 

Sharaky et al. 2015; Nguyen et al. 2016). 

Analytical solutions can provide explicit fundamental understanding of the development of 

stresses in various parts of a strengthened structure, especially around the termination point 

and are useful to understand effects of various parameters on stress development. However, 

since they rely either on (a) linear analysis or (b) continuum mechanics, or both, they are 

unable to predict accurately the structural behaviour at higher load levels when a significant 

amount of material nonlinearity and geometrical discontinuities arise. 

Significant attempts were made to develop models to determine the required embedment 

length by calibrating results obtained from small scale bond tests (De Lorenzis and Antonio 

2001; De Lorenzis and Nanni 2001; Cruz and Barros 2002; De Lorenzis and Nanni 2002; De 

Lorenzis et al. 2002; Cruz and Barros 2004; De Lorenzis 2004; De Lorenzis et al. 2004; 

Bonaldo et al. 2005; Chen and Pan 2006; Novidis et al. 2007; Seracino et al. 2007; Kotynia 

2010; Bilotta et al. 2011; Kalupahana et al. 2013). Despite the fact that bond tests are simple 

to carry out and provide fundamental understanding of bond performance and debonding 

failure of a strengthening system, they have key limitations: (a) the bond length used in the 

bond tests are far too short when compared to those used in strengthened beams tests (De 

Lorenzis and Antonio 2001; De Lorenzis and Nanni 2001; Cruz and Barros 2002; De 

Lorenzis and Nanni 2002; De Lorenzis et al. 2002; Cruz and Barros 2004; De Lorenzis 

2004; De Lorenzis et al. 2004; Bonaldo et al. 2005; Chen and Pan 2006; Seracino et al. 
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2007; Kotynia 2010; Bilotta et al. 2011; Kalupahana et al. 2013) (b) the absence of key 

flexural features in pure shear tests (cracks, bending, bending-shear interaction; and 

interaction of steel-FRP) and (c) inconsistent results due to lack of testing standards (De 

Lorenzis and Antonio 2001; De Lorenzis and Nanni 2001; Cruz and Barros 2002; De 

Lorenzis and Nanni 2002; De Lorenzis et al. 2002; Cruz and Barros 2004; De Lorenzis 

2004; De Lorenzis et al. 2004; Bonaldo et al. 2005; Chen and Pan 2006; Seracino et al. 

2007; Kotynia 2010; Bilotta et al. 2011; Kalupahana et al. 2013). These limitations do not 

allow bond tests to represent accurately the bond performance of the NSMR system in 

flexural elements, thus these tests cannot be directly used to predict debonding failure and 

calculate the embedment length in flexural elements. 

Furthermore, most design guidelines use different provisions for determining the theoretical 

termination section and corresponding anchorage length (Lf) and tensile force Tf, for 

example: section with maximum tensile force (point D,  Lf = Lfmax and Tf = Tfmax in Figure 5-

1); yield section (point C, Lf = Lfy and Tf = Tfy in Figure 5-1), section where the FRP is ‘no 

longer needed’ (point B, Lf = L*
 and Tf = T*

 in Figure 5-1); and cracking section (point A, Lf 

= Lfc and Tf = Tfc in Figure 5-1). 

 
Figure 5-1 Theoretical termination section for fracture mechanics based models 

The experimental work presented in Chapters 4 and 5 shows that end debonding occurs 

following yield penetration near the COP. The yielding of steel reinforcement in the 

termination region intensifies bond stresses along the NSMR at COP and at the nearest crack 

(crack B) (Figure 5-2), triggering limited local debonding at these regions. At the ultimate 

load, these local debonding zones tend to migrate towards the COP leading them to merge 

together to form a critical bond stress zone. Furthermore, yielding stimulates the formation 

and development of tributary shear cracks in the region, weakening the concrete cover. 
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Figure 5-2 Formation of critical zone of bond stress between the termination point and the nearest 

crack following the formation of tributary shear cracks 

5.2 Calculation of embedment length of NSMR for RC structures 

strengthened in flexure 

A new design method to estimate the minimum embedment length, ݈௙, to prevent end 

debonding is developed based on the fact that yielding near the termination promotes the 

interaction of bond stress zones and intensifies bond stresses, eventually leading to end 

debonding failure (Nguyen et al. 2016a; Nguyen et al. 2016b). Hence, end debonding failure 

can be avoided by limiting yielding to a certain distance, t, away from the termination point 

(Figure 5-3). ݈௙ can be taken as the sum of the theoretical yield length Ly, increased by s 

(shear shift) to account for the additional tensile force in the reinforcement induced by shear, 

and t (Eq. 5.1). ݈௙ = ௬ܮ + ݏ +  (Eq. 5.1)                                                   ݐ

 

Figure 5-3 Scheme for bond length calculation. 
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A value of t equal to 50mm was determined from the analysis of the experimental results 

(Nguyen et al. 2016, c). The shear shift, s, of the bending diagram can be determined from 

the analysis of the experimental results (Nguyen et al. 2016, b), given in Eqs.5.2-5.5. 

ݏ                                                 = ݉.ݖ ≈ (0.45. ݀).݉                                     (Eq. 5.2) 

 ௅ೞௗ	 ≤ 2.5	                 			݉ = 2.5                                                                    (Eq.	5.3)	
   2.5 ≤ ௅ೞௗ	 ≤ 6.5											݉ = 1 + 0.375 ቀ6.5 − ௅ೞௗ	ቁ																																														(Eq.	5.4)	
 ௅ೞௗ	 ≥ 6.5																						݉ = 1																																																																																		(Eq.	5.5)	

5.3 Validation against experimental database 

The new design method is compared against a large number of data obtained from published 

literature (El-Hacha et al. 2004; Bonaldo et al. 2005; Quattlebaum et al. 2005; Teng et al. 

2006; Bonaldo et al. 2008; Wang et al. 2008; Al-Mahmoud et al. 2009; Al-Mahmoud et al. 

2010; Ceroni 2010; Soliman et al. 2010; Wu et al. 2013; Sharaky et al. 2014; Sharaky et al. 

2015; Nguyen et al. 2016) to confirm its reliability, consistency and accuracy. Predictions 

calculated from two other methods ACI 440-2R 2008, TR55 (ACI-440-Commitee 2008; 

Cement and Concrete Industry Publiccation 2012) are also included for comparison 

purposes. 

Data of seventy two beam and slab tests were collected and the influence of various 

parameters was accessed. The main parameters include: geometry (rectangular, T sections), 

concrete strengths (16.8MPa to 50.2MPa), type of FRP(CFRP, BFRP, GRRP), shapes of 

FRP (round bars, strips), ratio of steel (0.24% to 1.33% ) and FRP (0.12% to 0.56%), types 

of adhesive, groove configurations (side, bottom face), surface treatment of FRP (sand 

coating, ribbed), concrete cover (23-80mm), etc. (Table 5-1).  Although the full data 

included a total of 135 specimens (see appendix D), only beams specimens in which the 

NSMR were not embedded at or beyond the supports were used to examine the performance 

of the proposed model. Continuous beams and slabs were also excluded from the database. 

Figure 5.4 and Table 5.2 show the predicted values versus the experimental results for the 

proposed model. The model overall predicts safely the experimental results with a mean 

value of 0.97 and a standard error of 0.04. 
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Table 5-1 Data collected from seventy two beam and slab tests 

 

Concrete

L Ls Lo b h fc As fy ds Af Ef σf df n φ t h a hg

m m mm mm mm MPa mm
2

MPa mm mm
2

GPa MPa mm mm mm mm mm mm

Teng (2006) B0 3 1.20 150 300 35.2 226.2 532 256

B500 3 1.20 1250 150 300 35.2 226.2 532 256 64.0 131.0 2068 290 1 ‐‐‐‐ 4 16 8 22

B1200 3 1.20 900 150 300 35.2 226.2 532 256 64.0 131.0 2068 290 1 ‐‐‐‐ 4 16 8 22

B1800 3 1.20 600 150 300 35.2 226.2 532 256 64.0 131.0 2068 290 1 ‐‐‐‐ 4 16 8 22

B2900 3 1.20 50 150 300 35.2 226.2 532 256 64.0 131.0 2068 290 1 ‐‐‐‐ 4 16 8 22

Nguyen(2009) B0 2.3 0.77 150 250 50.2 402.1 525 212

B1 2.3 0.77 150 250 32.3 402.1 525 212

NSM2 2.3 0.77 150 150 250 23.9 402.1 525 212 169.6 142.3 1477 241 3 2φ6+φ12 15 15

NSM3/B0 2.3 0.77 150 150 250 50.2 402.1 525 212 50.4 214.0 2804 242 3 ‐‐‐ 1.4 12 4 15

NSM4/B1 2.3 0.77 300 150 250 32.3 402.1 525 212 50.4 214.0 2804 242 3 ‐‐‐ 1.4 12 4 15

NSM5/B1 2.3 0.77 350 150 250 32.3 402.1 525 212 50.4 214.0 2804 242 3 ‐‐‐ 1.4 12 4 15

NSM6/B1 2.3 0.77 350 150 250 32.3 402.1 525 212 50.4 214.0 2804 242 3 ‐‐‐ 1.4 12 4 15

NSM7/B1 2.3 0.77 350 150 250 32.3 402.1 525 212 50.4 214.0 2804 220 3 ‐‐‐ 1.4 12 4 15

NSM8/B1 2.3 0.77 600 150 250 32.3 402.1 525 212 84.0 51.7 800 242 3 ‐‐‐ 2 14 4 15

NSM9/B1 2.3 0.77 600 150 250 32.3 402.1 525 212 84.0 51.7 800 242 3 ‐‐‐ 2 14 4 15

Barros (2004) V1 1.5 0.50 100 178 45.3 56.5 800 154

V1R1 1.5 0.50 50 100 170 45.3 56.5 770 146 14.3 158.8 2740 170 1 ‐‐‐ 1.45 9.6 4 12

V2 1.5 0.50 100 173 48.9 84.8 800 149

V2R2 1.5 0.50 50 100 177 48.9 84.8 770 153 28.5 158.8 2740 170 2 ‐‐‐ 1.45 9.6 4 12

V3 1.5 0.50 100 175 48.9 106.8 700 150

V3R2 1.5 0.50 50 100 175 48.9 106.8 700 150 28.5 158.8 2740 170 2 ‐‐‐ 1.45 9.6 4 12

V4 1.5 0.50 100 175 46.4 150.8 554 150

V4R3 1.5 0.50 50 100 180 46.4 150.8 554 155 42.8 158.8 2740 170 3 ‐‐‐ 1.45 9.6 4 12

GrooveGeometrySpan

References Beam ID

FRPSteel
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Table 5-1 Data collected from seventy two beam and slab tests (cont.) 

 

Concrete

L Ls Lo b h fc As fy ds Af Ef σf df n φ t h a hg

m m mm mm mm MPa mm
2

MPa mm mm
2

GPa MPa mm mm mm mm mm mm

Al ‐Mahmoud(2009)  Controlbeam  2.8 0.80 150 280 37.4 226.2 600 238

 S‐C6(270‐R)  2.8 0.80 50 150 280 36.5 226.2 600 238 56.6 145.9 1875 274 2 6 ‐‐‐‐‐ ‐‐‐‐‐ 12 12

 S‐C6(210‐R)  2.8 0.80 350 150 280 36.7 226.2 600 238 56.6 145.9 1875 274 2 6 ‐‐‐‐‐ ‐‐‐‐‐ 12 12

 S‐C6(2VC60)  2.8 0.80 50 150 280 66.5 226.2 600 238 56.6 145.9 1875 274 2 6 ‐‐‐‐‐ ‐‐‐‐‐ 12 12

 S‐C6(270‐M) ‐Motar 2.8 0.80 50 150 280 38.1 226.2 600 238 56.6 145.9 1875 274 2 6 ‐‐‐‐‐ ‐‐‐‐‐ 12 12

 S‐C12(VC30)  2.8 0.80 0 150 280 37.5 226.2 600 238 113.1 145.9 1875 274 1 12 ‐‐‐‐‐ ‐‐‐‐‐ 24 24

 S‐C12(VC60)  2.8 0.80 0 150 280 66.5 226.2 600 238 113.1 145.9 1875 274 1 12 ‐‐‐‐‐ ‐‐‐‐‐ 24 24

Al ‐Mahmoud(2010) C 2.8 1.20 150 280 35.2 226.2 600 238

S‐C(CR)(240) 2.8 1.20 0 150 280 36.9 226.2 600 238 56.6 145.9 1875 274 2 6 ‐‐‐‐‐ ‐‐‐‐‐ 12 12

S‐C(CR)(190) 2.8 1.20 0 150 280 36.5 226.2 600 238 56.6 145.9 1875 274 2 6 ‐‐‐‐‐ ‐‐‐‐‐ 12 12

S‐C(CR)(150) 2.8 1.20 0 150 280 37.4 226.2 600 238 56.6 145.9 1875 274 2 6 ‐‐‐‐‐ ‐‐‐‐‐ 12 12

C(FPT) 2.8 0.80 50 150 280 36.7 226.2 600 238 56.6 145.9 1875 274 2 6 ‐‐‐‐‐ ‐‐‐‐‐ 12 12

S‐C(FPT)(270) 2.8 0.80 50 150 280 36.5 226.2 600 238 56.6 145.9 1875 274 2 6 ‐‐‐‐‐ ‐‐‐‐‐ 12 12

S‐C(FPT)(210) 2.8 0.80 50 150 280 36.7 226.2 600 238 56.6 145.9 1875 274 2 6 ‐‐‐‐‐ ‐‐‐‐‐ 12 12

Bonaldo (2008) SL1 1.8 0.60 50 300 80 26.0 150.8 466 56

SL4s 1.8 0.60 50 300 80 26.4 150.8 557 56 52.8 156.1 2879 73 4 ‐‐‐‐‐ 1.4 9.4 4 15

E. Bonaldo SL2 1.8 0.60 50 300 80 26.0 150.8 557 56

SL3s 1.8 0.60 50 300 80 26.4 150.8 557 56 52.8 156.1 2879 73 4 ‐‐‐‐‐ 1.4 9.4 4 15

Bonaldo(2005) SL01  1.8 0.60 50 300 80 45.7 56.5 494.1 57

E. Bonaldo SL06  1.8 0.60 50 300 80 49.4 56.5 494.1 57

SL03S  1.8 0.60 50 300 80 43.1 56.5 494.1 57 26.3 156.1 2879 76 2 ‐‐‐‐‐ 1.4 9.4 5 15

SL04S  1.8 0.60 50 300 80 32.4 56.5 494.1 57 26.3 156.1 2879 77 2 ‐‐‐‐‐ 1.4 9.4 5 15

SL08S  1.8 0.60 50 300 80 49.4 56.5 494.1 57 26.3 156.1 2879 78 2 ‐‐‐‐‐ 1.4 9.4 5 15

References Beam ID

Span Geometry Steel FRP Groove
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Table 5-1 Data collected from seventy two beam and slab tests (cont.) 

 

Concrete

L Ls Lo b h fc As fy ds Af Ef σf df n φ t h a hg

m m mm mm mm MPa mm
2

MPa mm mm
2

GPa MPa mm mm mm mm mm mm

A. Balsamo  Ref_d_no_1  2.1 50 120 160 16.8 157.1 540 115

 NSM_d_2x1.4x10_1  2.1 1.05 50 120 160 16.8 157.1 540 115 28.0 171.0 2052 153 2 ‐‐‐‐‐ 1.4 10 5 15

 NSM_d_3x1.4x10_1  2.1 1.05 50 120 160 16.8 157.1 540 115 42.0 171.0 2052 153 3 ‐‐‐‐‐ 1.4 10 5 15

Quattlebaum(2005) U‐S 4.6 2.29 153 152 254 29.5 398.2 466 222

N‐S 4.6 2.29 153 152 254 29.5 398.2 466 222 70.0 216.0 3900 241 2 ‐‐‐‐‐‐‐ 2 25 6.4 32

Wu(2014) Control 1.8 0.60 150 300 34.4 461.8 510 253

B11 1.8 0.60 50 150 300 34.4 461.8 510 253 53.3 170.0 2629 290 1 7.9 ‐‐‐‐‐ ‐‐‐‐‐ 20 20

B21 1.8 0.60 50 150 300 34.4 461.8 510 253 106.6 170.0 2629 290 2 7.9 ‐‐‐‐‐ ‐‐‐‐‐ 20 20

B22 1.8 0.60 50 150 300 34.4 461.8 510 253 106.6 170.0 2629 290 2 7.9 ‐‐‐‐‐ ‐‐‐‐‐ 20 20

Sharaky(2014) CB 2.4 0.80 200 160 280 32.4 226.2 545 236

LB1C1 2.4 0.80 200 160 280 32.4 226.2 545 236 50.3 165.0 2350 268 1 8 ‐‐‐ ‐‐‐ 16 16

LB1G1 2.4 0.80 200 160 280 32.4 226.2 545 236 50.3 64.0 1350 268 1 8 ‐‐‐ ‐‐‐ 16 16

LB2C1 2.4 0.80 200 160 280 32.4 226.2 545 236 100.5 165.0 2350 268 2 8 ‐‐‐ ‐‐‐ 16 16

LB2G1 2.4 0.80 200 160 280 32.4 226.2 545 236 100.5 64.0 1350 268 2 8 ‐‐‐ ‐‐‐ 16 16

LA2C1 2.4 0.80 200 160 280 32.4 226.2 545 236 100.5 165.0 2350 268 2 8 ‐‐‐ ‐‐‐ 16 16

LA2G1 2.4 0.80 200 160 280 32.4 226.2 545 236 100.5 64.0 1350 268 2 8 ‐‐‐ ‐‐‐ 16 16

LB1G2 2.4 0.80 200 160 280 32.4 226.2 545 236 113.1 64.0 1350 268 1 12 ‐‐‐ ‐‐‐ 24 24

Sharaky(2015) CB 2.4 0.80 200 160 280 30.5 226.2 540 236

F2C1 2.4 0.80 201 160 280 30.5 226.2 540 236 100.5 170.0 2350 272 2 8 ‐‐‐ ‐‐‐ 16 16

F2S1 2.4 0.80 202 160 280 30.5 226.2 540 236 56.0 170.0 2350 268 2 ‐‐‐ 1.4 20 5 25

F2G1 2.4 0.80 203 160 280 30.5 226.2 540 236 100.5 64.0 1350 272 2 8 ‐‐‐ ‐‐‐ 16 16

F1G2 2.4 0.80 204 160 280 30.5 226.2 540 236 113.1 64.0 1350 268 1 12 ‐‐‐ ‐‐‐ 24 24

FRP Groove

References Beam ID

Span Geometry Steel



 

Chapter 5. New design method for embedment length of FRP 

 

61 

 

Table 5-1 Data collected from seventy two beam and slab tests (cont.) 

 

Concrete

L Ls Lo b h fc As fy ds Af Ef σf df n φ t h a hg

m m mm mm mm MPa mm
2

MPa mm mm
2

GPa MPa mm mm mm mm mm mm

Sol iman(2010) A0 2.6 0.80 200 300 41.0 200.0 454 250

AC1 2.6 0.80 686 200 300 41.0 200.0 454 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 19 19

AC2 2.6 0.80 572 200 300 41.0 200.0 454 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 19 19

AC3 2.6 0.80 344 200 300 41.0 200.0 454 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 19 19

AC4 2.6 0.80 230 200 300 41.0 200.0 454 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 19 19

AC5 2.6 0.80 572 200 300 41.0 200.0 454 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 14.3 14.3

AC6 2.6 0.80 344 200 300 41.0 200.0 454 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 14.3 14.3

AC7 2.6 0.80 230 200 300 41.0 200.0 454 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 19 19

AC8 2.6 0.80 495.2 200 300 41.0 200.0 454 250 127.0 134.0 1250 294 1 12.7 ‐‐‐‐‐ ‐‐‐‐‐ 25.4 25.4

AC9 2.6 0.80 190.4 200 300 41.0 200.0 454 250 127.0 134.0 1250 294 1 12.7 ‐‐‐‐‐ ‐‐‐‐‐ 25.4 25.4

AG10 2.6 0.80 495.2 200 300 41.0 200.0 454 250 127.0 45.0 756 294 1 12.7 ‐‐‐‐‐ ‐‐‐‐‐ 25.4 25.4
AG11 2.6 0.80 190.4 200 300 41.0 200.0 454 250 127.0 45.0 756 294 1 12.7 ‐‐‐‐‐ ‐‐‐‐‐ 25.4 25.4

B0 2.6 0.80 200 300 41.0 400.0 460 250

BC1 2.6 0.80 572 200 300 41.0 400.0 460 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 19 19

BC2 2.6 0.80 344 200 300 41.0 400.0 460 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 19 19

C0 2.6 0.80 200 300 41.0 800.0 460 250

CC1 2.6 0.80 686 200 300 41.0 800.0 460 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 19 19

CC2 2.6 0.80 629 200 300 41.0 800.0 460 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 19 19

CC3 2.6 0.80 572 200 300 41.0 800.0 460 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 19 19

CC4 2.6 0.80 344 200 300 41.0 800.0 460 250 71.0 124.0 1596 294 1 9.5 ‐‐‐‐‐ ‐‐‐‐‐ 19 19

Ceroni(2010) A1 2 0.88 100 180 33.6 157.1 441 150 172 1

A9(crossed support) 2 0.88 0 100 180 33.6 157.1 441 150 100.5 109.0 1020 172 2 8 ‐‐‐ ‐‐‐ 15 15

A10 2 0.88 200 100 180 33.6 157.1 441 150 100.5 109.0 1020 172 2 8 ‐‐‐ ‐‐‐ 15 15

References Beam ID

Span Geometry Steel FRP Groove
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Table 5-1 Data collected from seventy two beam and slab tests (cont.) 

 

 

 

 

 

 

 

 

Concrete

L Ls Lo b h fc As fy ds Af Ef σf df n φ t h a hg

m m mm mm mm MPa mm
2

MPa mm mm
2

GPa MPa mm mm mm mm mm mm

Wang(2008) B0 3 1.20 150 300 37.5 226.2 576.3 254 192.5 15 15

B2600 3 1.20 200 150 300 37.5 226.2 576.3 254 157.1 40.8 760 192.5 1 10 ‐‐‐‐‐ ‐‐‐‐‐ 15 15

B2800 3 1.20 100 150 300 37.5 226.2 576.3 254 157.1 40.8 760 192.5 1 10 ‐‐‐‐‐ ‐‐‐‐‐ 15 15

B3200 3 1.20 0 150 300 37.5 226.2 576.3 254 157.1 40.8 760 192.5 1 10 ‐‐‐‐‐ ‐‐‐‐‐ 15 15

EL‐Hacha(2004) B0 2.5 1.25 50 150 300 45.0 650.5 400 220

B1 2.5 1.25 50 150 300 45.0 650.5 400 220 71.3 122.5 1408 285 1 9.5 ‐‐‐‐ ‐‐‐‐ 18 30

B2 2.5 1.25 50 150 300 45.0 650.5 400 220 64.0 140.0 1525 290 2 ‐‐‐‐ 2 16 6.4 19

B3 2.5 1.25 50 150 300 45.0 650.5 400 220 60.0 150.0 2000 288 2 ‐‐‐‐ 1.2 25 6.4 25

B4 2.5 1.25 50 150 300 45.0 650.5 400 220 200.0 45.0 1000 288 5 ‐‐‐‐ 2 20 6.4 25

B2a 2.5 1.25 50 150 300 45.0 650.5 400 220 64.0 140 301 2 ‐‐‐‐ 2 16 ‐‐‐‐ ‐‐‐‐

B2b 2.5 1.25 50 150 300 45.0 650.5 400 220 64.0 140 301 2 ‐‐‐‐ 2 16 ‐‐‐‐ ‐‐‐‐

B4a 2.5 1.25 50 150 300 45.0 650.5 400 220 200.0 45 301 5 ‐‐‐‐ 2 20 ‐‐‐‐ ‐‐‐‐

FRP Groove
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Table 5-2 Predicted values versus the experimental results for the proposed model and existing design guidelines 

 

Theoretical

Yielding Ultimate

Pexp PTR-55 PTR-55/Pexp PACI PACI/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.

(kN) (kN) (kN) (kN) (kN) (kN)

24 Al-Mahmoud(2009)  Controlbeam 73.75 73.7 76.6

25  S-C6(270-R) 133.3 91.5 0.69 134.9 1.01 143.1 1.07 91.0 143.1

26  S-C6(210-R) 110.0 63.2 0.57 110.0 1.00 93.1 0.85 91.0 143.5

27  S-C6(VC60) 133.25 62.7 0.47 139.0 188.3 91.7 188.3

28  S-C6(270-M) -Mota 109.75 0.00 135.3 1.23 91.1 145.9

29  S-C12(VC30) 168.4 108.4 178.1

30  S-C12(VC60) 210.3 109.1 239.7

31 Al-Mahmoud(2010) C 36.1 24.5 25.5

32 S-C(CR)(240) 71.4 61.1 0.86 45.5 0.64 47.9 0.67 30.3 47.9

33 S-C(CR)(190) 62.0 61.0 0.98 45.3 0.73 47.7 0.77 30.3 47.7

34 S-C(CR)(150) 43.2 61.1 1.41 45.8 1.06 48.2 1.12 30.3 48.2

35 C(FPT) 43.2 90.8 2.10 134.9 143.5 91.0 143.5

36 S-C(FPT)(270) 133.3 91.5 0.69 134.9 1.01 143.1 1.07 91.0 143.1

37 S-C(FPT)(210) 110 91.6 0.83 134.9 1.23 143.5 1.30 91.0 143.5

38 Bonaldo (2008) SL1 14.3 11.8 12.1

39 SL4s 37.7 18.8 0.50 25.1 0.66 26.3 0.70 21.3 26.3

40 E. Bonaldo SL2 15.1 14.1 14.2

41 SL3s 35.6 18.8 0.53 15.5 0.43 26.3 0.74 21.0 26.3

42 Bonaldo(2005) SL01 5.4 5.0 5.2

43 E. Bonaldo SL06 4.7 5.0 5.2

ACI NGUYEN

No. References Beam ID

Experimental TR-55
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Table 5--2 Predicted values versus the experimental results for the proposed model and existing design guidelines (cont.) 

 

Theoretical

Yielding Ultimate

Pexp PTR-55 PTR-55/Pexp PACI PACI/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.

(kN) (kN) (kN) (kN) (kN) (kN)

44 SL03S 24.4 6.5 0.27 21.5 0.88 25.3 1.04 8.3 25.3

45 SL04S 24.9 6.6 0.26 20.6 0.83 22.0 0.89 8.4 22.0

46 SL08S 24.2 6.5 0.27 23.8 0.98 28.2 1.16 8.5 28.2

47 A. Balsamo  Ref_d_no_1 46.1 31.1 31.9

48  NSM_d_2x1.4x10_1 71.3 18.3 0.26 19.0 0.27 41.1 0.58 40.3 41.1

49  NSM_d_3x1.4x10_1 67.6 18.9 0.28 20.2 0.30 44.0 0.65 45.0 44.0

50 Quattlebaum(2005) U-S 37.1 31.8 32.7

51 N-S 49.4 38.3 0.77 47.9 0.97 49.9 1.01 38.6 49.9

52 Wu(2014) Control 168.7 176.0 180.7

53 B11 256.7 212.7 0.83 239.9 0.93 248.6 0.97 199.6 248.6

54 B21 260.9 206.6 0.79 250.9 0.96 274.6 1.05 223.2 287.8

55 B22 288.3 206.6 0.72 250.9 0.87 274.6 0.95 223.2 287.8

56 Sharaky(2014) CB 70.4 66.9 69.1

57 LB1C1 109.1 91.3 0.84 126.3 1.16 111.4 1.02 82.5 133.1

58 LB1G1 99.2 83.3 0.84 99.4 1.00 111.4 1.12 72.9 100.9

59 LB2C1 117.2 90.9 0.78 127.6 1.09 111.4 0.95 98.1 163.5

60 LB2G1 112.2 82.9 0.74 117.9 1.05 111.4 0.99 79.0 123.8

61 LA2C1 114.5 90.9 0.79 127.6 1.11 111.4 0.97 98.1 163.5

62 LA2G1 110.6 82.9 0.75 117.9 1.07 111.4 1.01 79.0 123.8

ACIExperimental TR-55

No. References Beam ID

NGUYEN
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Table 5--2 Predicted values versus the experimental results for the proposed model and existing design guidelines (cont.) 

 

 

Theoretical

Yielding Ultimate

Pexp PTR-55 PTR-55/Pexp PACI PACI/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.

(kN) (kN) (kN) (kN) (kN) (kN)

63 LB1G2 105.8 91.7 0.87 121.7 1.15 111.4 1.05 80.5 128.0

64 Sharaky(2015) CB 70.4 66.1 68.2

65 F2C1 117.2 90.7 0.77 127.2 1.09 109.9 0.94 66.1 162.1

66 F2S1 111.7 86.4 0.77 146.2 1.31 109.7 0.98 66.1 134.3

67 F2G1 122.2 82.3 0.67 115.9 0.95 109.5 0.90 66.1 121.8

68 F1G2 105.8 90.8 0.86 118.2 1.12 109.3 1.03 66.1 124.3

69 Soliman(2010) A0 55.0 52.8 55.5

70 AC1 67.0 88.5 1.32 67.9 1.01 55.5 0.83 69.2 181.0

71 AC2 73.0 88.5 1.21 85.2 1.17 55.5 0.76 69.2 181.0

72 AC3 94.0 88.5 0.94 118.6 1.26 65.4 0.70 69.2 181.0

73 AC4 96.0 88.5 0.92 132.8 1.38 79.5 0.83 69.2 181.0

74 AC5 88.0 81.5 0.93 85.2 0.97 55.5 0.63 69.2 181.0

75 AC6 94.0 81.5 0.87 118.6 1.26 65.4 0.70 69.2 181.0

76 AC7 102.0 88.5 0.87 132.8 1.30 79.5 0.78 69.2 181.0

77 AC8 74.0 100.9 1.36 109.5 1.48 55.5 0.75 84.6 231.7

78 AC9 109.0 100.9 0.93 162.3 1.49 85.9 0.79 84.6 231.7

79 AG10 75.0 82.2 1.10 121.5 1.62 55.5 0.74 63.5 154.3

80 AG11 112.0 82.2 0.73 121.5 1.08 85.9 0.77 63.5 154.3

81 B0 130.0 104.2 109.8

No. References Beam ID

ACIExperimental TR-55 NGUYEN
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Table 5--2 Predicted values versus the experimental results for the proposed model and existing design guidelines (cont.) 

 

 

Theoretical

Yielding Ultimate

Pexp PTR-55 PTR-55/Pexp PACI PACI/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.

(kN) (kN) (kN) (kN) (kN) (kN)

82 BC1 135.0 140.3 1.04 136.3 1.01 109.8 0.81 120.7 207.1

83 BC2 154.0 140.3 0.91 170.4 1.11 129.2 0.84 120.7 207.1

84 C0 233.0 201.6 209.4

85 CC1 227.0 237.1 1.04 209.6 0.92 209.4 0.92 217.9 268.3

86 CC2 229.0 237.1 1.04 221.8 0.97 209.4 0.91 217.9 268.3

87 CC3 234.0 237.1 1.01 232.2 0.99 209.4 0.89 217.9 268.3

88 CC4 254.0 237.1 0.93 266.3 1.05 249.7 0.98 217.9 268.3

89 Ceroni(2010) A1 0.0 21.1 22.0

90 A9 50.7 30.0 0.59 45.0 0.89 47.4 0.94 31.0 47.4

91 A10 45.0 47.4 0.0 47.4

91 Wang(2008) B0 59.7 50.5 52.7

92 B2600 81.5 61.9 0.76 70.2 0.86 72.5 0.89 53.6 72.5

93 B2800 80.6 52.5 0.65 70.2 0.87 72.5 0.90 53.6 72.5

94 B3200 81.9 52.5 0.64 70.2 0.86 72.5 0.89 53.6 72.5

95 EL-Hacha(2004) B0 55.4 79.5 83.6

96 B1 93.8 99.4 1.06 117.0 1.25 121.8 1.30 89.7 121.8

97 B2 99.3 92.2 0.93 118.9 1.20 124.0 1.25 90.5 124.0

98 B3 110.2 92.2 0.84 118.5 1.08 123.5 1.12 90.3 123.5

99 B4 102.7 85.6 0.83 118.5 1.15 123.5 1.20 90.3 123.5

No. References Beam ID

Experimental TR-55 ACI NGUYEN
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Figure 5-4 Comparison between the results calculated according to the proposed method and experimental results 

5.4 Comparison to available design guidelines 

5.4.1 TR55 design guidelines 

The anchorage design proposed by TR55 (Cement and Concrete Industry Publiccation 2012) 

based on fracture mechanics based method is summarised below (Eq. 5.2-5.9). NSM 

separation failure design includes several checks of bond stress concentration arising from a) 

bond stress due to termination of the FRP b) Bond stress due to yielding of the steel 

reinforcement c) bond stress due to crack. The maximum bond stress must not exceed the 

bond strength of the NSMR to avoid end debonding. 

The allowable force and the required embedment length of FRP are given in (Eq.5.5) and 

(Eq. 5.9), respectively. Advantages of TR55 are that all potential high bond stress zones 

along the NSMR (at cracks in the yielding zone and at termination point of the FRP) and 

failure modes (cover separation, concrete splitting, failure in adhesive layer) are checked. 

However, the application of the design guidelines requires the implementation of a rather 

complex methodology.  

To avoid concrete splitting failure, maximum ultimate anchorage force, ௡ܶ௦௠,௠௔௫ and 

corresponding maximum anchorage length,	݈௡௦௠,௠௔௫ need to be calculated from the 

following equations: 

௡ܶ௦௠,௠௔௫ = 10 ௙ܾ௡௢௧௧௛௣௘௥௜௠ඥܧ௙ௗܣ௙ ௖݂௧௞                                           (Eq. 5.2) 
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                ݈௡௦௠,௠௔௫ = 0.135ටா೑೏஺೑௙೎೟ೖ           (Eq. 5.3) 

௙ܾ௡௢௧௧௛௣௘௥௜௠ : effective perimeter of a groove ܧ௙ௗ,	ܣ௙ : elastic modulus and area of FRP, respectively ݂ܫ	݈௡௦௠ < ݈௡௦௠,௠௔௫, ௡ܶ௦௠  

௡ܶ௦௠ = ௡ܶ௦௠,௠௔௫ = ௡ܶ௦௠,௠௔௫ ௟೙ೞ೘௟೙ೞ೘,೘ೌೣ ൬2 − ௟೙ೞ೘௟೙ೞ೘,೘ೌೣ൰                                            (Eq. 5.4) 

௡ܶ௦௠ should be checked with ௡ܶ௦௠,௔ௗ , ௡ܶ௦௠,௟௜௠ and ௥ܶ௨௣௧௨௥௘ to satisfy (Eq. 5.5) 

௡ܶ௦௠ = min	( ௡ܶ௦௠,௔ௗ, ௡ܶ௦௠,௟௜௠, ௥ܶ௨௣௧௨௥௘)                                (Eq. 5.5) 

௡ܶ௦௠,௔ௗ : characteristic adhesive bond failure force (N) 

௡ܶ௦௠,௔ௗ = 0.3 ௔݂௧ܾ௕௔௥௣௘௥௜௠݈௡௦௠                                            (Eq. 5.6) 

௡ܶ௦௠,௟௜௠ : limiting maximum achievable anchorage force (N) 

௡ܶ௦௠,௟௜௠ = 38ට ௕௡೙ೞ೘ ௙ܣ௙ௗܧ ௖݂௧௞                                                      (Eq. 5.7) 

௥ܶ௨௣௧௨௥௘ : rupture force (N) 

௥ܶ௨௣௧௨௥௘ =  ௙                              (Eq. 5.8)ߪ௙ܣ

The required embedment length, corresponding to ௡ܶ௦௠ ݈௡௦௠ = ݈௡௦௠,௠௔௫ ൬1 − ට1 − ೙்ೞ೘೙்ೞ೘,೘ೌೣ൰       (Eq. 5.9) 

Comparison of experimental results and prediction proposed by TR.55 are shown in Figure 

5.5 and Table 5.2.  The results show that the predictions are rather conservative (mean=0.82, 

STD=0.03) 

5.4.2 ACI-440.2R-08 

To avoid the end debonding failure, the ACI 440 (ACI-440-Commitee 2008) proposes a 

minimum embedment length of NSMR (Eq.5.10), starting from the maximum moment 

section. It can be seen that the predictive method of ACI.2R-08 is relatively simple. 

However, it does not consider the bond stress concentration around the termination point, 

crack, yielding of the steel reinforcement and shear-bending interaction. 

 ݈ௗ௕ = ஺೑௣೑	 ௙೑೏ఛ್  				 	 	 	 	 	 	 (Eq. 5.10) 

 ܣ௙ and ݌௙ are area and perimeter of the NSMR, respectively 

 ௙݂ௗ : the tensile strength of FRP 

 ߬௕ : the bond strength of FRP and concrete substrate, equals to 6.9ܽܲܯ for all cases 
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Comparison of experimental results and predictions of the ultimate load of ACI 440-2R-08 

is shown in Figure 5-6 and Table 5.2. Despite its simplicity, predictions of ACI-440.2R are 

reasonably good, however, they still have high scatter and are unsafe (mean=1.06, SE=0.06).  

 

Figure 5-5 Comparison between the experimental results and TR55 prediction of the flexural strength 

 

Figure 5-6 Comparison between the experimental results and ACI440 prediction of the ultimate load. 

 

0

30

60

90

120

150

180

210

240

270

300

0 30 60 90 120 150 180 210 240 270 300

T
R

5
5
  

p
re

d
ic

ti
o

n
 o

f 
u

lt
im

a
te

 lo
a
d

 (
k

N
)

Experimental ultimate load(kN)

Teng (2006)

Nguyen(2016)

Barros(2004)

Bonaldo(2005)

Quattlebaum(2005)

Al-Mahmoud(2009)

Wu(2014)

Sharaky(2014)

Soliman(2010)

Ceroni(2010)

Al-Mahmoud(2010)

EL-Hacha(2004)

Wang(2008)

Sharaky(2015)

Bonaldo (2008)

REF

0

30

60

90

120

150

180

210

240

270

300

0 30 60 90 120 150 180 210 240 270 300

A
C

I4
40

.2
R

p
re

d
ic

ti
o

n
 o

f 
 t

h
e 

u
lt

im
a

te
 lo

ad
 (

kN
)

Experimental ultimate load(kN)

Teng (2006)

Nguyen(2016)

Barros(2004)

Bonaldo(2005)

Quattlebaum(2005)

Al-Mahmoud(2009)

Wu(2014)

Sharaky(2014)

Soliman(2010)

Ceroni(2010)

Al-Mahmoud(2010)

EL-Hacha(2004)

Wang(2008)

Sharaky(2015)

Bonaldo (2008)



 

Chapter 5. New design method for embedment length of FRP 

 

70 

 

It can be explained by the fact that the constant value of bond strength used in prediction 

does not cover wide ranges of concrete strengths; types of adhesive; surface finishes, shapes 

and sizes of FRP. In other words, by using an average bond strength the code eliminates the 

effects of various parameters affecting the NSMR system. 

5.5 Conclusions 

Experimental evidence confirms that end debonding failure occurs following deep yield 

penetration in the proximity of the termination point. This finding is adopted in a new design 

methodology which provides a simple tool to predict the debonding load or to calculate the 

embedment length corresponding to a desired strengthening level to avoid debonding. The 

new design method is validated against a large number of data obtained from published 

literature, representing a wide range of parameters of materials, geometry and test 

configurations of elements. For comparison purposes, the results calculated by the proposed 

method are compared with those of ACI-440.2R, TR-55. The comparative work shows that 

the new design method provides more accurate predictions and a more reliable performance 

over a wide range of RC beams retrofitted with NSMR. The new design method provides a 

simple, yet effective tool for engineers to predict the debonding load with adequate safety 

margins. 
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6 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

Chapter 6 

CONCLUSIONS AND RECOMMENDATIONS 

FOR FUTURE RESEARCH 

 

The main aim of this study was to achieve a better understanding of bond behaviour and 

debonding mechanisms of NSMR in flexural strengthening applications. The aim was 

achieved through an extensive experimental programme, analytical solution and the 

assessment of a comprehensive database of tests available in the literature. 

A brief summary of the main conclusions drawn from each part of this study is presented 

below followed by a set of recommendations for future research. 

6.1 Conclusions  

Analytical modelling 

- An analytical model based on elastic principles was developed to examine in detail 

the bond stress distribution along the NSMR, especially in the vicinity of the 

termination point. The following conclusions are drawn:  

- The bond stress concentration at the COP of NSMR can be reduced significantly by 

terminating the external reinforcement in the un-cracked zone of the element. 

- The maximum longitudinal bond stress in NSMR is significantly lower (up to 100%) 

compared to that developed in EBR systems.  

- Vertical shear stress is dominant in NSMR placed vertically, instead of the normal 

stress in EBR system. As a result, the failure modes of NSMR are the combination 

of fracture mode 2 and 3, instead of mode 1 and 2 typical of EBR. Despite of the 
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higher vertical shear stress developed, NSMR is not affected by peeling, as fracture 

energy of mode 2 in NSMR is much greater than fracture energy of mode 1 in EBR. 

- Large bond stresses develop within a narrow zone at the termination point of NSMR 

and then reduce sharply towards the mid-span. 

Performance of beams retrofitted with the NSMR 

- The most dominant failure mode observed in tested beams was end debonding 

initiating from the termination point. Intermediate crack induced debonding was not 

observed. 

- The use of NSMR enhanced significantly the load carrying capacity of the deficient 

beams up to 50%, but also caused the loss of ductility (50%) compared to the un-

strengthened beams.  

- Beams retrofitted with BFRP increased the load carrying capacity marginally due to 

low stiffness of BFRP. 

- At end debonding the maximum strain developed in the NSMR was in the range of 

0.52%-1.18%. 

- Maximum bond stress as developed in the FRP for beams with long and short 

embedment lengths were approximately 6.5MPa and 2.5MPa, respectively. 

- In beams retrofitted with short embedment lengths, local debonding occurred in the 

steel reinforcement around the termination. 

Yield penetration of the steel reinforcement in the shear span 

Two different yield patterns were observed in tested beams in beams retrofitted with long 

and short length: 

- In beams with long embedment length, yield penetrated deeply into the termination 

region when end debonding occurred. Yielding around the termination region 

intensified the bond stresses in the entire region and promoted the interaction 

between bond stress concentration zones, triggering end debonding failure.  

- In beams with short embedment length, yielding developed in a narrow region 

around the termination point. Yielding even penetrated beyond the termination into 

the un-strengthened region. Intensive yielding creates a plastic hinge around the 

termination point and high local curvature.   
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- At failure, for beams failing by end debonding, yielding was found to penetrate near 

the termination point. The yield length found is longer than predicted by section 

analysis between 1.3 and 1.8 of the effective depth. 

Catch-up length 

- The concept of catch-up length, the length along which the strain in the NSMR 

catches up with the strain in the steel reinforcement, is introduced. The transition 

length is an extended version of the catch-up length. 

- In the tested beams, the catch-up lengths were in the range of 200-250mm, 

equivalent to 1-1.1 times the effective depth.  

- The strain at catch-up section was 1.1-1.3 times greater than the yield strain. 

New design method  

Based on the experimental evidence, a new simple, yet effective method was developed to 

calculate the minimum effective length of the NSMR in flexural strengthening applications. 

The design method is based on the fact that debonding occurs following yield penetration in 

the termination region. The new method was validated against extensive database of beams 

and slabs in the published literature. The results show that the new method is more accurate 

than existing design guidelines such as TR55 and ACI440. 

6.2 Recommendations for future work 

Based on the work conducted in this study, a series of recommendations for future research 

work are identified and presented in the following: 

 Modified analytical model 

-  The analytical model developed in chapter 2 is based on elastic analysis and 

continuum mechanics. This has several limitations and requires improvements to 

include sources of high nonlinearity and discontinuity to better reflect the structural 

response at high load levels. The modified model should include: (a) the effect of 

yielding on stress development along the termination region (b) effects of cracks 

adjacent to the termination point. 

- The experimental evidence of this work can be used to identify more realistic 

boundary conditions to be used in the solution of the governing differential 
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equations. For example, effects of the nearest crack from the termination point on 

bond stress concentration can be included in the existing model. 

 More work should be carried out to account for the interaction between longitudinal 

and vertical shear stress. 

 Experimental work 

- More experimental work should be carried out to examine (a) performance of 

heavily damaged beams retrofitted with NSMR and the pre-tensioned steel strapping 

technique to improve both the ultimate load and ductility and (b) impact of steel 

strapping on bond behaviour and debonding failure of NSMR and potential 

applications. 

- More experimental work should be done on flexural elements having wide ranges of 

parameters of materials and geometry to evaluate (a) the catch-up and the transition 

length of the NSMR (b) bending-shear effects (c) ductility (d) yield penetration. 

- Techniques based on fibre optics and digital image analysis could be used to capture 

more effectively the variations of stress and strain in various components which can 

provide better understanding of structural behaviour.   

 Numerical analysis 

- Nonlinear FEM can be used to examine the impact of yield penetration on the 

development of bond stresses in the region between the termination point and the 

nearest crack. 

- Different models to simulate the interfacial bond between concrete-FRP, concrete-

steel, concrete-adhesive, FRP-adhesive can be explored and validated against the 

experimental work presented here. 
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ௗమ௨(௫)ௗ௬ௗ௫ = ଵ௧ೌ ቂௗ௨మ(௫)ௗ௫ − ௗ௨భ(௫)ௗ௫ ቃ	    (A‐58) 

ఛ೤ೣ(௫)ௗ௫ = ௔ܩ ቒ ଵ௧ೌ ቂௗ௨మ(௫)ௗ௫ − ௗ௨భ(௫)ௗ௫ ቃ − ெ೅(௫)(ாூ)೟ ቓ 		ቂௗ௨మ(௫)ௗ௫ − ௗ௨భ(௫)ௗ௫ ቃ  (A‐59) 

 

 

 

 

 

 

 

 

 

 

Figure 0.5 Deformation of elements of the segment for shear interfacial stress 

 

The longitudinal strain at the bottom of adherent 1: 

For the top point ߝଵ = ௗ௨భ(௫)ௗ௫ = −ேభ(௫)ாభ஺భ + ெభ(௫)ாభூభ ௘௙௙ݕ) − ℎ௙) + ௤ା௕ఙ(௫)ାଶ௡௛	ఛ೤೥(௫)ீఈ ௘௙௙ݕ) − ℎ௙)  (A‐60) 

The longitudinal strain at the top of adherent 2 ߝଶ = ௗ௨మ(௫)ௗ௫ = ேమ(௫)ாమ஺మ − ெమ(௫)ாమூమ ௛೑ଶ + ௕ఙ(௫)ାଶ௡௛ఛ೤೥(௫)ீఈ ௛೑ଶ   (A‐61) 

Take equilibrium of the adherent 1 and adherent 2 

ௗேభ(௫)ௗ௫ = ௗேమ(௫)ௗ௫ = 2݊ℎ	߬௬௫(ݔ)    (A‐62) 

ଵܰ(ݔ) = ଶܰ(ݔ) = (ݔ)ܰ = 2݊ℎ ׬ 	߬௬௫(ݔ)݀ݔ௫଴ 	  (A‐63) 

Hence two adherents have similar deflection and curvature ܯଵ(ݔ) =  (ݔ)ଶܯܴ   (A‐64) 
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Place	ܴ = ாభூభாమூమ  (A‐65) 

The  total moment on  the plated beam  includes moments  contributed  from    adherents  and 

shear force of adhesive  

(ݔ)்ܯ = (ݔ)ଵܯ + (ݔ)ଶܯ + ݂݂݁ݕ)(ݔ)ܰ	 − ℎ2݂ )  (A‐66) 

From (4.12), (4.13) and (4.14), ܯଵ(ݔ) can be expressed  ܯଵ(ݔ) = ோோାଵ ቂ(ݔ)்ܯ − 2݊ℎ ׬ 	߬௬௫(ݔ)(ݕ௘௙௙ − ௛೑ଶ ௫଴ݔ݀( ቃ (A‐67) 

And ܯଶ(ݔ) ܯଶ(ݔ) = ଵோାଵ ቂ(ݔ)்ܯ − 2݊ℎ ׬ 	߬௬௫(ݔ)(ݕ௘௙௙ − ௛೑ଶ ௫଴ݔ݀( ቃ			 (A‐68) 

Differentiate (0.1) and (0.2) leading to 

ௗெభ(௫)ௗ௫ = ଵܸ(ݔ) = ோோାଵ ቂ்ܸ (ݔ) − 2݊ℎ	߬௬௫(ݔ)(ݕ௘௙௙ − ௛೑ଶ )ቃ   

    (A‐69) ݀ܯଶ(ݔ)݀ݔ = ଶܸ(ݔ) = 1ܴ + 1 ൤்ܸ (ݔ) − 2݊ℎ	߬௬௫(ݔ)(ݕ௘௙௙ − ℎ௙2 )൨	 
Differentiate (4.7), (4.8) and (4.9) and then them replace into (4.10), (4.17), (4.18) 

leading to the differential equation for shear stress along the strip 

ௗఛ೤ೣమ (௫)ௗ௫ =

ீೌ௧ೌ
ێێێ
ێێێ
ێێێ
ۍێ ଵாమ஺మ 2݊ℎ	߬௬௫(ݔ) + ೓೑మாమூమ ଵோାଵ ቂ்ܸ (ݔ) − 2݊ℎ	߬௬௫(ݔ)(ݕ௘௙௙ − ௛೑ଶ )ቃ ++ ௕ீమ஺మ ௗఙ(௫)ௗ௫ ௛೑ଶ + ଶ௡௛௕ீమఈ஺మ ௛೑ଶ 	ௗఛ೤೥(௫)ௗ௫ + ଵாభ஺భ 2݊ℎ	߬௬௫(ݔ) − (௬೐೑೑ି௛೑)ாభூభ ோோାଵ ቂ்ܸ (ݔ) − 2݊ℎ	߬௬௫(ݔ)(ݕ௘௙௙ − ௛೑ଶ )ቃ +− (௬೐೑೑ି௛೑)ீభ஺భ ௗ௤ௗ௫ − ௕(௬భି௛೑)ீభ஺భ ௗఙ(௫)ௗ௫ −

− ଶ௡௛(௬೐೑೑ି௛೑)ீభ஺భ ௗఛ೤೥(௫)ௗ௫ ۑۑۑ
ۑۑۑ
ۑۑۑ
ېۑ
 (A‐70) 
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݀߬௬௫ଶ ݔ݀(ݔ) = ௔ݐ௔ܩ
ێێێ
ێێێ
ێێێ
ێێێ
ۍ 2݊ℎܧଶܣଶ 	߬௬௫(ݔ) − ℎ௙2 ଵܫଵܧ1 + ଶܫଶܧ ൤்ܸ (ݔ) − 2݊ℎ	߬௬௫(ݔ)(ݕ௘௙௙ − ℎ௙2 )൨ +

+ ℎ௙2 ଶܣଶܩܾ ݔ݀(ݔ)ߪ݀ + ݊ℎ௙ℎ௙ܾܩଶܣଶ 	݀߬௬௭(ݔ)݀ݔ + ଵܣଵܧ1 2݊ℎ௙	߬௬௫(ݔ)
− ௘௙௙ݕ − ℎ௙ܧଵܫଵ + ଶܫଶܧ ൤்ܸ (ݔ) − 2݊ℎ	߬௬௫(ݔ)(ݕ௘௙௙ − ℎ௙2 )൨ − ௘௙௙ݕ) − ℎ௙)ܩଵܣଵ ݔ݀ݍ݀ − ௘௙௙ݕ)ܾ − ℎ௙)ܩଵܣଵ ݔ݀(ݔ)ߪ݀ +

−2݊ℎ(ݕ௘௙௙ − ℎ௙)ܩଵܣଵ ݀߬௬௭(ݔ)݀ݔ ۑۑۑ
ۑۑۑ
ۑۑۑ
ۑۑۑ
ې
 

݀߬௬௫ଶ ݔ݀(ݔ) − ௔ݐ௔2݊ℎܩ ൦(݂݂݁ݕ − ℎ2݂ )ଶܧ௖ܫ௘௙௙ + ଶܫଶܧ + ଵܣଵܧ1 + ଶ൪ܣଶܧ1 	߬௬௫(ݔ) 
=	−Gୟtୟ 	 ݂݂݁ݕ) − ℎ2݂ )EଵIୣ୤୤ + EଶIଶ V୘(x) − ݂݂݁ݕ) − ℎ݂)1ܣ1ܩ ݔ݀ݍ݀ + Gୟbtୟ ൭ yଶGଶA୤ − ݂݂݁ݕ − ℎ݂GଵAୣ୤୤ ൱ dσ(x)dx

− 2nhቆ݂݂݁ݕ − hGଵAଵ − ℎ݂b2GଶAଶቇd	τ୷୸(x)dx  

  (A‐71) 

It can be observed that this differential equation is in coupled form of ߬(ݔ) and (ݔ)ߪ. The next 
section is devoted to derive the remaining one of differential  equation system of bond stress 

and normal stress distribution along the strip(bar). 
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Appendix A – Analytical solution 

 

 

 

∂ସvଵ(x)∂xସ = ቈ−bσ(x) − q − 2nh	τ୷୸(x) − 2nh ൬yଵ − h2൰ 	τ୷୶(x)dx ቉ 1EଵIଵ − bGଵαAଵ dଶqdxଶ 

− ୠୋభ஑୅భ ୢమ஢(୶)ୢ୶మ − ଶ୬୦ୋభ஑୅భ ୢమ	த౯౰(୶)ୢ୶మ   (A‐77) 

Adherent 2 

డమ௩మ(௫)డ௫మ = −ெమ(௫)ாమூమ + ଶ௡௛	ఛ೤೥(௫)ீమ஺మఈ     (A‐78) 

From the moment equilibrium of the adherent2 

ௗெమ(௫)ௗ௫ = ଶܸ(ݔ)  (A‐79) 

Vertical force equilibrium 

ௗ௏మ(௫)ௗ௫ = 2݊ℎ	߬௬௭(ݔ)  (A‐80) 

ௗమெమ(௫)ௗ௫మ = 2݊ℎ 	ௗఛ೤೥(௫)ௗ௫   (A‐81) 

Adherent 2 

Apply similarly concept for the adherent 2 

డర௩మ(௫)డ௫ర = − ଶ௡௛ா೑ூ೑ 	ௗఛ೤೥(௫)ௗ௫ + ଶ௡௛ீమ஺మఈ ௗమ	ௗఛ೤೥(௫)ௗ௫మ   (A‐82) 

Replace (4.29) and (4.30) into (4.22) 

d4	τyz(x)dx4 = Gata ێێێۏ
ۍ - 2nhE2I2 	dτyz(x)dx + 2nhG2A2α d2	dτyz(x)dx2 + qE1I1 + bσ(x)E1I1 + 2nh	dτyz(x)E1I1+ 2nhE1I1 ቀy1- h2ቁ 	τyx(x)dx + bG1αA1 d2qdx2 + bG1αA1 d2σ(x)dx2 + 2nhG1αA1 d2	dτyz(x)dx2 ۑۑۑے

ې
  (A‐83) 

 

ୢర	த౯౰(୶)ୢ୶ర − ଶୋ౗୬୦஑୲౗ ቀ ଵୋౙ୅౛౜౜ − ଵୋ౜୅౜ቁ ୢమ	த౯౰(୶)ୢ୶మ + ୋ౗ଶ୬୦୲౗ 	ቀ ଵ୉ౙ୅౛౜౜ + ଵ୉౜୅౜ቁ 	τ୷୸(x)  

  (A‐84) = 2nhEୡIୣ୤୤ ൬yୣ୤୤ − h2൰ 	τ୷୶(x)dx + bGଵαAୣ୤୤ dଶqdxଶ + bGୡαAୣ୤୤ dଶσ(x)dxଶ + Gୟtୟ qEୡIୣ୤୤ + Gୟtୟ bσ(x)EୡIୣ୤୤  
 

The homogeneous solution for equation (5.31) ߬௬௭௛ (ݔ) = ଵ݁ఈ௫ܥ + ଶ݁ିఈ௫ܥ +  ସ݁ିఉ௫ (A‐85)ܥ+ଷ݁ఉ௫ܥ

The second order term ቂீೌ௡௛ఈ௧ೌ ቀ ଵீభ஺భ − ଵீమ஺మቁቃଶ can be eliminated 
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Appendix A – Analytical solution 

 

 

 

The characteristic of t, when x become large, t tends to zero; ߙ and ߚ are positive. Thus C1 and 
C3 approach to zero. ߬௫௬௛ (ݔ) =  ସ݁ିఉ௫   (A‐86)ܥ+ଶ݁ିఈ௫ܥ

If eliminate influence of shear deformation, the homogenous solution becomes ߬௫௬௛ (ݔ) = ଵ݁ିఉ௫ܥ)	 + (βx)	ଶ݁ఉ௫)sinܥ +  	(βx)	ସ݁ିఉ௫൧cosܥ+ଷ݁ఉ௫ܥൣ
  (A‐87) ߬௫௬௛ (ݔ) = (βx)	ଵ݁ିఉ௫sinܥ	 +     (A‐88)	(βx)	ସ݁ିఉ௫cosܥ

β = ටீೌ௡௛ଶఈ௧ೌ ቀ ଵீభ஺భ − ଵீమ஺మቁర
  (A‐89) 
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Appendix A – Analytical solution 

 

APPENDIX A.2 – MAPLE CODE TO SOLVE DIFFERENTIAL EQUATIONS 
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> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

ode:=diff(y(x),x,x) =lambda^2*y(x)-a;

dsolve(ode,y(x),type=h);

expsols(ode, y(x), output=solution);

dsolve(ode,y(x),[exact]);

taylor( sinh(x), x=0, 10 ):

R := simplify( series(1/2*exp(10)-1/2/exp(10)+(1/2*exp

(10)+1/2/exp(10))*(x-10)+(1/4*exp(10)-1/4/exp(10))*

(x-10)^2+(1/12/exp(10)+1/12*exp(10))*(x-10)^3+(1/48*

exp(10)-1/48/exp(10))*(x-10)^4+(1/240*exp(10)

+1/240/exp(10))*(x-10)^5+O((x-10)^6),x = 10,6) ):

taylor( cosh(x), x=0, 6 );

taylor( alpha*sinh(omega*x)+beta*cosh(omega*x), x=0, 6

):

taylor((Mo/P/(x+Lo))^2.5, x=0, 6 );

taylor((1-(Mo/P/(x+Lo))^m), x=0, 6 ):

collect(taylor((Mo/P/(0+Lo))^m*Ig+(1-(Mo/P/(0+Lo))^m)*

Icr, x=0, 6 ),x):
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> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > collect(taylor((Mo/P/(0+Lo))^2.5*Xg+(1-(Mo/P/(0+Lo))

^2.5)*Xcr, x=0, 6 ),x):

taylor( exp(-lambda*x), x=0, 6 );

taylor( alpha*exp(-lambda*x)+beta*exp(lambda*x), x=0, 

6 );

taylor((a0+a1*x+a2*x^2+a3*x^3+a4*x^4+a5*x^5)/(b0+b1*x+

b2*x^2+b3*x^3+b4*x^4+b5*x^5),x=0,6):

simplify(coeff(taylor((a0-2.5*x+4.375*x^2-6.5625*

x^3+9.023437*x^4-11.73046875*x^5)/(b0-3*x+6*x^2-10*

x^3+15*x^4-21*x^5),x=0,6),x,5)):

diff(y(x),x,x,x,x) = -4*alpha^4*y(x)+a*x^2+b*x+c:

dsolve(%, y(x));

plot([sinh(x),x+x^3/6+x^5/120+x^7/5040+x^9/9!+x^11/11!

+x^13/13!+x^15/15!+x^17/17!], x=15..20, color=[red,

blue], style=[point,line]):

diff(y(x),x,x,x,x) = -4*alpha^4*y(x)+a;

dsolve(%, y(x));

diff(y(x),x,x,x,x) = -4*alpha^4*y(x)+a*x+b;

dsolve(%, y(x)):

diff(y(x),x,x,x,x) = -4*beta^4*y(x)+a*x^5+b*x^4+c*x^3+

d*x^2+e*x+f;

19



> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

diff(y(x),x,x,x,x) = -4*alpha^4*y(x)+cosh(beta*x)+sinh

(beta*x):

dsolve(%, y(x)):

diff(y(x),x,x,x,x) = -4*beta^4*y(x)+A*x^4+B*x^3+C*x^2+

D*x+E;

dsolve(%, y(x));

diff(y(x),x,x,x,x)=(beta)^2*y(x)+a;

dsolve(%, y(x));

with(DEtools):

DEplot(cos(x)*diff(y(x),x,x,x)-diff(y(x),x)+Pi*diff(y

(x),x,x)=y(x)-x,y(x),

x=-10..1.4,[[y(0)=1,D(y)(0)=2,(D@@2)(y)(0)=1]],y=-4.

.5,stepsize=.05):

DEplot([diff(x(t),t)=x(t)*(1-y(t)),diff(y(t),t)=.3*y

(t)+diff(x(t),t)],

[x(t),y(t)],t=-5..5,x=-5..2,y=-1..2,arrows=LARGE,

title=`Lotka-Volterra model`,color=[.3*y(t)*(x(t)-1),x

(t)*(1-y(t)),.1]);

Error, empty plot

ode:={diff(x(t),t,t)-x(t),diff(y(t),t,t)-0.3*y(t)*(x

20



> > 

> > 

> > 

> > 

> > 

> > 

> > 

(t)-1)}:

dsolve(ode):

Order := 6;

sys1 := {diff(sigma(x),x,x,x,x)-A1*diff(sigma(x),x,x)=

-A2*diff(tau(x),x)-A3*sigma(x)+a*x^3+b*x^2+c*x+d,diff

(tau(x),x,x)+B1*tau(x)-B2*diff(sigma(x),x)-m*x^3+n*

x^2+x+p};

with(DEtools):

ans := dsolve(sys1 union {}, {sigma(x),tau(x)}, type=

'series');
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> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

peel_stress:=diff(sigma(x),x,x,x,x)=-4*A3^4*sigma(x)+

diff(tau(x),x)+a*x^3+b*x^2+c*x+d;

ans := dsolve(peel_stress,sigma(x), type='series');

ans := dsolve(B1*diff(tau(x),x,x)-B2*tau(x)-B3*diff

(sigma(x),x)-m*x^3+n*x^2+x+p,tau(x), type='series');

shearstress:=B1*diff(tau(x),x,x)-B2*tau(x)-m*x^3+n*

x^2+x+p;

t := dsolve(B1*diff(tau(x),x,x)-B2*tau(x)-m*x^3+n*x^2+

x+p);

taylor(exp(1/B1^(1/2)*B2^(1/2)*x)*_C2+exp(-1/B1^(1/2)*

B2^(1/2)*x)*C1+((-m*x^3+n*x^2+x+p)*B2+2*B1*(n-3*m*x))

/B2^2,x,5);
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> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

sys:=[diff(y1(x),x)-y1(x)+x*y2(x)=x^3,x*diff(y2(x),x)

-2*y2(x)]:

vars:=[y1(x),y2(x)]:

dsolve({op(sys)} union {y1(0)=13},vars,'series'):

f := x^6-5*x^4;

convert(f, ln);

convert(cosh(x)-sinh(x),exp);

with(DEtools):
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> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

DEplot([diff(x(t),t,t)=x(t)*(1-y(t)),diff(y(t),t)=.3*y

(t)*(x(t)-1)],

[x(t),y(t)],t=-7..7,[[x(0)=1.2,y(0)=1.2,D(x)(1)=0],[x

(0)=1,y(0)=.7]],stepsize=.2,

title=`Lotka-Volterra model`,color=[.3*y(t)*(x(t)-1),x

(t)*(1-y(t)),.1],

linecolor=t/2,arrows=MEDIUM,method=rkf45);

Error, (in DEtools/DEplot/CheckInitial) Too few 

initial conditions: [x(0) = 1, y(0) = .7]

T:=exp(-beta*x)*(C1*sin(beta*x)+C2*cos(beta*x));

simplify(taylor(T, x=0,6));

plot([[2*cos(s), sin(s), s=0..-Pi], [cos(t), sin(t), 

t=0..Pi]],

  color=[blue,yellow]):

plot([2*cos(s), sin(s), s=0..2*Pi], color=[blue,

yellow]):

smartplot(cos(x) + sin(x)):

with(plots):

with(plots):

animate( plot, [exp(-0.5*x)*(1*sin(0.5*x)+A*cos(0.5*x)

),x=0..15], A=1..40,frames=100,color=RED );

animate( plot, [(x-A)^2-1,x=-4..4], A=0..1,frames=100 

):

with(plots):

animate( plot, [exp(-0.5*x)*(A*sin(0.5*x)+1*cos(0.5*x)

),x=0..15], A=1..0.025,frames=100,color=RED );

animate( plot, [(x-A)^2-1,x=-4..4], A=0..1,frames=100 

):

animate( plot, [sin(x)*exp(-x/5), x=0..t], t=0..10, 

frames=50 )
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> > 

> > 

> > 

> > 

> > 

> > 

animate( plot, [sin(x)*exp(-x/5), x=t-2*Pi..t], t=-2.

.5, frames=50);

opts := thickness=5, numpoints=100, color=black:

animate( spacecurve, [[cos(t), sin(t), (2+sin(A))*t],

                      t=0..20, opts], A=0..2*Pi ):

curve := implicitplot( exp(-0.5*x)*(sin(x)+C1*cos(x)),

x=0..10, C1=0..4, color=blue ):

animate( implicitplot, [exp(-0.5*x)*(C2*sin(x)+C1*cos

(x)), x=0..10,C1=0..4],

         C2=0..3, background=curve,frames=100 ):

curve := implicitplot( y-exp(-0.5*x)*(sin(x)+cos(x)), 

x=0..10, y=-1..4, color=blue ):

animate( implicitplot, [y/C1-exp(-0.5*x)*(sin(x)+C1*

cos(x)), x=0..10,y=-1..4],

         C1=1..2, background=curve,frames=100 );
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> > 

> > 

> > 

> > 

> > 

> > 

beta=0.5;

curve := plot( [exp(-0.5*x)*(1*sin(0.5*x)+1*cos(0.5*x)

),exp(-0.5*x)*(1*sin(0.5*x)+5*cos(0.5*x))], x=0..10, 

color=[blue,green],thickness=[2,2] ):

animate(plot,[exp(-0.5*x)*(1*sin(0.5*x)+A*cos(0.5*x)),

x=0..10],A=0..5,background=curve,thickness=2, frames=

200 ):

curve := plot( [exp(-0.5*x)*(1*sin(0.5*x)+0.5*cos(0.5*

x)),exp(-0.5*x)*(1*sin(0.5*x)+5*cos(0.5*x))], x=0..10,

color=[blue,green],thickness=[2,2] ):

animate(plot,[exp(-0.5*x)*(1*sin(0.5*x)+A*cos(0.5*x)),

x=0..10] ,A=0..5,background=curve,thickness=2, frames=

200 );
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> > 

> > 

> > 

> > 

:plots[interactive](animate(plot,[exp(-beta*x)*(A*sin

(beta*x)+4*cos(beta*x))+exp(beta*x)*(.36e-3*sin(beta*

x)+.9e-4*cos(beta*x))+.2e-1*x+.1, x = 0 .. 10],A = 0 .

. 10,background = INTERFACE_PLOT(CURVES([[0., 

4.1000009], [undefined, undefined]]),AXESLABELS("x",

""),COLOUR(RGB,0.,0.,1.00000000),VIEW(0. .. 10.,

DEFAULT)),frames = 50));

Error, (in animate) background value must be a real 

number or a plot structure
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> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

animate( plot3d, [(-A*x^2-y^2+4)^0.5, x=-2..2, y=-2.

.2], A=0..1,frames=10 ):

animate( plot3d, [A*exp(-beta*x)*(sin(beta*x)+1.877*

cos(beta*x)), x=0..10, beta=0.1..1],A=0..5,frames=100,

axes=boxed, labels=[x,b,s],font=[SYMBOL,BOLD,10],

titlefont=[times,bold,20],title=`PEEL STRESS 

DISTRIBUTION`);

curve := implicitplot( x^2+y^2, x=-3..1, y=-4..4, 

color=blue,thickness=2 ):

animate( implicitplot, [x^3-A*y+y^2, x=-3..1, y=-4.

.4],

         A=-2..2, background=curve,thickness=2,frames=

100 ):

plot( [exp(-0.5*x)*(10*sin(0.5*x)+10*cos(0.5*x)),x^2],

x=0..10, color=[blue,green],thickness=[2,2] ):

F:=plot(cos(x), x=-Pi..Pi, y=-Pi..Pi, style=line):

G:=plot(tan(x), x=-Pi..Pi, y=-Pi..Pi, style=point):

display({F, G}, axes=boxed, scaling=constrained, 

title=`Cosine and Tangent`):

P := animate(plot, [exp(-0.5*x)*(sin(-0.5*x)+C*cos

(-0.5*x)), x=0..50, color=blue,thickness=2], C=1..4, 

frames=100):

Q := animate(plot, [exp(-0.2*x)*(sin(0.2*x)+C*cos(0.2*

x)), x=0..50,thickness=2,style=point], C=1..4, frames=

100):R := animate(plot, [exp(-0.35*x)*(sin(0.35*x)+C*

cos(0.35*x)), x=0..50,thickness=2, color=green], C=1.

.4, frames=100):T := animate(plot, [exp(-0.1*x)*(sin

(0.1*x)+C*cos(0.1*x)), x=0..50,thickness=1,color=

magenta], C=1..4, frames=100):

display([P, Q, R, T ]);
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> > 

> > 

> > 

> > 

> > 

> > 

P := animate(plot3d, [cos(t*x)*sin(t*y), x=-Pi..Pi, y=

-Pi..Pi], t=1..2, frames=4):

Q := animate(plot3d, [x*cos(t*u), x=1..3, t=1..4], u=

2..4, coords=spherical, frames=4):

display([P, Q], style=patch);

ode := (t)*diff(z(t),t$3) - (t^2- 2)*diff(z(t),t$2)

             - (t + 2)*diff(z(t),t) = 0:
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> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

> > 

expsols(ode, z(t) ):

with(PDEtools):

ode := diff(y(x),x,x) -lambda^2*y(x)-(a);

expsols(ode,y(x));

dsolve(ode, y(x));
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PARAMETRIC STUDY ON THE ANALYTICAL SOLUTION

Materials characteristics 

Ea 4000 Ef 300000

Ga
Ea

2 1 0.36( )
 Ga 1.471 103

Gf
Ef

2 1 0.2( )
 Gf 1.25 105

fcm 44 Ec 20
fcm
10







0.3
 1000

Gc
Ec

2 1 0.2( )


Gc 1.3 104

As 402

Geometry properties
The span length

L 3000
The thickness of FRP

tf 2
The height of the strips

hf 15
Number of strips

n 3
The width of beam

b1 150
The height of beam 

h 300 d 270
The thickness of adhesive layer

ta 1

P 85000
Vo P

ρf
As
b1 d


ρf 9.926 10 3

m
200000
Ec

 m 6.412

k 2 ρf m ρf m 2 ρf m k 0.299

Icr
1
3
b1 k d( )3 As h k d( )2 Icr 4.558 107 b

L
3



Moment inertia of concrete beam

Ig
b1 h

3

12
 Mcr

0.62 fcm Ig
0.5 h

 Lcr
Mcr
P


Lcr 108.863

If n
tf hf

3

12
 Ic a( ) Ig

Mcr
P a









3

Ig 1
Mcr
P a









3









Icr a Lcrif



Af n hf tf

Ceff a( )
h
2

Mcr
P a









2.5
h
2
 1

Mcr
P a









2.5









k d a Lcrif



    Appendix A.3
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0 200 400 600
0

1 108
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Ic a( )

a

y a( ) h Ceff a( )
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2



Ac a( ) b1 h

b1 Ceff a( ) a Lcrif
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MESH	

 

Figure A.4 –3. Mesh of the retrofitted beam. 

 RESULTS	

	
Figure A.4 –4. Shear stress along the retrofitted beam 
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VON‐MISES	STRESS	

	
Figure A.4 –5. Von Mises stress along the retrofitted beam 

 

 

 

	
Figure A.4 –5. Stress concentration around the termination point 
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Figure A.4 –6. Shear stress in various cross sections along the beam 
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APPENDIX B – EXPERIMENTAL WORK 

B.1 MATERIAL TESTS  

B.1.1 CONCRETE 

		(a)	 	(b)		 														(c)	 																	

Fig. B - 1: Splitting tension test setup (a), (b), (c) and failure of specimen 

(a)	 		(b) 								

Fig. B - 2:   Flexural tension test (a) test setup and (b) failure of specimens                                           

B.1.2 FRP 

 

 

 

 

Fig. B - 3: Design of anchorage at the end of FRP specimens to avoid splitting of FRP 
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(a)        (b)                          

Fig. B - 4: Preparation of tensile tests and FRPs (a) specimen preparation (b) test set up                               

 

 

 

 

 

 

(a)                                   (b)                                     (c)                               (d)  

Fig. B - 5: Failure of (a), (c) BFRP (b), (d) CFRP 

 

Fig. B - 6:  Stress strain relationship of FRP materials 
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B.1.3 ENFORCE EP STRUCTURAL ADHESIVE 

    
 

 

 

 

 

(a)                                          (b)                                       (c)                       (d) 

Fig. B - 7: Adhesive specimens (a) specimen preparation (b),(c) instrumentation (d) 
failure 

 

 

 

 

 

 

 

(a)                                                                    (b) 

 

Fig. B - 8: (a) Cubes specimens, (b) Cylinder specimens   
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B.1.4 STEEL REINFORCEMENT BAR 

 

Fig. B - 9: Strain gauge attached on steel reinforcement 

 

Fig. B - 10: Stress-strain relationship of steel speciments 

B.1.5 INSTRUMENTATIONS 
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(b) 
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                                     (c) 

Fig. B - 11: Strain gauge bonded on FRP strips and steel reinforcement, (a) FRP, (b) 
Flexural steel bar, (c) Shear link 

 

 

Fig. B - 12: Arrangement of LVDTs along the span 

 

 

 

 

 

(a)                                                                                                        (b) 

 

Fig. B - 13: Details of (a) set up of LVDT group C, (b) LVDTs group C before and after 
debonding  failure of the tested beam 
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Fig. B - 14: Details of set up of LVDTs in the vicinity of the COPs 

	 	

	

	

	

	

	

Fig. B - 15: Details of set up of LVDTs at the LVDT group C 
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B.2 BEAM FABRICATION 

	

	

 

 

 

 

 

 

 

(a)                                   (b) 

Fig. B - 16: Steel cage  preparation  (a) preparation (b) before concrete casting         

 

 

 

 

 

 

 

 

 

Fig. B - 17: Concrete casting and curing  
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Fig. B - 18: Strain gauges bonded on strips before strengthening  

 

 

 

 

             (b)  

 

 

 

(a)                                                                (c)                                    (d) 

Fig. B - 19: NSMR preparation (a) Cutting groove, (b) Cleaning grooves using high 
compressed air, (c) Mixing structural adhesive and half fill into grooves, (d) Placing FRP 
into groove and fully fill adhesive 
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                  (a)                                                              (b)                          

Fig. B - 20: Restoration of partly failed beam for future testing, beams (a) before and 
(b) after strengthening 

 

 

 

 

 

(a)                                                               (b) 

Fig. B - 21: Repair and bond the damaged side, (a) beam after debonding, (b) fixing 
debonding NSMR by clamps and bond NSMR in the non-damaged side  

 

 

 

(a)                                                      (b)                                     (c) 

                                                  

 

 

(d)                                                        (e) 

Fig. B - 22: Preparation for steel strapping (a) air compressive, (b) pneumatic steel 
strapping tensioning, (c) strapping 
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B.3 TESTING PROCEDURES 

B.3.1 PRE-CRACK AND RETROFIT NSMR  

 

 

 

        (a) 

 

 

   (b) 

Fig. B - 23: (a) Pre-cracking beam  (b) retrofitting NSMR 

 
1.  

 
 
 
 
 
 
 
(a) 
 
 
 
 
 
 
 
(b) 
 
 
 

Fig. B - 24: Repair the damaged beam (a) beam after damage, (b) Restore the damaged 
in region B beam by steel straps in region B and bond FRP to the concrete substrate in 
section A 
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2. PHASE 2 OF TESTING-DE-BONDING FAILURE OF SIDE B 

 

Fig. B - 25: Testing the restored beam debonding on the other side 

 

3. PHASE 3 OF TESTING- FLEXURAL FAILURE 

	

 

Fig. B - 26: Restoring beams after debonding on both sides by steel straps in zone C 
and bond FRP in zone B 

 

4. 	
 

 

 

Fig. B - 27: Preparation for the damaged beam and testing for the final phase 
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(A) 

 

(B) 

 

 

 

(C)
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C.1.1 TYPICAL FAILURE OF REFERENCE BEAMS  

 

 

 

Fig. C1 - 1: Typical failure of reference beams 
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C.1.2 DEFLECTION GRAPHS FOR BEAM0 

 

 

 

 

 

 

 

 

 

 

 

Fig. C1 - 2: Deflection graphs for beam0 (C3-C7) 
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C.1.3 STRAIN READINGS FOR BEAM0 

 

 

 

 

 

 

 

 

 

(a)                                                             

(b) 

Fig. C1 - 3: (a) Strain in the compression steel reinforcement, (b) Strain in the tension steel 

reinforcement  
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C.1.4 DEFLECTION GRAPHS FOR BEAM1 

 

 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                                                                    

 

 

 

 

 

 

 

 

 

                                                        

 

 

 

Fig. C1 - 4: Deflection graphs for beam1 (C3-C7) 
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C.1.5 STRAIN READINGS FOR BEAM1 

 

                        

 

 

 

 

 

 

 

 

 

                                                                                                     

 

 

 

 

 

 

 

                                                                                                       

                                                                                                       

 

 

 

 

 

 

Fig. C1 - 5: Strain in the compression steel reinforcement (C21-C31) 
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Fig. C1 - 6: Strain in the compression steel reinforcement (C33-C37) 

 

 

                                                                                                              

 

 

 

 

 

 

Fig. C1 - 7: Strain in the tension steel reinforcement (C39-C43) 
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C.2.1 BEAM DESIGN 

 

 

Fig. C2 - 1: Details of specimen 

C.2.2 INSTRUMENTATION 

(a) 

 

(b) 

 

Fig. C2 - 2: (a): LVDTS arrangement along the beam - (b): Strain gauge arrangement in various 

components 
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C.2.3 FAILURE 

 

 

 

                               

Fig. C2 - 3: Failure of beam NSM2A 

C.2.4 READINGS OF LVDTs 

 

 

Fig. C2 - 4: Readings of LVDTs (C2 – C9) 
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C.2.5 STRAIN READINGS 

 

Fig. C2 - 5: Strain Readings (C21-C35) 
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Fig. C2 - 6: Strain Readings (C77-C107) 

 

 

71



Appendix C2 

 

 

Fig. C2 - 7: Strain Readings (C109-C135) 
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C.2.6 DEFLECTION 

 

 

 

Fig. C2 - 8: Deflection profile 
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C.2.7 STRAINS IN THE STEEL REINFORCEMENT AND     FRP 

ALONG THE SPAN 

 

Fig. C2 - 9: Strains in the steel reinforcement and FRP along the span 
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C.2.8 STRAIN AND BOND STRESS PROFILES 

     

(a) 

 

 

 

 

 

(b) 

 

 

 

 

(c) 

 

 

 

 

 

 

 

 

 

 

 

Fig. C2 - 10: Strain and bond stress profiles of (a) Crack pattern of beam NSM2A, (b) FRP, (c) 

The steel reinforcement 
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C.2.9 3D PROFILE OF STRAIN AND BOND STRESS  

 

(a) 

 

(b)  

 

 

 

 

 

 

 

 

 

 

 

Fig. C2 - 11: Variation of (a) strains and (b) bond stress along the reinforcement and FRP at 

different load levels 
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C.3.1 BEAM DESIGN 

 

 

Fig. C3- 1: Details of specimen 

C.3.2 INSTRUMENTATION 

(a) 

 

 

 

 

 

(b) 

 

 

 

 

Fig. C3- 2: (a) LVDTs arrangement along the beam, (b) Strain gauge arrangement in various 

components 
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C.3.3 FAILURE 

 

 

 

 

                      

 

 

Fig. C3- 3: Failure of beam NSM3A 
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C.3.4 FIRST TESTING PHASE: PRE-CRACK STAGE  

a. READINGS OF LVDTs 

 

Fig. C3- 4: Readings of LVDTs (C2 – C9)  
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b. STRAIN READINGS 

 

 

Fig. C3- 5: Strain readings (C21 – C57) 
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Fig. C3- 6: Strain readings (C21 – C79) 
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C.3.5 FINAL TESTING PHASE 

a. READINGS OF LVDTs 

 

Fig. C3- 7: Readings of LVDTs (C2 – C9) 
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b. STRAIN READINGS 

 

Fig. C3- 8: Strain readings (C21 – C53) 
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Fig. C3- 9: Strain readings (C55 – C85) 
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Fig. C3- 10: Strain readings (C87 – C117) 
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Fig. C3- 11: Strain readings (C119 – C143)  
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C.3.6 DEFLECTION 

 

Fig. C3- 12: Deflection profile 
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C.3.7 STRAIN DISTRIBUTION AND BOND STRESS IN THE STEEL 

REINFORCEMENT AND FRP ALONG THE SPAN 

 

Fig. C3- 13: Strains in the steel reinforcement and FRP along the span 
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Fig. C3- 14: Strains in FRP and the steel reinforcement around the COP  
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C.4.2 INSTRUMENTATION 
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C.4.3 HE FIRST PHASE OF TESTING-FAILURE AT SIDE A 

 

 

 

 

 

 

 

 

(a) 

(b) 

Fig. C4 -  3: : (a) Crack pattern and (b) Debonding of beam NSM5A. 
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C.4.4 THE SECOND PHASE(failure side A) 

 

 

 

 

Fig C4 -  1 

Fig C4 -  2 

 

 

 

Fig. C4 -  4: Failure at the second phase. 
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C.4.5 THE FINAL PHASE 

 

 

 

 

 

 

   

Fig. C4 -  5: Failure at the final phase. 
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C.4.6 FIRST TESTING PHASE: PRE-CRACK STAGE 

a. READINGS OF LVDTs 

 

Fig. C4 -  6: Readings of LVDTs (C2 – C9) 
 

b. STRAIN READINGS 

 

Fig. C4 -  7: Strain readings (C11 – C23) 
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Fig. C4 -  8: Strain readings (C25 – C55) 

95



Appendix C4 

 

 

Fig. C4 -  9: Strain readings (C57 – C87) 
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Fig. C4 -  10: Strain readings (C89 – C117) 
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Fig. C4 -  11: Strain readings (C119 – C153) 
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Fig. C4 -  12: Strain readings (C155 – C195) 

99



Appendix C4 

 

C.4.7 LOAD-DEFLECTION 

 

Fig. C4 -  13: Load deflection for Beam 4. 

 

Fig. C4 -  14: Deflection profile 
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C.4.8 FIRST PHASE-SIDE A FAILURE 

 

  

Fig. C4 -  15: Strains in FRP and the steel reinforcement along the side A and the end slips of FRP. 
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C.4.9 FIRST PHASE-SIDE B FAILURE 

 

Fig. C4 -  16: Strains in FRP and the steel reinforcement along the side B and the end slips of FRP 
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C.4.10 3D PROFILE OF STRAIN AND BOND STRESS 

 

 

Fig. C4 -  17: Variation of forces and strain at different  
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C.4.11 STRAIN AND BOND STRESS PROFILES 

 

(b) 

 

Fig. C4 -  18: Strain and bond stress profiles of (a) The steel reinforcement and (b) FRP. 

(a) 

104



Appendix C4 

 

C.4.12 STRAINS IN THE STEEL REINFORCEMENT AND                

                             FRP ALONG THE SPAN 

 

Fig. C4 -  19: Strains in the steel reinforcement and FRP along the span. 
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C.4.13 READINGS OF LVDTs 

 

 

 

 

Fig. C4 -  20: Readings of LVDTs (C2 – C14) 
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C.4.14 SECOND PHASE – STRAIN READINGS

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. C4 -  21: Strain readings (C21-C61) 
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Fig. C4 -  22: Strain readings (C63-C93) 
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Fig. C4 -  23: Strain readings (C95-C125) 
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Fig. 

C4 -  24: Strain readings (C127-C163)
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Fig. C4 -  25: Strain readings (C165-C195) 
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C.4.15 3D PROFILE OF STRAIN AND BOND STRESS  

 

 

 

 

 

 

 

 

 

 

Fig. C4 -  26: Variation of strain along the side A. 

 

 

 

 

 

 

 

 

 

 

 

Fig. C4 -  27: Variation of strain along the side B. 
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C.4.16 STRAINS IN THE STEEL REINFORCEMENT AND                         

                             FRP ALONG THE SPAN 

 

 

Fig. C4 -  28: Strains in the steel reinforcement and FRP along the span. 
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C.4.17 3D PROFILE OF STRAIN AND BOND STRESS   

 

 

 

 

 

Fig. C4 -  29: Variation of strain and bond stress along the 

reinforcement and FRP at different load level. 
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C.4.18 STRAINS IN THE STEEL REINFORCEMENT AND                    

                             FRP ALONG THE SPAN 

 

 

Fig. C4 -  30: Strains in the steel reinforcement and FRP along the span. 
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C.4.19 FINAL TESTING PHASE-READINGS OF LVDTs

 

Fig. C4 -  31: Readings of LVDTs (C2 – C18) 
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C.4.20 FINAL TESTING PHASE-STRAIN READINGS 

 

Fig. C4 -  32: Strain readings (C21-C55) 
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Fig. C4 -  33: Strain readings (C57-C91) 
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Fig. C4 -  34: Strain readings (C93-C121) 
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Fig. C4 -  35: Strain readings (C125-C169)
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Fig. C4 -  36: Strain readings (C171-C195) 
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C.4.21 3D PROFILE OF FORCES 

 

 

 

 

 

 

 

 

 

 

 

Fig. C4 -  37: Variations of forces along the steel reinforcement and FRP 

 

C.4.22 STRAIN AND BOND STRESS PROFILES 

 

Fig. C4 -  38: Strain and bond stress profiles of FRP. 

122



Appendix C4 

 

C.4.23 STRAINS IN THE STEEL REINFORCEMENT AND                      

                             FRP ALONG THE SPAN 

 

Fig. C4 -  39: Strains in the steel reinforcement and FRP along the span. 
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Fig. C4 -  40: Strain along the steel reinforcement and FRP in from the support to the region near the termination point on side B.  
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 Fig. C4 -  41: Strain along the steel reinforcement and FRP in from the support to the region near the termination point on side A. 
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Fig. C4 -  42: Strain along the steel reinforcement and FRP (mid strip) in from the support to the region near the termination point on side B (phase 4). 
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Fig. C4 -  43: Strain along the steel reinforcement and FRP (mid strip) in from the support to the region near the termination point on side A (phase 4). 
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                       Fig. C4 -  44: The strains along FRP and the steel reinforcement around the COP  
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C.5.1 BEAM DESIGN 

 

 

 

 

 

 

Fig. C5 - 1: Details of specimen 

 

C.5.2 INSTRUMENTATION 

 

 

 

Fig. C5 - 2: Strain gauge arrangement in various components 
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C.5.3 FIRST TESTING PHASE: PRE-DAMAGING 

 

 

Fig. C5 - 3: Crack pattern of beam NSM5A 

C.5.4 FIRST TESTING PHASE: FAILURE ON SIDE B 

 

 

 

 

       

 

              

 

 

 

Fig. C5 - 4: Debonding of beam NSM5A 
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C.5.5 FIRST PHASE - DISPACEMENT READINGS OF LVDTS 

 
Fig. C5 - 5: Displacement readings of LVDTS (C2 - C9) 

C.5.6 STRAIN READINGS 

 

Fig. C5 - 6: Strain readings (C21-C35) 
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Fig. C5 - 7: Strain readings (C37-C75) 
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Fig. C5 - 8: Strain readings (C77 – C119) 
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C.5.7 DISPLACEMENT READINGS OF LVDTs 

 

 

Fig. C5 - 9: Displacement readings of LVDTs (C2-C18) 
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Fig. C5 - 10: Displacement readings (C19 – C20) 
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C.5.8 STRAIN READINGS 

                                                                                        

 

Fig. C5 - 11: Strain readings (C21-C55) 
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Fig. C5 - 12: Strain readings (C57-C87) 
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Fig. C5 - 13: Strain readings (C89-C123) 
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Fig. C5 - 14: Strain readings (C125-C155) 
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Fig. C5 - 15: Strain readings (C157-C191)   
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Fig. C5 - 16: Strain readings (C193 – 203(C101)) 

C.5.9 DEFLECTION 

 

 

Fig. C5 - 17: Deflection profile 
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C.5.10 STRAINS IN THE STEEL REINFORCEMENT AND      

          FRP ALONG THE SPAN 

 

Fig. C5 - 18: Strains in the steel reinforcement and FRP along the span 
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C.5.11 STRAIN AND BOND STRESS PROFILES 

 

 

(a) 

 

 

 

(b) 

 

 

 

(c) 

 

 

 

 

 

 

 

 

 

Fig. C5 - 19: Strain and bond stress profiles of (a) Crack pattern of beam NSM2A, (b) FRP, (c) 

The steel reinforcement 
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C.5.12 3D PROFILE OF STRAIN AND BOND STRESS 

 

(a) 

 

 

 

  

 

 

 

 

 

(b) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. C5 - 20: Variation of (a) strains and (b) bond stress along the reinforcement and FRP at 

different load levels 
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C.5.13 FINAL TESTING PHASE 

 

 

           

Fig. C5 - 21: Final testing phase of beam NSM5A 

145



Appendix C5 

 

C.5.14 FINAL TESTING PHASE-READINGS OF LVDTs  

 

 

Fig. C5 - 22: Readings of LVDTs (C2 – C18) 
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Fig. C5 - 23: Readings of LVDTs (C18 – C20) 
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C.5.15 FINAL TESTING PHASE-STRAIN READINGS                                                                        

 

 

Fig. C5 - 24: Strain readings (C21-C59) 
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Fig. C5 - 25: Strain readings (C61-C93) 
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Fig. C5 - 26: Strain readings (C95-C131) 
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Fig. C5 - 27: Strain readings (C133 – C165) 
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C.5.16 STRAINS IN THE STEEL REINFORCEMENT AND      

            FRP ALONG THE SPAN 

 

Fig. C5 - 28: Strains in the steel reinforcement and FRP along the span 
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C.5.17 STRAIN AND BOND STRESS PROFILES 

(a)

 

(b)  

(c) 

 

Fig. C5 - 29: Strain and bond stress profiles of (a) Crack pattern of beam NSM2A, (b) FRP, (c) 

The steel reinforcement 
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C.5.18 STRAIN AND BOND STRESS PROFILES 

 

 

 

(a) 

 

 

 

 

(b) 

 

 

 

(c) 

 

 

 

 

 

 

 

 

 

Fig. C5 - 30: Strain and bond stress profiles of (a) Crack pattern of beam NSM2A, (b) FRP, (c) 

The steel reinforcement 
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C.5.19 3D PROFILE OF STRAIN AND BOND STRESS 

(a) 

 

(b) 

 

Fig. C5 - 31: Variation of (a) strains and (b) bond stress along the reinforcement and FRP at 

different load levels 
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C.6.1 BEAM DESIGN 

 

 

 

 

 

 

Fig. C6 -  1: Details of specimen 

C.6.2 INSTRUMENTATION 

 

 

Fig. C6 -  2: Strain gauge arrangement in various components 
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C.6.3 FIRST TESTING PHASE: PRE-DAMAGING 

 

 

 

Fig. C6 -  3: Crack pattern of beam NSM6A 

C.6.4 FIRST TESTING PHASE: FAILURE ON SIDE B 

 

 

 

 

Fig. C6 -  4: Debonding of beam NSM6A 
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C.6.5 READINGS OF LVDTs 

 

Fig. C6 -  5: Readings of LVDTs (C2 - C9) 

C.6.6 STRAIN READINGS 

 

Fig. C6 -  6: Strain readings (C21-C35) 

158



Appendix C6 

 

 

Fig. C6 -  7: Strain readings (C37-C71) 
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Fig. C6 -  8: Strain readings (C73 – C107) 
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C.6.7 READINGS OF LVDTs 

 

 

Fig. C6 -  9: Readings of LVDTs (C2-C18) 
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Fig. C6 -  10: Readings of LVDTs (C19 – C20) 
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C.6.8 STRAIN READINGS 

 

 

Fig. C6 -  11: Strain readings (C21-C47) 
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Fig. C6 -  12: Strain readings (C49-C87) 

164



Appendix C6 

 

 

Fig. C6 -  13: Strain readings (C89-C125) 
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Fig. C6 -  14: Strain readings (C127-161) 
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Fig. C6 -  15: Strain readings (C163-C193) 
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Fig. C6 -  16: Strain readings (C197 – C199) 
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C.6.9 STRAINS IN THE STEEL REINFORCEMENT AND      

          FRP ALONG THE SPAN 

 

 

 

 

Fig. C6 -  17: Strains in the steel reinforcement and FRP along the span 
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C.6.10 STRAIN AND BOND STRESS PROFILES 

  

 

(a) 

 

 

 

 

 

(b) 

 

 

 

 

(c) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. C6 -  18: Strain and bond stress profiles of (a) Crack pattern of beam NSM2A, (b) FRP, (c) 

The steel reinforcement 
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C.6.11 3D PROFILE OF STRAIN AND BOND STRESS 

 

(a) 

(b) 

 

 

 

 

 

 

 

Fig. C6 -  19: Variation of (a) strains and (b) bond stress along the reinforcement and FRP at 

different load levels 
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C.6.12 FINAL TESTING PHASE 
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Fig. C6 -  20: Final testing phase of beam NSM6A 
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C.6.13 READINGS OF LVDTs 

 

 

 

Fig. C6 -  21: Readings of LVDTs (C2 – C20) 
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C.6.14 STRAIN READINGS 

 

 

 

Fig. C6 -  22: Strain readings (C21-C47) 
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Fig. C6 -  23: Strain readings (C49-C93) 
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Fig. C6 -  24: Strain readings (C95-C131) 
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Fig. C6 -  25: Strain readings (C133-C163) 

 

 

178



Appendix C6 

 

 

 

Fig. C6 -  26: Strain readings (C165 – C199) 
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C.6.15 STRAINS IN THE STEEL REINFORCEMENT AND      

            FRP ALONG THE SPAN 

 

 

Fig. C6 -  27: Strains in the steel reinforcement and FRP along the span 
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C.6.16 STRAIN AND BOND STRESS PROFILES 

 

 

 

 

(a) 

 

 

 

 

(b) 

 

 

 

 

 

(c) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. C6 -  28: Strain and bond stress profiles of (a) Crack pattern of beam NSM2A, (b) FRP, (c) 

The steel reinforcement 
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C.6.17 3D PROFILE OF STRAIN AND BOND STRESS 

(a) 

(b) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. C6 -  29: Variation of (a) strains and (b) bond stress along the reinforcement and FRP at 

different load levels 
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C.7.1 BEAM DESIGN 

 

 

 

Fig. C7-  1: Details of specimen 

C.7.2 INSTRUMENTATION 

 

Fig. C7-  2: Strain gauge arrangement in beam components 
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C.7.3 DAMAGE OF BEAM IN DIFFERENT TESTING PHASES   

 

 

 

 

 

     

 

 

 

 

Fig. C7-  3: Crack pattern of beam NSM7A 
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C.7.4 FIRST TESTING PHASE: PRE-DAMAGING 

a. READINGS OF LVDTs 

 

Fig. C7-  4: Readings of LVDTs (C2 – C9) 
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b. STRAIN READINGS  

 

Fig. C7-  5: Strain readings (C21 – C49) 
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Fig. C7-  6: Strain readings (C51 – C83) 
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Fig. C7-  7: Strain readings (C85 – C119) 
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C.7.5 FIRST TESTING PHASE: FAILURE ON SIDE B 

a. READINGS OF LVDTs 

 

 

 

 

  
 

Fig. C7-  8: Readings of LVDTs (C2 – C18) 
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C.7.6 STRAIN READINGS 

 

Fig. C7-  9: Strain readings (C21 – C49) 
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Fig. C7-  10: Strain readings (C51 – C81) 
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Fig. C7-  11: Strain readings (C83 – C123) 
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Fig. C7-  12: Strain readings (C125 – C155) 
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Fig. C7-  13: Strain readings (C171 – C305) 
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C.7.7 3D PROFILE OF STRAIN AND BOND STRESS  

(a)  

 

(b) 

 

Fig. C7-  14: Variation of (a) strains, (b) bond stress along the steel reinforcement and FRP at 

different load level 
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(a) 

 

(b) 

 

 

Fig. C7-  15: Variation of (a) Force (b) strains along the steel  reinforcement, FRP, shear link at 

different load level 
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C.7.8 STRAINS IN THE STEEL REINFORCEMENT AND FRP ALONG 

THE MID-SPAN REGION 

 

Fig. C7-  16: Strain along steel bar – Phase 2 
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C.7.9 STRAINS IN THE STEEL REINFORCEMENT AND FRP IN THE 

REGION AROUND THE COP 

 

Fig. C7-  17: Strains in the steel reinforcement and FRP in the region around the COP 
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C.7.10 STRAIN AND BOND STRESS PROFILES 

 

 

 

 

(a) 

 

 

 

 

(b) 

 

 

 

 

(c) 

 

 

 

 

(c) 

 

 

 

 

Fig. C7-  18: Strain and bond stress profiles of (a) Crack pattern of beam NSM2A, (b) FRP, (c) 

The steel reinforcement 
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C.7.11 FINAL TESTING PHASE 

a. READINGS OF LVDTs 

 

 

Fig. C7 -  13: Readings of LVDTs (C2 – C17) 
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C.7.12 STRAIN READINGS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. C7-  19: Strain readings (C21 – C63) 
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Fig. C7-  20: Strain readings (C67 – C97) 
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Fig. C7-  21: Strain readings (C135 – C171) 
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Fig. C7-  22: Strain readings (C173 – C305) 
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C.7.13 STRAINS IN THE STEEL REINFORCEMENT AND FRP ALONG 

THE MID-SPAN REGION 

 

 

Fig. C7-  23: Strain along the steel bar and FRP – Phase 1 
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C.7.14 STRAIN AND BOND STRESS PROFILES 

 

 

 

(a) 

 

 

 

 

 

(b) 

 

 

 

 

(c) 
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Fig. C7-  24: Strain and bond stress profiles of (a) Crack pattern of beam NSM2A, (b) FRP, (c) 

steel reinforcement 
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C.7.15 3D PROFILE OF STRAIN AND BOND STRESS  

(a) 

 

(b) 

 

Fig. C7-  25: Variation of (a) strains and (b) bond stress along the reinforcement and FRP at 

different load levels 
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C.8.1 INSTRUMENTATION 

 

Fig. C8 -  1: Strain gauge arrangement in various components. 

C.8.2 THE DAMAGE OF BEAM AT DIFFERENT TESTING PHASES 
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Fig. C8 -  2: Pre-crack stage 
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Fig. C8 -  3: Debonding failure of beam in the first testing phase 

  

 

Fig. C8 - 4: Debonding failure of beam in the final testing phase 
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C.8.3 READINGS OF LVDTs 

 

C.8.4 STRAIN READINGS 

 

 

 

 

 

 

 

 

 

Fig. C8 - 6: Strain readings (C21-37) 

 

 Fig. C8 -5: Readings of LVDTs (C2 - C9) 
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Fig. C8 - 7: Strain readings (C39-C87) 
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Fig. C8 - 8: Strain readings (C89-C121) 
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C.8.5 READINGS OF LVDTs 

 

 

Fig. C8 - 10: Readings of LVDTs (C2-C9) 

 

 

 

Fig. C8 - 9: Strain readings (C125-C127) 
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C.8.6 STRAIN READINGS 

 

 

 

 

Fig. C8 - 12: Strain readings (C21-C25) 

Figure C8 - 1:   

 
Fig. C8 - 11: Readings of LVDTs (C11 – C20) 
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Fig. C8 - 13: Strain readings (C27-C51) 
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Fig. C8 - 24: Strain readings (C53-C85) 
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Fig. C8 - 35: Strain readings (C87-C121) 
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Fig. C8 - 46: Strain readings (C123-C165) 
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Fig. C8 - 57: Strain readings (C171 – C199) 
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C.8.7 STRAINS IN THE STEEL REINFORCEMENT AND FRP ALONG  

            THE SPAN 

 

Fig. C8 - 18: Strains in the steel reinforcement and FRP along the span. 
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C.8.8 STRAIN AND BOND STRESS PROFILES 

 

 

 

(a) 

 

 

(b) 
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 (b) 

 

Fig. C8 - 69: Strain and bond stress profiles of (a) Crack pattern of beam NSM2A, (b) FRP, (c) 

The steel reinforcement. 
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C.8.9 FINAL TESTING PHASE 
a. READINGS OF LVDTs 

 

 

Fig. C8 - 20: Readings of LVDTs (C2-C18) 
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Fig. C8 -  21:  Readings of LVDTs (C2 – C20) 
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C.8.10 STRAIN AND BOND STRESS PROFILES 

 

 

(a) 

 

 

 

 

 

(b) 
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Fig. C8 - 72: Strain and bond stress profiles of (a) Crack pattern of beam NSM2A, (b) FRP, (c) 

The steel reinforcement 
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C.9.1 BEAM DESIGN 

 

Fig. C9 - 1: Beam NSM B9-BS design 

 

C.9.2 FIRST TESTING PHASE: PRE-DAMAGING 
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(b) 

 

 

 

 

 

 

 

(c) 

 

 

 

 

 

Fig. C9 - 2: Crack pattern of beam NSM6A 
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a. LVDTs READINGS  

 

Fig. C9 - 3: Readings of LVDTs (C2 – C9) 

b. STRAIN READINGS  

Fig. C9 -  4: Strain readings (C21 – C37) 
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Fig. C9 -  5: Strain readings (C39 – C71) 
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Fig. C9 -  6: Strain readings (C73 – C105) 
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Fig. C9 -  7: Strain readings (C21 – C115) 
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C.9.3 FIRST TESTING PHASE: FAILURE ON SIDE B 

a. LVDTs READINGS 

 

 

Fig. C9 -  9: Readings of LVDTs (C2 – C19) 
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b. STRAIN READINGS 

 

Fig. C9 -  10: Strain readings (C21 – C53) 
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Fig. C9 -  11: Strain readings (C55 – C85) 
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Fig. C9 -  12: Strain readings (C87 – C119) 
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Fig. C9 -  13: Strain readings (C121 – C155) 
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Fig. C9 -  14: Strain readings (C159 – C195) 
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C.9.4 STRAINS IN THE STEEL REINFORCEMENT AND FRP ALONG 

THE MID-SPAN REGION 

 

 Fig. C9 -  15: Strain along steel bar – Phase 2 
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C.9.5 STRAIN AND BOND STRESS PROFILES 
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C.9.6 FINAL TESTING PHASE 

a. READINGS OF LVDTs
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Fig. C9 -  17: Readings of LVDTs (C2 – C19) 

 

C.9.7 STRAIN READINGS 

 

 

Fig. C9 -  18: Strain readings (C21 – C77) 
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Fig. C9 -  19: Strain readings (C79 – C111) 
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Fig. C9 -  20: Strain readings (C113 – C149) 
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Fig. C9 -  21: Strain readings (C151 – C181) 
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Fig. C9 -  22: Strain readings (C183 – C200) 
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C.9.8 STRAINS IN THE STEEL REINFORCEMENT AND FRP ALONG 

THE MID-SPAN REGION 

 

 Fig. C9 -  23: Strain along steel bar – Phase 1 
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C.9.9 STRAIN AND BOND STRESS PROFILES 
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Fig. C10- 1: Parametric study used for design of experimental specimens 
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Fig. C10- 2: Comparison of deflection calculated from back section analysis and experimental 

results  

 

Fig. C10- 3: Strain distribution along FRP strip (1st ) 
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Fig. C10- 4 : (a) Comparison of strain profile in compression and tension for steel 

reinforcement, (b) Comparison of strain in compression and tension for steel reinforcement 

(a) 

(b) 
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Fig. C10- 5: (a) Comparison of strain profile in compression and tension for steel reinforcement, 

(b) Comparison of strain in compression and tension for steel reinforcement 
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Fig. C10- 6: (a) Comparison of strain profile in compression and tension for steel 

reinforcement, (b) Comparison of strain in compression and tension for steel 

reinforcement 
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Fig. C10- 7: (a) Comparison of strain profile in compression and tension for steel reinforcement, 

(b) Comparison of strain in compression and tension for steel reinforcement 
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Fig. C10- 8: (a) Comparison of strain profile in compression and tension for steel reinforcement, 

(b) Comparison of strain in compression and tension for steel reinforcement 
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Fig. C10- 9: Comparison forces in FRP & steel reinforcement between experimental result and 

section analysis at (a)x=150mm, (b)x=255mm, (c)x=405mm, (d)x=505mm, (e)Loading point 

away from the COP 
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Fig. C10- 10: Comparison of moment resistance of beam BISM3Aa calculated from section 

analysis and experimental work   
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Fig. C10- 11: Comparison profile of force distribution along the steel reinforcement & FRP 

between experimental results and section analysis  
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Fig. C10- 12: Ratio of the yielding load, the peak load and the ultimate load of beams. 
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Fig. C10- 13: Shows various types of failures of RC beam specimen retrofitted NSMR which 

were recorded in testing programme. 

 

Error! Reference source not found. Yield load and ultimate load of tested beams at different 

testing phases 
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Fig. C10- 14: Maximum deflection of tested beams in the final testing phase 
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Fig. C10- 15:Maximum deflection of tested beams in the testing phases 2 and 3 
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Fig. C10- 16: Evolution of  strains along the steel reinforcement and FRP 
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Fig. C10- 17: Evolution of  axial forces  along the steel reinforcement and FRP.
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Geometry Top bars

b h bf h' A Cover d fu ft Dia. Quan. Area fsy Es fsu ρs Dia.
1 Joaquim Barros Oct-04 V1 1.50 0.50 4P 100 178 0 0 17800 15 154 46.1 6 2 56.5 700 200 760 0.37% 8

2 V1R1 1.50 0.50 4P 100 170 0 0 17000 15 146 46.1 6 2 56.5 700 200 760 0.39% 8

3 V2 1.50 0.50 4P 100 173 0 0 17300 15 149 46.1 6 3 84.8 700 200 760 0.57% 8

4 V2R2 1.50 0.50 4P 100 177 0 0 17700 15 153 46.1 6 3 84.8 700 200 760 0.55% 8

5 V3 1.50 0.50 4P 100 175 0 0 17500 15 150 46.1 6,8 3 106.8 473 200 582 0.71% 8

6 V3R2 1.50 0.50 4P 100 175 0 0 17500 15 150 46.1 6,8 3 106.8 473 200 582 0.71% 8

7 V4 1.50 0.50 4P 100 175 0 0 17500 15 150 46.1 8 3 150.8 473 200 582 1.01% 8

8 V4R3 1.50 0.50 4P 100 180 0 0 18000 15 155 46.1 8 3 150.8 473 200 582 0.97% 8

9 Hassan, Rizkalla Aug-03 B0 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

10 B1 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

11 B2 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

12 B3 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

13 B4 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

14 B5 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

15 B6 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

16 B7 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

17 B8 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

18 Hassan, Rizkalla Dec-04 A0 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

19 A1 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

20 A2 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

21 A3 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

22 A4 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

23 A5 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

24 A6 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

25 A7 2.5 1.25 3P 150 250 300 50 52500 50 235 48 10 2 157.1 400 200 623 0.45% mw5.6

26 J.G.Teng Apr-06 B0 3 1.2 4P 150 300 45000 30 264 44 3.3 12 2 226.2 532 623 0.57% 8

27 B500 3 1.2 4P 150 300 45000 30 264 44 3.3 12 2 226.2 532 623 0.57% 8

28 B1200 3 1.2 4P 150 300 45000 30 264 44 3.3 12 2 226.2 532 623 0.57% 8

29 B1800 3 1.2 4P 150 300 45000 30 264 44 3.3 12 2 226.2 532 623 0.57% 8

30 B2900 3 1.2 4P 150 300 45000 30 264 44 3.3 12 2 226.2 532 623 0.57% 8

31 J.Y. Kang 2006 B0 3 1.05 4P 200 300 60000 30 253.5 31 10 3 235.6 490 550 0.46% 13

32 TYPE 1-1 3 1.05 4P 200 300 60000 30 253.5 31 10 3 235.6 490 550 0.46% 13

33 TYPE 1-2 3 1.05 4P 200 300 60000 30 253.5 31 10 3 235.6 490 550 0.46% 13

34 TYPE2-1 3 1.05 4P 200 300 60000 30 253.5 31 10 3 235.6 490 550 0.46% 13

35 TYPE 2-2 3 1.05 4P 200 300 60000 30 253.5 31 10 3 235.6 490 550 0.46% 13

Main barsConcreteNo. Reference Year
Load 
typeSpan (m)

Specimen 
ID Shear 

span

Beam characteristics
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1 Joaquim Barros Oct-04 V1

2 V1R1

3 V2

4 V2R2

5 V3

6 V3R2

7 V4

8 V4R3

9 Hassan, Rizkalla Aug-03 B0

10 B1

11 B2

12 B3

13 B4

14 B5

15 B6

16 B7

17 B8

18 Hassan, Rizkalla Dec-04 A0

19 A1

20 A2

21 A3

22 A4

23 A5

24 A6

25 A7

26 J.G.Teng Apr-06 B0

27 B500

28 B1200

29 B1800

30 B2900

31 J.Y. Kang 2006 B0

32 TYPE 1-1

33 TYPE 1-2

34 TYPE2-1

35 TYPE 2-2

No. Reference Year Specimen 
ID

DATABASE FOR FLEXURAL NSMR TESTING

Quan. Area fsy fsu Dia. Area fsy fsu s d h s1 s2 Type Shape n h t df Dia. Area Efrp

2 100.5 490 600 6 56.54866776 750 800 100

2 100.5 490 600 7 76.96902001 750 800 100 4.5 12 30 35 CFRP S 1 9.5 1.5 14.25 158

2 100.5 490 600 8 100.5309649 750 800 100

2 100.5 490 600 9 127.2345025 750 800 100 4.5 12 30 35 CFRP S 0 9.5 1.5 0 158

2 100.5 490 600 10 157.0796327 750 800 100

2 100.5 490 600 11 190.0663555 750 800 100 4.5 12 25 25 CFRP S 0 9.5 1.5 0 158

2 100.5 490 600 12 226.1946711 750 800 100

2 100.5 490 600 13 265.4645792 750 800 100 4.5 12 25 25 CFRP S 0 9.5 1.5 0 158

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 5 25

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 5 25 CFRP S 1 25 1.2 30 150

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 5 25 S 1 25 1.2 30 150

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 5 25 S 1 25 1.2 30 150

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 5 25 S 1 25 1.2 30 150

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 5 25 S 1 25 1.2 30 150

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 5 25 S 1 25 1.2 30 150

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 5 25 S 1 25 1.2 30 150

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 5 25 S 1 25 1.2 30 150

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 18 30 9.25

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 18 30 CFRP B 1 25 1.2 9.25 30 111

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 18 30 B 1 25 1.2 9.25 30 111

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 18 30 B 1 25 1.2 9.25 30 111

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 18 30 B 1 25 1.2 9.25 30 111

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 18 30 B 1 25 1.2 9.25 30 111

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 18 30 B 1 25 1.2 9.25 30 111

mw5.6 mw5.6 mw 5.6 mw 5.6 10 157.0796327 100 18 30 B 1 25 1.2 9.25 30 111

2 100.5 532 623 10 157.0796327 375 503 100 8 22

2 100.5 532 623 10 157.0796327 375 503 100 8 22 CFRP S 1 16 2 32 131

2 100.5 532 623 10 157.0796327 375 503 100 8 22 S 1 16 2 32 131

2 100.5 532 623 10 157.0796327 375 503 100 8 22 S 1 16 2 32 131

2 100.5 532 623 10 157.0796327 375 503 100 8 22 S 1 16 2 32 131

3 398.2 532 623 10 157.0796327 375 503 100

3 398.2 532 623 10 157.0796327 375 503 100 S 1 15 1.2 18 165

3 398.2 532 623 10 157.0796327 375 503 100 S 1 25 1.2 30 165

3 398.2 532 623 10 157.0796327 375 503 100 S 2 25 1.2 60 165

3 398.2 532 623 10 157.0796327 375 503 100 S 2 25 1.2 60 165

Shear linkTop bars

NSMR

FRP

Beam characteristics

Groove
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1 Joaquim Barros Oct-04 V1

2 V1R1

3 V2

4 V2R2

5 V3

6 V3R2

7 V4

8 V4R3

9 Hassan, Rizkalla Aug-03 B0

10 B1

11 B2

12 B3

13 B4

14 B5

15 B6

16 B7

17 B8

18 Hassan, Rizkalla Dec-04 A0

19 A1

20 A2

21 A3

22 A4

23 A5

24 A6

25 A7

26 J.G.Teng Apr-06 B0

27 B500

28 B1200

29 B1800

30 B2900

31 J.Y. Kang 2006 B0

32 TYPE 1-1

33 TYPE 1-2

34 TYPE2-1

35 TYPE 2-2

No. Reference Year Specimen 
ID

ffrp efu(%) Lf/2 Lf/h l ρf ρf/ρs Eresin fresin

28.2 23

2700 1.71 700 68.9618 50 0.08% 21.80% 5 16-22 50.3 33 1.55 1.783687943 1.434782609 0.907037037

41 37

2700 1.71 700 68.9618 50 0.00% 0.00% 5 16-22 78.5 50 1.28 1.914634146 1.351351351 0.749037037

41.3 40

2700 1.71 700 68.9618 50 0.00% 0.00% 5 16-22 81.9 55 1.28 1.983050847 1.375 0.749037037

48.5 45

2700 1.71 700 68.9618 50 0.00% 0.00% 5 16-22 94.9 70 1.06 1.956701031 1.555555556 0.620296296

52 30

2000 1.33 150 9.20 1100 0.06% 12.82% 53 30 0.17 1.019230769 0.1275

2000 1.33 250 15.34 1000 0.06% 12.82% 54 35 0.71 1.038461538 0.5325

2000 1.33 500 30.68 750 0.06% 12.82% 60 35 1.18 1.153846154 0.885

2000 1.33 750 46.02 500 0.06% 12.82% 74 35 1.27 1.423076923 0.9525

2000 1.33 850 52.16 400 0.06% 12.82% 79 35 1.28 1.519230769 0.96

2000 1.33 950 58.29 300 0.06% 12.82% 80 40 1.29 1.538461538 0.9675

2000 1.33 1050 64.43 200 0.06% 12.82% 80 40 1.31 1.538461538 0.9825

2000 1.33 1200 73.63 50 0.06% 12.82%

56

1918 1.73 150 16.22 1100 0.06% 12.82% 3 62 56 0.11 1.076923077 0.063660063

1918 1.73 550 59.46 700 0.06% 12.82% 3 62 67 0.63 1.288461538 0.36459854

1918 1.73 800 86.49 450 0.06% 12.82% 3 62 73 0.73 1.403846154 0.422471324

1918 1.73 1200 129.73 50 0.06% 12.82% 3 62 79 0.78 1.519230769 0.451407716

1918 1.73 550 59.46 700 0.06% 12.82% 3 62 59 0.6 1.134615385 0.347236705

1918 1.73 800 86.49 450 0.06% 12.82% 3 62 70 0.68 1.346153846 0.393534932

1918 1.73 1200 129.73 50 0.06% 12.82% 3 62 76 0.73 1.461538462 0.422471324

49.5

2068 1.58 250 0.00 1250 0.07% 12.45% 2.6 42.6 49.5 0.2296 1 0.14544294

2068 1.58 600 27.72 900 0.07% 12.45% 2.6 42.6 64.5 0.367 1.303030303 0.232480658

2068 1.58 900 55.44 600 0.07% 12.45% 2.6 42.6 96.8 0.7315 1.955555556 0.46337766

2068 1.58 1450 106.26 50 0.07% 12.45% 2.6 42.6 100.1 0.9707 2.022222222 0.614901838

56.2 46.7 1.135353535

2400 1.45 1350 90.62 150 0.03% 6.46% 78.4 57.5 1.583838384 1.231263383

2400 1.45 1350 55.22 150 0.05% 10.76% 86.2 62 1.741414141 1.327623126

2400 1.45 1350 55.22 150 0.10% 21.52% 109.7 72 2.216161616 1.541755889

2400 1.45 1350 55.22 150 0.10% 21.52% 107 70.5 2.161616162 1.509635974

NSMR

Fu Fu-calFy-calFy Fy/FyoFu/Fo εf/εfuεs εf (%)
Resin

FAILURE

FRP

261



1 Joaquim Barros Oct-04 V1

2 V1R1

3 V2

4 V2R2

5 V3

6 V3R2

7 V4

8 V4R3

9 Hassan, Rizkalla Aug-03 B0

10 B1

11 B2

12 B3

13 B4

14 B5

15 B6

16 B7

17 B8

18 Hassan, Rizkalla Dec-04 A0

19 A1

20 A2

21 A3

22 A4

23 A5

24 A6

25 A7

26 J.G.Teng Apr-06 B0

27 B500

28 B1200

29 B1800

30 B2900

31 J.Y. Kang 2006 B0

32 TYPE 1-1

33 TYPE 1-2

34 TYPE2-1

35 TYPE 2-2

No. Reference Year Specimen 
ID

FAILURE

Deflection

D

D

D

C 66

D 76

D 15

D 20

R 30

R 30

R 30

R 30

C 64

D 78

D 15.3

D 21.2

D 24.2

D 12

D 16.5

D 25.8

CC/SY

D

D

D

D

71.68

58.9

54

46.9

44.4

DeflFuc/Foc Failure mode

s1s s2

h

hf

bf

262



Geometry Top bars

b h bf h' A Cover d fu ft Dia. Quan. Area fsy Es fsu ρs Dia.

Main barsConcreteNo. Reference Year
Load 
typeSpan (m)

Specimen 
ID Shear 

span

Beam characteristics

36 Joseph Robert Yost Aug-07 6-C 2.743 1.219 4P 152.4 190 28956 38 161 37.2 16 2 402.1 500 200 1.64% 0

37 6-1Fa 2.743 1.219 4P 152.4 190 28956 38 161 37.2 16 2 402.1 500 200 1.64% 0

38 6-1Fb 2.743 1.219 4P 152.4 190 28956 38 161 37.2 16 2 402.1 500 200 1.64% 0

39 6-2Fa 2.743 1.219 4P 152.4 190 28956 38 161 37.2 16 2 402.1 500 200 1.64% 0

40 6-2Fb 2.743 1.219 4P 152.4 190 28956 38 161 37.2 16 2 402.1 500 200 1.64% 0

41 9-C 2.743 1.219 4P 229 190 43510 38 161 37.2 16 2 402.1 500 200 1.09% 0

42 9-1Fa 2.743 1.219 4P 229 190 43510 38 161 37.2 16 2 402.1 500 200 1.09% 0

43 9-1Fb 2.743 1.219 4P 229 190 43510 38 161 37.2 16 2 402.1 500 200 1.09% 0

44 9-2Fa 2.743 1.219 4P 229 190 43510 38 161 37.2 16 2 402.1 500 200 1.09% 0

45 9-2Fb 2.743 1.219 4P 229 190 43510 38 161 37.2 16 2 402.1 500 200 1.09% 0

46 12-C 2.743 1.219 4P 305 190 57950 38 161 37.2 16 2 402.1 500 200 0.82% 0

47 12-1Fa 2.743 1.219 4P 305 190 57950 38 161 37.2 16 2 402.1 500 200 0.82% 0

48 12-1Fb 2.743 1.219 4P 190 305 57950 38 161 37.2 16 2 402.1 500 200 0.82% 0

49 12-2Fa 2.743 1.219 4P 190 305 57950 38 161 37.2 16 2 402.1 500 200 0.82% 0

50 12-2Fb 2.743 1.219 4P 190 305 57950 38 161 37.2 16 2 402.1 500 200 0.82% 0

51 L. De Lorenzis(Thesis) BC-a 4 1.75 4P 200 400 80000 370 15 14 2 307.9 496 0.21% 12

52 BC-b 4 1.75 4P 200 400 80000 370 15 18 2 508.9 510 0.34% 12

53 BR1-a 4 1.75 4P 200 400 80000 370 15 14 2 307.9 496 0.21% 12

54 BR1-b 4 1.75 4P 200 400 80000 370 15 18 2 508.9 510 0.34% 12

55 BR2-a 4 1.75 4P 200 400 80000 370 15 14 2 307.9 496 0.21% 12

56 BR2-b 4 1.75 4P 200 400 80000 370 15 18 2 508.9 510 0.34% 12

57  BFV  3.9 1.83 4P 152.4 101.6 381 101.6 54193.44 58.4 348 36 22.2 2 774.2 494 1.46% 12.7

58  BFC3  3.9 1.83 4P 152.4 101.6 381 101.6 54193.44 58.4 348 36 22.2 2 774.2 494 1.46% 12.7

59  BFC4  3.9 1.83 4P 152.4 101.6 381 101.6 54193.44 58.4 348 36 22.2 2 774.2 494 1.46% 12.7

60  BFG4  3.9 1.83 4P 152.4 101.6 381 101.6 54193.44 58.4 348 36 22.2 2 774.2 494 1.46% 12.7

61 I.S.Y. Liu NS-F1 2 x 2.4 375 120 45000 38 82 37 16 4 804.2 566 656 2.62% 12

62 NS-F2 2 x 2.4 375 120 45000 38 82 37 16 4 804.2 566 656 2.62% 12

63 NS-F3 2 x 2.4 375 120 45000 38 82 37 16 4 804.2 566 656 2.62% 12

64 NS-F4 2 x 2.4 375 120 45000 38 82 37 16 4 804.2 566 656 2.62% 12

65 NS-S1 2 x 2.4 375 120 45000 38 82 37 16 4 804.2 566 656 2.62% 12

66 NS-S2 2 x 2.4 375 120 45000 38 82 37 16 4 804.2 566 656 2.62% 12

67 NB-F1 2 x 2.4 220 240 52800 46/85 161 35 2 x 32+3 x 24 5 2965.7 560 690 8.37% 12

68 NB-F2 2 x 2.4 220 240 52800 46/86 161 35 3 x 32+3 x 24 5 2965.7 560 690 8.37% 12

69 NB-F3 2 x 2.4 220 240 52800 46/87 161 35 4 x 32+3 x 24 5 2965.7 560 690 8.37% 12

70 E. Bonaldo SL01 1.8 0.6 4P 300 80 24000 57 45.65 6 2 56.5 494 592 0.33% 0

71 SL06 1.8 0.6 4P 300 80 24000 57 49.39 6 2 56.5 494 592 0.33% 0

72 SL03S 1.8 0.6 4P 300 80 24000 57 43.13 6 2 56.5 494 592 0.33% 0

73 SL04S 1.8 0.6 4P 300 80 24000 57 32.41 6 2 56.5 494 592 0.33% 0
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No. Reference Year Specimen 
ID

36 Joseph Robert Yost Aug-07 6-C

37 6-1Fa

38 6-1Fb

39 6-2Fa

40 6-2Fb

41 9-C

42 9-1Fa

43 9-1Fb

44 9-2Fa

45 9-2Fb

46 12-C

47 12-1Fa

48 12-1Fb

49 12-2Fa

50 12-2Fb

51 L. De Lorenzis(Thesis) BC-a 

52 BC-b 

53 BR1-a 

54 BR1-b 

55 BR2-a 

56 BR2-b 

57  BFV  

58  BFC3  

59  BFC4  

60  BFG4  

61 I.S.Y. Liu NS-F1

62 NS-F2

63 NS-F3

64 NS-F4

65 NS-S1

66 NS-S2

67 NB-F1

68 NB-F2

69 NB-F3

70 E. Bonaldo SL01 

71 SL06 

72 SL03S 

73 SL04S 

DATABASE FOR FLEXURAL NSMR TESTING

Quan. Area fsy fsu Dia. Area fsy fsu s d h s1 s2 Type Shape n h t df Dia. Area Efrp

Shear linkTop bars

NSMR

FRP

Beam characteristics

Groove

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 6.4 19 CFRP S 0 15 2.5 0 136

0 0 0 0 0 0 0 0 0 6.4 19 CFRP S 0 15 2.5 0 136

0 0 0 0 0 0 0 0 0 6.4 19 50.8 50.8 CFRP S 0 15 2.5 0 136

0 0 0 0 0 0 0 0 0 6.4 19 50.8 50.8 CFRP S 0 15 2.5 0 136

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 6.4 19 CFRP S 0 15 2.5 0 136

0 0 0 0 0 0 0 0 0 6.4 19 CFRP S 0 15 2.5 0 136

0 0 0 0 0 0 0 0 0 6.4 19 50.8 50.8 CFRP S 0 15 2.5 0 136

0 0 0 0 0 0 0 0 0 6.4 19 50.8 50.8 CFRP S 0 15 2.5 0 136

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 6.4 19 CFRP S 0 15 2.5 0 136

0 0 0 0 0 0 0 0 0 6.4 19 CFRP S 0 15 2.5 0 136

0 0 0 0 0 0 0 0 0 6.4 19 50.8 50.8 CFRP S 0 15 2.5 0 136

0 0 0 0 0 0 0 0 0 6.4 19 50.8 50.8 CFRP S 0 15 2.5 0 136

2 226.2 357 8 100.5309649 345 200 46 77 CFRP RB

2 226.2 357 8 100.5309649 345 200 46 77 CFRP RB

2 226.2 357 8 100.5309649 345 200 46 77 CFRP RB 1 8 50.2656 130

2 226.2 357 8 100.5309649 345 200 46 77 CFRP RB 1 8 50.2656 130

2 226.2 357 8 100.5309649 345 200 46 77 CFRP RB 2 8 100.5312 130

2 226.2 357 8 100.5309649 345 200 46 77 CFRP RB 2 8 100.5312 130

2 253.4 357 9.5 141.7643685 345 127

2 253.4 357 9.5 141.7643685 345 127 19 19 CFRP RB 2 9.5 141.7647 161.2

2 253.4 357 9.5 141.7643685 345 127 25.4 25.4 CFRP RB 2 12.7 253.354332 161.2

2 253.4 357 9.5 141.7643685 345 127 25.4 25.4 GFRP RB 2 12.7 253.354332 38.6

2 226.2 558 546 10 157.0796327 1200 3.3 22 62 CFRP S 0 20.5 1.22 0 174

2 226.2 558 546 11 190.0663555 1200 3.4 17 125 CFRP S 0 15.5 1.24 0 174

2 226.2 558 546 12 226.1946711 1200 3.6 16 188 CFRP S 0 15.4 1.25 0 174

2 226.2 558 546 13 265.4645792 1200 5 16 188 CFRP S 0 15.2 2.95 0 140

2 226.2 558 546 14 307.8760801 1200 3.4 21 75 Steel S 0 19.1 0.93 0 183

2 226.2 558 546 15 353.4291735 1200 5.2 21 125 Steel S 0 19.1 2.05 0 168

2 226.2 558 546 16 402.1238597 70 3.6 16 60 CFRP S 0 14.8 1.25 0 174

2 226.2 558 546 17 453.9601384 70 3.7 17 73 CFRP S 0 15.2 1.24 0 174

2 226.2 558 546 18 508.9380099 70 5.4 17 73 CFRP S 0 15 2.77 0 140

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 5 15 150 75 CFRP S 0 9.4 1.4 0 156.1

0 0 0 0 0 0 0 0 0 5 15 150 75 CFRP S 0 9.4 1.4 0 156.1
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No. Reference Year Specimen 
ID

36 Joseph Robert Yost Aug-07 6-C

37 6-1Fa

38 6-1Fb

39 6-2Fa

40 6-2Fb

41 9-C

42 9-1Fa

43 9-1Fb

44 9-2Fa

45 9-2Fb

46 12-C

47 12-1Fa

48 12-1Fb

49 12-2Fa

50 12-2Fb

51 L. De Lorenzis(Thesis) BC-a 

52 BC-b 

53 BR1-a 

54 BR1-b 

55 BR2-a 

56 BR2-b 

57  BFV  

58  BFC3  

59  BFC4  

60  BFG4  

61 I.S.Y. Liu NS-F1

62 NS-F2

63 NS-F3

64 NS-F4

65 NS-S1

66 NS-S2

67 NB-F1

68 NB-F2

69 NB-F3

70 E. Bonaldo SL01 

71 SL06 

72 SL03S 

73 SL04S 

ffrp efu(%) Lf/2 Lf/h l ρf ρf/ρs Eresin fresin

NSMR

Fu Fu-calFy-calFy Fy/FyoFu/Fo εf/εfuεs εf (%)
Resin

FAILURE

FRP

21.12 19 18.9

1648 1.21 1372 117.83 0 0.00% 0.00% 24.83 20.9 21.8 1.175662879 1.1

1648 1.21 1372 117.83 0 0.00% 0.00% 23.24 21.3 21.8 0.597 1.100378788 1.121052632 0.492669903

1648 1.21 1372 117.83 0 0.00% 0.00% 24.99 24.4 23.9 1.183238636 1.284210526

1648 1.21 1372 117.83 0 0.00% 0.00% 26.94 24.7 23.9 0.625 1.275568182 1.3 0.515776699

25.29 22.4 20.6 1.197443182

1648 1.21 1372 117.83 0 0.00% 0.00% 28.22 25.3 25.6 1.11585607 1.129464286

1648 1.21 1372 117.83 0 0.00% 0.00% 27.93 24.5 25.6 0.885 1.104389087 1.09375 0.730339806

1648 1.21 1372 117.83 0 0.00% 0.00% 37.05 27.7 29 1.465005931 1.236607143

1648 1.21 1372 117.83 0 0.00% 0.00% 35.82 25 29 0.969 1.416370107 1.116071429 0.799660194

23.52 21.5 21.2 1.113636364

1648 1.21 1372 117.83 0 0.00% 0.00% 29.59 24.7 27.9 1.258078231 1.148837209

1648 1.21 1372 117.83 0 0.00% 0.00% 31.01 25.9 27.9 0.709 1.318452381 1.204651163 0.585097087

1648 1.21 1372 117.83 0 0.00% 0.00% 33.8 26.5 32.8 1.43707483 1.23255814

1648 1.21 1372 117.83 0 0.00% 0.00% 41.77 28 32.8 1.17 1.775935374 1.302325581 0.965533981

60.6

103.1

2300 1.77 2000 218.75 0 0.06% 30.20% 84.7 1.397689769

2300 1.77 2000 218.75 0 0.06% 18.27% 125.1 1.05 1.213385063 0.593478261

2300 1.77 2000 218.75 0 0.13% 36.54% 97.3 0.715 1.605610561 0.404130435

2300 1.77 2000 218.75 0 0.13% 60.41% 135.4 0.71 1.31328807 0.401304348

156.6 154.1

2515 1.56 1950 192.63 0 0.26% 17.92% 2.8 13.8 203.6 223.9 0.77 0.493534791

2515 1.56 1950 144.09 0 0.47% 32.03% 2.8 13.8 226 290.7 0.525 0.336500994

773 2.00 1950 144.09 0 0.47% 32.03% 2.8 13.8 196.9 216

2800 1.61 1100 81.85 0.00% 0.00% 25.3 25.3 0.720 0.447428571

2800 1.61 1100 107.19 100 0.00% 0.00% 27.9 19.8 1.300 0.807857143

2800 1.61 1100 107.82 100 0.00% 0.00% 27.4 19 1.500 0.932142857

2330 1.66 1100 103.62 100 0.00% 0.00% 26.9 17.4 0.840 0.50472103

933 0.51 1100 88.31 100 0.00% 0.00% 28 16.4 4.2 8.237942122

846 0.50 1100 85.86 100 0.00% 0.00% 26.7 18.4 3.5 6.95035461

2800 1.61 1100 112.02 100 0.00% 0.00% 113 65.5 0.950 0.590357143

2800 1.61 1100 109.22 100 0.00% 0.00% 113 67.3 1.020 0.633857143

2330 1.66 1100 105.45 100 0.00% 0.00% 111 73.2 0.830 0.498712446

5.35

4.71

2880 1.84 850 85.54 50 0.00% 0.00% 5 16-22 24.38 1.410 0.764239583

2880 1.84 850 85.54 50 0.00% 0.00% 6 16-23 24.91
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No. Reference Year Specimen 
ID

36 Joseph Robert Yost Aug-07 6-C

37 6-1Fa

38 6-1Fb

39 6-2Fa

40 6-2Fb

41 9-C

42 9-1Fa

43 9-1Fb

44 9-2Fa

45 9-2Fb

46 12-C

47 12-1Fa

48 12-1Fb

49 12-2Fa

50 12-2Fb

51 L. De Lorenzis(Thesis) BC-a 

52 BC-b 

53 BR1-a 

54 BR1-b 

55 BR2-a 

56 BR2-b 

57  BFV  

58  BFC3  

59  BFC4  

60  BFG4  

61 I.S.Y. Liu NS-F1

62 NS-F2

63 NS-F3

64 NS-F4

65 NS-S1

66 NS-S2

67 NB-F1

68 NB-F2

69 NB-F3

70 E. Bonaldo SL01 

71 SL06 

72 SL03S 

73 SL04S 

FAILURE

DeflFuc/Foc Failure mode

s1s1 s2

h

hf

bf

SY/CC 

CC 

CC 

CC 

CC 

SY/CC 

CC 

CC 

CC 

CC 

SY/CC 

R

R

CC 

CC 

CC/SY 

CC/SY 

CC/SY 

CC/SY 

CC/SY 

CC/SY 

CC/SY 

R

R

CC/SY 

SF/s

CC/s

CC/s

D

CC/s

SF/s

CC/s

D

D

Flexure 

Flexure 

Shear/Flexure 

Flexure 
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Geometry Top bars

b h bf h' A Cover d fu ft Dia. Quan. Area fsy Es fsu ρs Dia.

Main barsConcreteNo. Reference Year
Load 
typeSpan (m)

Specimen 
ID Shear 

span

Beam characteristics

74 E. Bonaldo SL08S 1.8 0.6 4P 300 80 24000 57 49.35 6 2 56.5 494 592 0.33% 0

75 Van Hien Nguyen Jul-07 NSM2 2.3 0.766667 4P 150 250 37500 210 32 20 2 628.3 460 210 592 1.99% 10

76 NSM3 2.3 0.766667 4P 150 250 37500 210 16 2 402.1 525 210 625 1.28% 8

77 NSM4 2.3 0.766667 4P 150 250 37500 210 16 2 402.1 525 210 625 1.28% 8

78 NSM5 2.3 0.766667 4P 150 250 37500 210 16 2 402.1 525 210 625 1.28% 8

79 NSM6 2.3 0.766667 4P 150 250 37500 210 16 2 402.1 525 210 625 1.28% 8

80 NSM7 2.3 0.766667 4P 150 250 37500 210 16 2 402.1 525 210 625 1.28% 8

81 NSM8 2.3 0.766667 4P 150 250 37500 210 16 2 402.1 525 210 625 1.28% 8

82 NSM9 2.3 0.766667 4P 150 250 37500 210 16 2 402.1 525 210 625 1.28% 8

83 Joshua B. Quattlebaum Dec-05 U-S 4.572 2.286 3P 152 254 38608 32 222 29.5 13 3 398.2 446 735 1.18% na

84 N-S 4.572 2.286 3P 152 254 38608 33 222 29.5 13 3 398.2 446 736 1.18% na

85 Everaldo Bonaldo Mar-08 SL1 1.8 0.6 4P 300 80 24000 56 26 2.9 8 3 150.8 466 200.3 557.1 0.90% na

86 SL4S 1.8 0.6 4P 300 80 24000 56 26 2.9 8 3 150.8 466 200.3 557.1 0.90% na

87 SL2 1.8 0.6 4P 300 80 24000 56 26.4 3.3 8 3 150.8 466 200.3 557.1 0.90% na

88 SL3S 1.8 0.6 4P 300 80 24000 56 26.4 3.3 8 3 150.8 466 200.3 557.1 0.90% na

89 Gang Wu Aug-14 Control 1.8 0.6 4P 150 300 45000 253 34.4(Cylinder) na 14 3 461.8 340 na na 1.22% 6

90 B11 1.8 0.6 4P 150 300 45000 253 34.4(Cylinder) na 14 3 461.8 340 na na 1.22% 6

91 B21 1.8 0.6 4P 150 300 45000 253 34.4(Cylinder) na 14 3 461.8 340 na na 1.22% 6

92 B22 1.8 0.6 4P 150 300 45000 253 34.4(Cylinder) na 14 3 461.8 340 na na 1.22% 6

93 May-09  Controlbeam 2.8 0.8 4P 150 280 42000 238  37.4  3.0 12 2 226.2 600 210 0.63% 6

94  S-C6(VC30) 2.8 0.8 4P 150 280 42000 238  37.5  3.4 12 2 226.2 600 210 0.63% 6

95  S-C6(270-R) 2.8 0.8 4P 150 280 42000 238  36.5  3.2 12 2 226.2 600 210 0.63% 6

96  S-C6(210-R) 2.8 0.8 4P 150 280 42000 238  36.7  3.2 12 2 226.2 600 210 0.63% 6

97  S-C6(VC60) 2.8 0.8 4P 150 280 42000 238  66.5  5.4 12 2 226.2 600 210 0.63% 6

98  S-C6(270-M) 2.8 0.8 4P 150 280 42000 238  38.1  3.3 12 2 226.2 600 210 0.63% 6

99  S-C12(VC30) 2.8 0.8 4P 150 280 42000 238  35.1  3.4 12 2 226.2 600 210 0.63% 6

100  S-C12(VC60) 2.8 0.8 4P 150 280 42000 238  67.2  5.6 12 2 226.2 600 210 0.63% 6

101 Jul-04 B0 2.5 1.25 3P 150 250 300 50 52500 50 215 na na 2D16+2D13 4 667.6 na na na 2.07% 2D13+mw5.6

102 B1 2.5 1.25 3P 150 250 300 50 52500 50 215 na na 2D16+2D14 4 667.6 na na na 2.07% 2D13+mw5.7

103 B2 2.5 1.25 3P 150 250 300 50 52500 50 215 na na 2D16+2D15 4 667.6 na na na 2.07% 2D13+mw5.8

104 B3 2.5 1.25 3P 150 250 300 50 52500 50 215 na na 2D16+2D16 4 667.6 na na na 2.07% 2D13+mw5.9

105 B4 2.5 1.25 3P 150 250 300 50 52500 50 215 na na 2D16+2D17 4 667.6 na na na 2.07% 2D13+mw5.10

106 B2a(EBR) 2.5 1.25 3P 150 250 300 50 52500 50 215 na na 2D16+2D18 4 667.6 na na na 2.07% 2D13+mw5.11

107 B3a(EBR) 2.5 1.25 3P 150 250 300 50 52500 50 215 na na 2D16+2D19 4 667.6 na na na 2.07% 2D13+mw5.12

108 B4a(EBR) 2.5 1.25 3P 150 250 300 50 52500 50 215 na na 2D16+2D20 4 667.6 na na na 2.07% 2D13+mw5.13

109  Ref_c_no_1 

110  Ref_d_no_1 

111  EBR_c_1.4x40_1 

R. El-Hacha, J.N. da Silva Filho 
and G.S.
 Melo, S.H. Rizkalla

Firas Al-Mahmoud , Arnaud 
Castel 
, Raoul François , Christian 
Tourneur

A. Balsamo, A. Bilotta, 
F. Ceroni, E. Nigro, M. Pecce
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No. Reference Year Specimen 
ID

74 E. Bonaldo SL08S 

75 Van Hien Nguyen Jul-07 NSM2

76 NSM3

77 NSM4

78 NSM5

79 NSM6

80 NSM7

81 NSM8

82 NSM9

83 Joshua B. Quattlebaum Dec-05 U-S

84 N-S

85 Everaldo Bonaldo Mar-08 SL1

86 SL4S

87 SL2

88 SL3S

89 Gang Wu Aug-14 Control

90 B11

91 B21

92 B22

93 May-09  Controlbeam 

94  S-C6(VC30) 

95  S-C6(270-R) 

96  S-C6(210-R) 

97  S-C6(VC60) 

98  S-C6(270-M) 

99  S-C12(VC30) 

100  S-C12(VC60) 

101 Jul-04 B0

102 B1

103 B2

104 B3

105 B4

106 B2a(EBR)

107 B3a(EBR)

108 B4a(EBR)

109  Ref_c_no_1 

110  Ref_d_no_1 

111  EBR_c_1.4x40_1 

R. El-Hacha, J.N. da Silva Filho 
and G.S.
 Melo, S.H. Rizkalla

Firas Al-Mahmoud , Arnaud 
Castel 
, Raoul François , Christian 
Tourneur

A. Balsamo, A. Bilotta, 
F. Ceroni, E. Nigro, M. Pecce

DATABASE FOR FLEXURAL NSMR TESTING

Quan. Area fsy fsu Dia. Area fsy fsu s d h s1 s2 Type Shape n h t df Dia. Area Efrp

Shear linkTop bars

NSMR

FRP

Beam characteristics

Groove

0 0 0 0 0 0 0 0 0 5 15 150 75 CFRP S 0 9.4 1.4 0 156.1

2 157.1 460 546 10 157.0796327 100 6 18 CFRP RB 3 6.35 133.25885 133

12

2 100.5309649 460 546 8 100.5309649

2 100.5309649 460 546 8 100.5309649

2 100.5309649 460 546 8 100.5309649

2 100.5309649 460 546 8 100.5309649

2 100.5309649 460 546 8 100.5309649

2 100.5309649 460 546 8 100.5309649

2 100.5309649 460 546 8 100.5309649

na na na na na na na na na

na na na na na na na na na 6.4 32 44 54 CFRP S 2 25 1.4 70 215

na na na na na na na na na 4 15 75 37.5 CFRP S 4 9.4 1.4 52.64 156.1

na na na na na na na na na 4 15 75 37.5 CFRP S 4 9.4 1.4 52.64 156.1

na na na na na na na na na 4 15 75 37.5 CFRP S 4 9.4 1.4 52.64 156.1

na na na na na na na na na 4 15 75 37.5 CFRP S 4 9.4 1.4 52.64 156.1

2 56.5 240 na 10 157.0796327 275 na 80 0

2 56.5 240 na 10 157.0796327 275 na 80 20 20 75 CFRP RB 1 7.9 49.016814 170

2 56.5 240 na 10 157.0796327 275 na 80 20 20 70 40 CFRP RB 2 7.9 98.033628 170

2 56.5 240 na 10 157.0796327 275 na 80 20 20 70 40 CFRP RB 2 7.9 98.033628 170

2 56.5 na 6 56.54866776 na na 150 12 12 88 62 CFRP RB 2 6 56.5488 146

2 56.5 na 7 76.96902001 na na 151 12 12 88 62 CFRP RB 2 6 56.5488 146

2 56.5 na 8 100.5309649 na na 152 12 12 88 62 CFRP RB 2 6 56.5488 146

2 56.5 na 9 127.2345025 na na 153 12 12 88 62 CFRP RB 2 6 56.5488 146

2 56.5 na 10 157.0796327 na na 154 12 12 88 62 CFRP RB 2 6 56.5488 146

2 56.5 na 11 190.0663555 na na 155 12 12 88 62 CFRP RB 2 6 56.5488 146

2 56.5 na 12 226.1946711 na na 156 24 24 na 75 CFRP RB 1 12 113.0976 146

2 56.5 na 13 265.4645792 na na 157 24 24 na 75 CFRP RB 1 12 113.0976 146

na na 13 265.4645792 na na 100

na na 13 265.4645792 na na 100 18 30 0 75 CFRP RB 1 285 9.5 70.88235 122.5

na na 13 265.4645792 na na 100 6.4 19 75 37.5 CFRP S 2 16 2 290.5 64 140

na na 13 265.4645792 na na 100 6.4 25 76 38 CFRP S 2 25 1.2 287.5 60 150

na na 13 265.4645792 na na 100 6.4 25 38 37 GFRP S 3 20 2 287.5 120 45

na na 13 265.4645792 na na 100 na na 300 64 140

na na 13 265.4645792 na na 100 na na 300 60 150

na na 13 265.4645792 na na 100 na na 300 120 45
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No. Reference Year Specimen 
ID

74 E. Bonaldo SL08S 

75 Van Hien Nguyen Jul-07 NSM2

76 NSM3

77 NSM4

78 NSM5

79 NSM6

80 NSM7

81 NSM8

82 NSM9

83 Joshua B. Quattlebaum Dec-05 U-S

84 N-S

85 Everaldo Bonaldo Mar-08 SL1

86 SL4S

87 SL2

88 SL3S

89 Gang Wu Aug-14 Control

90 B11

91 B21

92 B22

93 May-09  Controlbeam 

94  S-C6(VC30) 

95  S-C6(270-R) 

96  S-C6(210-R) 

97  S-C6(VC60) 

98  S-C6(270-M) 

99  S-C12(VC30) 

100  S-C12(VC60) 

101 Jul-04 B0

102 B1

103 B2

104 B3

105 B4

106 B2a(EBR)

107 B3a(EBR)

108 B4a(EBR)

109  Ref_c_no_1 

110  Ref_d_no_1 

111  EBR_c_1.4x40_1 

R. El-Hacha, J.N. da Silva Filho 
and G.S.
 Melo, S.H. Rizkalla

Firas Al-Mahmoud , Arnaud 
Castel 
, Raoul François , Christian 
Tourneur

A. Balsamo, A. Bilotta, 
F. Ceroni, E. Nigro, M. Pecce

ffrp efu(%) Lf/2 Lf/h l ρf ρf/ρs Eresin fresin

NSMR

Fu Fu-calFy-calFy Fy/FyoFu/Fo εf/εfuεs εf (%)
Resin

FAILURE

FRP

2880 1.84 850 85.54 50 0.00% 0.00% 7 16-24 24.15 1.270 0.688357639

1452.521465 1.09 1000 97.11 50 0.36% 17.82% 7 16-24 146 0.50 0.45782456

37.1 26.7/32.6

2676.75 1.8 2.134 152.5 0.18% 15.36% na na 49.4 35.5/40.8

2879 1.85 850 85.54 50 0.22% 24.44% 7.5 33 14.3 10.6

2879 1.85 850 85.54 50 0.22% 24.44% 7.5 33 17.9 69.6

2879 1.85 850 85.54 50 0.22% 24.44% 7.5 33 15.1 12.1

2879 1.85 850 85.54 50 0.22% 24.44% 7.5 33 19.2 79.5

168.7

2629 1.55 850 50 0.11% 8.95% 3.5(tensile) 30(tensile) 170.8

2629 1.55 850 50 0.22% 17.90% 3.5(tensile) 30(tensile) 190

2629 1.55 850 50 0.22% 17.90% 3.5(tensile) 30(tensile) 190

1875 1.28% 0.13% 21.25% 4.94 83 76.5 71.25

1875 1.28% 1500 0 0.13% 21.25% 4.94 83 145.25 88

1875 1.28% 1350 50 0.13% 21.25% 4.94 83 142.75 92

1875 1.28% 1050 350 0.13% 21.25% 4.94 83 143 95.5

1875 1.28% 1500 -100 0.13% 21.25% 4.94 83 167.25 119.25

1875 1.28% 1350 50 0.13% 21.25% 31.4(Mortar) 74.6 235 112

1875 1.28% 1500 -100 0.27% 42.50% 4.94 83 187.75 92.25

1875 1.28% 1500 -100 0.27% 42.50% 4.94 83 145.5 88.25

 55.4   38.11  

1408 1.14 1200 50 0.14% 6.52% na na  93.8   47.94  

1525 1.08 1200 50 0.12% 5.89% na na  99.3   48.62  

2000 1.33 1200 50 0.11% 5.52% na na  110.2   49.16  

1000 2.22 1200 50 0.23% 11.04% na na  102.7   48.17  

1525 1.08 1200 50 0.12% 5.89% na na  64.6   44.88  

2000 1.33 1200 50 0.11% 5.52% na na  69.3   61.0  

1000 2.22 1200 50 0.23% 11.04% na na  71.1   48.16  
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No. Reference Year Specimen 
ID

74 E. Bonaldo SL08S 

75 Van Hien Nguyen Jul-07 NSM2

76 NSM3

77 NSM4

78 NSM5

79 NSM6

80 NSM7

81 NSM8

82 NSM9

83 Joshua B. Quattlebaum Dec-05 U-S

84 N-S

85 Everaldo Bonaldo Mar-08 SL1

86 SL4S

87 SL2

88 SL3S

89 Gang Wu Aug-14 Control

90 B11

91 B21

92 B22

93 May-09  Controlbeam 

94  S-C6(VC30) 

95  S-C6(270-R) 

96  S-C6(210-R) 

97  S-C6(VC60) 

98  S-C6(270-M) 

99  S-C12(VC30) 

100  S-C12(VC60) 

101 Jul-04 B0

102 B1

103 B2

104 B3

105 B4

106 B2a(EBR)

107 B3a(EBR)

108 B4a(EBR)

109  Ref_c_no_1 

110  Ref_d_no_1 

111  EBR_c_1.4x40_1 

R. El-Hacha, J.N. da Silva Filho 
and G.S.
 Melo, S.H. Rizkalla

Firas Al-Mahmoud , Arnaud 
Castel 
, Raoul François , Christian 
Tourneur

A. Balsamo, A. Bilotta, 
F. Ceroni, E. Nigro, M. Pecce

FAILURE

DeflFuc/Foc Failure mode

s1s1 s2

h

hf

bf

Flexure 

CC

Flexure 

Flexure 

Flexure 

Flexure 

Flexure 

IC debonding

Flexure 

Flexure 

 Crushingofcompressedconcrete 

 CFRProdpull-out 

 CFRProdpull-out 

 Concretepeeling-offattheendofCFRProds 

 Crushingofcompressedconcrete 

 CFRProdpull-out 

 CFRProdpull-out 

 Debondingatthemortar–concreteinterface 

Crushing of concrete  64.4  

DB  29.2  

Rupture of the NSM  30.5  

Rupture of the NSM  50.8  

DB  44.3  

DB  43.7  

DB  16.3  

DB  22.2  
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Geometry Top bars

b h bf h' A Cover d fu ft Dia. Quan. Area fsy Es fsu ρs Dia.

Main barsConcreteNo. Reference Year
Load 
typeSpan (m)

Specimen 
ID Shear 

span

Beam characteristics

112  EBR_c_1.4x40_2 

113  EBR_d_1.4x40_1 

114  EBR_d_1.4x40_2 

115  NSM_d_2x1.4x10_1 

116  NSM_d_3x1.4x10_1 

117 12-Dec  CS 2 0.9 4P 150 200 30000 30 157 36.6 10 3 235.6 408 200 na 1.00% 6

118  CF 2 0.9 4P 150 200 30000 30 157 36.6 10 3 235.6 408 1.00% 6

119  RW1S 2 0.9 4P 150 200 30000 30 157 36.6 10 2 157.1 408 0.67% 6

120  RW1Ø14S 2 0.9 4P 150 200 30000 30 157 36.6 10 2 157.1 408 0.67% 6

121  RW1F 2 0.9 4P 150 200 30000 30 157 36.6 10 2 157.1 408 0.67% 6

122  RW2S 2 0.9 4P 150 200 30000 30 157 36.6 10 1 78.5 408 0.33% 6

123  RW2Ø14S 2 0.9 4P 150 200 30000 30 157 36.6 10 1 78.5 408 0.33% 6

124  RW2F 2 0.9 4P 150 200 30000 30 157 36.6 10 1 78.5 408 0.33% 6

Tarek H. Almusallam, 
Hussein M. Elsanadedy 
Yousef A. Al-Salloum, Saleh H. 
Alsayed

A. Balsamo, A. Bilotta, 
F. Ceroni, E. Nigro, M. Pecce
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No. Reference Year Specimen 
ID

112  EBR_c_1.4x40_2 

113  EBR_d_1.4x40_1 

114  EBR_d_1.4x40_2 

115  NSM_d_2x1.4x10_1 

116  NSM_d_3x1.4x10_1 

117 12-Dec  CS 

118  CF 

119  RW1S 

120  RW1Ø14S 

121  RW1F 

122  RW2S 

123  RW2Ø14S 

124  RW2F 

Tarek H. Almusallam, 
Hussein M. Elsanadedy 
Yousef A. Al-Salloum, Saleh H. 
Alsayed

A. Balsamo, A. Bilotta, 
F. Ceroni, E. Nigro, M. Pecce

DATABASE FOR FLEXURAL NSMR TESTING

Quan. Area fsy fsu Dia. Area fsy fsu s d h s1 s2 Type Shape n h t df Dia. Area Efrp

Shear linkTop bars

NSMR

FRP

Beam characteristics

Groove

1 28.3 334 na 8 100.5309649 374 100 0 185 0 0

1 28.3 335 na 8 100.5309649 374 100 0 185 0

1 28.3 336 na 8 100.5309649 374 100 30 30 0 75 Steel RB 0 185 10 0 200

1 28.3 337 na 8 100.5309649 374 100 30 30 0 75 Steel RB 1 185 14 153.9384 200

1 28.3 338 na 8 100.5309649 374 100 30 30 0 75 GFRP RB 0 185 10 0 40

1 28.3 339 na 8 100.5309649 374 100 30 30 60 30 Steel RB 0 185 10 0 200

1 28.3 340 na 8 100.5309649 374 100 30 30 60 30 Steel RB 0 185 14 0 200

1 28.3 341 na 8 100.5309649 374 100 30 30 60 30 GFRP RB 0 185 10 0 40
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No. Reference Year Specimen 
ID

112  EBR_c_1.4x40_2 

113  EBR_d_1.4x40_1 

114  EBR_d_1.4x40_2 

115  NSM_d_2x1.4x10_1 

116  NSM_d_3x1.4x10_1 

117 12-Dec  CS 

118  CF 

119  RW1S 

120  RW1Ø14S 

121  RW1F 

122  RW2S 

123  RW2Ø14S 

124  RW2F 

Tarek H. Almusallam, 
Hussein M. Elsanadedy 
Yousef A. Al-Salloum, Saleh H. 
Alsayed

A. Balsamo, A. Bilotta, 
F. Ceroni, E. Nigro, M. Pecce

ffrp efu(%) Lf/2 Lf/h l ρf ρf/ρs Eresin fresin

NSMR

Fu Fu-calFy-calFy Fy/FyoFu/Fo εf/εfuεs εf (%)
Resin

FAILURE

FRP

40.5

52.8

408 1000 -100 0.00% 0.00% 4.3 na 41.9

550 1000 -100 0.51% 76.93% 4.3 na 57.5

743 1.86 1000 -100 0.00% 0.00% 4.3 na 48.5

408 1000 -100 0.00% 0.00% 4.3 na 45.8

550 1000 -100 0.00% 0.00% 4.3 na 79

743 1.86 1000 -100 0.00% 0.00% 4.3 na 51.2
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No. Reference Year Specimen 
ID

112  EBR_c_1.4x40_2 

113  EBR_d_1.4x40_1 

114  EBR_d_1.4x40_2 

115  NSM_d_2x1.4x10_1 

116  NSM_d_3x1.4x10_1 

117 12-Dec  CS 

118  CF 

119  RW1S 

120  RW1Ø14S 

121  RW1F 

122  RW2S 

123  RW2Ø14S 

124  RW2F 

Tarek H. Almusallam, 
Hussein M. Elsanadedy 
Yousef A. Al-Salloum, Saleh H. 
Alsayed

A. Balsamo, A. Bilotta, 
F. Ceroni, E. Nigro, M. Pecce

FAILURE

DeflFuc/Foc Failure mode

s1s1 s2

h

hf

bf
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 Appendix D2 - Comparison of the debonding loads calculated from TR-55, ACI and the proposed method 

 

Theoretical
Yielding Ultimate

Pexp PTR-55 PTR-55/Pexp PACI PACI/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.

(kN) (kN) (kN) (kN) (kN) (kN)

1 Teng (2006) B0 49.5 46.9 49.1

2 B500 49.5 65 1.32 47.0 0.95 49.1 0.99 57.7 100.3

3 B1200 64.5 65 1.01 80.3 1.24 49.3 0.76 57.7 100.3

4 B1800 96.8 65 0.68 95.0 0.98 66.8 0.69 57.7 100.3

5 B2900 100.1 65 0.65 95.0 0.95 100.3 1.00 57.7 100.3

6 Nguyen(2009) B0 116.1 103.7 109.0

7 B1 100 102.9 104.8

8 NSM2 145.2 114.4 0.79 140.0 0.96 145.2 1.00 141.7 145.2

9 NSM3Aa 173.9 118.5 0.68 166.9 0.96 176.4 1.01 121.5 176.4

10 NSM4Aa 148.6 114.3 0.77 140.6 0.95 143.8 0.97 120.7 145.7

11 NSM5Aa 141.2 114.3 0.81 140.7 1.00 131.8 0.93 120.7 145.7

12 NSM6Aa 129.9 114.3 0.88 140.7 1.08 131.8 1.01 120.7 145.7

13 NSM7Aa 137.6 113.5 0.83 133.4 0.97 131.8 0.96 116.6 137.7

14 NSM8Ba 112.5 111.4 0.99 121.9 1.08 104.8 0.93 110.1 125.7

15 NSM9Ba 111.1 111.4 1.00 121.9 1.10 104.8 0.94 110.1 125.7

16 Barros(2004) V1 28.2 26.0 27.0

17 V1R1 50.3 31.7 0.63 48.9 0.97 53.4 1.06 30.3 53.4

18 V2 41 37.3 38.6

19 V2R2 78.5 47.8 0.61 73.2 0.93 73.8 0.94 49.0 77.2

20 V3 41.3 41.0 42.6

21 V3R2 81.9 51.9 0.63 75.2 0.92 79.1 0.97 52.3 79.1

22 V4 48.5 45.1 47.1

23 V4R3 94.9 57.0 0.60 85.8 0.90 88.2 0.93 59.3 90.5

No. Beam ID

NGUYENExperimental

References

ACITR-55
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 Appendix D2 - Comparison of the debonding loads calculated from TR-55, ACI and the proposed method 

 

Theoretical

Yielding Ultimate

Pexp PTR-55 PTR-55/Pexp PACI PACI/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.

(kN) (kN) (kN) (kN) (kN) (kN)

24 Al-Mahmoud(2009)  Controlbeam 73.75 73.7 76.6

25  S-C6(270-R) 133.3 91.5 0.69 134.9 1.01 143.1 1.07 91.0 143.1

26  S-C6(210-R) 110.0 63.2 0.57 110.0 1.00 93.1 0.85 91.0 143.5

27  S-C6(VC60) 133.25 62.7 0.47 139.0 188.3 91.7 188.3

28  S-C6(270-M) -Mota 109.75 0.00 135.3 1.23 91.1 145.9

29  S-C12(VC30) 168.4 108.4 178.1

30  S-C12(VC60) 210.3 109.1 239.7

31 Al-Mahmoud(2010) C 36.1 24.5 25.5

32 S-C(CR)(240) 71.4 61.1 0.86 45.5 0.64 47.9 0.67 30.3 47.9

33 S-C(CR)(190) 62.0 61.0 0.98 45.3 0.73 47.7 0.77 30.3 47.7

34 S-C(CR)(150) 43.2 61.1 1.41 45.8 1.06 48.2 1.12 30.3 48.2

35 C(FPT) 43.2 90.8 2.10 134.9 143.5 91.0 143.5

36 S-C(FPT)(270) 133.3 91.5 0.69 134.9 1.01 143.1 1.07 91.0 143.1

37 S-C(FPT)(210) 110 91.6 0.83 134.9 1.23 143.5 1.30 91.0 143.5

38 Bonaldo (2008) SL1 14.3 11.8 12.1

39 SL4s 37.7 18.8 0.50 25.1 0.66 26.3 0.70 21.3 26.3

40 E. Bonaldo SL2 15.1 14.1 14.2

41 SL3s 35.6 18.8 0.53 15.5 0.43 26.3 0.74 21.0 26.3

42 Bonaldo(2005) SL01 5.4 5.0 5.2

43 E. Bonaldo SL06 4.7 5.0 5.2

No. References Beam ID

Experimental TR-55 ACI NGUYEN
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 Appendix D2 - Comparison of the debonding loads calculated from TR-55, ACI and the proposed method 

 

Theoretical

Yielding Ultimate

Pexp PTR-55 PTR-55/Pexp PACI PACI/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.

(kN) (kN) (kN) (kN) (kN) (kN)

44 SL03S 24.4 6.5 0.27 21.5 0.88 25.3 1.04 8.3 25.3

45 SL04S 24.9 6.6 0.26 20.6 0.83 22.0 0.89 8.4 22.0

46 SL08S 24.2 6.5 0.27 23.8 0.98 28.2 1.16 8.5 28.2

47 A. Balsamo  Ref_d_no_1 46.1 31.1 31.9

48  NSM_d_2x1.4x10_1 71.3 18.3 0.26 19.0 0.27 41.1 0.58 40.3 41.1

49  NSM_d_3x1.4x10_1 67.6 18.9 0.28 20.2 0.30 44.0 0.65 45.0 44.0

50 Quattlebaum(2005) U-S 37.1 31.8 32.7

51 N-S 49.4 38.3 0.77 47.9 0.97 49.9 1.01 38.6 49.9

52 Wu(2014) Control 168.7 176.0 180.7

53 B11 256.7 212.7 0.83 239.9 0.93 248.6 0.97 199.6 248.6

54 B21 260.9 206.6 0.79 250.9 0.96 274.6 1.05 223.2 287.8

55 B22 288.3 206.6 0.72 250.9 0.87 274.6 0.95 223.2 287.8

56 Sharaky(2014) CB 70.4 66.9 69.1

57 LB1C1 109.1 91.3 0.84 126.3 1.16 111.4 1.02 82.5 133.1

58 LB1G1 99.2 83.3 0.84 99.4 1.00 111.4 1.12 72.9 100.9

59 LB2C1 117.2 90.9 0.78 127.6 1.09 111.4 0.95 98.1 163.5

60 LB2G1 112.2 82.9 0.74 117.9 1.05 111.4 0.99 79.0 123.8

61 LA2C1 114.5 90.9 0.79 127.6 1.11 111.4 0.97 98.1 163.5

62 LA2G1 110.6 82.9 0.75 117.9 1.07 111.4 1.01 79.0 123.8

NGUYENACIExperimental TR-55

No. References Beam ID
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 Appendix D2 - Comparison of the debonding loads calculated from TR-55, ACI and the proposed method 

 

Theoretical

Yielding Ultimate

Pexp PTR-55 PTR-55/Pexp PACI PACI/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.

(kN) (kN) (kN) (kN) (kN) (kN)

63 LB1G2 105.8 91.7 0.87 121.7 1.15 111.4 1.05 80.5 128.0

64 Sharaky(2015) CB 70.4 66.1 68.2

65 F2C1 117.2 90.7 0.77 127.2 1.09 109.9 0.94 66.1 162.1

66 F2S1 111.7 86.4 0.77 146.2 1.31 109.7 0.98 66.1 134.3

67 F2G1 122.2 82.3 0.67 115.9 0.95 109.5 0.90 66.1 121.8

68 F1G2 105.8 90.8 0.86 118.2 1.12 109.3 1.03 66.1 124.3

69 Soliman(2010) A0 55.0 52.8 55.5

70 AC1 67.0 88.5 1.32 67.9 1.01 55.5 0.83 69.2 181.0

71 AC2 73.0 88.5 1.21 85.2 1.17 55.5 0.76 69.2 181.0

72 AC3 94.0 88.5 0.94 118.6 1.26 65.4 0.70 69.2 181.0

73 AC4 96.0 88.5 0.92 132.8 1.38 79.5 0.83 69.2 181.0

74 AC5 88.0 81.5 0.93 85.2 0.97 55.5 0.63 69.2 181.0

75 AC6 94.0 81.5 0.87 118.6 1.26 65.4 0.70 69.2 181.0

76 AC7 102.0 88.5 0.87 132.8 1.30 79.5 0.78 69.2 181.0

77 AC8 74.0 100.9 1.36 109.5 1.48 55.5 0.75 84.6 231.7

78 AC9 109.0 100.9 0.93 162.3 1.49 85.9 0.79 84.6 231.7

79 AG10 75.0 82.2 1.10 121.5 1.62 55.5 0.74 63.5 154.3

80 AG11 112.0 82.2 0.73 121.5 1.08 85.9 0.77 63.5 154.3

81 B0 130.0 104.2 109.8

NGUYENACIExperimental TR-55

No. References Beam ID
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 Appendix D2 - Comparison of the debonding loads calculated from TR-55, ACI and the proposed method 

Theoretical

Yielding Ultimate

Pexp PTR-55 PTR-55/Pexp PACI PACI/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.

(kN) (kN) (kN) (kN) (kN) (kN)

82 BC1 135.0 140.3 1.04 136.3 1.01 109.8 0.81 120.7 207.1

83 BC2 154.0 140.3 0.91 170.4 1.11 129.2 0.84 120.7 207.1

84 C0 233.0 201.6 209.4

85 CC1 227.0 237.1 1.04 209.6 0.92 209.4 0.92 217.9 268.3

86 CC2 229.0 237.1 1.04 221.8 0.97 209.4 0.91 217.9 268.3

87 CC3 234.0 237.1 1.01 232.2 0.99 209.4 0.89 217.9 268.3

88 CC4 254.0 237.1 0.93 266.3 1.05 249.7 0.98 217.9 268.3

89 Ceroni(2010) A1 0.0 21.1 22.0

90 A9 50.7 30.0 0.59 45.0 0.89 47.4 0.94 31.0 47.4

91 A10 45.0 47.4 0.0 47.4

91 Wang(2008) B0 59.7 50.5 52.7

92 B2600 81.5 61.9 0.76 70.2 0.86 72.5 0.89 53.6 72.5

93 B2800 80.6 52.5 0.65 70.2 0.87 72.5 0.90 53.6 72.5

94 B3200 81.9 52.5 0.64 70.2 0.86 72.5 0.89 53.6 72.5

95 EL-Hacha(2004) B0 55.4 79.5 83.6

96 B1 93.8 99.4 1.06 117.0 1.25 121.8 1.30 89.7 121.8

97 B2 99.3 92.2 0.93 118.9 1.20 124.0 1.25 90.5 124.0

98 B3 110.2 92.2 0.84 118.5 1.08 123.5 1.12 90.3 123.5

99 B4 102.7 85.6 0.83 118.5 1.15 123.5 1.20 90.3 123.5

ACI NGUYEN

No. References Beam ID

Experimental TR-55
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CALCULATION SHEET  FOR DATABASE CHECK 
VAN HIEN'S BEAM (NSM4Aa-NSM6Aa)

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Geometry data ≔b 150 ≔h 250 ≔ds 210 ≔df 243

≔ab 4 ≔bb 20 ≔Ls 767 ≔L 2300

Materials

≔fc 32.3 ≔εc_max 0.0035 ≔Ec =⋅⋅22
⎛
⎜⎝
―
fc

10

⎞
⎟⎠

0.3

1000 ⋅3.13 10
4

≔Es 210000 ≔σy 525 ≔ns =―
Es

Ec

6.71 ≔As 402

≔Ef 214000 ≔εf_max 0.013 ≔nf =―
Ef

Ec

6.84 ≔Af 50 ≔σf =⋅Ef εf_max ⋅2.78 10
3

--------------------------------------------------------------------------------------------

1-Yield load and the ultimate load of the 

1.1Neutral axis depth at yield load

≔yy_unstr =―――――――――――――
+−⎛⎝ ⋅ns As⎞⎠

‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
+⎛⎝ ⋅ns As⎞⎠

2
⋅⋅2 b ⎛⎝ ⋅⋅ns As ds⎞⎠

b
70.8

1.2 Neutral axis depth at ultimate load ≔yu_unstr =―――
⎛⎝ ⋅As σy⎞⎠

⋅⋅0.8 b fc

54.5

1.3 Strain in the steel reinforcement at ultimate load

≔εsu_unstr =⋅――――
−ds yu_unstr

yu_unstr

εc_max ⋅10 10
−3

1.4 Equivalent moment of inertia

≔Ic =+――――
⋅b yy_unstr

3

3
⋅⋅ns As ⎛⎝ −ds yy_unstr⎞⎠

2
⋅7 10

7

1.5Yielding moment ≔My_unstr =⋅――――――
⋅σy Ic

⋅ns ⎛⎝ −ds yy_unstr⎞⎠
10

−6
39.34

≔Py_unstr =⋅⋅2 ―――
My_unstr

Ls

10
3

102.58

1.6 Ultimate moment resistance

C:\Users\User\Desktop\Van Hien4_6.mcdx
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1.6 Ultimate moment resistance

≔Mu_unstr =⋅⋅⋅As σy ⎛⎝ −ds ⋅0.4 yu_unstr⎞⎠ 10
−6

39.7

2 Yield and ultimate load of strengthened beam 

≔Pu_unstr =⋅⋅2 ―――
Mu_unstr

Ls

10
3

103.58

2.1Neutral axis depth

≔yu_str ―――――――――――――――――――――――――
+⎛⎝ −⋅As σy ⋅⋅εc_max Ef Af⎞⎠

‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
+⎛⎝ −⋅As σy ⋅⋅εc_max Ef Af⎞⎠

2
⋅⋅⋅⋅⋅⋅3.2 b fc εc_max Ef Af df

⋅⋅1.6 b fc

=yu_str 75.77

2.2 Strain in the steel ≔εsu_str =⋅―――
−ds yu_str

yu_str

εc_max ⋅6.2 10
−3

2.3 Strain in the FRP ≔εfu_str =⋅―――
−df yu_str

yu_str

εc_max ⋅7.72 10
−3

2.4 Ultimate moment resistance

≔Mu_str =⋅⎛⎝ +⋅⋅As σy ⎛⎝ −ds ⋅0.4 yu_str⎞⎠ ⋅⋅⋅Ef Af εfu_str ⎛⎝ −df ⋅0.4 yu_str⎞⎠⎞⎠ 10
−6

55.5

2.5 Increase of ultimate moment resistance after strengthening 

=―――
Mu_str

Mu_unstr

1.4 ≔Pu_str =⋅⋅2 ―――
Mu_str

Ls

10
3

144.73

G
ue

ss
 V

al
ue

s
Co

ns
tr

ai
nt

s
So

lv
er

≔x ―
h

4 ≔εc ((x)) ―――
⋅x εf_max

−df x≔α ((x)) ++⋅−68711 εc ((x))
2

⋅464.79 εc ((x)) 0.01

≔γ ((x))
⎛
⎝ ++⋅1962.6 εc ((x))

2
⋅17.89 εc ((x)) 0.33

⎞
⎠

＝−−⋅⋅⋅fc b x α ((x)) ⋅⋅Af Ef εf_max ⋅As σy 0

≔a (( ))

=a −51.53

≔Mu_str2 ⋅⎛⎝ +⋅⋅As σy ⎛⎝ −ds ⋅0.4 a⎞⎠ ⋅⋅⋅Ef Af εfu_str ⎛⎝ −df ⋅0.4 a⎞⎠⎞⎠ 10
−6

=Mu_str2 70.46 ≔Pu_str2 =⋅⋅2 ―――
Mu_str2

Ls

1000 183.72

=Mu_str 55.5
≔Mu_str if >⎛⎝ −εfu_str εf_max⎞⎠ 0

‖ ←bb M
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else
‖

‖
‖ ←bb Mu_str

Mu_str 55.5

≔Pu_str =⋅⋅2 ―――
Mu_str

Ls

10
3

144.73

3-Calcualte the embedment length of the NSMR

3.1 Yield load

3.1.1 Neutral axis depth

≔yyield_str =―――――――――――――――――――――
+−⎛⎝ +⋅ns As ⋅nf Af⎞⎠

‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
+⎛⎝ +⋅ns As ⋅nf Af⎞⎠

2
⋅⋅2 b ⎛⎝ +⋅⋅ns As ds ⋅⋅nf Af df⎞⎠

b
75

3.1.2 Equivalent moment of inertia

≔Ionc ++――――
⋅b yyield_str

3

3
⋅⋅ns As ⎛⎝ −ds yyield_str⎞⎠

2
⋅⋅nf Af ⎛⎝ −df yyield_str⎞⎠

2

3.1.3 Yield moment resistance

≔My_str =⋅――――――
⋅σy Ionc

⋅⎛⎝ −ds yyield_str⎞⎠ ns

10
−6

46.3

3.2-Calcualte the yield length ≔Ly =⋅―――――
−Mu_str My_str

Mu_str

Ls 127

3.3 Calculate the shear shift ≔S =1 df 243 ≔t 50

3.4 Total embedment length ≔Lf =⋅ceil
⎛
⎜⎝
―――

++Ly S t

10

⎞
⎟⎠

10 430

≔LCOP_VHIEN =−Ls Lf 337

3-Calculate debonding load corresponding to provided embedment length

Beam NSM4Aa ≔LCOP1 300

Beam NSM5Aa-NSM6Aa ≔LCOP2 350 ≔λ2 =――――
Ls

++LCOP2 t S
1.19

≔MCOP2 =⋅λ2 My_str 55.23

≔Pdb2 if

else if

else

≥MCOP2 Mu_str

‖
‖ Pu_str

≤MCOP2 Mu_unstr

‖
‖ Pu_unstr

=Pdb2 144 kN
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|
|
|

‖
‖
‖‖

⋅⋅2 ―――
MCOP2

Ls

10
3

Beam NSM6Aa ≔LCOP3 350

≔λ3 =――――
Ls

++LCOP3 t S
1.19 ≔MCOP3 =⋅λ3 My_str 55.23

≔Pdb3 |
|
|
|
|
|
|
|
|
|

if

else if

else

≥MCOP3 Mu_str

‖
‖ Pu_str

≤MCOP3 Mu_unstr

‖
‖ Pu_unstr

‖
‖
‖‖

⋅⋅2 ―――
MCOP3

Ls

10
3

=Pdb3 144 kN

Distance from support to COP to avoid end debonding 

≔LCOP =――――――――
−L ⎛⎝ +⋅2 Lf ⎛⎝ −L ⋅2 Ls⎞⎠⎞⎠

2
337mm

ACI's prediction

≔LACI =⋅―――――
⋅ab bb

⋅⋅2 ⎛⎝ +ab bb⎞⎠ 6.9
σf 672 mm

≔LCOP_ACI =−Ls LACI 95 mm

TR55's prediction

Mean tensile strength of concrete ≔fctm =⋅0.3 ⎛⎝fc⎞⎠
―
2

3
3.04 MPa

Characteristic tensile strength of concrete ≔fctk =⋅0.7 fctm 2.13 MPa

Number of grooves ≔n 1

Effective perimeter of groove ≔bnothperim =⎛⎝ +ab 2 bb⎞⎠ 44 mm

1- Maximum tensile force the bond joint can bear

≔Tnsm_max =⋅⋅10 bnothperim
‾‾‾‾‾‾‾‾‾‾‾‾‾⋅⋅⋅Ef Af fctk 10

−3
10

−3
66.4 kN

Minimum length of FRP corresponding to maximum tensile force the 
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Minimum length of FRP corresponding to maximum tensile force the 

≔Lnsm_max =⋅⋅0.135 bnothperim

‾‾‾‾‾‾‾‾‾‾
――――

⋅⋅Ef Af 10
−3

fctk

421 mm

2- Allowable tensile force to avoid concrete cover separarion

≔Tnsm_max_lim =⋅⋅38
‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾

⋅⋅⋅⋅―
b

n
Ef Af fctk 10

−3
10

−3
70.3 kN

3- Force in the FRP at rupture ≔Trupture =⋅⋅Af σf 10
−3

139.1 kN

4- Maximum force allows to develop in the NSMR

≔Tmin =min ⎛⎝ ,,Tnsm_max Tnsm_max_lim Trupture⎞⎠ 66.42

≔lnsm ((T)) ⋅Lnsm_max

⎛
⎜
⎝

−1
‾‾‾‾‾‾‾‾‾‾

−1 ―――
T

Tnsm_max

⎞
⎟
⎠

≔Tnsm ⎛⎝lnsm⎞⎠ ⋅⋅Tnsm_max ―――
lnsm

Lnsm_max

⎛
⎜
⎝

−2 ―――
lnsm

Lnsm_max

⎞
⎟
⎠

However, due to < , the force in FRP can not exceed . Tnsm_max_lim Trupture Tnsm_max_lim

The failure of beam is controlled by concrete cover separation and the maximum strain in 
FRP cannot exceed

≔εf_failure =⋅―――
Tmin

Trupture

εf_max 0.0062

≔Lf_TR55a lnsm ⎛⎝Tnsm_max_lim⎞⎠ ≔lnsm , ‥0 10 Lnsm_max

G
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s
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s
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≔x yu_str

≔εc ((x)) ―――
⋅x εf_max

−df x≔α ((x)) ++⋅−68711 εc ((x))
2

⋅464.79 εc ((x)) 0.01

≔γ ((x))
⎛
⎝ ++⋅1962.6 εc ((x))

2
⋅17.89 εc ((x)) 0.33

⎞
⎠

＝−−⋅⋅⋅fc b x α ((x)) ⋅⋅Af Ef εf_failure ⋅As σy 0

≔yu_str_failure ((x))

=yu_str_failure −46

≔Mu_str_TR55 ⋅⎛⎝ +⋅⋅As σy ⎛⎝ −ds ⋅0.4 yu_str_failure⎞⎠ ⋅⋅⋅Ef Af εf_failure ⎛⎝ −df ⋅0.4 yu_str_failure⎞⎠⎞⎠ 10
−6

M 65 57 kN
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=Mu_str_TR55 65.57 kN.m

Beam fails at load level

≔Pu_str_TR55 =⋅⋅2 ――――
Mu_str_TR55

Ls

1000 171 kN

5- Calculation termination point

5a- At the maximum moment point

To avoid the end debonding the minimum need to be provided: LCOP

=Lf_TR55a −421 101i mm

Actual termination point from the support must smaller than

≔LCOP_TR55a =−−Ls S Lf_TR55a +103 101i mm

≔Tnsm_b =⋅⋅⋅⋅――――
Mu_unstr

Mu_str_TR55

εf_failure Af Ef 10
−3

40.24 kN

At the theoretical termination point 

≔Lf_TR55b =⋅Lnsm_max

⎛
⎜
⎝

−1
‾‾‾‾‾‾‾‾‾‾

−1 ―――
Tnsm_b

Tnsm_max

⎞
⎟
⎠

157 mm

Theoretical termination point

≔Lt =⋅―――――――
−Mu_str_TR55 Mu_unstr

Mu_str_TR55

Ls 302.3 mm

Distance from the termination point to the support

≔LCOP_TR55b =−Ls ⎛⎝ ++Lt S Lf_TR55b⎞⎠ 65 mm

The actual termination point of the NSMR is selected with the longest embedment length

≔LCOP_TR55 =min ⎛⎝ ,LCOP_TR55a LCOP_TR55b⎞⎠ +65 101i mm
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30
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120

135

0

15

150

80 120 160 200 240 280 320 360 4000 40 440

Tnsm ⎛⎝lnsm⎞⎠

Trupture

Tnsm_b

Tmin

Tnsm_max

lnsm

≔lnsm ((T)) ⋅Lnsm_max

⎛
⎜
⎝

−1
‾‾‾‾‾‾‾‾‾‾

−1 ―――
T

Tnsm_max

⎞
⎟
⎠

≔Tnsm ⎛⎝lnsm⎞⎠ ⋅⋅Tnsm_max ―――
lnsm

Lnsm_max

⎛
⎜
⎝

−2 ―――
lnsm

Lnsm_max

⎞
⎟
⎠

BeamNSM4Aa =LCOP2 350

≔Tf_NSM4Aa =⋅―――
+900 S

Ls

Tnsm_max 98.99

If rupture of the FRP occurs, the forces at the termination points (including the shear shift) 

≔Tmax_NSM4Aa =⋅――――
+LCOP2 S

Ls

Trupture 107.5 =lnsm ⎛⎝Tmax_NSM4Aa⎞⎠ −421.02 331.26i

≔Tmax_NSM5Aa =⋅――――
+LCOP3 S

Ls

Trupture 107.5 =lnsm ⎛⎝Tmax_NSM5Aa⎞⎠ −421 331i mm
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CALCULATION SHEET FOR DEBONDING CALCULATION
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Input data 

≔b 200 ≔ds 250 ≔df 290 ≔As 500 ≔h 300 ≔Ls 1000

≔Ef 150000 ≔Es 210000 ≔fc 35 ≔εc_max 0.0035 ≔Ec ⋅22
⎛
⎜⎝
―
fc

10

⎞
⎟⎠

0.3

≔σy 520 ≔εf_max 0.01

≔ns ―――
Es

1000 Ec

=ns 6.6 ≔nf ―――
Ef

1000 Ec

=nf 4.7

------------------------------------------------------------------------------------------------------------
Strengthening level ≔α 1.6

 Calculate:    AREA OF FRP

EMBEDMENT LENGTH 

Constrains:

------------------------------------------------------------------------------------------------------------
1-Calculate the yield load and the ultimate load of the 

2.1.1 Neutral axis depth at yield load ≔yy_unstr =―――――――――――――
+−⎛⎝ ⋅ns As⎞⎠

‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
+⎛⎝ ⋅ns As⎞⎠

2
⋅⋅2 b ⎛⎝ ⋅⋅ns As ds⎞⎠

b
75.6

2.1.1 Neutral axis depth at ultimate load ≔yu_unstr =―――
⎛⎝ ⋅As σy⎞⎠

⋅⋅0.8 b fc

46.4

2.1.2 Strain in the steel reinforcement at ultimate load

≔εsu_unstr =⋅――――
−ds yu_unstr

yu_unstr

εc_max 0.015

2.1.3 Equivalent moment of inertia ≔Ic =+――――
⋅b yy_unstr

3

3
⋅⋅ns As ⎛⎝ −ds yy_unstr⎞⎠

2
⋅1.285 10

8

2.1.4 Yielding moment ≔My_unstr =⋅――――――
⋅σy Ic

⋅ns ⎛⎝ −ds yy_unstr⎞⎠
10

−6
58.45

2.1.5 Ultimate moment resistance ≔Mu_unstr =⋅⋅⋅As σy ⎛⎝ −ds ⋅0.4 yu_unstr⎞⎠ 10
−6

60.2
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------------------------------------------------------------------------------------------------------------
New required moment resistance ≔Mu_str_design =⋅α Mu_unstr 96.3
------------------------------------------------------------------------------------------------------------
3. Lower limit of  FRP area to prevent IC debonding failure/rupture of FRP (constrains b, d)

≔βmin =―――――
εc_max

+εf_max εc_max

0.259

3.1 Area of FRP

≔Afmin

⎛
⎜
⎜⎝

,−―――――――――――――――――――――――――
+⎛⎝ −⋅As σy ⋅⋅εc_max Ef Af⎞⎠

‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
+⎛⎝ −⋅As σy ⋅⋅εc_max Ef Af⎞⎠

2
⋅⋅⋅⋅⋅⋅3.2 b fc εc_max Ef Af df

⋅⋅1.6 b fc

⋅βmin df Af

⎞
⎟
⎟⎠

=Afmin 107.358

3.2 Moment resistance corresponding to the lower limits of FRP area

3.2.1 Neutral axis depth ≔yu_str1 =⋅βmin df 75.185

3.2.2 Strain in the FRP ≔εf1 =⋅――――
−df yu_str1

yu_str1

εc_max 0.01

3.2.3 Ultimate moment resistance

≔Mu_str1 =⋅⎛⎝ +⋅⋅As σy ⎛⎝ −ds ⋅0.4 yu_str1⎞⎠ ⋅⋅⋅Ef Afmin εf1 ⎛⎝ −df ⋅0.4 yu_str1⎞⎠⎞⎠ 10
−6

99

3.2.4 Minimum strengthening level ≔αmin =―――
Mu_str1

Mu_unstr

1.65

≔Afmin if

else

≤Afmin 0
‖
‖ ←bb 0

‖
‖ Afmin

≔αmin if

else

≤Afmin 0
‖
‖ ←bb 1

‖
‖ αmin

=Afmin 107.358

β
εc max 0 412

4. Upper limit of the FRP area to maintain ductility of structures - constrain (e)
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≔βmax =―――――
εc_max

+0.005 εc_max

0.412

4.1 Area of FRP 

≔Afmax

⎛
⎜
⎜⎝

,−―――――――――――――――――――――――――
+⎛⎝ −⋅As σy ⋅⋅εc_max Ef Af⎞⎠

‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
+⎛⎝ −⋅As σy ⋅⋅εc_max Ef Af⎞⎠

2
⋅⋅⋅⋅⋅⋅3.2 b fc εc_max Ef Af df

⋅⋅1.6 b fc

⋅βmax ds Af

⎞
⎟
⎟⎠

=Afmax 331.73

4.2 Moment resistance corresponding to the upper limits of FRP area

4.2.1 Neutral axis depth ≔yu_str2 =⋅βmax ds 102.941

4.2.2 Strain in the FRP ≔εf2 =⋅――――
−df yu_str2

yu_str2

εc_max 0.006

4.2.3 Ultimate moment resistance

≔Mu_str2 =⋅⎛⎝ +⋅⋅As σy ⎛⎝ −ds ⋅0.4 yu_str2⎞⎠ ⋅⋅⋅Ef Afmax εf2 ⎛⎝ −df ⋅0.4 yu_str2⎞⎠⎞⎠ 10
−6

133

4.2.4 Maximum strengthening level ≔αmax =―――
Mu_str2

Mu_unstr

2.21

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
5. Area of FRP Af1<Af<Af2 attain the strengthening level-constrain (a)

5.1 Area of FRP 

≔Af =+⋅―――――
⎛⎝ −Afmax Afmin⎞⎠

2

⎛
⎜
⎜
⎝

+―――――
⎛⎝ −α αmin⎞⎠

2

⎛⎝ −αmax αmin⎞⎠
2

1.2 ――――
−α αmin

−αmax αmin

⎞
⎟
⎟
⎠

Afmin 97.155

Select 3 strips 16mmx2mm

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
5.2 Check if the ultimate load of strengthened beam attains the required value

5.2.1 Neutral axis depth

≔yu_str =―――――――――――――――――――――――――
+⎛⎝ −⋅As σy ⋅⋅εc_max Ef Af⎞⎠

‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
+⎛⎝ −⋅As σy ⋅⋅εc_max Ef Af⎞⎠

2
⋅⋅⋅⋅⋅⋅3.2 b fc εc_max Ef Af df

⋅⋅1.6 b fc

73.337

5.2.2 Strain in the steel
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5.2.2 Strain in the steel

≔εsu_str =⋅―――
−ds yu_str

yu_str

εc_max 0.008

5.2.3 Strain in the FRP

≔εfu_str =⋅―――
−df yu_str

yu_str

εc_max 0.01

5.2.4 Ultimate moment resistance

≔Mu_str =⋅⎛⎝ +⋅⋅As σy ⎛⎝ −ds ⋅0.4 yu_str⎞⎠ ⋅⋅⋅Ef Af εfu_str ⎛⎝ −df ⋅0.4 yu_str⎞⎠⎞⎠ 10
−6

96.7

6.2.5 Actual increase of ultimate moment resistance after strengthening 

=―――
Mu_str

Mu_unstr

1.606 > =α 1.6 OK

7-Calcualte the embedment length of the NSMR, constrain (c)

7.1 Yield load

7.1.1 Neutral axis depth =ns 6.555

≔yyield_str =―――――――――――――――――――――
+−⎛⎝ +⋅ns As ⋅nf Af⎞⎠

‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾‾
+⎛⎝ +⋅ns As ⋅nf Af⎞⎠

2
⋅⋅2 b ⎛⎝ +⋅⋅ns As ds ⋅⋅nf Af df⎞⎠

b
80.6

7.1.2 Equivalent moment of inertia =yyield_str 80.642

≔Ionc ++――――
⋅b yyield_str

3

3
⋅⋅ns As ⎛⎝ −ds yyield_str⎞⎠

2
⋅⋅nf Af ⎛⎝ −df yyield_str⎞⎠

2

7.1.3 Yield moment resistance
≔My_str =⋅――――――

⋅σy Ionc

⋅⎛⎝ −ds yyield_str⎞⎠ ns

10
−6

69.75

7.2-Calcualte the yield length 
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≔Ly =⋅―――――――
−Mu_str_design My_str

Mu_str_design

Ls 276

7.3 Calculate the shear shift ≔S =⋅1.2 df 348

7.4 Total embedment length ≔Lf =⋅ceil
⎛
⎜⎝
――――

++Ly S 150

10

⎞
⎟⎠

10 780

≔Lf =⋅ceil
⎛
⎜⎝
―――

+Ly ⋅2 ds

10

⎞
⎟⎠

10 780

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
8. Calculate the service load of the unstrengthened and strengthened beam-constrain (f)

≔x 0 ≔εcs =
⎛
⎜⎝

,−⋅x
⎛
⎜⎝

−2 ――
x

0.002

⎞
⎟⎠

0.0009 x
⎞
⎟⎠

⋅5.168 10
−4

≔xc ⋅0.5 ds

8.2.1 Neutral axis depth ≔ycs_unstr =
⎛
⎜
⎝

,−―――――
⋅⋅⋅0.45 fc b xc

2
⋅⋅⋅As Es ―――

−ds xc

xc

εcs xc

⎞
⎟
⎠

77.2

8.2.2 Strain in the steel reinforcement

≔εss_unstr =⋅――――
−ds ycs_unstr

ycs_unstr

εcs 0.0012

8.2.3 Service moment

≔Ms_unstr =⋅
⎛
⎜⎝

⋅⋅⋅As Es εss_unstr

⎛
⎜⎝

−ds ⋅―
1

3
ycs_unstr

⎞
⎟⎠

⎞
⎟⎠

10
−6

27.3

8.3.1 Neutral axis depth
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8.3.1 Neutral axis depth

≔ycs_str =
⎛
⎜
⎝

,−−―――――
⋅⋅⋅0.45 fc b xc

2
⋅⋅⋅As Es ―――

−ds xc

xc

εcs ⋅⋅⋅Af Ef ―――
−df xc

xc

εcs xc

⎞
⎟
⎠

82.3

8.3.2 Strain in the steel reinforcement

≔εss_str =⋅――――
−ds ycs_str

ycs_str

εcs 0.0011

8.3.2 Strain in FRP
≔εfs_str =⋅――――

−df ycs_str

ycs_str

εcs 0.0013

8.3.2 Service moment

≔Ms_str =⋅
⎛
⎜⎝

+⋅⋅⋅As Es εss_str

⎛
⎜⎝

−ds ⋅―
1

3
ycs_str

⎞
⎟⎠

⋅⋅⋅Ef Af εfs_str

⎛
⎜⎝

−df ⋅―
1

3
ycs_str

⎞
⎟⎠

⎞
⎟⎠

10
−6

29.61

8.4 Increase of service moment

=―――
Ms_str

Ms_unstr

1.086

8.5 Check of if service moment is smaller than the ultimate moment of the unstrengthed beam

=―――
Ms_str

Mu_unstr

0.492
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8.6 For the case fracture of FRP/IC debonding before crushing of concrete

=Mu_str_design 96.274

To attain the desirable strengthening level, the area of FRP can be calculated by following equations

=α 1.6 ≔n =――
α

αmin

0.972

G
ue

ss
 V

al
ue

s
Co

ns
tr

ai
nt

s
So

lv
er

≔Af ⋅n Afmin ≔x 70
≔εc ((x)) ―――

⋅x εf_max

−df x≔α ((x)) ++⋅−68711 εc ((x))
2

⋅464.79 εc ((x)) 0.01

≔γ ((x))
⎛
⎝ ++⋅1962.6 εc ((x))

2
⋅17.89 εc ((x)) 0.33

⎞
⎠

＝−−⋅⋅⋅fc b x α ((x)) ⋅⋅Af Ef εf_max ⋅As σy 0

＝−+⋅⋅⋅Af Ef εf_max ⎛⎝ −df ⋅x γ ((x))⎞⎠ ⋅⋅As σy ⎛⎝ −ds ⋅x γ ((x))⎞⎠ ⋅Mu_str_design 10
6

0

≔a ⎛⎝ ,Af x⎞⎠

≔Af =a
0

100.765 ≔x =a
1

73.793

=―――
⋅x εf_max

−df x
0.003

=α 1.6 =αmin 1.646

Approximation calculation

≔Af =⋅―――
⎛⎝Afmin⎞⎠

2

⎛
⎜
⎜⎝

+――――
(( −0.9 α 1))

2

(( −α 1))
2

1.5 ―――
−α 1

−αmin 1

⎞
⎟
⎟⎠

103.66

≔x

⎛
⎜
⎜⎝

,−−⋅⋅⋅fc b x

⎛
⎜
⎜⎝

++⋅−68711
⎛
⎜
⎝
―――

⋅x εf_max

−df x

⎞
⎟
⎠

2

⋅464.79
⎛
⎜
⎝
―――

⋅x εf_max

−df x

⎞
⎟
⎠

0.01
⎞
⎟
⎟⎠

⋅⋅Af Ef εf_max ⋅As σy x

⎞
⎟
⎟⎠

=x 74.61 ≔εc =―――
⋅x εf_max

−df x
0.003

≔γ ⎛⎝ ++⋅1962.6 εc

2
⋅17.89 εc 0.33⎞⎠

=Mu_str_design 96.274

≔M =⋅⎛⎝ +⋅⋅⋅Af Ef εf_max ⎛⎝ −df ⋅x γ⎞⎠ ⋅⋅As σy ⎛⎝ −ds ⋅x γ⎞⎠⎞⎠ 10
−6

97.211
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