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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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Chapter 1. Introduction

Chapter 1

INTRODUCTION

1.1  Background

Near Surface Mounted Reinforcement (NSMR) is a strengthening technique for which Fibre
Reinforced Polymer (FRP) bars or strips are inserted into pre-cut grooves on the concrete
cover of structures (Figure 1-1). In recent years, it has emerged as a valid alternative to
externally bonded FRP reinforcement (EBR) which bonds plates directly onto the concrete

surface.

Wertical Stesl
Reinforcement

Horizont tal CFRP
Reinforcement

Existing Steel
Reinforcemant
#2 CFRP @ 15" on Center

Wertical Reinforcement

a) b)

Figure 1-1 Near surface mounted reinforcement application for silo strengthening (Andrea Prota 2003)

The use of NSM FRP reinforcement has been adopted by the construction industry for
strengthening of RC structures (Alkhrdaji and Nanni 2000; Irwin and Rahman 2002; Andrea
Prota 2003; Co-Force America 2005; Tumialan 2007) and initial design guidelines have
already been published (ACI-440-Commitee 2008; Cement and Concrete Industry
Publiccation 2012). Bond tests demonstrate the superior bond behaviour of NSMR to that of
EBR (De Lorenzis and Antonio 2001; De Lorenzis and Nanni 2002; De Lorenzis et al. 2002;
Seracino et al. 2007; Kotynia 2010; Bilotta et al. 2011), both in terms of bond performance
and post-peak behaviour. NSMR can help develop high bond strength even with short
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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:

e Derive an analytical method to gain fundamental understanding of bond stress
concentration along the NSMR, especially in the vicinity of the termination point.

e 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.

e 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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2.1  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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Young modulus of FRP, adhesive and concrete, number, thickness and height of FRP
strips, the thickness of adhesive, yield strength of steel, loading condition, geometry of a
beam and the embedded length of FRP strips. Special attention is paid to the stress
concentration in the vicinity of the cut-off point where both shear stresses reach their

maximum values.

2.2 Analytical solution

2.2.1 Geometry and loading

A typical RC beam retrofitted with NSMR which is loaded by four-point bending is
shown in Fig.1. The RC beam has a height, width and effective depth equal to b, h and d
respectively (Figure 2-1). The beam is strengthened by n strips with the length of Ly
Distance from the cut-off point to the support is a. The thickness, the height and Young
modulus of the strips are t;, hy and Er. The adhesive has a thickness ta and shear modulus
Ga. The beam is reinforced with steel bars, the area of which is A;. The modulus of

concrete is E. and the yield strength of steel is f.

A
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Figure 2-1 Typical configuration of the selected EBR FRP-RC beams

2.2.2 Assumptions

The following key assumptions are adopted in the model. Firstly, during the derivation of
longitudinal shear stress, the adhesive layers are subjected only to shear stress and the
deformation of the adhesive layers is negligible. As a result, curvature of the FRP strips
and RC beam at the interface is assumed to be the same. This assumption is not
applicable during the determination of vertical shear stress. Secondly, the longitudinal
deformation varies linearly and the shear stress is uniform across the adhesive thickness.
Thirdly, the stress arising due to the difference of flexural rigidity between FRP strips and
RC beam is carried only by vertical shear stress. Finally, the deformation of the RC beam

and FRP strips is caused by bending moment, axial and shear force.
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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 7, , Ty, and o,. The sign convention for bending moment, shear

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

1+dN1
! ,/i/ Vi
M1-+dM1
M1 N1+dN1
N1

CONCRETE BEAM | v1+dv1

Tym

+ s
Ty
soresive [ <= =] Ty
V2 Ty Ty M2+dM2
S == A M
M2 STRIP (b)

V2+dv2

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.

h h
dty() Gazoh|Ger—3)* 1 1 | (o = Ga e~ 2, 0 -
dx ta  |Ecler+ B EcAegr  EeAg| 77 7ty Eclegr+ Eflp
_ Gy (yerr — he) dq + 2nh (Yeff —h¢ + h¢b ) d 1y,(x) (Eq.1)
t. GAy dx GAur | 2GAr  dx 9
d* 1y, (x) B 2Ganhf< 1 N 1 >d2 Ty, (%) N G,2nhg ( 1 N 1 ) o)
dX4 ta GCAeff GfAf dXz ta ECAeff EfAf yz
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_ Ga2nhg _h¢ Tyx(X) Ga_ b ﬂ __Gagq
- taEcIeff( eff 2 ) dx ta GiAefr dx?  taEclefr (Eq 2)
Where
Yerr = h — Cegy (Eq. 3)
M .\ 25 M .\ 25 M.\3 M.\3
Cer = (M_L:) Cg — <1 - (M(:) )Ccr; Actt = bCefr; e = (M(:) Ig — (1 - (ML:) )Icr

(Eq. 4)
M., 1., C. are the cracking bending moment, moment of inertia and the neutral axis
depth of the cracked RC beam, respectively.
Iy, C4 are gross moment of inertia and the neutral axis depth of the un-cracked RC beam,
respectively.
M, is the imposed bending moment.
Veff 1s distance from the bottom fibre to the effective neutral axis.
Cefr, Aefr, legr 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

Tyx(X) = %Pae_ﬁx +vP (Eq. 5)
hy. 2
_[2GaAr | Oeg3) 1 1
b= tots !Ecleffﬂzflf EcActt + ErAr (Eq. 6)
G, y, bt G
= Ga el 3 — Ga Yeft
B ElertEef ta Eclegr (Eq. 7)
Ty, (X) = e"**[Acos(wx) + Bsin(wx)] (Eq.8)
where
__ 4|Ganhg 1 1
©= J 2ty LEfle * Ecleff] (Eq. 9)



Chapter 2. Bond stress concentration : an analytical solution

GaPa
zwztaECleff

A —L[1+wa—2nhf(%a+y) (yeff—hf)] B=-— (Eq. 10)

T 2Eclgfrw3ty
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.

T
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x: distance from the termination point of the NSM FRP

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 (L) 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 L, the peak stress rises suddenly and the slope of the curves at the cut-off

point becomes much steeper.

10
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- \ (b)

e 4

x(mm)

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:

11
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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 (1y,), 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 (oy). 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 (Tyy).

- 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

12
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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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The experimental programme presented in this paper aims to gain a better understanding
of bond behaviour and debonding failures in RC structures strengthened in flexure with
NSMR. Special attention is paid to the development of yielding along the steel
reinforcement and its effect on the bond behaviour and debonding mechanisms of NSMR.
The main parameters examined in this study are embedment length and type of FRP. The
details of the experimental work are presented and discussed in this paper, including the
overall structural behaviour of the tested RC specimens, observed failure modes and failure

mechanisms.
3.2  Experimental details

A total of ten RC beams, including two control beams and eight beams stremgthened in
flexure with CFRP and BFRP bars or strips, were tested. All the materials used in the beam
tests (structural adhesive, reinforcing steel, CFRP, BFRP and concrete matrix) were tested

prior to structural testing to characterise their mechanical properties.
3.2.1 Materials characterisation

A total of 31 concrete cylinders (150x300mm) and seven concrete prisms
(150x150x500mm) were prepared and tested in accordance to BS EN12390 series: 2001-
2009[23] to obtain the compressive strength, splitting tensile strength and flexural tensile
strength. Three steel rebar specimens were tested in accordance to BS EN-6892-1:2009[24]
to obtain elastic modulus, yield strain, yield stress, ultimate strain, and ultimate stress. Three
CFRP strips and three BFRP strips were tested in accordance to ASTM D7565/D7565M-
10[(D7565/D7565M-10 2010) to determine their elastic modulus, tensile strength and
ultimate strain. The properties of the CFRP round bars were determined as a part of a
previously run research programme and are reported elsewhere [26](Al-Sunna 2006). Seven
specimens, including five cylinders (30x60mm) and two 30mm cubes, were tested to
determine the shear modulus of the structural adhesive. A total of 4 - 6 strain gauges were
bonded to the side faces of each adhesive specimen to measure the vertical and horizontal

strains (Figures 3-1a and 3-1b).

g
=

(d) (e)
Figure 3-1 Material characterisation: structural adhesive specimens (a, b); typical failure of structural
adhesive (c); typical failure of CFRP (d) and BFRP (e) bars

(b)
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Figures 3-1c, 3-1d and 3-le show the damaged specimens of adhesive, CFRP and BFRP
bars, respectively. The mechanical properties of concrete, reinforcing materials and adhesive
are summarised in Tables 3-1, 3-2 and 3-3, respectively. Typical stress-strain relationship of
the tested structural adhesive, steel reinforcement, CFRP and BFRP bars are shown in

Figures 3-2a and 3-2b.

Axial stress(MPa)
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Figure 3-2 Stress-strain relationships (a) adhesive and (b) steel and FRP reinforcement

Table 3-1.Concrete properties

Mean compressive Mean splitting Mean flexural
Type strength tensile strength tensile strength Used in beam(s)
(MPa) (MPa) (MPa)
Mix1 23.9(1.1) * NSM2Aa
Mix2 50.2(3.6) * 3.7(0.32) * 42(02)* REF0, NSM3Aa
Mix3 323(2.5)* 2.8(0.23) * 3.9(0.11) *  REFI, EBR, NSM4Aa- NSM9Ba
Table 3-2 Reinforcing material properties
Reinforcing Elastic modulus Yield strain ~ Yield stress Ultimate strain Ultimate stress
materials (GPa) (%) (GPa) (%) (GPa)
Steel 210 0.25 525 4.3 600
CFRP(strips) 214 - - 1.3 2804
CFRP(D6)** 133 --- --- 1.1 1450
CFRP(D12)** 119 --- - 1.2 1477
BFRP 57 --- -- 1.4 800
Table 3-3 Structural adhesive properties
Elastic modulus Poisson ratio Shear modulus Compressive strength
(GPa) (GPa) (MPa)
Cylinde 9.7(14)* 0.4(0.02) * 3.7(0.6) * 84(5.3) *
Cubes 8.4 0.3 33 93

*Values in brackets are standard deviations; **Results were reported from previous research (Al-Sunna 2006)

3.2.2 Beam specimens

A total of ten RC beams were cast, including two control beams (B0 and B1) and eight

retrofitted with MSM carbon and basalt FRP bars/strips. Beams were tested in two groups:
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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.
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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
(L./Lg and Ly/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 (L,= L;), the remaining beams
were strengthened with asymmetric embedment length (L,> L,). 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.

‘ a Lf b ‘

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

Table 3-4 Details of tested beams

Concret Steel reinforcement FRP
Flexure Shear
Beam fc As Ps S . E¢ Af Pt pf/ps
Cross section
(MPa)  (mm) (%)  (mm) (GPa)  (mm®) (%)

BO 50.2 402 1.3 100 - - - - -
Bl 323 402 1.3 100 - - - - -
EBR 323 402 1.3 100 36x1.4mm* 214 50 0.15 0.13
NSM2Aa 239 402 1.3 100 2D6+D12* 133/119 170 0.54 042
NSM3Aa 50.2 402 1.3 100 3x12x1.4mm* 214 50 0.16 0.13
NSM4Aa 323 402 1.3 100 3x12x1.4mm* 214 50 0.16 0.13
NSM5Aa 323 402 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 323 402 1.3 100 3x12x1.4mm* 214 50 0.16 0.13
NSM8Ba 323 402 1.3 150 3x 14x2mm** 57 84 0.27 0.21
NSM9Ba 32.3 402 1.3 100 3x 14x2mm** 57 84 027 0.21

Note: * CFRP ** BFRP

Table 3-5 Embedment length of NSMR

Beam Le a La L. Ly/L. b Lo Lo Ly/L,
(mm) (mm) (mm) (mm) (mm) (mm) (mm)

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
NSM&Ba 1200 500 650 267 0.35 600 550 167 0.22
NSM9Ba 1200 500 650 267 0.35 600 550 167 0.22

19



Chapter3. Performance of RC beams strengthened in flexure with NSM FRP reinforcement

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 (Ela- 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.
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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 (P,), yield load (Py),
peak load (P,), ultimate load (P,), and failure modes, as well as the theoretical flexural

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

Table 3-6 Summary of test results

Beam P, P, P, P,/Py P Pexp/Peal  dy/dy P, P./P, Failure
(kN) (kN) (kN) (kN) (kN) modes
NSM2Aa - 139 146 1.35 145 1.01 --- 123 1.05 C
BO --- 106 116 1.07 109 1.06 --- 107 1.09 C
Bl --- 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
NSMS8Ba 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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Concrete crushing
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Figure 3-6 Failure of beam NSM2Aa

3.3.1.2 Mixed flexural failure mode

Figure 3-7a shows the failure of beam NSM3Aa due to end debonding and rupture of the
NSMR. The concrete below the point load began to crush at a load of 170kN without any
visual evidence of debonding of the NSMR (Figure 3-7b). At 174 kN, debonding of the side
strips and rupture of the middle strip occurred suddenly and almost simultaneously on side B
(Figure 3-7¢). This beam failed very close to its theoretical flexural capacity, 176kN, which
confirms that the FRP strips were fully utilised.
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Figure 3-7 Failure of beam NSM3Aa

3.3.1.3 End debonding failure

Figure 3-8 shows the end debonding failure of all four beams NSM4Aa-NSM7Aa. As
expected, end debonding occurred in the wicinity of the termination point on side B
following the formation of extensive tributary shear cracks within the shear spans. After
the yield load, a significant increase in the number of tributary shear cracks between the
already formed flexural-shear cracks reduced the crack spacing. Debonding failure
occurred when the cracks spacing decreased to the critical value of 30mm-50mm (Figure
3-8a) followed by the abrupt formation of bridging cracks which develops horizontally at
the steel reinforcement level (Figure 3-8b). In addition to the bridging cracks, splitting
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cracks were always observed along the NSMR of beams NSM4Aa-7Aa. The FRP strips
placed on the side faces prevented the tributary shear cracks from developing downwards
through the concrete cover. Instead, splitting in the concrete around the side strips (Figure
3-8d) was observed. Except for beam NSM6Aa, which failed earlier than expected (90%
of P.,), debonding failure at beams NSM4Aa, NSM5Aa and NSM7Aa occurred close to
their predicted flexural capacity (Table 3-6).

a)Beam NSM4Aa

M!\I“JHE‘IF

]
]
..-'
L ]
-u

c) Beam NSM6Aa

d) Beam NSM7Aa

e}

Figure 3-8 End debonding failure of beams NSM4Aa-NSM7Aa
3.3.1.4 Flexural failure with excessive local rotation around the termination point
Figure 3-9 shows the failure of beams NSM8Ba and NSM9Ba which failed by concrete
crushing in the region near the loading point on side B after developing excessive

rotation around the termination point region. This was due to highly yielding of the steel

reinforcement near the termination point.
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Local concrete crushing

(b) Beam NSM9Ba-side A (c) beam NSM9Ba-side B

Figure 3-9 End debonding failure of beams NSM8Ba-NSM9Ba
3.3.2 Load enhancement

Figure 3-10 shows the yield load and maximum load enhancement of the tested beams as
well as the change in the ultimate deflection load (d,) with respect to the control specimen.
Compared to the un-strengthened beams, the yield loads of the six beams retrofitted with
CFRP increased approximately by 26%-28% while their maximum loads increased by 30-
50%. The yield and maximum loads of the two beams retrofitted with BFRP increased by
only about 10% and 11-12%, respectively. All beams failed after yielding of the rebars and
the ratio of the maximum load to the yield load (P,/Py) varied in the range of 1.04-1.28 for
beams retrofitted with CFRP and approximately 1.08 for beams retrofitted with BFRP. The
superior performance of beams strengthened with CFRP over BFRP can be explained by the
fact that the elastic modulus of CFRP is almost four times higher than that of BFRP and the
embedment length of CFRP bars/strips were longer than those of BFRP. Compared with the
similar beam retrofitted with EBR, the peak load of beam NSM4Aa was approximately 50%
higher than that of beam EBR (Figure 3-10). With the exception of beam NSM6Aa and
beams in group B, which failed rather early, all other beams almost attained their predicted

flexural capacity, even when debonding failure occurred.
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Figure 3-10 (a) Load enhancement due to strengthening (b) difference in deflection at the ultimate load
of the strengthened beams when compared to the control beam B1

3.3.3 Load-deflection response

Figure 3-10b shows the change in maximum deflection compared to the reference beam.
Figure 3-11 shows the mid-span deflection of the tested beams. Beam NSM3Aa exhibited
high ductility performance whilst attaining the highest increase in load carrying capacity. In
all other beams, ductility reduced noticeably, with a deflection at mid-span smaller than 50%
of that of the reference beam. The deflection of the strengthened beams increased slowly up
to a load of 60-80kN, corresponding to the occurrence of the first inclined cracks; then
increased more rapidly due to the loss of stiffness caused by the development of inclined
cracks (point S) along the shear spans. After yield load (point Y), deflection increased more
rapidly up to failure. Only beam NSM2Aa exhibited softening behaviour in the post peak
stage due to crushing of the low strength concrete in compression once the flexural capacity
had been achieved. Beams NSM8Ba-9Ba exhibited good plasticity in the post-yield stage.
Figure 3-12 shows the deflection profiles of beams NSM4Aa and NSM9Ba as

representatives of the beams tested in groups A and B, respectively.

The deflection profile of beam NSM4Aa was nearly symmetrical up to failure (Figure 3-
12a). This behaviour was observed for beam NSM9Ba only up to the yielding load (Figure
3-12b). Subsequently, the deflection in the region near the termination point on side B
increased more rapidly and caused significant asymmetry in the deflection profile. The
deflection measured under the loading point in the damaged side was approximately 50%
higher than that at the opposite side (Figure 3-12b), indicating that a plastic hinge developed

in this region.
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Figure 3-12 Deflection profile of (a) beam NSM4Aa and (b) of beam NSM9Ba

3.3.4 Strain in the steel reinforcement and NSM FRP reinforcement

Table 3-7 summarises the maximum strain measured in the tension (ey) and compression

reinforcement (&s.) and in the NSMR (&nax). The maximum strain in the NSMR varied from

0.52% to 1.18% corresponding to 36-92 % of their ultimate strains. Figure 3-13 shows load

versus strain measured in (a,b) the tension steel rebars, and (c,d) the NSM FRP

reinforcement. As expected, yielding occurred in all specimens. Beam NSM2Aa, however,

just reached yield strain at peak load.
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Table 3-7 Summary of maximum strain in tension steel reinforcement and NSMR

Beam &g (%0) €fmax (%0) Efimax/Exu (%0)

BO 13.8 - -

Bl 15.2% --- -
NSM2Aa 2.6 6.5 54
NSM3Aa 5.0% 11.8 92
NSM4Aa 18.1* 7.2 55
NSM5Aa 4.3 8.0 62
NSM6Aa 59 5.2 40
NSM7Aa 8.1 8.5 65
NSM8Ba 4.6 4.9 36
NSM9Ba 12.1 7.3 62

* Strain gauge failed before the ultimate load
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Figure 3-13 Maximum strain in the reinforcement (a, b) tension steel bars (c, d) FRP
3.3.5 Strain in steel and NSM FRP reinforcement bond stress profiles

Figures 3-14a and 3-14b show the strain profiles along the steel and FRP NSM
reinforcements of beam NSMS5Aa. Typically, three distinct zones can be identified along the
strengthened beams: zone I, which extends from the support to the termination point, is the
un-strengthened region; zone 1l is the transition zone, along which the strain in the NSMR
develops from zero to the value corresponding to the full composite action; and zone III is
the full composite action zone, which comprises the remaining length of the beam specimen.

In zone 1, the strain in the steel reinforcement develops rapidly as omly the internal steel
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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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Figure 3-14 Strain and bond stress distribution of steel and NSM reinforcement along the span of
beam NSM5Aa (a, b) at the yield load and (c, d) at the peak load

Figures 3-15a and 3-15c¢ show the strain profiles along the steel reinforcement and the
NSMR of beam NSM8Ba. Before the yield load, the distribution of strain along the NSMR
and the rebars is similar to those of beams with a long embedment length of NSMR with a
transition zone of approximately 250mm. After the yield load, the strain distribution along
the steel reinforcement was noticeably different from that of beams in groups A. Yielding
initiated at a crack formed in the pre-cracked stage, approximately 100mm away from the
termination points of side B, and then spread along the entire strengthened section. At 109
kN, (Figure 3-15b) strains in the steel increased intensively around point P1l, whilst
developing steadily in the mid-span region and yielding penetrated 50mm beyond the
termination point on side B. At the peak load of 113 kN, yielding continued to penetrate
100mm beyond the termination 3-15b and 3-15¢). This may implies that the NSMR remains
well bonded at both ends during the development of the plastic hinge around the termination

points.
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Figure 3-15 Strain distribution (a) 90kN (b) 109 kN (c) 112 kN (at failure) and bond stress distribution of
the steel and NSM reinforcement along the span of beam NSM8Ba (d) 90kN (e) 109 kN (f) 112 kN (at
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Figures 3-15d-f show the bond stress profiles along the steel reinforcement and NSMR at the
yield, maximum and ultimate loads of beam NSM8Ba, respectively. In contrast to beams in
group A, which exhibit high values of bond stress in zone 1, bond stresses in the steel
reinforcement in zone 1 are rather small, only 3MPa at yield load when compared to the
values achieved in zone 2 of side B around the termination point (17MPa). This high bond
stress in zone 2 implies potential local debonding of the steel reinforcement in the highly
yielded region within zone 2 (although the steel rebars are still well anchored at the two
ends). While high bond stresses developed along the steel reinforcement, those in the NSMR
were rather small, with a maximum magnitude of about 2.5MPa, possibly due to the

relatively low stiffness of the NSMR.
3.4  Discussion

On the basis of the results presented above, the differences in the formation and
development of yielding of the steel reinforcement of beams in groups A and B are

discussed in this section.

Beams in groups A and B exhibited different yielding patterns in term of both initiation and
development. For beams in group A, yielding formed initially along the entire maximum
moment zone and then expanded rapidly into the shear spans at higher loads, increasing the

yield length significantly (Figure 3-16). At failure load, yielding spread to the region near
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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.
Actual yield length at peak load
(1.3-1.8)d Theoretical yield length at peak load ‘(1,3—1‘8)d
Yield length at yield load Ultimate load
Yield load | JT\ l Yield load
| . \—‘+/ Eyield
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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).
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Figure 4-1 Design of beam specimens and details of reinforcement
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Table 4-1 Details of tested beams

Concrete Steel reinforcement FRP PP
Flexure Shea
Beam fc As Ps S Ef Af Pt
Cross section

(MPa)  (mm%) (%)  (mm) (GPa)  (mm)) (%)
BO 50.2 402 1.3 100 --- --- --- --- ---
Bl 323 402 1.3 100 --- --- --- --- ---
EBR 323 402 1.3 100 36x1.4mm 214 50 0.15 0.13
NSM2Aa 23.9 402 1.3 100 2D6+D12 133/119 170 0.54 042
NSM3Aa 50.2 402 1.3 100 3x12x1.4mm* 214 50 0.16 0.13
NSM4Aa 323 402 1.3 100 3x12x1.4mm* 214 50 0.16 0.13
NSM5Aa 323 402 1.3 100 3x12x1.4mm* 214 50 0.16 0.13
NSM6Aa 323 402 1.3 150 3x12x1.4mm* 214 50 0.16 0.13
NSM7Aa 323 402 1.3 100 3x12x1.4mm* 214 50 0.16 0.13
NSM8Ba 323 402 1.3 150 3x 14x2mm** 57 84 027 0.21
NSM9Ba 323 402 1.3 100 3x 14x2mm** 57 84 0.27 0.21

The ratio of bonded length and shear span (L./L;) 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.

I LS n I LS r
‘ i Midspan ‘ ‘
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S | S
= Lfa Lfb
‘ a Lt b ‘

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

Table 4-2 Embedment length of NSMR

L a L, L, b L L

Beam () (mm)  (om)  (mm) L am)  (mm)  m WD
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
NSMdAa 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 500 650 267 035 600 550 167 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 NSMO9Ba 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.
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Table 4-3 Summary of test results

Beam P, P, P, P/P, Pu  Poy/Pa dydy P, P/P, Failure
(kN) (kN) (kN) (kN) (kN) modes
NSM2Aa --- 139 146 1.35 145 1.01 --- 123 1.05 C
BO --- 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 3000pg). 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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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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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

Ble];Tn Side B (Damaged side) Side A(Non-damaged side)
a ay ya  (yally) (ya/ld) b by ys (vl (yp/Lv)

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

yaand yg. yield lengths on sides A and B, respectively

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

4.4 D

iscussion

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 th

e 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.
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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).

8200 ©
Lo |

Non-yielding zone| Yielding zone |
Es= Eyield Es=

Shear shift,

| | | | Peak load
Yielding initiates in the loading
span then exgjand fo the COPs ! Es

[
\
\
&

; € = Eyeld }Yielding load
\

\

\

\

Eyield

®

Ee E¢

= H

& &

&
® CoP-(B) © © ®

&0 g = & €7 & =& g = &
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-
bending interaction. At high load levels, strains in the NSMR can be much higher than those

in the steel reinforcement as in section D due to curvature or even much higher as in section

44



Chapter4. Effects of yield penetration on debonding failure of NSMR

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).
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4.4.3 Effects of steel yielding on the bond stress along the NSMR
4.4.3.1 Beamsin 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 S0mm 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 ¢ 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 SOmm 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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Figure 4-10 Evolution of strain and bond stress around the termination point at different load level on
side B (a, b) beam NSM4Aa (c, d) beam NSM7Aa

Along the embedment length, the region between the termination point and the adjacent
crack is the most critical region for end debonding, due to the overlapping of high bond
stress concentration zones. In this region, the bending and pull-out actions simultaneously
influence the strain and bond stress along the NSMR. Bending creates average shear, (t,)
along the shear span. Stiffness discontinuity causes a bond stress around the termination
point, 1., whilst the pull-out action causes bond stress concentration around the adjacent

crack (t¢) (Figures 4-11).

At yield load, the bond stress around the termination point, 1. increases rapidly, whilst t¢;
remains small, as only a small amount of additional strain develops around the crack near to
the termination point. Both bond stress concentrations, 1. and T, , develop in separate
narrow regions. After yielding, the average bond stress, t,, which is considered to be
uniform within the shear span for point loaded structures, increases significantly as a high

strain gradient develops in the yield zone of the shear span (since the steel picks up no
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significant additional load). As yield penetrates near the termination point, all bond stresses
¢, Terand T, 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).
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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 Beamsingroup 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).
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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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45 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:

o At failure, the yield length in the tested beams was longer than predicted by section
analysis.

e 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.

o 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.
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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 (L) and tensile force Ty for
example: section with maximum tensile force (point D, L= Lgn.xand Tr= Tgpx in Figure 5-
1); yield section (point C, Ly = Ly and T¢ = Ty in Figure 5-1), section where the FRP is ‘no
longer needed’ (point B, Ly=L"and T¢ =T in Figure 5-1); and cracking section (point A, L;
= Lg and Ty = T in Figure 5-1).
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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.

55



Chapter 5. New design method for embedment length of FRP

Critical bond stress concentration zone
Bridging crac

Y []
=,
COP Crack D CrackC  Crack B

New peaks around cracks C and D

T Yield g« peaks around termination point

@< Peaks around crack B TY e AT T

avg

«— Crack B

. cop

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, I, 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).

lp=L,+s+t (Eq.5.1)

zzzz7772777772777777777777777 77777777 77777)

S
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str

L = Ly+S+t

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 Egs.5.2-5.5.

s=zm~= (045.d).m (Eq.5.2)

. =<25 m =25 (Eq. 5.3)
Lg Lg

e 25<2<65 m=1+0375(65-1) (Eq. 5.4)

¢ 2265 m=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

Span Geometry  concrete Steel FRP Groove
References Beam ID L Ls Lo b h fe As fy ds As E¢ Of ds ¢ t h a hg
m m mm mm_mm MPa mm’  MPa _mm mm’ GPa MPa mm mm mm_ mm_ mm_mm
Teng (2006) BO 3 1.20 150 300 35.2 226.2 532 256
B500 3 1.20 1250 150 300 35.2 226.2 532 256 640 131.0 2068 290 4 16 8 22
B1200 3 1.20 900 150 300 35.2 226.2 532 256 640 131.0 2068 290 4 16 8 22
B1800 3 1.20 600 150 300 35.2 226.2 532 256 640 131.0 2068 290 4 16 8 22
B2900 3 1.20 50 150 300 35.2 226.2 532 256 640 131.0 2068 290 4 16 8 22
Nguyen(2009) BO 23 0.77 150 250 50.2 402.1 525 212
B1 23 0.77 150 250 323 402.1 525 212
NSM2 23 0.77 150 150 250 23.9 402.1 525 212 169.6 1423 1477 241 206+dp12 15 15
NSM3/BO 23 0.77 150 150 250 50.2 402.1 525 212 504 2140 2804 242 14 12 4 15
NSM4/B1 23 0.77 300 150 250 323 402.1 525 212 504 2140 2804 242 14 12 4 15
NSM5/B1 23 0.77 350 150 250 32.3 402.1 525 212 504 2140 2804 242 14 12 4 15
NSMé6/B1 23 0.77 350 150 250 323 402.1 525 212 504 2140 2804 242 14 12 4 15
NSM7/B1 23 0.77 350 150 250 323 402.1 525 212 504 2140 2804 220 14 12 4 15
NSM8/B1 23 0.77 600 150 250 32.3 402.1 525 212 84.0 51.7 800 242 2 14 4 15
NSM9/B1 23 0.77 600 150 250 323 402.1 525 212 84.0 51.7 800 242 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 56.5 770 146 143 1588 2740 170 145 96 4 12
V2 1.5 050 100 173 48.9 848 800 149
V2R2 1.5 0.50 50 100 177 48.9 848 770 153 28.5 1588 2740 170 145 96 4 12
V3 1.5 050 100 175 48.9 106.8 700 150
V3R2 1.5 0.50 50 100 175 48.9 106.8 700 150 28.5 1588 2740 170 145 96 4 12
V4 1.5 0.50 100 175 46.4 150.8 554 150
V4R3 1.5 050 50 100 180 46.4 150.8 554 155 42.8 1588 2740 170 145 96 4 12
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Span Geometry Concrete Steel FRP Groove
References Beam ID L Ls Lo b h f. As f, ds As E¢ of ds 0y t h a hg
m m mm mm__mm MPa mm’ MPa_  mm mm’ GPa MPa  mm mm mm_mm_mm_mm
Al-Mahmoud(2009) Controlbeam 28 0.80 150 280 37.4 226.2 600 238
S-C6(270-R) 28 080 50 150 280 36.5 226.2 600 238 56.6 1459 1875 274 [ 12 12
S-C6(210-R) 2.8 0.80 350 150 280 36.7 226.2 600 238 56.6 1459 1875 274 6 - - 12 12
S-C6(2VC60) 28 080 50 150 280 66.5 226.2 600 238 56.6 1459 1875 274 6 - - 12 12
S-C6(270-M) -Motar 2.8 0.80 50 150 280 38.1 226.2 600 238 56.6 1459 1875 274 6 - e 12 12
S-C12(VC30) 28 0.80 0 150 280 37.5 226.2 600 238 113.1 1459 1875 274 12 e e 24 24
S-C12(VC60) 28 0.80 0 150 280 66.5 226.2 600 238 113.1 1459 1875 274 12 e e 24 24
Al-Mahmoud(2010) C 28 1.20 150 280 35.2 226.2 600 238
S-C(CR)(240) 28 1.20 0 150 280 36.9 226.2 600 238 56.6 1459 1875 274 [ 12 12
S-C(CR)(190) 28 1.20 0 150 280 36.5 226.2 600 238 56.6 1459 1875 274 6 - - 12 12
S-C(CR)(150) 28 1.20 0 150 280 37.4 226.2 600 238 56.6 1459 1875 274 [ 12 12
C(FPT) 28 080 50 150 280 36.7 226.2 600 238 56.6 1459 1875 274 [ 12 12
S-C(FPT)(270) 28 080 50 150 280 36.5 226.2 600 238 56.6 1459 1875 274 [ 12 12
S-C(FPT)(210) 28 080 50 150 280 36.7 226.2 600 238 56.6 1459 1875 274 [ 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 56 528 156.1 2879 73 4 - 14 94 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 56 528 1561 2879 73 4 - 14 94 4 15
Bonaldo(2005) SLo1 1.8 0.60 50 300 80 45.7 56.5 4941 57
E. Bonaldo SLO6 1.8 0.60 50 300 80 49.4 56.5 4941 57
SLO3S 1.8 0.60 50 300 80 43.1 56.5 4941 57 263 1561 2879 76 2 ----- 14 94 5 15
SL04S 1.8 0.60 50 300 80 324 56.5 4941 57 263 1561 2879 77 2 ----- 14 94 5 15
SLO8S 1.8 0.60 50 300 80 49.4 56.5 494.1 57 263 1561 2879 78 2 ----- 14 94 5 15
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Table 5-1 Data collected from seventy two beam and slab tests (cont.)

Span Geomelry  concrete Steel FRP Groove
References Beam ID L Ls Lo b h fc As fy ds As Es of ds ) t h a hg
m m mm mm__mm MPa mm’  MPa__mm mm’ 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 21 1.05 50 120 160 16.8 157.1 540 115 28.0 1710 2052 153 2 ----- 14 10 5 15
NSM_d_3x1.4x10_1 21 1.05 50 120 160 16.8 157.1 540 115 42.0 1710 2052 153 3 ----- 14 10 5 15
Quattlebaum(2005) U-S 46 229 153 152 254 29.5 398.2 466 222
. N-S 46 229 153 152 254 29.5 398.2 466 222 70.0 216.0 3900 241 2 ------- 2 25 64 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 7.9  meeee e 20 20
B21 1.8 0.60 50 150 300 34.4 461.8 510 253 106.6 170.0 2629 290 7.9 e e 20 20
B22 1.8 0.60 50 150 300 34.4 461.8 510 253 106.6 170.0 2629 290 7.9 e e 20 20
Sharaky(2014) cB 24 080 200 160 280 324 2262 545 236
LB1C1 24 080 200 160 280 324 226.2 545 236 50.3 165.0 2350 268 8 - -- 16 16
LB1G1 24 080 200 160 280 324 226.2 545 236 50.3 64.0 1350 268 8 --- - 16 16
LB2C1 24 080 200 160 280 324 226.2 545 236 100.5 165.0 2350 268 8 --- - 16 16
LB2G1 24 080 200 160 280 32.4 226.2 545 236 100.5 64.0 1350 268 8 --- --- 16 16
LA2C1 24 080 200 160 280 324 226.2 545 236 100.5 165.0 2350 268 8 - -- 16 16
LA2G1 24 080 200 160 280 324 226.2 545 236 100.5 64.0 1350 268 8 --- --- 16 16
LB1G2 24 080 200 160 280 32.4 226.2 545 236 113.1  64.0 1350 268 12 --- - 24 24
Sharaky(2015) CB 24 080 200 160 280 30.5 2262 540 236
F2C1 24 080 201 160 280 30.5 226.2 540 236 100.5 170.0 2350 272 8 - - 16 16
F2S1 24 080 202 160 280 30.5 226.2 540 236 56.0 170.0 2350 268 --- 14 20 5 25
F2G1 24 080 203 160 280 30.5 226.2 540 236 100.5 64.0 1350 272 8 --- - 16 16
F1G2 24 080 204 160 280 30.5 226.2 540 236 113.1  64.0 1350 268 12 --- - 24 24
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Table 5-1 Data collected from seventy two beam and slab tests (cont.)

Span Geometry  concrete Steel FRP Groove
References Beam ID L Ls Lo b h f. As fy ds As E¢ of ds n Iy t h a hg
m m mm mm_ mm MPa mm’> MPa mm mm’ GPa MPa mm mm mm_ mm_ mm_mm
Soliman(2010) A0 26 0.80 200 300 41.0 200.0 454 250
AC1 26 080 686 200 300 41.0 200.0 454 250 71.0 1240 1596 294 1 9.5 - - 19 19
AC2 26 080 572 200 300 41.0 200.0 454 250 71.0 1240 159 294 1 95 - - 19 19
AC3 26 080 344 200 300 41.0 200.0 454 250 71.0 1240 159 294 1 95 - - 19 19
AC4 26 080 230 200 300 41.0 200.0 454 250 71.0 1240 159 294 1 95 - - 19 19
AC5 26 080 572 200 300 41.0 200.0 454 250 710 1240 159 294 1 95 - - 143 143
AC6 26 080 344 200 300 41.0 200.0 454 250 710 1240 159 294 1 95 - - 143 143
AC7 26 080 230 200 300 41.0 200.0 454 250 710 1240 159 294 1 95 - - 19 19
AC8 26 0.80 '495.2 200 300 41.0 200.0 454 250 127.0 1340 1250 294 1 127 - - 25.4 254
AC9 26 080 1904 200 300 41.0 200.0 454 250 127.0 1340 1250 294 1 127 - - 25.4 254
AG10 26 0.80 4952 200 300 41.0 200.0 454 250 127.0 45.0 756 294 1 127 - - 25.4 254
AG11 26 080 1904 200 300 41.0 200.0 454 250 127.0 450 756 294 1 127 - - 25.4 254
BO 26 0.80 200 300 41.0 400.0 460 250
BC1 26 080 572 200 300 41.0 400.0 460 250 71.0 1240 159 294 1 95 - 19 19
BC2 26 080 344 200 300 41.0 400.0 460 250 71.0 1240 1596 294 1 9.5 - - 19 19
co 26 0.80 200 300 41.0 800.0 460 250
cc1 26 080 686 200 300 41.0 800.0 460 250 71.0 1240 1596 294 1 9.5 - - 19 19
cc2 26 080 629 200 300 41.0 800.0 460 250 71.0 1240 159 294 1 9.5 - - 19 19
cc3 26 080 572 200 300 41.0 800.0 460 250 71.0 1240 159 294 1 9.5 - - 19 19
cca 26 080 344 200 300 41.0 800.0 460 250 710 1240 159 294 1 9.5 - - 19 19
Ceroni(2010) Al 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
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Table 5-1 Data collected from seventy two beam and slab tests (cont.)

Span Geometry Concrete Steel FRP Groove
References Beam ID L Ls Lo b h fc As fy ds As Es Of d [ t h a hg
m m mm mm mm MPa mm’ MPa mm mm’ GPa MPa mm mm mm mm mm mm
Wang(2008) BO 3 1.20 150 300 37.5 226.2 5763 254 192.5 15 15
B2600 3 1.20 200 150 300 375 226.2 576.3 254 157.1  40.8 760 192.5 10 - - 15 15
B2800 3 1.20 100 150 300 375 226.2 576.3 254 157.1  40.8 760 192.5 10 - - 15 15
B3200 3 1.20 0 150 300 375 226.2 5763 254 157.1  40.8 760 192.5 10 - - 15 15
EL-Hacha(2004) BO 25 125 50 150 300 45.0 650.5 400 220
B1 25 125 50 150 300 45.0 650.5 400 220 713 1225 1408 285 9.5 ---- - 18 30
B2 25 125 50 150 300 45.0 650.5 400 220 64.0 140.0 1525 290 -—-- 2 16 64 19
B3 25 125 50 150 300 45.0 650.5 400 220 60.0 150.0 2000 288 - 12 25 64 25
B4 25 125 50 150 300 45.0 650.5 400 220 200.0 45.0 1000 288 - 2 20 64 25
B2a 25 125 50 150 300 45.0 650.5 400 220 64.0 140 301 - 2 16 - -
B2b 25 125 50 150 300 45.0 650.5 400 220 64.0 140 301 - 2 16 - -
B4a 25 125 50 150 300 45.0 650.5 400 220 200.0 45 301 - 2 20 - -
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Table 5-2 Predicted values versus the experimental results for the proposed model and existing design guidelines

Experimental TR-55 ACI NGUYEN ~ Theoretical
Yielding  Ultimate
No. References Beam ID
Pexp P1r-55 PTR-55/Pexp Paci Pac1/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.
&N) &N) &N) &N) (kN) &N)

24 Al-Mahmoud(2009) Controlbeam 73.75 73.7 76.6
25 $-C6(270-R) 133.3 91.5 0.69 134.9 1.01 143.1 1.07 91.0 143.1
26 $-C6(210-R) ’ 110.0 63.2 0.57 110.0 1.00 93.1 0.85 91.0 1435
27 S-C6(VC60) 133.25 62.7 0.47 139.0 188.3 91.7 188.3
28 $-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) 2103 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) 432 61.1 1.41 45.8 1.06 48.2 1.12 30.3 48.2
35 C(FPT) 432 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 1435
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) SLOI 5.4 5.0 5.2
43 E. Bonaldo SL06 4.7 5.0 5.2
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Table 5--2 Predicted values versus the experimental results for the proposed model and existing design guidelines (cont.)

Experimental TR-55 ACI NGUYEN Theoretical
Yielding  Ultimate
No. References Beam ID
Pexp P1r-55 PTR-55/Pexp Paci Pac1/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.
(&kN) (&N) (&kN) (&kN) (kN) (&kN)
44 SL03S 24.4 6.5 0.27 215 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_ 71.3 18.3 0.26 19.0 0.27 41.1 0.58 40.3 41.1
49 NSM_d 3x1.4x10_ 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 Bl1 256.7 2127 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 2232 287.8
55 B22 288.3 206.6 0.72 250.9 0.87 274.6 0.95 2232 287.8
56  Sharaky(2014) CB 70.4 66.9 69.1
57 LBICI 109.1 91.3 0.84 1263 1.16 111.4 1.02 82.5 133.1
58 LBIGI 99.2 83.3 0.84 99.4 1.00 111.4 1.12 72.9 100.9
59 LB2Cl1 117.2 90.9 0.78 127.6 1.09 111.4 0.95 98.1 163.5
60 LB2Gl 112.2 82.9 0.74 117.9 1.05 111.4 0.99 79.0 123.8
61 LA2CI 1145 90.9 0.79 127.6 1.11 111.4 0.97 98.1 163.5
62 LA2Gl 110.6 82.9 0.75 117.9 1.07 111.4 1.01 79.0 123.8
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Experimental TR-55 ACI NGUYEN Theoretical
Yielding  Ultimate
No. References Beam ID
Pexp P1r-55 PTR-55/Pexp Paci PAc1/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.
&N) &N) &N) &N) (&kN) &N)
63 LBIG2 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 F251 111.7 86.4 0.77 146.2 1.31 109.7 0.98 66.1 134.3
67 F2Gl 122.2 82.3 0.67 115.9 0.95 109.5 0.90 66.1 121.8
68 FIG2 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 ACl 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 ACS 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 ACT7 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 1543
80 AGl1 112.0 82.2 0.73 121.5 1.08 85.9 0.77 63.5 154.3
81 BO 130.0 104.2 109.8
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. Theoretical
Experimental TR-55 ACI NGUYEN
Yielding  Ultimate
No. References Beam ID
Pexp P1r-55 PTR-55/Pexp Paci Pact/Pexp PNGUYEN PNGUYEN/Pexp Py Pthe.
(kN) (kN) (kN) (kN) (kN) (kN)
82 BCl 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 Co 233.0 201.6 209.4
85 ccl 227.0 237.1 1.04 209.6 0.92 209.4 0.92 217.9 268.3
86 ce2 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 2322 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) Al 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) BO 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 Bl 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
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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 ¢) 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, T,smmax and
corresponding maximum anchorage length, ;¢ max need to be calculated from the

following equations:

Tnsm,max = 10bfnotthperim\/ EfdAffctk (Eq- 5-2)
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EfgA
Lysmmax = 0.135 /;Ltkf (Eq. 5.3)

bfnotthperim - effective perimeter of a groove

Efq, Ay : elastic modulus and area of FRP, respectively

If lnsm < lnsm,max: TTlSTTl

lnsm lnsm
Thsm = Tnsm,max = Tnsm,max Lo man (2 - ) (Eq. 5.4)

lnsm,max

Tnsm should be checked with Ty ad » Tnsm,tim and Trypiure to satisfy (Eq. 5.5)

Tnsm = min(Tnsm,ad' Tnsm,lim' Trupture) (Eq- 5-5)

Thsmaa : characteristic adhesive bond failure force (N)

Tnsm,ad = O-Bfatbbarperimlnsm (Eq- 5-6)

Tysm,1im : limiting maximum achievable anchorage force (N)

b
Tsmiim = 38 ’EEfdAffctk (Eq.5.7)

Trupture : rupture force (N)

Trupture = Ar0p (Eq. 5.8)

The required embedment length, corresponding to Ty,

T
lnsm = lnsmmax (1 - 1= &> (Eq.5.9)

Tnsm,max

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 ACIL2R-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.

_ _ Arfra
ldb Py (Eq 510)

Ay and py are area and perimeter of the NSMR, respectively

ffa : the tensile strength of FRP

Tp, : the bond strength of FRP and concrete substrate, equals to 6.9M Pa 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).
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Figure 5-5 Comparison between the experimental results and TR55 prediction of the flexural strength
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Figure 5-6 Comparison between the experimental results and ACI440 prediction of the ultimate load.
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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.
55  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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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:

o 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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Appendix A — Analytical solution

A.APPENDIX A.1

APPENDIX A.1 — A PARTIAL INTERFACIAL MODEL

From equilibrium equation:

Due to such simplifications, set of equilibrium equations reduces from three to only one of

lateral force of equilibrium

z.(2h+t).dx =do, .(ht)

(A-1)
For a strip:
/,//
PRy
~
e
e
»
Figure 0.1: Equilibrium of NSMR strip
~dx 2h+tg (A-2)
tf
In practical, if tf<<h, h, can be eliminable
_doy  t
_W.Z L
+1, (A-3)
_ de tf
Codx 2
(A-4)

_dO'f df

For a round bar: dx 2 (A-5)
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Figure 0.2: Equilibrium of NSMR round bar
Shear strain:
T = Ga]/ (A'G)

du dw du du dw dw
y=l—t—t——t ——
dy dx dx dy dx dy

(A-7)
du dw du dW
—,—— << —_—
d—Ud—W <<1
Because of dy dx , the second order term can be negligible and shear strain can be
written:
du dw
7=y o
y (A-9)

d
ﬂZZ.izi.Ga. d_u+d_W
dx ty  t; dy dx

(A-10)
d? 2 2
X t. ot ydx X (A-11)
dw_ M _e
The term d°x El' X <<1 and can be omitted and (3-11) becomes
d’o, _, 7 _26, du
dx t, t, dydx (A-12)
d’o, _, 7 _26, d?u _ZGaﬂﬂd_uj
dx ‘t, t, dydx t, dy\dx

(A-13)
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d—u—g -&
dx T (A-14)

Assume that the shear stress is linear distribution in adhesive layer
dufdu) 1 ( )
T ¢ — &
dy \dx ta

o M
&, is calculated includes the normal force and the moment —E—C+E—IX and (3-16) can be

c

(A-15)

written
d?c 2 c M
T2~ Ca | 71 _ 0o, My (A-16)
dx t; Tt; |E; E, E.I
d2
AR 2G, |91 _oc My |_y (A-17)
dx? t,t; |E; E, El
dzo'f _ ZGa _O-_f: ZGa & (A'18)
dx?  toty Ef oty Eq
d? E
of  2G, o _2G, ._fo_c (A-19)
dx®  tat taly Eg
d?c
dxzf —a’o; =a’no, (A-20)
The characteristic(homogenous) solution of (3-21)
ol = C,.cosh(a.x) + C,.sinh(c.X) (A-21)

Assume applied load on the beam is uniform distribution, thus the bending moment at point x

is in quadratic form
2
Op =8y +8.X+8,.X (A-22)
The particular solution for the differential equation corresponding to o given above is
of = —n(a2 X% +ay X+ 2.%2. =+ aoj (A-23)
06
Thus, the general solution for the differential equation:

of =0 +of =Cy.cosh(a.x) + C,.sinh(a.x) - n(a2 XS+ a.X+2.—% e +aoj (A-24)
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General solution for the differential equation:

7¢ =0} + o =Cra.sinh(a.x) + C,.a.cosh(a.X) — 2n.a,.x — n.a
Boundary conditions:
a, a,
X=0—->0;=0 o;=C-n2—5+a,|=0->C,=n2.—+a,
a a

X=X, 271 =1,
Replace stress values at boundary to equation ()

7; =Cra.sinh(a.X,) +C,.a.cosh(a.X.) —2n.a,. X, —na =0
c, = 7o +2n.a,. X, +na, — C.a.sinh(a.X,)

- a.cosh(a.X )

a :
2n.a,.X, +n.a — n(z.az2 + aoj.a.smh(a.xc)

a.cosh(a.X,)

C2:

Replace C1 and C2 to the general solution:

a
o;=c"+of = n(z.—22+ao).cosh(a.x)+
(04

a :
Ty +2na,. X, +na, — n(z.az2 +a, J.a.smh(a.xc)

. a
swhlax na « 2 xi?2 - 13
a.cosh(a. X, e { : - a? °j

7 n(z.%+ a, J.sinh(a.x) +

T, +2na,. X, +na, — n(Z.az2 +a, J.a.sinh(a.xc)
(04

2
sinh(e Nla s "a xt?2 = 13
a.cosh(a.X,) oy [ : 1 o Oj

(A-25)

(A-26)

(A-27)
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A.1 BOUNDARY CONDITIONS

Four point bending test

) V

A
p 1‘
Bending moment of beam at x mm from cut-off point
P
M == (o +%) (A-31)
o, = M Ve P Yer ) Plo Yer (A-32)
Ieff 2 Ieff 2 Ieff
_ Pl Yer
2
P yeff
= —_ A'33
% 2 |4 ( )
a,=0
C,=n Z.a—zerao _Plo Yer (A-34)
a 2 14
T, = n Pl Yet a.sinh(a.x) + C,.a.cosh(a.x) - n.g Vet (A-35)
eff eff
Yeit =0t — Cei (A-36)

25 25

Co = ( '\"\'/Icr J C, + (1_ (%] }cg (A-37)
3 3

. :('\’l\'ﬂcrj lw@—[%j ]lg (A-38)

= A(x) (A-39)
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Cett = ()"(X))leccr +(1_(/1(X)2.5}:g (A'40)
= OO 1 + - 200% ), (A-41)
y
79t n.Be—ﬁ— n(a0 )a.sinh(a.xc)
Plo Yeff 2 Ieff . P Yeff Plo Yeff
o =n————.cosh(a.X) + sinh(a.x) —n| —— X+ ——
f 2 g a.cosh(@.X ) 2 g 2 g
(A-42)
ro+n.3yi—np—|°yi.a.sinh(a.xc)
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22 (X )Pl +L-AX) N,

Uniform distribution load
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PRSILLRYRNE. BB 17 TR EER (KRN (A-6)
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A.2 INTERFACIAL MODEL FOR BEAM RETROFITTED WITH FRP BY NEAR
SURFACE MOUNTED TECHNIQUE
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Figure 0.3: 3D differential segment for beam retrofitted with FRP by NSMR technique
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2D INTERFACIAL SHEAR STRESS
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Figure 0.4: 2D differential segment for beam retrofitted with FRP by NSIMIR technique

The Figure 4.1 shows the force equilibrium of separate sections in the beam with NSMR and
stress transferred between them. Between adherents and adhesive, there have shear stress

7(x) and normal stress o(x)

The shear strain can be expressed in general form of Green’s tensor

_Ou  O0v  dudu  Jvov

Vox =5+ 52 Y oxoy T 9x oy (A-53)

However, the beam is considered stiff enough and the second order can be omitted. Thus,

shear stress can be written

0 0
Tye(®) = Go (5o +57) (A-54)

The first differential of 7(x)

Tyx () _ 0%u 62_17

dx Ga (ayax + 6x2) (A-55)
62_17 _ MT(X) .
o7 = (B, <« 1 can be omitted (A-56)

Assume that the shear distribution in adhesive layer is linear and constant along the plate

width. Thus
du(x,
PP = ()~ wy ()] (A-57)
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d?u(x) _1 [duz(x) _ dul(x)] (A-58)
dydx ta dx dx
Tyx(x) 1 [duy(x)  du,(x) Mp(x)] [duz(x)  duq(x)
dx Ga [a[ dx  dx ] B (EI)t] [ dx  dx ] (A—59)
| N1+dN N » g
L fa— | M1+dM
' ] 1 Y
4 M2+dM

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

_dus(x) _ Ni(x) | My(x) q+ba(x)+2nh Ty,(x)
V=T = TR TR Werr ~he) oo Yerr — hy) (A-60)
The longitudinal strain at the top of adherent 2
__duy(x) _ Np(x) My (x)ﬂ ba(x)+2nh‘ryz(x)ﬂ i
27 dx T By By 2 Ga 2 (A-61)
Take equilibrium of the adherent 1 and adherent 2
le(x) _ sz(x) _ -
e 2nh 7y, (x) (A-62)
N;(x) = N,(x) = N(x) = 2nh fox Tyr (X)dx (A-63)
Hence two adherents have similar deflection and curvature
(A-64)

M;(x) = RM,(x)

11



Appendix A — Analytical solution

Place
R=2h (A-65)
Exl

The total moment on the plated beam includes moments contributed from adherents and

shear force of adhesive
h
My (x) = My () + Ma() + NCOW g — ) (A-66)

From (4.12), (4.13) and (4.14), M, (x) can be expressed

My () = 2= [Mr () = 21k [} 30 (0) gy — "] (A-67)
And M, (x)
My(x) = 1 [Mr (o) = 2nh [} 20 () gy — D] (A-68)

Differentiate (0.1) and (0.2) leading to

dM (x)

= Vi) = %[VT(JC) = 2nh Ty () Very — %)]

(A-69)

dM 1 ;
dzx(x) =V, () =7 [Vr () = 2nh Ty () gy = 7f)]

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

d TJZ/x ) _
dx
hy

1 <L, .
EZnh Tyx(x) + XA [VT(X) —2nh Tyx(x)(yeff _ 7f)] +

b _do(x)hy | 2nhb hp dry,(x) | 1 _ Wesr—hs) R _ _hy
e 1 64, ax 2 ' Gad, 2 dx + E1A, Znh Ty, (x) Eil;  R+1 [VT(x) 2nh Ty () YVers 2 )] +
-2 (A-70)
_ Oefr—hp)dq _ bi—hy)do(x)
G1A; dx G141 dx

__2nh(Yepp—hy) dTys(x)
G A; dx

12



Appendix A — Analytical solution

2nh hf 1

54, O T EL T EL

h
[VT(x) —2nh Tyx(x)(yeff _7f) +
hy
jb do(x) nheheb dry,(x) N 1
dT:)Z/x(x) _ & GzAz dx GZAZ dx E1A1
dx  t,

2nhs Ty, (x)

_ Yerr — Iy

Oesr — hf)d_q _ b(Yesr — hy) do(x) N
E. I, + E,I,

G4, dx G4, dx

hy
[VT(x) —2nh Tyx(x)(yeff _?) -

_ 2nh(yesr — hy) dTy;(x)
G4, dx

hr s
iy () Ga2nh|Werr — 7)) 1,1
dx ta |Ecless +Exl, ' EjA;  EjA,

Tyx (%)

h
% (yeff - Tf)

(yeff - hf) dq Gab
ta Eyleg+Epl,

(X) - GlAl dx t,

y2 Ve =i\ doto)
GzAf G]_Aeff dx

_Z_III’I(yeff_h hfb )dryz(x)

G,A;  2G,A,)  dx

(A-71)

It can be observed that this differential equation is in coupled form of 7(x) and o(x). 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).



Appendix A — Analytical solution
A.3 INTERFACIAL VERTICAL SHEAR STRESS

The normal stress that causes peel -off of plate from the beam. This stress arises due to the

difference of deflection of two adherents.

A M1 I -1 M1+dM
v V+dv

»

' ==

Figure 0.6 Deformation of elements of the differential segment for normal interfacial stress

Ty, (1) = 22 [ 00) = 1 ()] (A-72)

Adherent 1

The relationship of v (x), M;(x) and shear force can be written as following. The first part is a

contribution from moment and the second one is from the shear force

%vi(x) _ My(x)  q+bo(x)+2nh 7y,(x)

ax2 ~ EiL GiaA; (A-73)
From the moment equilibrium of the adherent 1. Eliminate the second order terms
dM (x) h
dl—xx =V1(x) — 2nh 7). (x) (y1 - ;) (A-74)
Vertical force equilibrium of adherent 1
dl;l—ix) = —nb,o(x) — q — 2nh t,,,(x) (A-75)
d2M4(x) h\ Tyx(x)
d—xlz = —bo(x) — q — 2nh 7,,(x) — 2nh (y1 - 5) % (A-76)

Replace (4.24) and (4.25) into double differentiated (4.23)
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Appendix A — Analytical solution

1 b d?%q

o', (9 __b &
E;l; G;aA;dx?

ox*

= |-bo(x) — q — 2nh Tyz(x) — 2nh (y1 . g) Ty;)EX)]

b d?c(x)  2nh d? 1y, (x)
GiaA; dx? GiaA;  dx?

Adherent 2
0%, (x) _ _ My(x) | 2nh Tyz (%)
3x2 - E212 GzAza

From the moment equilibrium of the adherent2

AMa(x) _
Tdx V5 (x)
Vertical force equilibrium

avy(x)

= 2nh 7,,(x)

d*M;(x) _ Aty (x)
dx? = 2nh dx

Adherent 2
Apply similarly concept for the adherent 2

d*vy(x) _ 2nh diyy(x) | 2nh d?dry,(x)
ox*  Eflp dx GyA,a  dx?

Replace (4.29) and (4.30) into (4.22)

Zl’lh dTyZ(X) Znh d2 dTyz(X) q bO'(X) Znh dTyz(X)
Exl,  dx GpAya  dx? Eil;  E1l4 E1ly

d* Tyz (x) _ %

dx* ta 2
2nh ( E) Tyx (%) b @ b d%o(x) 2nh  d* dry,(x)
B VY172 dx | GraApdx? | GraA; dx2 | GraA;  dx?

d*tyz(x)  2Ganh [/ 1 1 \ d?1yz(X) . Ga2nh 1 1
yz yZ
Sl Crwiators =2 ( ) 10

dx* aty GeAefr GrAr dx? ta EcAeff EfAf.

_ 2nh ( h) Tyx (%) b d?q b d?(x) G, q G, bo(%)
B EcIeff Veif 2 dx GlaAeff dx? GcaAeff dx? ta Ecleff ta Ecleff

The homogeneous solution for equation (5.31)
h,(x) = C1e™ + C,e™ ™ + C3eP*+C e P>

Ggnh
atg

1 1 \1% L
( — )] can be eliminated
GAz

The second order term [
G144

(A-77)

(A-78)

(A-79)

(A-80)

(A-81)

(A-82)

(A-83)

(A-84)

(A-85)
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Appendix A — Analytical solution

The characteristic of t, when x become large, t tends to zero; a and £ are positive. Thus C1 and

C3 approach to zero.
h (x) = e +C e P~ (A-86)
If eliminate influence of shear deformation, the homogenous solution becomes

T (x) = (Cre P* + C,eP*)sin(Bx) + [C3eﬁx+C4e‘ﬁx]cos(Bx)

(A-87)

th(x) = Ce P sin(Bx) + Coe F*cos(Bx) (A-88)

_ 4|Ggnh( 1 1 .
B o \/Zata (GlAl GzAz) (A 89)




Appendix A — Analytical solution

APPENDIX A.2 — MAPLE CODE TO SOLVE DIFFERENTIAL EQUATIONS
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> ode: =di ff(y(x), x,x) =lanbda*2*y(x)-a;

2

ode = % y(x) =K2y(x) —a

> dsol ve(ode, y(x), type=h):

y(x) = e_kx_CZ +e —

I+
7\’2

> expsol s(ode, y(x), output=solution);

[ e™] -

> dsol ve(ode, y(x),[exact]);

> taylor( sinh(x), x=0, 10 ):
>R :=sinplify( series(1l/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+Q( (x- 10) *6), x = 10,6) ):
> tayl or( cosh(x), x=0, 6 );
1 2, 1 4 6

L+ +24x+0(x)
> tayl or( al pha*si nh(onega*x) +bet a*cosh(onega*x), x=0, 6
L )
> tayl or ((M/ P/ (x+Lo))"2.5, x=0, 6 );

( Mo )5/2 ( Mo )5/2
( Mo )5/2_3 PLo) .35 \Plo) o
PLo 2 Lo 8 Lo*
( Mo )5/2 ( Mo )5/2

_ 105 P Lo JE 1155 PLo A

16 Lo 128 Lo

Mo 5/2

3003 (PL )

~ Tse L05 X +0(x°)
o

[> tayl or ((1- (Mo/ P/ (x+Lo))"m), x=0, 6 ):
> collect(taylor((M/P/ (0+L0)) n¥lIg+(1-(M/ P/ (0+L0O))""m*
lcr, x=0, 6 ),Xx):

18



> collect(tayl or((M/ P/ (0+L0))"2. 5*Xg+(1- ( M/ P/ (0+L0))

| "2.5)*Xer, x=0, 6 ),X):

> tayl or( exp(-lanbda*x) x=0, 6 );
4 4

_ 1,22 1,3 L .
1 kx—l—z?ux 7\.x A A X 1207»x+0( )
> tayl or ( al pha*exp(-1anbda*x) +bet a*exp(| anbda*x), x=0,
6);

a+B+(—ax+m)x+(—ax + L Bx) (iﬁf—%af)f

—_— I 1 5 6
+(24 om+24 ij ( = ar’+ 120 Bx)x+o(x)

> tayl or ((a0+al*x+a2*x"2+a3*x"3+as4* x"4+ab5*x"5)/ (bO+b1l*x+
b2* x"2+b3* x"3+b4* x"4+b5* x"5) , x=0, 6) :

> sinmplify(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*al phar4*y(x) +a*x"2+b*x+c:

> dsolve(% y(x));
1 axX+bx+c

a 4
4 o

y(x) = + Cle™sin(ox) + C2e* cos(oux)

+ C3e *sin(ax) + C4e * cos(ox)
> pl ot ([ si nh(x), x+x"3/ 6+x"5/120+x"7/ 5040+x"9/ 9! +x~11/ 11!
+x713/ 13! +x~15/ 15! +x~17/ 17!'], x=15..20, col or=[red,
blue], style=[point,line]):
> diff(y(x), X, X, x,x) = -4*al pha™4*y(x) +a;

4
<o =4a’y) +a

> dsolve(% y(x));

y(x) :% % + Cle™sin(ox) + C2e* cos(ax) + C3e *'sin(ax)

o
+ C4e * cos(ax)

B diff(y(x), x, x,x,x) = -4*al phar4*y(x) +a*x+b;
d' 4
Qy(x) =-40 y(x) +ax+b
;> dsol ve(% y(x)):
> diff(y(x), X, X, Xx,x) = -4*petar4*y(x) +a*x"5+b*x"4+c*x"3+
d*x"N2+e* x+f ;
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4
ﬁy(x) :-4[34y(x) +ax5+bx4+cx3+dx2+ex+f

> diff(y(x), X, X, x,x) = -4*al pha™4*y(x)+cosh(beta*x) +si nh

| (beta*x):

[ > dsolve(% y(x)):

> diff(y(x), X, X, X, X)
D" x+E;

4
ﬁy(x) =48 () + A +BP +C+Dx+E

- 4%bet ar4*y( X) +A* XNA4+B* XA 3+CF XA 2+

B dsol ve(% vy(x));
1 B E—644DxB +CAB +BSB +AXP
J’(x) _Z Q
p
+ c1Psin(Bx) +_ €2 eBxcos(Bx) + 3¢ P sin(Bx)

+ Cc4e P cos(Bx)

=> di ff(y(x),x, X, x, x)=(beta)2*y(x) +a;
4

igyw)=§yW)+a

> dsol ve(% y(x)):;
y(x) = -é + CI sin(ﬁx) + C2 cos(\/Fx) + C3e Bx—l—_C4 e_ﬁx

> wi t h( DEt ool s) :
DEpl ot (cos(x)*diff(y(x),x,x,x)-diff(y(x),x)+Pi*diff(y
(), %, x) =y(x)-x, y(x),
x=-10..1.4,[[y(0) =1, I(y) (0) =2, (D@@®) (y) (0) =1] ] , y=-4.
.5, stepsi ze=. 05):

> DEplot ([diff(x(t),t)=x(t)*(1l-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, arr ows=LARGE,
title="Lotka-Volterra nodel ,color=[.3*y(t)*(x(t)-1),x
(t)*(1-y(t)),.11);

| Error, enpty pl ot

> ode: ={di ff(x(t), t,t)-x(t),diff(y(t), t,t)-0.3%y(t)*(x

20



L (-1}
[> dsol ve(ode):

-5 Order : = 6;
Order =6

B sysl = {diff(sigm(x), X, X, X, X)-Al*diff(sigm(x), X, X)=
-A2*di ff (tau(x), x)-A3*si gma(x) +a*x"3+b*x"2+c*x+d, di f f
(tau(x), x, x)+Bl*tau(x)-B2*di ff(si gma(x), x)-nFx"3+n*

XN 2+X+p};
4 2
sysl ;= {ﬁ o(x) —Al (% G(x)) =-A2 (% T(x)) —A306(x) +ax

2
+bx2+cx+d, % T(x) +Blt(x) — B2 (% G(x)) —mx +nx

—|—x+p}

|:> wi t h( DEt ool s):

> ans : = dsolve(sysl union {}, {sigma(x),tau(x)}, type=
‘series');
ans == {G(x) =6(0) +D(0) (0) x + % DP(5) (0) x> + % D (5)(0) x*

+ (—A] D?(5)(0) — iAZD(r)(O) — iA3 6(0) + i d) X

L (3) L _ L
+( AIDY(6)(0) + 0 A2 BI11(0) 0 A2B2D(0o)(0)

+——A2p— —— 43D(05) (0) + )x5+0(x6),‘c(x)=‘c(0)

120 €

+D(1)(0) x + ( BI1(0) +%B2D(G)(0) ——p)xz-i—(

B2D? (6)(0) — %) X+ (

1 3)
— D B2
54 D (0)(0)
BIB2D(6)(0) + —— Bl p — —— n) X

24 12

N SN R (2) 1
+( BI°D(1) (0) 0 BI B2D"(c) (0) + 0 Bl

1 (2) R _ 1
+ B2 41D (o) (0) 0 B2A42D(1) (0) g B2430(0)
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1 ne 5 6
+ 120 B2d + 20 m)x +O(x)}

> peel _stress: =diff(sigm(x), X, X, X, X) =-4*A3"4*si gma( x) +

di ff(tau(x), x)+a*x"3+b*x"2+c*x+d;
4
peel_stress := d—4 o(x) = —4A34G(x) + d T(x) +axX +bxX +cx+d
dx dx

> ans : = dsol ve(peel stress,sigm(x), type='series');
ans =6(x) =6(0) +D(5) (0) x + % D?(6)(0) ¥ + % D% (5)(0)

1oy L 0N (L
+(—6A3 6(0) + 5 D(1) (0) + 5 d)x—l—( S5 43 D(0) (0)

R SN
+ 0 D' (1) (0) +

5 6
120 c)x +O(x)

> ans : = dsolve(Bl*di ff(tau(x), x, x)-B2*tau(x)-B3*di ff
(sigma(x), X)-mx"3+n*x"2+x+p, tau(x), type='series');
1 B27(0) +B3D(0)(0) —p 2
2 B1
1 B3DP(6)(0) —1+B2D(1)(0) 3
6 Bl *
1 1

2
vy ;(—BZ ©(0) —B2B3D(0)(0) +B2p +2nBI

ans =7T(x) =7(0) -I-D(’C) (0) x+

+

—D% () (0) B3BI) x* +0(x")

> shearstress: =B1*di ff (tau(x), x, x) - B2*t au( x) - ntx*3+n*
XN 2+X+D;

2
shearstress := Bl (% ’c(x)] —B21(x) —mx +nx’+x +p
>t := dsolve(Bl*di ff(tau(x), x,Xx)-B2*tau(x) - nFx"3+n*x"2+
X+p);
B2 x VB2 x

t:=’c(x)=em C2+e VBT _Cl

(—mx3+nx2—l—x—|-p) B2+2BIl (n—3mx)
B2*

+

> tayl or (exp(1l/B1r(1/2)*B2n(1/2)*x)* _C2+exp(-1/B17(1/2)*
B2"(1/ 2) *x) * CL+( (- mF x"3+n*x"2+x+p) *B2+2* B1* (n- 3*nt X))
/| B2"2, X, 5) ;

22



4 Cl+ BZp+2nB]
1 B2 C2 1
+-(2 Bl 2

6 B]3/2 B2

VB2 (I

B2—6BIm

[m C2

VBI VBI

24 Bl

2C1 | n Y 2, (1
BI +Bz)x+[6

1 B2 cI ﬂ)ngr[L B” C2 | 1

2

o

+

B1

B2Y? 2
BI3/2

322C1) A
— X

2

B2

]x

sys:=[di ff(yl(x),x)-y1l(x)+x*y2(x)=x"3, x*di ff(y2(x), x)

-2*y2(x)]:

vars: =[y1l(x),y2(x)]:

dsol ve({op(sys)} union {y1(0)=13},vars,"'

f = x"6-5*x"4;

convert(f, In);

f?x@—Sf

4
x6—5x

convert (cosh(x)-sinh(x), exp);

wi t h( DEt ool s):

1

X
€

series'):
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> DEplot ([diff(x(t),t,t)=x(t)*(1l-y(t)),diff(y(t),t)=.3*y
(t)*(x(t)-1)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]], stepsi ze=. 2,
title="Lotka-Volterra nodel ", color=[.3*y(t)*(x(t)-1),x
(t)*(1-y(t)),.1],
| i necol or=t/ 2, arrows=MeEDI UM net hod=r kf 45) ;

Error, (in DEtools/DEplot/Checklinitial) Too few

initial conditions: [x(0) =1, y(0) = .7]

B T: =exp(-beta*x)*(CL*si n( bet a*x) +C2*cos(bet a*x) ) ;
T:=e¢ P (ClIsin(Bx) 4+ C2 cos(Bx))

B mplify(taylor(T, x=0,6));

c2+(czﬁ—5c2)x—32c1x2+(i

3 1 .3 3 1 4 4
IBP+Lg o)Lt
3CB+3BC)x £ C2p'x

+(%B5C2—%C1B5)x5+0(x6)
> plot([[2*cos(s), sin(s), s=0..-Pi], [cos(t), sin(t),
t=0..Pi]],

col or=[ bl ue, yel l ow] ) :

> plot([2*cos(s), sin(s), s=0..2*Pi], color=[blue,
| yellow]):
> smartplot(cos(x) + sin(x)):

> w th(plots):

> wth(plots):

ani mte( plot, [exp(-0.5*x)*(1*sin(0.5*x)+A*cos(0.5*x)
), x=0..15], A=1l..40,franes=100, col or=RED );
animate( plot, [(x-A)"2-1,x=-4..4], A=0..1,frames=100
):

> wth(plots):

ani mte( plot, [exp(-0.5*x)*(A*sin(0.5*x)+1*cos(0.5*x)
), x=0..15], A=1..0.025,franes=100, col or=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);

A=1.
1

0.81

0.6

0.4-

0.2-

opts : = thickness=5, nunpoints=100, col or=Dbl ack:

ani mat e( spacecurve, [[cos(t), sin(t), (2+sin(A))*t],
t=0..20, opts], A=0..2*Pi ):

curve ;= inplicitplot( exp(-0.5*x)*(sin(x)+Cl*cos(x)),

x=0..10, C1=0..4, color=blue ):

animate( inplicitplot, [exp(-0.5*x)*(C2*sin(x)+Cl*cos

(x)), x=0..10,C1=0..4],

C2=0. .3, background=curve, franes=100 ):
curve :=inplicitplot( y-exp(-0.5*x)*(sin(x)+cos(x)),
x=0..10, y=-1..4, color=blue ):
animate( inplicitplot, [y/Cl-exp(-0.5*x)*(sin(x)+Cl*
cos(x)), x=0..10,y=-1..4],

Cl=1.. 2, background=curve, franmes=100 );
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y 27

> curve :

C1=2.0000

_> bet a=0. 5;

B=0.5

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,
col or =[ bl ue, green], t hi ckness=[2, 2] ):

ani mate(plot, [ exp(-0.5*x)*(1*sin(0.5*x)+A*cos(0. 5*x)),
x=0..10], A=0. . 5, background=curve, t hi ckness=2, franes=
200 ):

curve := plot( [exp(-0.5*x)*(1*sin(0.5*x)+0.5*cos(0.5*
X)), exp(-0.5*x)*(1*si n(0.5*x)+5*cos(0.5*x))], x=0..10,
col or =[ bl ue, green], t hi ckness=[2, 2] ):

ani mat e(pl ot, [ exp(-0.5*x)*(1*sin(0.5*x)+A*cos(0. 5*x)),
x=0..10] , A=0..5, background=curve, t hi ckness=2, franes=
200 );
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2 6 8 10
X

> :plots[interactive] (ani mate(plot, [exp(-beta*x)*(A*sin
(bet a*x) +4*cos( bet a*x) ) +exp(bet a*x) *(. 36e- 3*si n( bet a*
X) +. 9e-4*cos(beta*x) ) +. 2e-1*x+.1, x =0 .. 10],A =0 .

10, background = | NTERFACE PLOT( CURVES([[ O.,

4.1000009], [undefined, undefined]]), AXESLABELS("x",
""), COLOUR(RGB, 0., 0., 1. 00000000), VIEWO. .. 10.,
DEFAULT) ), frames = 50));

Error, (in animte) background val ue nust be a real

| nunber or a plot structure
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> animate( plot3d, [(-A*x"2-y"2+4)70.5, x=-2..2, y=-2.

.2], A=0..1,franes=10 ):

> ani mate( plot3d, [A*exp(-beta*x)*(sin(beta*x)+1.877*

cos(beta*x)), x=0..10, beta=0.1..1],A=0..5, franes=100,
axes=boxed, | abel s=[x, b, s], font=[ SYMBCL, BOLD, 10],
titlefont=[tines, bold, 20],title="PEEL STRESS

DI STRI BUTI ON' ) ;

animate(plot3d, [A e P (sin(Bx) +1.877 cos(Bx)),x=0..10,=0.1..1 ],A

=0..5, frames =100, axes = boxed, labels =[x, b, s], font=[SYMBOL,
BOLD, 101, titlefont = [ times, bold, 201, title
= PEEL STRESS DISTRIBUTION)

curve = inmplicitplot( x"2+y"2, x=-3..1, y=-4..4,
col or =bl ue, t hi ckness=2 ):
animate( inplicitplot, [x"3-Afy+yn2, x=-3..1, y=-4.
4],

A=-2..2, background=curve,thickness=2,franes=
100 ):

pl ot ( [exp(-0.5*x)*(10*sin(0.5*x)+10*cos(0.5*x)), x"2],
x=0. .10, col or=[bl ue, 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):

di splay({F, G, axes=boxed, scaling=constrained,
titl e=" Cosi ne 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, franes=
100): R := animat e(pl ot, [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, col or=
magenta], C=1..4, franmes=100):

display([P, Q R T1]);
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C =4.0000

4
3 ]k
o
L
L=
2 ]
£
L
Lo
11 o
o
Lo
L
0 7 R
e 3 40 50
X
(> 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, franes=4):
di splay([P, @, style=patch);
display( [animate(plot3d, [cos(tx) sin(ty),x=-n.my= —n..n], t=1.2,

frames =4), animate(plot3d, [x cos(tu),x=1.3,t=1.4,u=2.4,
coords = spherical, frames =4) |, style = patch)

> ode 1= (1)*diff(z(t), t$3) - (t72- 2)*diff(z(t),t$2)
S (t + 2)*diff(z(t),t) = O
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expsol s(ode, z(t) ):

wi t h( PDEt ool s):

ode := diff(y(x), X, X)

ode == 4
dx

expsol s(ode, y(X));

dsol ve(ode, y(x));

ylx) =

2
2

-l anbda”r2*y(x)-(a);

y(x) — %Zy(x) —a

2+ -2
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PARAMETRIC STUDY ON THE ANALYTICAL SOLUTION

Materials characteristics

E, := 4000 Eg:= 300000
E
Go= G, = 1471 x 10° Eg 5
a7 2:(1+036) a Gpi= ———— Gp=125x 10
2:(1+0.2)
03
fem
fem = 44 EC = 20-(—) -1000
10
EC
G,i= —————
¢ 2(1+02) 4
G,=13x10
Agi= 402
Geometry properties
The span length
L := 3000
The thickness of FRP
tei=2
f
The height of the strips
hpi= 15
Number of strips
n:=73
The width of beam
b =150
The height of beam
h:= 300 d:=270
The thickness of adhesive layer
t,i=1
a
P := 85000
Vo =P
— AS
I d pr=9.926% 10 °
200000
m ;= m = 6412
N E
C
[ 2
ki=/2-ppm+ (pf-m) - pym k =0.299
1 3 2 7 L
lepi= 3 bpr(kd)” + Ag(h—kd) I, =4558x 10 b=
Moment inertia of concrete beam
by M
I 0.62+/ fem Ig cr
Ig:=—— Mcr = Leri= —
12 0.5-h P Ler = 108.863
tf-hf3
Iei=n I(a):= |I
f 12 (a) g
M : Mcr ;
— | Ig+|1-|— I, if a>Ler
P-a
Ap:= n~hf-tf
Ceff(a) =
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hf 4x108 T T
y(a) == h = Cygp(a) - >
3><108
Al(a):= |by-h - 0
a) 2x10
by-Cogp() if a> Lor o
1x10°
0 | |
0 200 400 600
a
1
0.8
120
1.(a)
< 06
e 110
0.4 Cetr(a)
100
0.2
90,
0 200 400 600
80
a 0 200 400 600
a
Shear stress
G,-2.n-h 2
£ 1 1
@)= | — y(@) + +
ty Eolfa) + Eplp  EcA(a)  EpAg
G,-(2.nh 2 G G,-y(a)
1
A(a) = a( ) . y() ml(a) := & y(@ m2(a) := A
t, EpAp  Egly(a) (Al e Egly(a) + Eplp tyEgly(a)
EMT
_38
(h-k-d)-(h-k-d) 2.4x10
Ec1d@) 1.8x10° 8
1 1.2x10” 8
ErA _
ot 6x10”°
0
50 100 150 200 250 300
a
0.1

100 200 300

100 200 300 400
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| | | 3 :
6.667 i
1(a)-P ]
w10 ] ‘ml(a)P 5333 ;
m2(a)-P-a 4 ll
Gy (h-Cegy@) N@ 2667 I 2
t Bl () 1333 7 —
t 0 40 80 120 160 200
G, (h-Copr(@)+ 2 w0k | a
1, Ecl(a+Eplp
T | | | |
0.8 .
m2(a)-P-a 0.6 ]
A(a)
I I I 04 -
900 200 300 400 _ml@®P i |
. 0.2
0 | | | |
¢ : 0 2 4 6 8 10
T(X,8) = m2(a) -P-ae ( eff(a)) X+ml(a)‘P
A(a) a
Gyy(a)
TH(x,2) = tyEcl(@) P G, ] y(a) )
Golante) (1 yw? M (@ el Frly Xi=0.2.70
ta EfAf EC-Ic(a)
20
o0 | T(x,90) = T(x,120) = T(x,250) =
. 2.429 4.323 34.792
T(x,90)
\ 2.127 3.777 30.31
T80 1.868 3.309 26.433
,150 N 2.906
T00 130 1.646 23.079
T(x,180) 5\\ ~ 1457 2.561 50.17
T S~ -45 2.264 0.178
0 S —— 1.294
0 20 40 60
X

INFLUENCE OF Ga
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1

G, -2.n-h 2
f 1
XG(a,Ga) = 2 y(@) + +
t Ecl(a) + Eply  EcA(a)  EpAgp

a

G

- a ) y(2)
mlG(a,Ga) : ta~)\G(a,Ga)2 E 1a) + Eplp
m2 (a,G)
TG(a,Ga) = TGG(?G:T-P-a-F mlG(a,Ga)-P
8

7(a,2000)

T(a,4000)

---- 4
7 (2, 6000)

7 2

0 50 100 150

TG

INFLUENCE OF ta

a

G,_2.n-h 2
W e —

Ga ¥(a)
ml la,t, )= .
et nfa,)? Bel® + Erly
Tt(a,ta) = mzt(a’ta) (a,ta)-P

W-P-a-F mlt
a, a

1
+
E I(a) + Eplp  EgA(a) Ef~AJ

m2

t

1102
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Gyy(a)

mZG(a, Ga) = B 1)

a:=0..200

7(2,2000) =
0.322
0.349
0.377
0.404
0.431
0.458
0.486
0.513

T(a,6000) =

0.322

0.369

0.416

0.464

0.511

0.558

0.605

0.652

800064

500064

40004

200064

TG

(a’ta) =

a:=0..200

Gyy(a)

t-Ec1(a)
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8

T((2,0.5)6 4

T(a,1) 43

T(a,1.5)3 »

1
1104
3006+
60004
40064
20004
I
1600 0 100
T
T t
INFLUENCE OF Ef
G,-2.n'h 2
N (Ef a) = a f y(a) 1 . 1
E\5f¢) =
ta EC‘IC(a) + EfIf EC‘Ac(a) EfAf
G G, y(a)
mig(Epa) = i 2 Bl 2 Epl m2g(Fp.g) = 1271
ta'XE(Ef’a) 1@ + Eply tyEcl(a)
T (E a)' mZE(Ef,a) P-a+ ml (E a)P
E\"f-4) = " E\5F ¢ o
>‘Ei Ef,a) /@\M_ 50000, 100000.. 300000
20 T I

TE(Ef,zoo)IG‘

5(Eg. 150)12f _

TE(Ef, 100) i

TE(Ef= 50) ________________________
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Eg:= 100000

50 K
250 _

TE

TE
VERTICAL SHEAR STRESS CALCULATION

4
1w B (2nhe) L
' 4ty E 1(a  Eplp

1

Due to

is too small in the comparison with the remaining term, it can be ommited

Ep .1
Due to — ™ s too small, n1(x) equals to -tf /2

1)
tf Erlp
h - C_¢e(a) — he)-(Eple)| — —(E.1(a) n,(a) =
nl(a) == I:( e f)( ! f):l 2 ( €e ) g 2'n'l”‘f'(Ec'Ic(a) + Ef'If)
Egly(a) + Eplp
'
nlb(a) := nle(x) = —————=
E I (a) + Eplp Ec'Ic(X)
t —_ =
MX) _ —Ef nl1(100) = —0.998 nlc(100) 1
- Ey(20hy) (h ~Ceff® —hy 1y j
n3(a) := _
a Feld@ #Erly n3(100) = ~2.129 x 10 °

Il3b = | — _ —
t, 2Eplp nyp = ~2.133 x 10 3

n3(200) = —2.11 x 10
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“1073
n3(a)
“2.1x10°°
N3p
-3
—2.2x10
50 100 150 200
a
—t - — m2(a)A ) — &(21)4 e
ny = 7f =015 ay:=0 an(a): a) P-a aj(a) \a) P-a:(—X\(a))
2
) = “;(—:?)APAa(—x(a)f
E 03}, n
Cl(a) = 3 Ed ~(V0 + B-Vo-a) - —3<ao(a) + —3(al(a) + B-az(a))
287, © R 28 2.8
E 1 n
C2(a) = - ; o (8v,) (ay(@)
28, ¢ @ 2.8
6] 8 T T T
E
a
AV +B-V -a
4 2-@3<t Egld(@) ( o ) 7‘
Cl(a) - /
_(22_(?) - E-ao(a) 4 )
2] 2.[33 ;
_—— ’
n /
| ——(aj(@+Baya) 2 ST
50 200 2'33 ,
a R I_,——’J_/
0 50 100 150 200
a
Txy(a,x) =c B'X~(Cl(a)-cos( B-x) + C2(a)-sin(B3-x))
x:=0,2..50 /&R’i: 4000 /&/\:: 2 /tw\:: 1
/}Vlv:: 300 W: 150 /g/i: 50000 /&f/i:

P-(h = Cogp(a) — hy) EptgG,  Eptp
TRiz(d = | a —_—

+
E 1 (a) 2, 2

4
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8
Tyy(60.%) = Tyy(90.%) = Tyy(200,%) =
6 0.478 0.715 6.836
(100, 0.333 0.498 4.739
0.208 0.311 2.951
Txy(120:%), 0.112 0.167 1.576
g (150,%) 0.044 0.066 0.612
— 1.433-103 2.124-10-3 3.437-10-3
Txy(200,%) \ -0.022 -0.033 -0.328
N -0.032 -0.048 -0.464
\\ -0.033
0 ==
0 10 20 30 40
X
50
40~
- 16
- 14
12 7040 0 01—
~ 10
- 2
| ¢ 20—
4 (_
-2 1 0 0-
- 0 1 E——
100 150 200 250 300
TXy
Txy
Ga'(h_ceff(a)_hf)
A";\S\a) = fa Pl .
Gal2nhg) [ . (b — Cefp(@ — hg)-(h — Cegp(@) )
t, EpAg E 1 (a)
Gy h-Cegp(@) — by
+ . -P
t,-)\l(a)z EC-IC(a) + Ef~If
1.2 T I
8 7 1.15
TRiz(®
TRiZ (O] ] _T(a) 1.1
@ g4 n R
1.05
5 _
1 | |
50 100 150 200
0O 50 100 150 200
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he
Ga' hfceff( a)* ?

t-Ec1(2)

-P-a..

hf hf
Gy(2nhg) | . h = Cefp(@ = - J-{ = Cef(@) — —

ty EpAg
h

£
h—C_ep(a) - —
G, eff(® —

+ 5 P
(A2 Eele® * Eelp

G, y(a)

tyEc1(a)

TT(a) :=

E 1(2)

G,
-P-a+ a ¥(@)

ty

G, y(a)

tyEc1(a)

Ga'(2~“'hf)_ L, y(@)’ M@ Eeld® * Brlp
EfAf EC~IC(a)

Gy

-P-a+

t

a Ef Af EC. Ic(a)

: P
/Ga'(z-“'h).[ L, y(a)zj ta~)\1(a)2 Ecl(a)

SIMPLIFICATION (VH SOLUTION)

. a 1 P-G,-y(a)
Tsiml(a) := + .
Ga~(2.~n~hf~tf) 1 Ga<(2.-n~hf-tf) 1 t,E 1(a)
tyte EpAg tote EpAg
G, Ect Eqt
p- ff fHf
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1
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Appendix A.4

NUMERICAL ANALYSIS

GEOMETRY

Figure A.4-1.Different parts of beam retrofitted with NSMR

ASSEMBLY

v
ZJ\"

Figure A.4 — 2. Assembly of various parts in the retrofitted beam
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MESH

Figure A.4 -3. Mesh of the retrofitted beam.

RESULTS

s, 523
(Avg: 75%)

-3,412e+01

QDB TESTBEAMOEAPROZ.0db  Abaqus/Standard Version €.7-1 Thu @ct 16 21:11:47 GMT Standard Time 2008

v Step: Gtep-1, TEST BEAM

Increment  S: Arc Length = 9,125
2 * Primary Wan: 8, 523

Figure A.4 —4. Shear stress along the retrofitted beam
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VON-MISES STRESS

ODB: TESTREAMDGAPROS-2iodb  Absqus/Standard Version 6.7-1 Thu Oct 16 20:54:36 GMT Standard Time 2008

H BEAM

Stapr Stap-1, TEST
Increment 5 Acc Length = 9,125
. . Brimary Var §, Mises

Figure A.4 -5. Von Mises stress along the retrofitted beam

Y

Figure A.4 5. Stress concentration around the termination point
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a0

RN

stfStandard Varsion 6771 Tho Ot 18 31111247 GMT Standand Tima 2008 D8 TESTEEAMDSAPROB odh  Abaqus/Standard Version 671 Thi Oct 16 211111 4T ST Stasdard Time 2008

St Seapet, TEST BEAM

Seaps Stape3, TEST wAM
e
by

Encramenn 5 are Langh = 9125

Brimany a5, 323 Fulnar var
00800
Erine
ODB: TESTBEAMOSAPROB.adb  AbaqusfStandard Version 6,78 Thi 0<t 16 21111147 GHT Standard Time 2008 ODK: TESTREAMDGARRO ofh Abugss/Standard Varsion 671 Thy Oct 16 24:1 1147 NT Standard Toms 2008
Steps Stap-1, TEST BEAM, v Steps Stap-1, TEST BEAN

- Tecremert 5 rc Langth = Iecrmant S ArcLangh = 9525
Brimary Uan: £, 523 M Prmary Van 6. 633

5822

(g 79%)
453018001
125008000

©OOB: TESTEEAMOSARROB.0fh - Abaqus/Standand Version §.7-1 Thi Oct 16, 21111147 GNT Standard Tims 2008 ODB: TESTREAMOGAPROB.0db  Absdus/Standsrd Version 6.7-1  Thu Oct 16 21111:47 GMT Standard Time 2008
Srep: & Ean <
Tnemant . arc ongin = 91125 Thmert " S ar Langihe 9475

Brimary Var: 5, 523 Brimany Var: 5,523

Figure A.4 —6. Shear stress in various cross sections along the beam
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v Step: Step-1, TEST BEAM
ent St hrc Lan

Incram gth= 9125
Symbol Vani §
x
=

Figure A.4 —7. Principle stresses in cross section near the COP.

MODELLING FOR PULL OUT TEST

RO | I

Figure A.4 7. Stress distribution in the pull-out specimen with NSMR.
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APPENDIX B - EXPERIMENTAL WORK

B.1 MATERIAL TESTS

B.1.1 CONCRETE

(@ | I(b) o

Fig. B - 1: Splitting tension test setup (a), (b), (c) and failure of specimen

(b)

Fig. B - 2: Flexural tension test (a) test setup and (b) failure of specimens

B.1.2 FRP

250 500 250
1000

Fig. B - 3: Design of anchorage at the end of FRP specimens to avoid splitting of FRP
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(@)

(b)

(©)

Fig. B - 5: Failure of (a), (c) BFRP (b), (d) CFRP

3500

STRESS STRAIN RELATIONSHIP OF FRP MATERIALS

3000
2500
2000
1500
1000

500

BFRP2
e B FRP 3
CFRP1

CFRP2
CFRP3

3000 6000 9000 12000 15000

Microstrain

Fig. B - 6: Stress strain relationship of FRP materials
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B.1.3 ENFORCE EP STRUCTURAL ADHESIVE

Appendix B

(@) (b)

(©)

(@)

Fig. B - 7: Adhesive specimens (a) specimen preparation (b),(c) instrumentation (d)

failure

Stress_strain-A7(CUBE)

100 -
90 |
80 -|
70
0 |

48 4
3d 4
204}
0

Stress(MPa)

0

C21 HOR1
C23_HOR2
C27_VER2
C25_VER1

Stress_strain-A2(CYLINDER)

Stress(MPa)

100

C21 HOR1
C23_HOR2
C25_VER1
C27_VER2

r T T T T T
5% -4% -3% -2% -% 0% %

Strain
(@)

T T T 1
2% 3% 4% 5%

r T T
5% -4% -3%

(b)

Fig. B - 8: (a) Cubes specimens, (b) Cylinder specimens

T T t T T T T
2% -% 0% % 2% 3% 4%

Strain

)
5%
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B.1.4 STEEL REINFORCEMENT BAR

Fig. B - 9: Strain gauge attached on steel reinforcement

STRESS-STRAIN BEHAVIOUR OF STEEL MATERIAL
700

600

500

400

300

SAMPLE1
200

SAMPLE2
100

SAMPLE3

0

0 20000 40000 60000 80000 100000 120000
Microstrain

Fig. B - 10: Stress-strain relationship of steel speciments

B.1.5 INSTRUMENTATIONS

(b)
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(©)

Fig. B - 11: Strain gauge bonded on FRP strips and steel reinforcement, (a) FRP, (b)
Flexural steel bar, (¢) Shear link

Unbonded FRP‘ Bonded FRP

Cut-off point =72 a2 : e

(@) (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 - 15: Details of set up of LVDTs at the LVDT group C
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B.2 BEAM FABRICATION

(b)

Fig. B - 17: Concrete casting and curing
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Fig. B - 18: Strain gauges bonded on strips before strengthening

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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Fig. B - 20: Restoration of partly failed beam for future testing, beams (a) before and
(b) after strengthening

(@ (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

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

P2 P/2

AL LAY

Loose, strips to prevent catastrophij/de-jfnding after

=
(@) BN

UN-BONDED BONDED UN-BONDED

(b)
Fig. B - 23: (a) Pre-cracking beam (b) retrofitting NSMR

1.
P/2 P/2
UN-BONDED BONDED DAMAGED UN-BONDED
(a) ‘
BANDED WITH STEEL STRIPS NEWLY BONDED
7 /| /|

(b)

BONDED DAMAGED

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

P/2 P/2

DAMAGED BONDED DAMAGED

Fig. B - 25: Testing the restored beam debonding on the other side

3. PHASE 3 OF TESTING- FLEXURAL FAILURE

NEWLY BONDED BANDED WITH STEEL STRIPS NEWLY BONDED

L DAMAGED BONDED DAMAGED

mmmm  UN-BONDED SECTION

Fig. B - 26: Restoring beams after debonding on both sides by steel straps in zone C
and bond FRP in zone B

Fig. B - 27: Preparation for the damaged beam and testing for the final phase
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Appendix C1

Cl1 TYPICAL FAILURE OF REFERENCE BEAMS

Fig. C1 - 1: Typical failure of reference beams
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Cl2 DEFLECTION GRAPHS FOR BEAMO

C3 ca

140 4 140 -

20 -

Fig. C1 - 2: Deflection graphs for beam0 (C3-C7)
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C13 STRAIN READINGS FOR BEAMO
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[4n]
D

(b)
Fig. C1 - 3: (a) Strain in the compression steel reinforcement, (b) Strain in the tension steel

reinforcement
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Cl4 DEFLECTION GRAPHS FOR BEAM1
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Fig. C1 - 4: Deflection graphs for beaml (C3-C7)
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STRAIN READINGS FOR BEAM1
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Fig. C1 - 5: Strain in the compression steel reinforcement (C21-C31)
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Cc33 c35
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Fig. C1 - 6: Strain in the compression steel reinforcement (C33-C37)
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Fig. C1 - 7: Strain in the tension steel reinforcement (C39-C43)
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(b)

C.21 BEAM DESIGN
A B
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Fig. C2 - 2: (a): LVDTS arrangement along the beam - (b): Strain gauge arrangement in various

components
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Fig. C2 - 3: Failure of beam NSM2A
READINGS OF LVDTs
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. C2 - 4: Readings of LVDTs (C2 - C9)
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C.25 STRAIN READINGS
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Fig. C2 - 5: Strain Readings (C21-C35)
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Fig. C2 - 6: Strain Readings (C77-C107)
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Fig. C2 - 7: Strain Readings (C109-C135)
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Fig. C2 - 8: Deflection profile
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Fig. C2 - 9: Strains in the steel reinforcement and FRP along the span
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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.29 3D PROFILE OF STRAIN AND BOND STRESS
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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
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Fig. C3- 2: (a) LVDTs arrangement along the beam, (b) Strain gauge arrangement in various

components
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FAILURE

C33

Fig. C3- 3: Failure of beam NSM3A
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C.34 FIRST TESTING PHASE: PRE-CRACK STAGE

a. READINGS OF LVDTs
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Fig. C3- 4: Readings of LVDTs (C2 — C9)




b. STRAIN READINGS
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Fig. C3- 5: Strain readings (C21 — C57)
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C.35 FINAL TESTING PHASE
a. READINGS OF LVDTs
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Fig. C3- 7: Readings of LVDTs (C2 — C9)
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b. STRAIN READINGS
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Fig. C3- 8: Strain readings (C21 — C53)
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Fig. C3- 9: Strain readings (C55 — C85)
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Fig. C3- 11: Strain readings (C119 — C143)
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C.3.7 STRAIN DISTRIBUTION AND BOND STRESS IN THE STEEL
REINFORCEMENT AND FRP ALONG THE SPAN
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Fig. C3- 13: Strains in the steel reinforcement and FRP along the span
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Fig. C4 - 1: Beam set-up.
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Fig. C4 - 2: Strain gauge arrangement in various components
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C.4.3 HE FIRST PHASE OF TESTING-FAILURE AT SIDE 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)

m Ea

3

._ E

Fig. C4 - 4: Failure at the second phase.
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C.45 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
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Fig. C4 - 6: Readings of LVDTs (C2 — C9)
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Fig. C4 - 7: Strain readings (C11 — C23)



Appendix C4

C25 c27 C29 C31
160 160 160 150
140 A 140 140 A 140 /"‘
/ / e
120 j/’ 120 120 ' 120 v
A ~
100 100 100 100 {
80 / 80 / 80 80 /
I / o
saf A &t &0 '/J 80
/ /
a0 4 40 EL
/ /
20 20 / 20 20
o . . . o . . . . i . . ol . .
o 500 1000 1500 o 500 1000 1500 2000 o 1000 2000 0 500 1000 1500 2000
C33 C35 c37 C39
160 160 160 150
. ’ / I
140 140 / 140 140 —
/ / , ——
120 Vv 120 E 120 /'/ 120
/ /
100 ,/ 100 / 100 / 100 /
~ A / /
80 y / 80 / 80 / 80 /
0 7 &0 i 60 / 50 ,/
/ /
a0 / an / 0 / ol f
/ / /
0/ 20 / 20 20
f’ /
0 0 0
0 500 1000 1500 2000 0 1000 2000 0 1000 2000 3000 0 2000 4000 6000
c41 c43 C45(C61) C45
160 159 160 150
b { i
140 140 140 140
T - i
120 i 120 - 120 f’f’ 120 -~
P /
100 // 100 / 100 100 //
/ / /
50 &0 / &0 50 /f
50 60 / 50 50 f
40 a0 an a0 bl
/ / /
20 20 / 20 20 #
i
0 a
5000 10000 15000 1000 2000 3000 4000 5000 0 5000 10000 0 500 1000 1500
C49 C51 C53 C55
160 160 160 180
140 /f/' 140 140 //V/r 140 /4/
120 / 120 120 / 120 //
A
100 100 A 100 / 100 /
/ # /
a0 / a0 / 80 50 /
/ /
60 s &0 60 80
/ y
40 4 _——7' 40 a0 /
20 20 / 20 / 20 /
/ / /
i i
0 0 0 0
o 2000 4000 o 1000 2000 3000 o 1000 2000 3000 o 1000 2000

Fig. C4 - 8: Strain readings (C25 — C55)
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Fig. C4 - 9: Strain readings (C57 — C87)
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CB89 C91 c93
160 160 160 150
, ~
140 140 / 140 1"-‘/ 140 g__d’
120 120 - Y 120 / 120 Bl
v }
100 100 / 100 ;J/f 100 =
p;
50 &0 / 80 /, &0 —§</‘
-
50 a0 / &0 J 80 e
I
40 {i ) 40 0 é
=
20 20 { 20 20 5_/
o - . o . . i . . . o l—= . . .
500 1000 o 500 1000 o 200 400 B00 800 o 200 430 GO0 800
C95 c97 c99 C101
160 160 160 150
140 K”J}' 140 E“j 140 ﬁ; 140 ¢ v
e I
120 /‘,_J/‘_/ 120 F,fr 120 ﬁ? 120 /,</J
wal 100 = 100 100 A
. < e S
= 7
£ L 80 5 80 b o,
60 60 = 60 < 80
—
a0 wr 0 i 0
- S
20 20 2 20 { 20
= s
0 o= 0 L
0 500 1000 0 500 1000 0 500 1000 200 400 600 80O 1000 1200
C103 C105 C107 C109
160 159 160 150
140 /,J/ 140 / 140 / 140 ‘/«
/7
/
120 ’,/“/ 120 120 120 J/‘
/
100 / 100 100 100
e /
sof A &0 &0 _ 50
/ / -~ /
50 60 / 50 / 50
a0 a a0 (1 40
20 4| w lf 20
0 0 a
0 500 1000 200 400 600 800 100012001400 0 200 400 600 800 0 200 400 8O0 80O
C111 C113 C115 C117
160 1860 160 180
/ e \/\
140 - 140 140 140
A L\v‘ .
120 / 120 120 \ 120 \’\L\
"
100 e 100 100 100 \
/—/ N
50 — 80 B 80 80
/ b
60 &0 60 80 ‘\
\
40 41 40 40
hY
20 20 \\ 20 20
0 0 0
200 400 600 200 =400 2300 2200 2100 -4000 -2000 o

Fig. C4 - 10: Strain readings (C89 — C117)
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Fig. C4 - 11: Strain readings (C119 — C153)
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C.4.7 LOAD-DEFLECTION
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Fig. C4 - 13: Load deflection for Beam 4.
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C4 - 14: Deflection profile
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C.4.8 FIRST PHASE-SIDE A FAILURE
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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.49 FIRST PHASE-SIDE B FAILURE
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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
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Fig. C4 - 17: Variation of forces and strain at different
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C.4.11  STRAIN AND BOND STRESS PROFILES
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Fig. C4 - 18: Strain and bond stress profiles of (a) The steel reinforcement and (b) FRP.
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C4.12
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Fig. C4 - 19: Strains in the steel reinforcement and FRP along the span.
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C.4.13

READINGS OF LVDTs
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Fig. C4 - 20: Readings of LVDTSs (C2 — C14)
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SECOND PHASE - STRAIN READINGS
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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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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
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Fig. C4 - 26: Variation of strain along the side A.
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Fig. C4 - 27: Variation of strain along the side B.
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STRAINS IN THE STEEL REINFORCEMENT AND
FRP ALONG THE SPAN
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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
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Fig. C4 - 29: Variation of strain and bond stress along the
reinforcement and FRP at different load level.
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Fig. C4 - 30: Strains in the steel reinforcement and FRP along the span.
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C.419 FINAL TESTING PHASE-READINGS OF LVDTs
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Fig. C4 - 31: Readings of LVDTs (C2 — C18)
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C.4.20 FINAL TESTING PHASE-STRAIN READINGS
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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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C4.21 3D PROFILE OF FORCES
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Fig. C4 - 37: Variations of forces along the steel reinforcement and FRP

C.4.22 STRAIN AND BOND STRESS PROFILES
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Fig. C4 - 38: Strain and bond stress profiles of FRP.
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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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C51 BEAM DESIGN
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Fig. C5 - 1: Details of specimen
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Fig. C5 - 2: Strain gauge arrangement in various components
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C53 FIRST TESTING PHASE: PRE-DAMAGING
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Fig. C5 - 3: Crack pattern of beam NSM5A

C54 FIRST TESTING PHASE: FAILURE ON SIDE B

Fig. C5 - 4: Debonding of beam NSM5A
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FIRST PHASE - DISPACEMENT READINGS OF LVDTS

Appendix C5
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Fig. C5 - 5: Displacement readings of LVDTS (C2 - C9)

STRAIN READINGS
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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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C5.7 DISPLACEMENT READINGS OF LVDTs
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Fig. C5 - 9: Displacement readings of LVDTs (C2-C18)
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Fig. C5 - 10: Displacement readings (C19 — C20)

Appendix C5

135



C5.8

STRAIN READINGS

Appendix C5
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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))
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C5.10 STRAINS IN THE STEEL REINFORCEMENT AND
FRP ALONG THE SPAN
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Fig. C5 - 18: Strains in the steel reinforcement and FRP along the span
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STRAIN AND BOND STRESS PROFILES
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C5.12 3D PROFILE OF STRAIN AND BOND STRESS
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Fig. C5 - 20: Variation of (a) strains and (b) bond stress along the reinforcement and FRP at
different load levels
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FINAL TESTING PHASE

C5.13

Fig. C5 - 21: Final testing phase of beam NSM5A
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FINAL TESTING PHASE-READINGS OF LVDTs
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Fig. C5 - 22: Readings of LVDTSs (C2 — C18)
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Fig. C5 - 23: Readings of LVDTs (C18 — C20)
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C515  FINAL TESTING PHASE-STRAIN READINGS
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