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Abstract

ABSTRACT

During the last two decades, increasing the shear capacity of the existing
reinforced concrete (RC) elements, such as RC beams has become an important issue
around the world. The use of Near Surface Mounted (NSM) strengthening technique has
contributed significantly in achieving that. However, the theoretical shear contribution of
this technique in RC beams is still not yet fully achieved, and there is not a final design
guidance to estimate this contribution accurately. Therefore, this dissertation aims first
to study the effects of different parameters on the effectiveness of this technique in
shear strengthening of RC beams, evaluating the current theoretical models. Finally, this
dissertation aims to propose a modified analytical model to compute the theoretical

shear contribution of NSM technique in RC beams accurately.

The study of the impacts of various parameters, such as the type and material of
the NSM reinforcement, angle of orientation, spacing, and percentage of existing steel
stirrups, percentage of composite materials, concrete strength and the anchorage of the
FRP reinforcement, on the effectiveness of such strengthening technique is first
considered in this dissertation. From examining these influences using the findings of the
previous experimental tests, it was discovered that these factors play an important role
in the effectiveness of this technique. In fact, it was found that, they can contribute
significantly in increasing the efficiency of NSM technique by means of shear

strengthening technique in RC beams.

Furthermore, experimental database was generated in this project using all the
available technical papers in the field of NSM shear strengthening of RC beams. This was
then used to evaluate the current theoretical models. Only three of the current
theoretical models, which are the ones that proposed by A.K.M Anwarul Islam, (Dias and
Barros) and T.C. Triantafillou, were selected and evaluated in this dissertation because of
the complexity of some models and data availability. The evaluation of these three
models are not only in terms of the accurate estimation of the analytical values of the
shear contribution of NSM technique in RC beams, but also in terms of the considered
parameters in the development of them, and their degree of sophistication. The
evaluation results of the models showed that the first evaluated model is not that
reliable to be used and modified. These results also demonstrated that Dias and Barross’
model is more reliable compared to the first evaluated model. Finally, the evaluations of
the three models illustrated that the model of T.C. Triantafillou is the best one among

the others.



Abstract

Based on the final evaluation results of the three models, T.C. Triantafillou’s
model is modified in this dissertation using the generated database. By modifying and
introducing new safety factors to this model, 94% of the considered beams of the
database are in the safe side. However, since this model was originally designed for RC
beam strengthened in shear using externally bonded FRP laminates, the predictive
performance of this modified model is assessed. This is achieved by comparing the
obtained results from the modified T.C. Triantafillou’s model with the results, which were
obtained from using the three original models before carrying out any modification
processes. In addition to this, Dias and Barross’ model is modified in this project, and
the obtained results of the two modified models are compared. The assessment results
proved that the modified T.C. Triantafillou’s model is a sufficient model, which can
predict the theoretical shear contribution of NSM technique in RC beams accurately with
sufficient agreement with the experimental results. Thus, this model has been adopted
to be used as a design-oriented equation in RC beams strengthened in shear using NSM
technique. A maximum limit to the effective FRP strain for each type of FRP
reinforcement is also defined in this dissertation to maintain the aggregate interlock, and

control the shear cracks in the NSM shear strengthened beams.
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Notations

NOTATIONS

Unless otherwise defined in the text the following notations apply

As: Area of FRP reinforcement in shear

A;- The nominal cross-sectional area of the FRP rods

A, - The cross sectional area of the arms of a steel stirrup

A, - The cross sectional area of the longitudinal tensile steel reinforcement
as X bs: The dimensions of the FRP laminates

a/d: The shear span ratio in the NSM shear strengthened beams

b.: Beam web width

CFRP: Carbon Fiber Reinforced polymer

Cfi(Lg;, aﬁ): The semi-conical surface associated to the i-th strip

d: The distance from the external compression fiber to centroid of the longitudinal
tension reinforcement

Dia.: The diameter of the FRP bar/rod

EBR: Externally Bonded Reinforcement

EFRP: Externally Bonded Fiber Reinforced Polymer

E:: The tension modulus of elasticity of FRP reinforcement

Esw: The modulus of elasticity of steel stirrups

f.: The compressive strength of concrete

f.m: The tensile strengthen of concrete

f.: Characteristic compressive cylinder strength of concrete at 28 days

f.q: The design value of the cylinder compressive strength of concrete

fre : The effective stress in the FRP reinforcements

frut The ultimate tensile strength of FRP reinforcement

fyr: The tensile yield strength of FRP bars

fi: The tensile stress in the rod at the crack location

fywa + The design yield strength of steel stirrups

FRP: Fiber Reinforced Polymer



Notations

Fmax: The maximum load carrying capacity of the NSM shear strengthened beams

Fs- The force resulting from the tensile stress in the FRP reinforcements crossing the
shear failure crack

GFRP: Class Fiber Reinforced polymer

hy: The height of the beam web

K: The ratio between the experimental and theoretical shear contribution of NSM
technique in RC beams

K ave.: The average value of the ratio K

Ltz The sum of the effective lengths of all the FRP reinforcements crossed by the crack

ns: The number of FRP reinforcements crossed by the shear failure crack

NSM technique: Near Surface Mounted technique

RC: Reinforced Concrete

S¢: The spacing of the FRP reinforcement

S, - The spacing of the steel stirrups in RC beams

V,: Shear capacity of reinforced concrete beams

V.: Shear strength provided by concrete

Vs: Shear strength provided by steel stirrups

V;: The shear contribution of Near Surface Mounted technique in reinforced concrete
beams

Ve ®*P: The experimental value of the shear contribution of NSM technigue in RC beams

V; #™: The theoretical value of the shear contribution of NSM technique in RC beams

Ewx.> The characteristic value of the FRP reinforcement strain

€ The ultimate strain of the FRP reinforcement

€ 2": The analytical value of the FRP reinforcement strain

€ ®P: The experimental value of the FRP reinforcement strain
max- 1he maximum value of the FRP reinforcement strain

Tra: The basic design shear strength

Vi



Notations

Tp: The average bond strength of the FRP reinforcements

ps: The percentage of the composite material (FRP reinforcement) in the strengthened
beams

Psw: The percentage of the steel stirrup in the strengthened beams

psi- The percentage of the longitudinal tensile reinforcement

0:: The inclination of the FRP reinforcement measured with respect to the horizontal axis
of the beam

a: The orientation of the shear failure crack in RC beams

as: The angle between the generatrices and the axis of the semi-con attributed to the

i-th strip
Y.: Partial safety factor for concrete

Ys: The partial safety factor

vii
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Chapter 1 INTRODUCTION

1 INTRODUCTION

1.1 Background

In reinforced concrete (RC) structure, shear failure is a common issue that might
be faced. Earthquakes, hurricanes and other examples of natural disasters can all cause
shear failure in the existing reinforced concrete structures before full flexural capacity is
reached. The existing reinforced concrete structures, such as bridges and buildings might
exhibit shear cracks due to the regular, unpredicted and unconsidered loads in the
inferior material behaviour, earlier designs and the loss of the concrete strength because
of aging. The shear failure mode of any reinforced concrete referred to by (RC) element
should be avoided. This is due to the fact that this type of failure is very brittle and
unpredictable. In fact, this kind of failure can lead to serious damages in the RC
structures and sometimes cause collapse. Therefore, the need for efficient and cost-
effective shear strengthening techniques in RC elements became significant in order to
overtake the shear deficiency causes, and their consequences in the existing RC

structures (Islam 2008).

The use of fiber reinforced polymer (FRP) based strengthening systems for shear
and flexural strengthening of reinforced concrete (RC) structures has been spread widely
around the world especially during the last two decades. The reasons behind this can be
related to the outstanding properties of the composite materials (FRP reinforcement),
which can be summarised to, ease of handling, fast completion of work, availability, high
stiffness, high strength to weight ratio, high durability and many others. Near Surface
Mounted strengthening technique, which will be referred to in this dissertation by (NSM)
technique, is a relatively new-FRP based strengthening technique. This technique has
been now used widely for shear strengthening of reinforced concrete beams referred to
by (RC beams). This technique involves the installation of FRP reinforcement into thin
grooves open on the concrete cover of the lateral faces of the RC beams. The FRP
reinforcements in this technique are positioned orthogonally to the beams axis, or as
orthogonal as possible to the shear failure cracks in the case of existing RC beams (Dias
and Barros 2012).

The high effectiveness of NSM technique by means of shear strengthening
technique in RC beams compared to that of the externally bonded reinforcing (EFRP)
technique, contributed significantly in being it used for such purpose widely (Dias and
Barros 2012). It is important to mention that the EFRP technique is a relatively old FRP

based strengthening technique. In fact, it is reported by many this technique has

1



Chapter 1 INTRODUCTION

numerous experimental data regarding the shear strengthening of RC beams, and its
analytical shear contribution in the EFRP shear strengthened beams is well known and
established. In contrast, it is believed that the theoretical shear contribution of NSM
technique in RC beams is not yet fully achieved, and more work need to be carried out in
this field (Islam 2008).

1.2 Problem Statement

It is believed that, the determination of the analytical contribution of Near
Surface Mounted (NSM) FRP reinforcement in the NSM shear strengthened beams is
quite unclear. Despite the fact that there are few theoretical models, which were
proposed to compute this contribution, all of them based on experimental tests. In fact,
very small experimental data was used to develop these models. In addition, all of the
proposed models differ in their evaluation of the shear contribution of NSM FRP
reinforcement in RC beams. According to that, it has been reported by many that, there
is not a final design guidance to predict the analytical shear contribution of this
technique in RC beams accurately. A question therefore can be asked as a problem
statement. This question should be also kept in mind throughout this dissertation, as this
project was carried out to answer it beside the other objectives. The question is: “ Is it
possible to have one equation that calculate the theoretical shear contribution of NSM
technique in RC beams accurately, and showing sufficient agreement with the

experimental results?” This will be answered in this dissertation.

1.3 Aims and Objectives

The main goal of this project is to propose a modified theoretical model to
calculate the analytical shear contribution (V;) of NSM technique in reinforced concrete
beams, and evaluated it such that it can be used as a design-oriented equation in RC

beams.

In addition to the main goal, there are two other objectives, which are very
significant to achieve the main aim of this research. The first one is studying the effects
of various parameters on the effectiveness of NSM technique by means of shear
strengthening technique in RC beams. This will in fact help to assess the effectiveness of
this technique in shear strengthening of RC beams. The first objective is base on the

experimental findings of previous experiments, which were carried out in this field. This
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is examined in chapter two. The other objective is evaluating the current theatrical
models in terms of their accuracy in estimating the term (V;), the considered parameters
in the development of them, and their degree of sophistication. This will help in selecting
the best model, and then modify it in order to achieve the main aim of the dissertation.
The evaluation and the modification processes in this project are based on experimental
database, which was created using all the available technical papers in this area. It is
important to mention that, Microsoft excel program was used to produce the diagrams,

calculations, tables, and modifying the equations in both chapters three and four.

1.4 Layout of the Dissertation

This dissertation consists of five chapters. The first chapter is an introduction to
the project, which includes brief overviews regarding the shear failure mode in reinforced
concrete structures and the use of Near Surface Mounted (NSM) technique in shear
strengthening of RC beams, the problem statement, and the aims and objectives. In
chapter two, a literature review of the project is presented, which shows the previous
works of some researchers in the field of using this technique in shear strengthening of
RC beams. A brief comparison between using different techniques in shear strengthening
of reinforced concrete beams is also illustrated in this chapter. A detailed study of the
impacts of various factors, which were examined previously in different experiential
programs, on the effectiveness of this technique in shear is also considered in chapter
two. A brief examination of the current theoretical models, and the shear failure models

of the NSM shear strengthened beams are also presented in the literature review.

Chapter three covers a brief overview of the shear design in RC beams, the
generated database, the selection of the current theoretical models, the detailed
evaluations of A.K.M Anwarul Islam’s, (Dias and Barross”) and T.C. Triantafillou’s models
and the discussion of the results of evaluation of the three models. The modifications of
T.C. Triantafillou’s and (Dias and Barross’) models, the discussion of the obtained results
of the madified T.C. Triantafillou’s model, and comparison between the results of the two
modified models are presented in chapter four. Finally, the last chapter, chapter five,
presents the summary of the works and the final findings of the project, besides

recommendations for further research work.
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2 LITERATURE REVIEW

2.1 Introduction

According to Fib (2001), during the last two decades, the enhancement of the
civil engineering infrastructures has become one of the most significant issues around
the world. This is mainly because of the fact that many of the existing concrete
structures nowadays are suffering from many deterioration problems. The shortage of
maintenance, increasing the loads on the structures or facing unpredictable loads, like
earthquake are some of the factors that play a role in the deterioration issues of
concrete structures. Another important factor is that relates to errors that occurred
during the design stages of the existing reinforced concrete (RC) structures, such as
those due to calculations and design assumptions. Furthermore, it is stated that the
requirements of design are always being developed in order to increase the safety issues
of the concrete structures (Triantafillou 1998). Therefore, in order to make these
existing structures meet such requirements, it is important to use strengthening
techniques. Using such techniques can basically contribute significantly in improving the
performance of the existing concrete structures. This can be achieved, for example by
strengthening the existing reinforced concrete (RC) elements of structures in flexural
and shear (Fib 2001).

One of these techniques is that of using Externally-Bonded Fiber reinforced
polymer (FRP) laminates referred to by (EFRP) (Fib 2001). In fact, using such technique
to strengthen the reinforced concrete elements, such as beams, slabs and columns has
been accepted widely. This is quite apparent in the growth of using it in the civil
engineering practices especially during the last few years (Cameron 2012, and Ehsani
2005). The popularity of using the FRP based strengthening techniques in the
strengthening of RC elements can be in fact because of the outstanding properties of the
composite materials that are used in such techniques. These unique properties as
mentioned before can be summarised to those of low weight, high tensile strength easy
application in the field of work, high stiffness, and good ability to resist corrosion. These
materials also have an efficient deformation capacity. Furthermore, fibre reinforced
polymer (FRP) reinforcement is available in different sizes, dimensions and shapes.
Nevertheless, using externally bonded laminates has been found to be more expensive
compared to that of using steel bars for the same purposes. Also, EFRP technique needs
more preparation for the surface of RC elements before bonding the FRP laminates. This
is basically in order to achieve good bonding behaviour between the RC elements and
FRP composites materials (Fib 2001, and Transportation research Board 2011). It is

important to emphasise that numerous numbers of researches and experimental



Chapter 2 Literature Review

programs have been carried out regarding using externally FRPs technique to strengthen
RC elements since the beginning of the 1990’s. Additionally, it is mentioned that most of
these studies and researches were to some extend able to clarify the contribution of
external FRP bonded laminates in the enhancement of both the shear and the flexural

behaviour of RC elements (Teng et al. 2002, and Cameron 2012).

The other FRP based strengthening technique which is used to strengthen the RC
elements of the existing RC structures is that of using Near Surface Mounted (NSM)
technique. This strengthening technique is a relatively new one. Basically, the
strengthening goal in this technique is achieved by opening groves in the external faces
of RC elements, and filling them slightly by epoxy paste. Then, the NSM reinforcements
are placed in these groves, and finally levelling the surfaces by adding extra epoxy. This
is well illustrated in figure (1). In order to obtain excellent bonding condition between
the FRP reinforcement and surrounding concrete, it was reported by many that the grove
size should be between (1.5 to 2) times the diameters of NSM reinforcement bars (De

Lorenzis and Nanni 2001).

Slits are opened

Final aspect of a beam shear strengthened by NSM
technique

Figure (1): Instillation processes of NSM technique (Dias and Barros 2005)

NSM technique has been found by many to be more efficient and convenient than
external bonded FRP technique. This can be for many reasons. Firstly, such

strengthening technique does not require any extra surface preparations apart from that
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of groves. Furthermore, NSM technique needs less time in term of installation processes.
Moreover, the FRP reinforcements in such technique can be anchorage better, so early
debonding failure of the NSM reinforcement is prevented leading to increase the
efficiency of this technique in RC beams. Finally, additional protections for the FRP
reinforcement form environmental effects, such as corrosion are not required, since the

FRP reinforcements are embedded in groves (Tanarslan 2010).

NSM technique in fact has many times of applications regarding strengthening
the existing reinforced concrete (RC) elements. One of them is shear strengthening of
RC beams. In other word, NSM technique is used widely to increase the shear capacity of
the existing RC beams (Dias and Barros 2011). However, it is important to emphasise
this technique has a limited experimental data for shear strengthening of RC beams. This
could be because it is still a relatively new technique (Islam 2008). In fact, many other
researchers also agreed that the theoretical calculation of NSM shear contribution in RC
beams is not yet fully achieved as well as it is not quite clear. Also, it is believed that
there is not a final design guidance that can be used to calculate the theoretical shear
contribution of this technique in the NSM shear strengthened beams accurately. Thus,
more researches are recommended to be carried out in order to first understand the
influences of different variables on such strengthening technique, and propose an
efficient theoretical model to calculate the shear contribution of NSM technique taking
into account the effects of the various parameters that could affect the effectiveness of
this technique by means of shear strengthening technique in RC beams (De Lorenzis and
Nanni 2001).

Therefore, it is aimed in this literature review to illustrate and examine the
previous experimental works and researches that have been carried out in this field. This
includes studying the effects of various parameters on the effectiveness of NSM
technique, shear failure modes and shear capacity of the strengthened beams. An
examination of the current theoretical models that were proposed to calculate the shear

contribution of NSM technique is also considered in the last section.
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2.2 Using Various Shear Strengthening Techniques in RC Beams

Many experimental programs have been carried out in order to evaluate the
efficacy of using steel stirrups, externally bonded FRP laminates, and Near Surface
Mounted techniques in shear strengthening of RC beams. Dias, Barros and Lima (2006),
for example, aimed to find the difference of using these techniques in term of their shear
efficiency in RC beams. This was achieved by testing four series of RC beams, which
were strengthened in shear by using the three different strengthening mechanisms.
From the obtained results, it was found that once the shear cracks formed, a sudden loss
in the load carrying capacity was recorded in the beams strengthened using steel
stirrups. This was accounted to the rapture of steel stirrups that crossed the shear cracks
in the tested beams. It was also observed that after the formation of shear cracks,
beams strengthened with externally U-jacket FRP failed generally in rapture of the
externally laminates. This time this was considered as a consequence of the high tensile
stress that generated in FRP laminates after the formation of shear cracks (Dias, Barros
and Lima 2006). In addition, it was generally noticed that the shear failure in the NSM
shear strengthened beams was not brittle compared to the EFRP shear strengthened
beams. Furthermore, by comparing the results of the beams strengthened using NSM
technique with that strengthened using Externally FRP technique, it was found that
better performance in terms of increasing shear capacity of RC beams, deflection and
preventing early debonding failure of the FRP reinforcement were recorded for beams
strengthened in shear using NSM technique (Raj and Surumi2012, and Dias, Barros and
Lima 2006). In fact, many others agree that an increase of about 55% and 85% in shear
capacity of RC beams can be observed if EFRP and NSM technique are used in shear
strengthening of RC beams, respectively. Similarly, an increment in the deflection
behaviour of the beams of about 77% for EFRP and 307% for NSM technique could be
obtained (Dias and Barros 2006). Moreover, it is reported that using NSM technique can
raise the maximum tensile stain of the FRP reinforcements to a level, which is greater
than that can be obtained by using EFRP technique (Dias and Barros 2009, and Dias and
Barros 2011).

Regarding the efficiency of steel stirrups and NSM technique in shear
strengthening, it was discovered that using both NSM technique and steel stirrups for
shear strengthening of RC beams, seems to have no noticeable differences in term of
increasing the load carrying capacity, and the shear capacity of the RC beams. However,
when many beams with steel stirrups and NSM reinforcements were tested for the
compression purposes, NSM shear strengthened beams showed better deflection

performance (Dias and Barros 2006).
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2.3 The Impacts of Various Parameters on the Effectiveness of

NSM Technique in Shear Strengthening

This section deals mainly with studying the effects of different parameters on the
effectiveness of Near Surface Mounted technique by means of shear strengthening
technique in reinforced concrete beams. It is worth to mention that all the information
presented in this section, is based on previous experimental studies, which have been
carried out to find the influences of different parameters on the effectiveness of NSM
technique in shear strengthening. These parameters are the types and material of NSM
reinforcements, angle of inclination, spacing, percentage of existing steel stirrups,
percentage of composite materials, concrete strength and the anchorage of the FRP

reinforcements.

2.3.1 Angle of Inclination and Spacing of NSM Reinforcements

Regarding these two parameters, it is reported that increasing the spacing
between the Near Surface Mounted FRP reinforcement, and/or increasing the angle of
inclination of FRP reinforcement seem to have noticeable effects on the effectiveness of
this technique in shear strengthening. This is due to the fact by doing so the distance,
that strengthens the interaction between bound stress around the NSM reinforcements,
and the surrounding concrete can decrease. Furthermore, doing that could lead to
accelerate the formation of shear failure pattern in the strengthened beams (Raj and
surumi 2012).

Moreover, many have approved that using inclined FRP reinforcement especially
at an angle equal to 45° from the horizontal axis of the beams with close spacing is very
effective in terms of increasing the shear contribution of this technique in the NSM shear
strengthened beams, increasing the level of mobilization of the FRP reinforcement at the
failure, the stiffness, the maximum load carrying capacity and the deformation of the
NSM shear strengthened beams at the shear failure stage. In fact, it is mentioned that
an increase in the shear resistance of the beams of about 44% can obtained in this case.
This increase was found to be higher than that of using vertical NSM reinforcement with
close spacing. It important to point out that the main reason behind making the 45°
arrangement the most efficient configuration in the strengthened beams, can be the fact
that the shear cracks in the beams at failure tend to incline by 45°. Therefore, the shear
cracks at failure will be orthogonal in this case to the inclined FRP reinforcement leading

to increase the effectiveness of these reinforcements (Dias and Barros 2010, Dias and
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Barros 2009, and De Lorenzis and Nanni 2001). Table (1) indicates the differences of

using different angle of inclinations in such strengthening technique.
Table (1): Characteristics of using different angle of inclinations of FRP reinforcements

(Teng et al. 2002)

Angle () Description

It is easy to apply in the RC beams. In general, it is less effective
than 60 and 45 degree in term of increasing the effectiveness of
90° this technique in shear. However, if reversed loads such as
earthquake are expected, this configuration could be more effective

than the inclined one.

2.3.2 The Percentage of Existing Steel Stirrups

Another important factor which is also considered in many experimental studies is
that of the percentage of the existing steel stirrups in the strengthened beams. In fact,
the reason behind examining the importance of this parameter is the fact that NSM
technique is used to strengthen existing RC beams that already have certain amount of
steel stirrups in them. It is important to mention that the main functions of steel stirrups
in RC beams are; they first help to take a portion from the shear force in the beams, and
play an important role in decreasing the propagating of shear cracks. Moreover, it is
stated that steel stirrups can raise the capacity of dowel action in RC beams, and hold
the flexural reinforcements rods together (De Lorenzis and Nanni 2001). Nevertheless,
when T-beams were tested considering the effects of the existing steel stirrups on the
effectiveness of NSM technique, it was discovered that the effectiveness of NSM
technique was higher in RC beams with lower percentage of existing steel stirrups
regardless the strength of concrete. In addition, it was stated that the level of influence
of this parameter seems to be as larger as smaller the concrete strength of the RC
beams is (Dias and Barros 2012). This was also confirmed by many others experimental
studies. For instance, in another experimental study, the results of examining the effects

of this factor on the effectiveness of this technique are well presented in figure (2).
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Basically, this diagram shows the lower this percentage in the tested beams, the higher

shear contribution of this technique is (Dias and Barros 2011).
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Figure (2): The effects of the percentage of existing steel stirrups in the NSM

shear strengthen beams (Dias and Barros 2011).

Interestingly, NSM technique was also discovered by some to be still very
adequate in the absence of steel stirrups. In fact, it is stated that an improvement of
35% in the shear capacity of the beams can be obtained in this case (De Lorenzis and
Nanni 2001). Another impact of this parameter is that the effective strain of the FRP
reinforcement was noticed in many experimental tests to be decreased as the
percentage of the existing steel stirrups increase in the NSM shear strengthened beams
(Dias and Barros 2012).

2.3.3 Type and Material of NSM FRP Reinforcements

The outstanding physical properties of the composite materials of Near Surface
Mounted FRP reinforcement contribute dramatically in the success of being this
technique used widely. Fundamentally, these materials can play an important role in
increasing the shear capacity of RC beams. However, this increase can be varied, since
these materials have various strain capacity, strength and stiffness modules. Basically,
many experimental tests approve that using different material and types of NSM
reinforcement materials can affect the effectiveness of this technique as a shear
strengthening technique in RC beams. For example, it was discovered that using NSM
Glass strips is more effective than using NSM Glass rod in term of increasing the ultimate
load carrying capacity of the NSM shear strengthened beams. Similarly, by comparing
circular carbon NSM rods with rectangular carbon strips, the second types appeared to
be more effective in term of increase the shear contribution of NSM technique (Raj and
Surumi 2012).

10
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Another example regarding materials type of FRP reinforcements, Rahal and
Rumaith (2010) confirmed that using steel and carbon bars in NSM shear strengthening
technique seems to have no differences in terms of increase the shear contribution of
NSM technique, but conditions such as cost, durability and material availability could be

reasons for selecting them.

2.3.4 Percentage of Composite Material

As far as the percentage of NSM composite material is concerned, it is agreed
that this variable has important impacts on the effectiveness of NSM technique, and the
shear failure modes in the strengthened beams. Dias and Barros (2009), for example,
approved this by examining the effects of such parameter in an experiment. Basically, T-
beams strengthening by different percentage (amounts) of NSM carbon laminates were
used in the experimental study. It was found in this test that the beams that had a
minimum percentage of carbon laminate (fewer amounts) failed generally in debonding
of the FRP reinforcements. On the other hand, the work of Dias and Barros (2012)
indicates that by increasing the amount of composite material to level that can be called
(intermediate and high percentage); the shear failure mode can change from debonding
of the NSM reinforcements to be by splitting the concrete cover along the flexural
reinforcement bars. Despite this, the effectiveness of NSM technique was noticed to be
improved by increasing the amount of composite materials in RC beams. In other word,
generally the strengthening efficiency of the NSM technique was noticed to be increased
in the beams that had higher percentage of composite material (Dias and Barros 2012).

This is well shown in figure (3)
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Figure (3): The effects of the percentage of composite material on the effectiveness of

NSM technique (Dias and Barros 2012)
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2.3.4 Concrete Strength

The influences of using different compressive strengths of concrete on the
efficiency, and shear failure modes of the NSM technique in the NSM shear strengthened

beams are presented here.

It is believed that the concrete strength has remarkable influence on the
effectiveness of the NSM technique. Dias and Barros (2009), for example, stated after
testing numbers of T-beams with low compressive strength concrete that, the strength
of concrete can play a role in increasing the shear contribution, and the adequacy of
NSM technique by means of shear strengthening technique in RC beams. This was based
on the fact that using concrete with low strength about (18.6 MPa) in the test resulted in
reducing the effective bound length of Near Surface Mounted FRP reinforcements. This
was due to the crash failure in the concrete that surrounded the NSM reinforcement
bars. The low strength of concrete was in fact the main reason behind this failure. By
also comparing the shear capacity of the beams in this test with the results of previous
experimental tests, in which high compressive concrete were used, it was concluded that
using high strength concrete can lead to high improvements in the shear capacity of the

strengthened beams.

Dias and Barros (2012) have also expressed a similar view after taking another
experimental study considering this time the impacts of using different compressive
strength of concrete. Basically, they noticed that using concrete with high (59.4 MPa)
and intermediate (average value of 39.7 MPa) strengths raised the shear contribution of
such technique, and enhanced the deflection behaviour of the beams. In fact, average
values of the shear contributions of NSM technique in RC beams of about (54.2 KN),
(35.4 KN) and (97 KN) were obtained in this test for beams with low, intermediate and
high concrete strengths, respectively. This is well illustrated in figure (4). Furthermore,
increasing the strength of concrete in the experiment was found to contribute
significantly in increasing the effective strain of the NSM reinforcements to reach about
3.6%, 5.6% and 9.6% in beams with low, average and high concrete strengths,
respectively. It was also noticed that using concrete with high strength helped in
preventing the crush of concrete failure from taking place in the strengthened beams.
However, two kinds of shear failures in this case were observed. The first type was the
debonding of the NSM reinforcements that crossed the shear cracks at failure in the

beams. The second kind was the rupture of the NSM reinforcements.

12



Chapter 2 Literature Review

Finally, it was concluded that using NSM technique for shear strengthening in RC
beams with low concrete strength can still be effective, but not as efficient as that of

using concrete with higher compressive strengths (Dias and Barros 2012).
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Figure (4): The influnce of concrete strength on the effectivhess of NSM technique

(Dias and Barros 2012)
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2.3.5 The Anchorage of the NSM FRP Reinforcements

According to De Lorenzis and Nanni 2001, anchorage the Near Surface Mounted
FRP reinforcement can significantly improve the shear behaviour of the strengthened
beams, and raise the shear contribution of such strengthening technique. In fact,
anchorage the NSM bars was approved to be able to increase the shear capacity of the
RC beams noticeably up to 46% or even more. Additionally, it was discovered that
anchorage the NSM reinforcements can be a suitable solution to prevent debonding of
the NSM reinforcement, and allowing the strengthened beams to carry more loads.
Nevertheless, it is stated that splitting the concrete cover along the flexural
reinforcement bars can be obtained in this case. It was also notice that by anchorage the
NSM reinforcement bars, the tensile strain of the FRP reinforcements was found to be
increased. For example, a maximum strain of 2300 Micro-strain was obtained in the

anchored FRP bars in De Lorenzis and Nannis’ 2001 experiment.

Similarly, a study by Rahal and Rumaith (2010) confirm that anchorage the
carbon bars is more efficient than using vertical bars without anchorage ends. This study
also approved that providing more anchorage to the NSM reinforcement rods is very
helpful to increase the load carrying capacity of the strengthened areas in the RC beams.
Moreover, splitting of the concrete cover along the interface between the flange and web
of T-beams was noticed to be prevented by using such system with NSM technique
(Rahal and Rumaith 2010).

Jalali, Sharbatar, Chen and Alaee (2012) have also drawn attention to the effects
of anchorage NSM reinforcements to beams that have a certain amount of steel stirrups
by carring out an experimental program. It should be metioned that in this test, new
manners to enhannce the shear performance of NSM reinforcments bars and ancoraging
them were proposed and used. This was achieved by warrping dry carbon laminates on
wooden bars. Doing so basically leads to use low percentace of composite materials.

Figure (5) and figure (6) indicate these new strategies.

14
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(f)

Figure (5): Production process of manually made carbon rods (Jalali, Sharbatar,Chen
,and Alaee 2012)

Figure (6): Strengthening procedures using manually made carbon rods: (a) cutting
grooves; (b) placing MMFRP rods into grooves; (c) finishing with adhesive, (d) grooves
for inclines MMFRP rods with anchors; (e) typical vertical MMFRP with anchors in grooves
(Jalali, Sharbatar, Chen ,and Alaee 2012)

The experimental results of this test fundamentally indicated that anchorage the
carbon bars can increase the shear contribution of them by about 60%, and this is
obviously support the view of De Lorenzis and Nanni. Furthermore, at the ultimate state,
the deflection in the tested beams was monitored to be increased between the range

(40-75) percent compared to that of beams with unanchored bars.
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2.4 Shear Failure Modes

This section demonstrates briefly the shear failure modes that are more likely to
occur in the NSM shear strengthened beams, and they are important to be considered in
the future in the development and modification of any theoretical model to calculate the
shear contribution of such technique. This due to the fact these failure modes affect the
efficiency of NSM technique in shear strengthening. Most of the experimental results that
are available to the literature including those examined in the previous sections; confirm
that the NSM shear strengthened beams might fail generally in shear in one of three

types of failures.

De Lorenzis and Nanni (2001) basically are the first who explained the
mechanisms of these failures, and then they were approved by others. The first type of
failure is that of the debonding of the NSM FRP reinforcements. It is stated this could
happen as a consequence of splitting the epoxy cover that intersects by the formed
shear cracks in the beams at the shear failure stage. In fact, it is reported that, this
failure depends on the type, and the properties of the strengthening materials that are
used in this technique. Moreover, it was discovered that the debonding failure can be
prevented by either anchorage the NSM reinforcements into the beams (the flange in the
case of using T-beam), or by decreasing the spacing between the NSM reinforcements
with using the 45° arrangement in relation to beam axis. The reason behind this is the
fact that by doing so an increase in the bound strength between Near Surface Mounted
FRP reinforcement and surrounding concrete can be achieved. Nevertheless, it is
believed that once this failure is prevented, the second type; concrete fracture; is more
likely to occur. This sort of failure starts by splitting the concrete cover that is parallel to
the longitudinal flexural bars. Factors such as steel stirrups, their spacing, the tensile
strength of concrete and the amount of flexural bars can be all played an important role
in preventing this failure. This is based on the concept that these factors could help to
decrease the tensile stress in the surrounding concrete. It should be also mentioned
that, it has been noticed in some experiments that there is another mode of failure
which is “tensile rupture of FRP reinforcements.” In fact, Jalali, Sharbatar, Chen and
Alaee (2012) stated that this failure may happen due to the high generated tensile strian
in the Near Surface Mounted FRP reinforecemnts, that interset by major shear cracks at
the failure stage. The last type of failure depends heavily on the type and material of FRP
reinforcements. This is because each type of FRP reinofrcement has differnet tensile

proprties depending on the FRP materials. These modes of failures are shown in figure

().
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MMFRP Rod

(a) Debonding failure

MMFRP Red

(b) Rapture of FRP Reinforcements

(c) Splitting the concrete cover

Figure (7): Shear failure modes of NSM shear strengthened beams (Jalali, Sharbatar,
Chen, and Alaee 2012)
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2.5 The Existing Theoretical Models for the Calculation of Shear

Contribution of Near Surface Mounted Reinforcement

The shear capacity of any RC beams is equal to the summation of the shear
strength provided by concrete and that provided by steel stirrups. However, when NSM
reinforcement is used to strengthen the RC beams in shear as shown in figure (8), a
third term has been added to the shear capacity equation of the RC beams. This term
represents the shear contribution of this technique in RC beams, and it is referred to by

(V¢) . Based on this, the shear capacity of NSM shear strengthened beams can be

calculated simply based on the same concept of equation (2.1).

F (Force)
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Figure (8): Representation of NSM shear strengthened beam

Vo=V .+ V+ Vj (2.1)

Where:

V,: The shear capacity of the NSM shear strengthened beams
V.: The shear strength provided by concrete strength.

Vs: The shear strength provided by steel stirrups.

Vs The shear contribution of NSM technique in RC beams

The terms V. and V; can be calculated using the equations that have been already
driven and used in many design cods, such as those in the American code (ACI),

European code and other specifications. In contrast, this is not the case for the
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calculation of shear contribution of NSM technique in RC. In fact, it is agreed that the
shear contribution of such technique in RC beams is not yet fully achieved. Although
there are few theoretical models to calculate the term (Vy), they are based on
experimental tests with small data. Furthermore these theoretical equations evaluate the
shear contribution of NSM technique based on assumptions that were made
corresponding to the obtained experimental results. This basically results in making the
determination of the term (V,), in the equation above to be controversial and uncertain
(Islam 2008). Therefore, the aim of this section is to examine the current theoretical
models briefly as an evaluation method. Since it is believed that when more
experimental data is available, these models could be improved more by modifying
them. This would help to establish an efficient theoretical model to calculate the term

(Vg), accurately in the NSM shear strengthened beams.

2.5.1 De Lorenzis and Nannis’ Model

According to De Lorenzis and Nanni (2001), a theoretical model was proposed
based on an experimental test, which was carried out on eight T beams considering
parameters, such as strengthening configuration, anchorage and spacing of NSM
reinforcement bars as well as percentage of existing steel stirrups. In this model, the
shear contribution of NSM technique can be calculated as a minimum value from two
different equations. Basically, the first equation (Vir) computes the shear contribution of
such technique assuming that debonding of NSM bars is the govern mode of failure in
the strengthened beams. The other kinds of failure modes that are examined in section
(2.4) are ignored. In fact, this equation was built up based on three main assumptions.
Firstly, the shear cracks have a constant angle of inclination equal to 45 degree.
Secondly, at ultimate, there is an even distribution of bound stress over the effective
length of the strengthening bars. The third assumption is that in all the NSM
reinforcement bars that intersect by shear cracks, the bound stress is ultimate stress.

This equation is shown as following.

Vi = 2.3 A; f = 2.m.dpTp. Liot (2.2)

Where: 4;is the nominal cross-sectional area of the FRP rods, f; is the tensile stress in

the FRP rod at the crack location, and summation is extended to all the rods intersected
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by a 45 degree crack. T, is the average bond strength of the FRP reinforcements. Lot iS

the sum of the effective lengths of all the FRP reinforcements crossed by the crack. Lot
has to be calculated in the most unfavourable crack position, that is, the position in

which it is minimum. Therefore V. can be written as following;

Vi = 2.1.dp.Tob. Ltot min (23)

Similarly, the second equation (V) also bases on the first and the second
assumptions above. However, it is stated that this equation can be used when the
maximum strain in the NSM FRP bars reaches 4000 Micro-strain. Although the results
that obtained using this model showed a quite close agreement when it was compared to
the experimental results (table 2), the assumptions of this model might produce some
errors. This is due to the fact that the bond behaviour of NSM reinforcement bars and
the depth of beams play a significant role in making the second and third assumption
above work. Moreover, it is mentioned that the first assumption is not always right, but
it does not produce a great error. It is also important to mention that the type of NSM
bars can also inspire the bound stress in the strengthened beams. Thus, by changing the
FRP reinforcement type, the probability of obtaining a constant bound stress may not be

achieved (De Lorenzis and Nanni 2001).

Table (2): Comparison between the theoretical and experimental results of De

Lorenzis’s and Nanni’s experiment (De Lorenzis and Nanni 2001)

Experimental Theoretical
Beamcode | F_. kips V.kips |Vgpp kips | V. kips V.. kips V.kips |Fegp. kips | V. kips

(1) (2) (3) 4 () (6) (7 (8) (9
BV 20.3 — — 20.3 19.7 — — 19.7
B90-7 203" — 5.6 259 19.7 — 24 221
B90-5 203" — 84 287 19.7 — 7.1 26.8
B90-5A 20.3° — 215 41.8 19.7 — 16.5 36.2
B45-7 203" — 16.9 37.2 19.7 — 15.1 348
B45-5 20.3" — 19.7 40.0 19.7 — 20.0 39.7
BSV 20.3° 142 — 34.5 19.7 11.0 — 30.7
BS90-7A 203" 1427 12.0 46.5 19.7 11.0 11.8 425

Ve, Vs, Vers are shear resistance that provided by concrete strength, steel stirrups and

NSM reinforcement bars, respectively.
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2.5.2 Anwarul Islam’s Formula

Anwarul Islam (2008) tested four beams having some percentage of steel stirrups
and strengthened in shear by using vertical NSM carbon rods. Basically, the results of
the experiment were then used to establish a theoretical formula to compute the shear
contribution of Near Surface Mounted technique in RC beams. It was actually found that
the effective strain in the carbon rods at the shear failure stage in those beams was
equal to about 30% from the ultimate strain of the carbon bars. In addition, in this
experiment, no shear failures such as debonding and/or fracture of NSM bars were
obtained. Therefore, it was assumed that the shear contribution of NSM technique (vf)
when NSM reinforcement bars are used in RC beams can be calculated using equation
(2.4):

d
Vr = %% (sinB + cosB) (2.4)

Where

fyr = The tensile yield strength of FRP bars

B: The inclination of the FRP reinforcement and it is measured with respect to the
horizontal axis of the beam (degree)

d: The distance from the external compression fiber to centroid of longitudinal tension
reinforcement (mm)

As: Area of FRP reinforcement in shear (mm?)

s: The spacing of the FRP reinforcement (mm)

In spite of the fact that this formula showed a reasonable agreement when it was
compared to the obtained experimental results, it was built up based on assumptions
correspond to a very small experimental data. Furthermore, this model does not
consider many of the important variables, which are examined in the previous sections
(Islam 2008). Therefore, if it will be used for huge experimental data, insufficient results

might be obtained.
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2.5.3 Dias and Barross’ Model

According to Dias and Barros (2012), an analytical model was established to
calculate the shear contribution of NSM technique in RC beams. Fundamentally, this
model calculates the shear contribution of NSM technique bases on a similar concept to
that of calculating the shear strength provided by steel stirrups. Nevertheless, the
concept of using FRP effective strain is adopted instead of using the yield strain of steel
stirrups. It is worth to mention this model was developed using the results of 40 tested
RC beams taking into account parameters, such as the strength of concrete, the
percentage of both steel stirrups and composite material, and the orientation of the NSM
reinforcements. A safety factor (ys) equal to 1.3 was proposed with this model to make
sure that 95% of the tested beams are in the safe side (Dias and Barros, 2012). By
using this model, the shear contrition of this technique in RC beams and the FRP

effective stain are calculated using equations (2.5) and (2.6).

— Afv i
€ = V;/( hy X?X Er X (cot o + cot Gf)xsmef) (2.5)

And

Ste = {376888 X e (-0.1160261 6f + 0.0010437 6f~2) X [(ESW pSW + Efpf )/(fcm2/3)]/\

(2.6)
(- 0.460679 x ¢(0-0351199 Bf ~0.0003431 8f"2) Y}/ v

Where:

€ IS the effective strain of FRP laminates. V; is the shear contribution of NSM technique
in RC beams. Es is the elastic modules of FRP reinforcements. h,, is the web depth of the
beam. A, is the cross sectional area of composite material that is formed by two lateral
laminates. a and ¢ are the orientation of both shear failure cracks and composite
material, respectively and they are measured with respect to the horizontal axis of the
beam. s, is the spacing of FRP reinforcements. f., is the concrete strength. ps, and p; are

the percentage of steel stirrups and composite materials in the strengthened beams,

respectively.

When the experimental results of the 40 tested beams were compared to the

theoretical reults obtinaed using this model, a reasonable agreement between the two
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type of results were achieved especially when a safety factore of 1.3 in stead of 1 was

applied in the theoretical model. This is well shown in table(3).

Table (3): Comparison between the experimental and the theoretical outcomes of Dias’s

and Barros’s model (Dias and Barros2012)

. ‘ me gﬁ.* jj: .’.O(usir;ga:aquation (15)) }j’: 1.3 (usirf:fualion (16))
cams IkN] [%(‘] Sfe f k Sfe 7 k
[%cl [kN] [oc] [kN]
25-5LV-A 40.3 4.60 4.73 41.4 0.97 3.64 31.8 1.27
2S-8LV-A 63.7 4.55 4.04 56.6 1.13 3.11 435 1.46
2S-3LI145-A 379 7.04 8.08 43.6 0.87 6.22 33.5 1.13
2S-5LI145-A 56.5 6.28 6.50 58.4 0.97 5.00 45.0 126
25-8LI45-A 70.3 4.90 5.00 71.8 0.98 3.85 55.2 1.27
2S-3LI60-A 354 6.02 7.16 421 0.84 5.51 324 1.09
28-5LI60-A 61.3 6.25 5.84 57.3 1.07 4.49 44.0 1.39
2S-7LI60-A 69.7 5.07 491 67.5 1.03 3.78 52.0 1.34
2S-7LV-B 57.5 4.81 4.78 57.1 1.01 3.67 43.9 1.31
2S-10LV-B 71.5 4.20 4.18 71.2 1.00 3.21 54.8 1.31
25-41L145-B 53.4 7.61 8.74 61.3 0.87 6.72 47.1 1.13
25-7L145-B 70.7 5.76 6.59 80.9 0.87 5.07 62.3 1.14
2S-10L145-B 85.6 4.88 5.26 92.3 0.93 4.05 71.0 1.21
25-4L160-B 49.6 6.46 7.71 59.6 0.83 5.98 45.8 1.08
2S-6L160-B 544 473 6.47 74.3 0.73 4.97 57.2 0.95
25-9L160-B 65.3 3.79 5.14 88.7 0.74 3.95 68.2 0.96
4S-4LV-B 31.9 4.21 4.38 33.2 0.96 3.37 25.5 1.25
4S5-4L.Va-B 40.7 5.37 4.38 33.2 1.23 3.37 25.5 1.59
4S-7L.V-B 33.6 2.81 3.95 47.3 0.71 3.04 36.4 0.92
45-4L145-B 427 6.08 5.95 41.7 1.02 4.57 321 1.33
48-7L145-B 64.0 5.21 4.83 59.4 1.08 3.72 45.7 1.40
4S-4L160-B 435 5.67 5.27 40.4 1.08 4.05 31.1 1.40
45-6LI60-B 51.7 4.50 461 53.0 0.98 3.55 40.8 1.27
2S-7LV-C 43.6 3.57 3.37 41.1 1.06 2.59 31.6 1.38
25-4L145-C 33.9 4.74 493 35.2 0.96 3.79 27.1 1.25
258-7LI45-C 48.0 3.83 3.70 46.4 1.03 2.85 35.7 1.34
2S-4L160-C 33.1 4.23 4.42 34.6 0.96 3.40 26.6 1.24
25-6L160-C 42.7 3.64 3.67 43.0 0.99 2.82 33.1 1.29
48-4L145-C 26.0 3.64 3.36 24.0 1.08 2.59 18.5 1.41
4S8-7LI145-C 31.6 252 2.72 34.1 0.92 2.10 26.3 1.20
45-4L160-C 251 3.21 3.00 235 1.07 2.31 18.0 1.39
48-6LI160-C 35.1 2.99 2.62 30.8 1.14 2.02 237 1.48
3S8-6LV-D 447 5.79 6.56 50.7 0.88 5.04 39.0 1.15
3S-10LV-D 81.5 6.68 5.60 69.4 1.17 437 534 1.53
3S-5LI145-D 81.7 1142 11.70 83.7 0.98 9.00 64.4 1.27
3S-9L145-D 1174 937 8.79 110.2 1.07 6.76 84.7 1.39
3S-5LI45F1-D 85.8 11.99 11.70 83.7 1.02 9.00 64.4 1.33
3S8-5LI145F2-D 80.9 11.31 11.70 83.7 0.97 9.00 64.4 1.26
3S-5L160-D 84.6 10.82 10.37 81.1 1.04 7.98 62.4 1.36
3S-8LI60-D 1279 10.90 8.61 100.9 1.27 6.62 77.6 1.65
58-5L145-D 749 10.47 8.68 62.1 1.21 6.68 47.8 1.57
5S-9LI45-D 108.9 8.69 6.93 86.9 1.25 5.33 66.8 1.63
58-5L160-D 734 9.38 7.66 59.9 1.22 5.90 46.1 1.59
5S-5LI60F-D 72.6 9.28 7.66 59.9 1.21 5.90 46.1 1.57
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2.5.4 Barros, Bianco and Montis’ Model

This model was developed based on the fact that the FRP reinforcement might fail
along their available bond length by concrete tensile fracture, debonding or tensile
rupture of the FRP reinforcement. Barros, Bianco and Monti (2009) in fact stated that
“the different and asymmetric geometrical features support the assumption that, in the
case of the strips glued into thin slits in the concrete web face, the concrete fracture
surface, envelope of the principal tensile stresses induced in the surrounding concrete,
has a semi-conical shape propagating from the inner tip of the strip embedded length.
The concrete average tensile strength, f.m, is distributed throughout each of the
resulting semi-conical surfaces orthogonally to them in each point. The NSM shear
contribution in RC beams, V;, could be calculated by adding the contribution of each
strip, V;;, parallel to its orientation, and projecting the resulting force orthogonally to the
beam axis” (Barros, Bianco and Monti 2009). Based on this concept, equation (2.7) was

proposed

Vi= 2 sinp Zivjlvff 2.7)

Where
N¢: The number of the strips crossing the shear crack.

VF': The shear contribution provided by each strip. This can be assumed as the minimum
value among three possible contributions ascribed respectively to deboning failure,vi-®,

tensile rupture of the FRP reinforcement,VF, or concrete tensile fracture, Vi< i.e.:

Vi = min LV§ Ve v 3 (2.8)
Where

VPdb= 2 x (ar + by) X To(Ls) X L¢ (2.9)

Vi "= arx bex fp, (2.10)
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Vo= Cft Uiy ap) (ferm X SiNag) x d x Cs (2.11)

Where
Tp(L¢): The length dependent value of the average bond strength (MPa)

frut The ultimate tensile strength of FRP reinforcement (MPa)

ar and bs: The dimensions of the FRP strips

Cfi(Lg;, aﬁ): The semi-conical surface associated to the i-th strip

asi: The angle between the generatrices and the axis of the semi-con attributed to the

i-th strip (it has a length dependency with the available bond length)

This model is a very complex one. This is because this model assumes the
possible failure mechanisms in the NSM shear strengthened beams, which are the tensile
rupture of the FRP reinforcements, debonding and the concrete fracture, and allows the
interaction between the FRP reinforcements to be accounted for (Barros, Bianco and
Monti 2009). In addition to this, the average bond stress and the bond length of the FRP
reinforcement need to be available to calculate the two terms; Vi% and VEo .

Furthermore, to find the semi-conical surface associated to the i-th strip, Cfi (Ly; aﬁ), a

very complex and long procedure need to be applied (Barros, Bianco and Monti 2009).
This procedure is not mentioned here, but it can be found in the original reference used

in this section.
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2.6 Summery

Near Surface Mounted technique in shear strengthening of RC beams is analysed
in this chapter. Examining the significant parameters that influence the shear failure
modes in the strengthened beams, the efficiency of such technique, and the
enhancement in the shear capacity of RC beams was the main concern of the literature
review. In this chapter, the current theoretical models, which were proposed to compute
the shear contribution of such strengthening technique in RC beams, were also
examined. From analysing the information in this chapter, the following conclusion was

drawn.

e The NSM shear strengthening technique shows better performance compared to
EFRP technique in terms of the load carrying capacity, deflection behaviour of RC
beams, preventing early debonding failure, and increasing the tensile strain of
NSM reinforcements.

e It is seemed to be that there are not noticeable differences between using steel
stirrups, and NSM techniques for shear strengthening in RC beams in terms of the
enhancement in the shear strengthen of RC beams. Nevertheless, the NSM shear
strengthened beams appear to have better deflection performance.

e Using inclined NSM reinforcements (bars/laminates) (especially the arrangement
of 45°) with close spacing is more effective than using the vertical arrangement
with close spacing, regarding the improvement in the shear contribution of NSM
technique in RC beams, and also preventing debonding failure.

e The presence of the high percentage of existing steel stirrups in the NSM shear
strengthened beams illustrated a fall in the efficiency of this technique. However,
using certain amount of it seems to be very helpful in improving the shear
contribution of NSM technique in RC beams.

e The type and material of Near Surface Mounted FRP reinforcements are important
factors in increasing both the effectiveness of this technique, and the tensile
strain of NSM FRP reinforcements.

e IT was found that increasing the percentage of composite materials in the NSM
shear strengthened beams decreases the shear contribution of NSM technique in
RC beams. Also it changes the mode of failure in the strengthened beams from
debonding of the NSM reinforcements to be by splitting the concrete cover along
the longitudinal flexural bars.

e The compressive strength of concrete appears to be a significant variable that by

raising it, the effectiveness of this technique can improve.
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e The anchorage of NSM reinforcements can changes the shear failure mode from
debonding of the NSM FRP reinforcements to a separation of the concrete cover,
and increase the shear capacity of the beams.

e Three main modes of failures can be observed in the NSM shear strengthened
beams. Once the debonding failure, which is the first kind, is prevented, splitting
the concrete cover (the second type) is more likely to occur. Anchorage the NSM
reinforcements, using high strength concrete, and using close spacing with
inclined FRP reinforcements can be used as solutions to prevent the debonding
failure. The third failure mode is the tensile rapture of the FRP reinforcements,

and it is affected mainly by the properties of the FRP reinforcements.

Finally, it was concluded that, although there are few theoretical models
were proposed to compute the shear contribution of such technique, such as
those considered in section (2.5), all of them based on small experimental data.
In addition to this, they do not consider the influences of all the parameters and
failure modes. Furthermore, it was found that these models differ in their way in
evaluating the term (V). Finally, it was found that there is not a final model to
compute the contribution of this technique in RC beams accurately. Based on
that, the aim and objectives of this project, which are mentioned in chapter one,

were built up.
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3 EVALUATIONS OF THE CURRENT THEORETICAL MODELS

This chapter deals mainly with the evaluations of the current theoretical models
that were proposed previously to calculate the analytical shear contribution of NSM
technique in RC beams. This will help later to select the best theoretical model to be
then used to establish a design-oriented equation to calculate the shear contribution of
NSM technique in RC beams accurately. A brief overview of the shear design in the RC
beams and the difference in this design when NSM technique is used in shear
strengthening is also considered in the first section. The selection of the current
theoretical models, as well as the generation of the experimental database, which is
used in this project for the evaluation and modification works, are also considered in this
chapter. The last section will be the discussion of the results of evaluation of the three

evaluated models.

3.1 Shear Design of Reinforced Concrete Beams

Based on the design codes of reinforced concrete structures, the shear capacity of
the reinforced concrete beams can be calculated as the summation of two terms. The
first term basically accounts for the action of mechanisms, such as the interlock of
aggregate, the dowel action of the bending reinforcements, and also the uncracked
concrete in the compression zone (Triantafillou 1998). The second term accounts for the
impacts of shear reinforcements such as steel stirrups and/or inclined bars. This term is
modelled by using the truss analogy approach. An upper bound to the shear capacity of
RC beams is achieved by considering the compression crushing of the concrete blocks,
which are formed between the diagonal shear cracks (Triantafillou 1998). For example,
according to Eurocode2, the theoretical shear capacity (Vrg) Of a reinforced concrete

(RC) beam is given in equation (3.1).

Vrg = min (Veg + Vg, Vraz) (3.1)

Where
Ved =T min (2, 1.2+40p;) max (1, 1.6-d) b,d (3.2)
Vad =G fra 0.9 by d (1+cota) sina (3-3)
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Vraz= 0.5 max (0.5, 0.7 - 5=) f:40.9 by d (1-+cota) (3.4)

Where

Tra: the basic design shear strength = 0.25f./y., f.: characteristic compressive cylinder
strength of concrete at 28 days, Y.: partial safety factor for concrete equal to 1.5, pl:
longitudinal reinforcement ratio (percentage), d: effective depth of beam cross section,
b,: minimum width of beam cross section over the effective depth, A,,: cross sectional
area of shear reinforcement (steel stirrups), s: spacing of shear reinforcement measured
along the longitudinal axis, f,, : design yield strength of steel shear reinforcement, o
:angle of the shear reinforcement to the longitudinal axis of the RC member, and fy:

design value of concrete cylinder compressive strength = f /Y.

It should be mentioned that, the value of (V.4) above should be reduced to be
(rs x Veg) for the case of the design under seismic loading. rs here is a reduction factor,
which depends on the ductility demand; in other word on the ductility class of the RC
structures (Triantafillou 1998). It is also stated if the strengthening of the RC beams is
carrying out in the absence of full repair, which is in the case of damaged beams (beams
with diagonally cracks), (Vcq) in equation (3.1) above should be reduced. In fact, it is
mentioned this reduction depends on the level of deterioration of the damaged beams,

and it can only be calculated on a case by case basis (Triantafillou 1998).

As far as NSM technique is concerned, the only difference in the shear design of
RC beams when NSM technique is used in shear strengthening of RC beams is that, a
new term has been added to the shear capacity equation of RC beams. This term is
assumed to be additive to both the shear strengths provided by the concrete and the
steel stirrups, and it is referred to by(V;). V; here represents the shear contribution of
NSM technique in the strengthened beams. The issue with the determination of this
contribution is that it is not yet achieved. On the other hand, both the determinations of
the shear contributions of concrete and steel stirrups in RC beams are well established in
many design codes, such as Eurocode2 as mentioned above, British standards and many
others. Therefore, the works, which are presented in this chapter and the following one,
are to achieve a design oriented equation to calculate the new term V; accurately in the

NSM shear strengthened beams.
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3.2 The Selection of the Current Theoretical Models

Three of the current theoretical models are selected and evaluated in this project.
The reason behind this as mentioned previously is the fact that, the best model from the
evaluation will be then modified in chapter (4). Both the evaluation, and the modification
processes in this chapter and the following chapter of the dissertation are based on

experimental database, which is shown and explained in the next section.

It is important to emphasise that, the available experimental data has contributed
in the selection of the three evaluated models in this project, which are the ones that
proposed by A.K.M Anwarul Islam, (Dias and Barros) and T.C. Triantafillou,
respectively. In fact, the absence of some of the information in the available
experimental data prevented from considering the other models, that have been
examined in chapter two, such as the models of (De Loresnziz and Nanni), or the one of
(Barros, Bianco and Monti). These models for example need the average bond stress as

well as the bond length of the FRP reinforcement in the calculation of the term (V;). The

average bond stress in its turn needs a bond test to be carried out in order to find it, and
most of the experimental studies did not carry it out. The complexity of these two
models was also being taken into account as a secondary reason. However, the first
reason was the main factor that contributed in ignoring these two models, since (V;)
cannot be calculated using the available experimental data, and therefore these models

cannot be calibrated later.

It is also significant to state that the three selected models were developed using
the well-known approach, which is the truss analogy one, assuming that the contribution
of this technique in the strengthened beams to be additive to the contributions of
concrete and steel stirrups. This approach was established long time ago, and it is used
to calculate the shear contribution of steel stirrups in RC beams in many designs codes.
The use of such approach in such strengthening technique also means the designers and
researchers in this field will be so familiar with it, and with the work presented in this
dissertation. Therefore, this reason was also taken into consideration in the selection of

the models.

In the evaluation of the three models, all the principles, assumptions, details,
derivation steps and the approach that were used in the development of these models
are included. This will help basically in comparing these models not only in terms of their
accuracy in the estimation of the shear contribution of this technique in RC beams, but

also in terms of the considered parameters in the development of the analytical
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formulations, and the degree of sophistication, and the effects of the latter on the
effectiveness of this technique in shear strengthening. In addition, including all of these
details are important, since the best model based on the evaluation will be then modified
in this dissertation, and finally proposed. Therefore, the details of the proposed model
will be required to be stated with it. Given that, the best model is not yet known,
including the complete details of all the evaluated models will be therefore required..
The detailed evaluations of the three selected models based on the created database are

presented in the next sections.

3.3 The Generation of the Experimental Database

The works presented in this project in particular in chapter three and four are
based on experimental database, which was generated for the purposes of these two
chapters. This database was collected using all the available technical papers that
contain experimental data. This includes 24 papers that have been published during the
last 12 years. However, it is important to state that not all of these papers have new
data, as some of them used previous data of other researchers in their studies. As a
result, the database of this project was selected in a way that the repetition of the data
was avoided. Furthermore, the experimental database was organised in terms of the
parameters, which were examined in the included experimental studies. Table (A) in
appendix (A) shows this database. All the information that is needed to carry out the
evaluation and the modification processes in the dissertation is presented in the
database. Therefore, in some occasions in this project, referring to this table for clarity

purposes was made.

This table consists of 136 samples (RC beams), and 22 columns. Each one of
these columns represents one parameter of the created database. The table is continued
on few pages. See notices at the end of this table as well as notation list at the
beginning of the dissertation for the definitions of the parameters. Also, note the

numbering of the columns and rows in this table.
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3.4 The Evaluation of A.K.M Anwarul Islam’s Model

According to Islam (2008), this model was built up based on an experimental
program. Four rectangular beams were tested and one of these beams was used as a
control beam. Carbon FRP (CFRP) bars were used as strengthening reinforcements.
Different spacing and one angle of inclination equal to 90° were considered in the tested
beams. Some percentage of steel stirrups was also used in the tested beams. No
debonding or fracture of CFRP bars was observed at the failure stage of the beams. In
addition to this, the ratio of the effective strain to ultimate strain of CFRP bars in the
three beams at failure was almost noticed to be equal to (1/3). In other word, on
average at failure of the beams, one third of the ultimate strain of the CFRP
reinforcements was observed to be effective in the NSM shear strengthened beams.
Based on that, the following formula was proposed to calculate the nominal shear
contribution of NSM CFRP reinforcements used in shear strengthening of RC beams. This
equation is in fact similar to that is used in calculating the shear contribution of steel
stirrups in RC beams in the American Concrete Institute (ACI 318) code. However,
instead of using the yield stress of the steel shear reinforcements, the concept of the

effective FRP strain was adopted, and in this equation it is equal to (1/3).

_ 14 fyr @

PR (sinB + cosB) (3.5)

Vy
Where
Vs The shear contribution of NSM technique in RC beams
fyr = Tensile yield strength of FRP reinforcement (MPa)
8: The inclination of the FRP reinforcements and it is measured with respect to the
horizontal axis of the beam (degree)
d: The distance from the external compression fiber to centroid of longitudinal tension
reinforcement (mm)
As: Area of FRP reinforcement in shear (mm?)

s: The spacing of the FRP reinforcement (mm)

As far as the evaluation of this model is concerned, this model was evaluated
using the generated database. Basically, by substituting all the terms of equation (3.5)
using the information in table (A) in appendix (A), the values of (V) theoretically were
obtained for the whole experimental data. It is important to notice that, this formula was

used in this project to estimate the nominal theoretical shear contribution of NSM
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technique in RC beams strengthened using FRP laminates and/or FRP bars. This is well

illustrated in table (4).

According to the results of the evaluation, this model shows insufficient results. In

fact, by obtaining the ratio (K) which represents the ratio between (V;) experimentally
(reported in the created database) and (V;) theoretically (obtained using this formula), it
was found that only 27% of the estimated values of (V) is in the safe side. In other

word, 27% of the whole beams in table (4) have (K) values equal or greater than unity.
Given that, K=1 represents a safe condition, since it means the theoretical shear
contributions of NSM technique in RC beams are not greater than the experimental
values. The average value of the ratio K is equal to about (0.79). The low values of the K
ratios obtained using this model as shown in table (4); basically reflect a bad agreement
with the experimental results. It also demonstrates this formula overestimates the
theoretical (V;). In other word, it means that the experimental values of (V) are less
than the theoretical ones. This in fact can be very dangerous, as this formula estimated
values, which cannot be reached in reality in many beams. Consequently, it can be said
using this formula in practice may lead to serious issues in the strengthened beams.

Figure (9) shows the relationship between (V;) experimentally and (V;) theoretically.
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Figure (9): The relationship between (V;) experimentally and (V;) analytically

calculated using A.K.M Anwarul Islam’s model

It can be seen from this figure that many points fall under the diagonal line, and
this basically confirms the bad agreement between the theoretical and the experimental

results. The evaluation results of this formula were in fact expected, since this equation
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is a simple one. In addition, it was developed based on very few experimental
specimens. Furthermore, few parameters examined in chapter two were considered in
the development of this model. Finally, no failure mode was observed in the tested
beams. Therefore, when it was used with such huge data, insufficient results were
obtained. Section (3.7) later will discuss the obtained results, and compare them with

others of the other models in more details.

3.5 The Evaluation of Dias and Barross’ Model

This theoretical model was built up using the results of 40 T-section reinforced
concrete beams strengthened using Carbon FRP (CFRP) laminates. Various parameters,
such as percentage of existing steel stirrups and composite material, angle of inclination
of the FRP reinforcements, spacing, and concrete strength, were considered in the tested
beams. The three failure modes examined in chapter two were also observed at the
shear failure stage in the NSM shear strengthened beams. These failure modes were
debonding, tensile rapture of the FRP reinforcement, and fracture of the concrete. The
experimental shear contribution of FRP laminates in this experiment was obtained by
subcontracting the shear capacity of the control beams from the shear resistance of the
strengthened beams. It was in fact assumed in this approach that the steel stirrups give
the same contribution in the strengthened and in the corresponding control beams (Dias
and Barros 2012).

Regarding the development of this model, it was fundamentally developed using
a similar approach to that of calculating the shear contribution of steel shear
reinforcements in RC beams, but instead of using the strain at yield initiation of the steel
stirrups, the concept of effective strain in the FRP reinforcements (&) was adopted (Dias
and Barros 2012). Following this concept, the force resulting from the tensile stress in
the CFRP laminates crossing the shear failure crack (Ff) was defined as shown in

equation (3.6).

Fr= ng < Ap, < fr, (3.6)

Where

fre is the effective stress in the FRP reinforcements and is obtained by multiplying the

elastic modulus of the FRP reinforcements (E¢), by the FRP effective strain (&r).
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Given that,

Apy = 2 % af % by (3.7)

Where

Ay, is the cross sectional area of the FRP reinforcements (mm?).

a; and bs are the dimensions of the FRP laminate cross section.

By also using the triangular geometry shown in figure (10), equation (3.8) was written

as below.

Shear crack

CFRP laminaie

CFRP laminate

b

h, (cotg o + colg EII,I'

Figure (10): Data for the theoretical definition of the FRP effective strain in a T-beam
(Dias and Barros 2012)

__ hy (cot a+cot 0) (3.8)
ng = T

Where

ns is the number of FRP reinforcements crossed by the shear failure crack.

hy, is the web depth of the beam (mm).
a is the orientation of the shear failure crack (degree).

S is the spacing of the FRP reinforcements (mm).

O is the inclination of the CFRP laminates with respect to the beam axis (degree).

Then, the shear contribution of the FRP reinforcement in RC beam (V) was defined as

the vertical projection of the force (Ff) as shown in equation (3.9).
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Ve = F¢ > sin 0f (3.9

Thereafter, by substituting equations (3.6), (3.7) and (3.8) in equation (3.9), and
knowing that (f;.) is obtained by multiplying the elastic modulus of the CFRP (Ey), by the

FRP effective strain (&), (V;) was written as in equation (3.10).

Ve = hy X %X €e X Ef X (cota+ cot Gf)xsinef (3.10)

And as a result; the (&) can be written as following,

A .
€e = V; /(hyX SL;X Efx(cota+cot9f)x51n9f) (3.11)

Then, for each inclination of the FRP reinforcement (0;); (45°, 60° and 90°); it
was defined the equation that relates &, with the product (Esy psw + Ef pr)/ (fem2’®). This
dependency relationship was established based on the experimental program that was
carried out. Basically, four parameters according to their experimental results were
found to be having high influences on the behaviour of the NSM shear strengthened
beams. These parameters are the angle of inclination of the FRP reinforcement (6;), the
concrete strength in terms of the average value of the concrete compressive strength in
cylinders (f.,), the percentage of both the existing steel stirrups (psw) and composite
material (ps). Therefore, these four factors were taken into consideration in the
development of this analytical formulation throughout the established dependency
relationship mentioned above. The three equations of the three FRP reinforcement
arrangements correspond to the best fit of the values of (&) (determined using equation

(3.11)), considering the experimental results of V; (for the 40 tested beams), and 45° for

the orientation of the shear failure crack (a) (Dias and Barros 2012).

These equations are:

1- For FRP laminates at 90°

€e = 0.5162 X (Esw Psw + Ef pr )/ (Fem?®) 067 (3.12)
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2- For FRP laminates at 60°

e = 0.153 X (Esw Psw + Ef pr )/ (Fo?’®) 1102 (3.13)

3- For FRP laminates at 45°

€re = 0.1685 X (Esw Psw + Ef pr )/ (Fem?®) 1117 (3.14)

Noticed: The modulus of elasticity of steel stirrups (Esy) = 200 GPa

By then using equations (3.12), (3.13) and (3.14), it was defined a general form of
equation that allows estimating & from the parameter [(Eey Psw + Ef pr)/ (fom?>)] and the
FRP orientation (6 ).

Ere = [3.76888 x e (01160261 8 + 00010437 872 y [(E,, pow + Er pr )/ (fom™*)17(-0.460679 x

@ (0.0351199 ef - 0.0003431 ef/\z))] Vs (3.15)

Where

ps: The percentage of the composite material (FRP reinforcement) in the strengthened
beams

Psw: The percentage of the steel stirrups in the strengthened beams

E¢: The tension modulus of elasticity of FRP reinforcement (GPa)

Esw: The modulus of elasticity of steel stirrups (200 GPa)

f.m: The tensile strengthen of the concrete (MPa)

Vs: A factor of safety equal to (1.3), and it is equal to the average value of the K ratios of

the 40 tested beams.

Regarding the evaluation of this model, the created database was used to
evaluate this model. By basically using equations (3.10) and (3.15), both the theoretical
FRP effective strain and the theoretical shear contribution of NSM technique were
calculated for the 136 beams of the database. The ratio, K, between (V;) experimentally
and (Vf) theoretically (obtained using this model) for the 136 beams was also found. This
is shown in table (4). The results of evaluation of this model in this table and in figure
(11) illustrate a better performance compared to A.K.M Anwarul Islam’s formula. In fact,
68.6% of the obtained results are in the safe side. In other word, 68.6% of the 136

beams have K ratio equal or greater than one, where K=1 represents a safe condition.
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Additionally, the values of the K ratios in table (4) demonstrate this model has better
agreement with the experimental results. The better agreement here means that the
values of the K ratios are near to unity and at the same time in the safe side. The
average value of the ratio (K) of the 136 samples is equal to 1.268. This is also greater

than that obtained by using the first evaluated model.

The better behaviour of this theoretical model can be due to the fact that, this
model is more sophisticated compared to A.K.M Anwarul Islam’s equation. This is
because the FRP effective strain in this model is calculated using equations, which were
defined using the dependency relationship mentioned above. This relationship was
established based on the outcomes of 40 tested beams taking into account the
influences of the four important parameters stated above. In fact, according to chapter
two of this dissertation, the influences of the these four parameters were discovered in
many research programs to be able to increase the effectiveness of this technique by
means of shear strengthening technique in RC beams. Therefore, the better prediction
ability of this model was also expected. More reasons and comparisons will be examined

in more details in section (3.7).

300

250
~ 200
2
X
o/
o
&
>

L 4
L 4
200 300 400 500 600

Vf ana (KN)

Figure (11): The relationship between V; experimentally and V; analytically calculated

using Dias and Barross’ model
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Table (4): Comparison between the experimental and analytical values of both Anwarul
Islam’s model and Dias and Barross’ model

Anwarul Islam’s model

Dias and Barross’ model

o
Sample No. Zf( N; V2" (KN) K g ana V22 (KN) K
Beam 1 (512 40.3 62.06088 0.649362 | 4.740249514 31.892646 1.264
Beam 2 (P52 63.7 99.297408 0.641507 | 4.028486244 43.366185 1.469
Beam 3 (P52 37.9 | 38.26368967 | 0.990495 | 8.347129065 34.625511 1.095
Beam 4 (P52 56.5 | 63.83079141 | 0.885153 | 6.671475829 46.166225 1.224
Beam 5 (P52 70.3 | 101.7592327 | 0.690846 | 5.096415673 56.222595 1.25
Beam 6 (P52 35.4 | 41.73624057 | 0.848184 7.18197603 32.495954 1.089
Beam 7 (P52 61.3 | 69.56040095 | 0.881249 | 6.060348916 45.701632 1.341
Beam 8 (P52 69.7 | 97.58473515 | 0.714251 5.00130257 52.90991 1.317
Beam 9 (P52 57.5 82.74784 0.694882 4.85338622 44.662189 1.287

Beam 10 (P82 71.5 | 109.5153787 | 0.652876 | 4.291652377 56.277469 1.27

Beam 11 (P82 53.4 | 45.05545712 | 1.185206 | 8.900076737 48.014992 1.112

Beam 12 (P82 70.7 | 78.91879432 | 0.895858 | 6.937092154 65.553157 1.079

Beam 13 (P82 85.6 | 112.6386428 | 0.759952 | 5.455719837 73.582608 1.163

Beam 14 (P82 49.6 | 49.25128869 | 1.00708 8.09587275 47.743776 1.039

Beam 15 (P82 54.4 | 73.87693304 | 0.73636 6.559345227 58.023623 0.938

Beam 16 (P12 65.3 | 110.8153996 | 0.589268 | 5.281387605 70.078315 0.932

Beam 17 (P82 31.9 | 48.67350164 | 0.655387 4.45296089 25.952332 1.229

Beam 18 (P82 40.7 | 48.67350164 | 0.836184 4.45296089 25.952332 1.568

Beam 19 (P82 33.6 | 76.85289733 | 0.437199 | 3.991518961 36.731051 0.915

Beam 20 (P82 42.7 | 45.05545712 | 0.947721 | 6.015596709 32.453521 1.316

Beam 21 (P82 64 78.91879432 | 0.81096 5.019238554 47.430094 1.349

Beam 22 (PB12 43.5 | 49.25128869 | 0.883226 | 5.408204025 31.893792 1.364

Beam 23 (PB12 51.7 | 76.73856279 | 0.673716 | 4.654418442 41.991859 1.231

Beam 24 (PB12 43.6 | 79.82980133 | 0.546162 | 3.450792689 32.386898 1.346

Beam 25 (PB12 33.9 | 46.80068437 | 0.724348 | 5.060715327 27.8452 1.217

Beam 26 (P12 48 81.97572102 | 0.585539 | 3.944533247 38.016059 1.263

Beam 27 (P82 33.1 | 51.15904186 | 0.647002 | 4.638631379 27.899619 1.186

Beam 28 (PB12 42.7 | 76.73856279 | 0.556435 | 3.758258749 33.906765 1.259

Beam 29 (P82 26 46.80068437 | 0.555547 | 3.420557302 18.82068 1.381

Beam 30 (P82 31.6 | 81.97572102 | 0.38548 2.854013311 27.506002 1.149

Beam 31 (P82 25.1 | 51.15904186 | 0.490627 | 3.098698024 18.637501 1.347

Beam 32 (P82 35.1 | 76.73856279 | 0.457397 | 2.666807163 24.05976 1.459

Beam 33 (PB12 44.7 | 50.55887418 | 0.884118 | 6.763097051 40.200221 1.112

Beam 34 (PB12 81.5 | 79.82980133 | 1.020922 | 5.817910371 54.603126 1.493

Beam 35 (PB12 81.7 | 46.80068437 | 1.745701 | 12.01425007 66.10512 1.236

Beam 36 ®°'? | 117.4 | 81.97572102 | 1.432131 | 9.364409136 90.250965 1.301

Beam 37 (P82 85.8 | 46.80068437 | 1.833307 | 12.01425007 66.10512 1.298

Beam 38 (PB12 80.9 | 46.80068437 | 1.728607 | 12.01425007 66.10512 1.224

Beam 39 (PB12 84.6 | 51.15904186 | 1.653667 | 10.88450097 65.466171 1.292
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Table (4): continued

Anwarul Islam’s model

Dias and Barross’ model

exp
Vs

Sample No. (KN) VA" (KN) K g ana VA" (KN) K
Beam 40 P | 127.9 | 76.73856279 | 1.666698 | 8.818715624 79.561876 1.608
Beam 41 (P82 74.9 | 46.80068437 | 1.600404 | 8.521684223 46.888233 1.597
Beam 42 ®°12 | 108.9 | 81.97572102 | 1.328442 7.05816655 68.02419 1.601
Beam 43 (PB12 73.4 | 51.15904186 | 1.434741 | 7.638887491 45.945029 1.598
Beam 44 (PB12 72.6 | 51.15904186 | 1.419104 | 7.638887491 45.945029 1.58
Beam 45 (PB%9 20.2 48.61948 0.415471 | 5.641874821 32.881449 0.614
Beam 46 (PB%9 42.2 76.7676 0.549711 4.85338622 44.662189 0.945
Beam 47 (PB%9 56.2 109.39383 0.51374 4.291652377 56.277469 0.999
Beam 48 (PB%9 53.4 | 45.00545106 | 1.186523 | 8.900076737 48.014992 1.112
Beam 49 (PB%9 70.7 | 78.83120409 | 0.896853 | 6.937092154 65.553157 1.079
Beam 50 (PB%9 85.6 | 112.5136277 | 0.760797 | 5.455719837 73.582608 1.163
Beam 51 (PB%9 49.6 | 49.19662578 | 1.008199 8.09587275 47.743776 1.039
Beam 52 (PB%9 54.4 | 73.79493867 | 0.737178 | 6.559345227 58.023623 0.938
Beam 53 (PB%9 65.3 110.692408 | 0.589923 | 5.281387605 70.078315 0.932

Beam 54 US¢A12 | 33 41 37.8075 0.883687 | 5.636981662 38.212091 0.874
Beam 55 USCA12 | 53 94 | 35.64525284 | 1.513245 9.10214296 58.173122 0.927
Beam 56 US¢412 | 39.88 37.8075 1.054817 | 5.636981662 38.212091 1.044
Beam 57 USCA12 | 63.82 | 35.64525284 | 1.790421 9.10214296 58.173122 1.097
Beam 58 USCA12 | 294 37.8075 0.777623 | 5.636981662 38.212091 0.769
Beam 59 (PE%® 0.6 36.736 0.016333 5.42742635 21.882252 0.027
Beam 60 (PB%® 25.2 61.3032 0.411072 | 4.740249514 31.892646 0.79
Beam 61 (PB%® 48.6 98.08512 0.495488 | 4.028486244 43.366185 1.121
Beam 62 (PB%® 7.8 37.79654141 | 0.206368 | 8.347129065 34.625511 0.225
Beam 63 (PE%® 41.4 | 63.05150317 | 0.656606 | 6.671475829 46.166225 0.897
Beam 64 (PB%® 40.2 | 100.5168891 | 0.399933 | 5.096415673 56.222595 0.715
Beam 65 (PE%® 35.4 | 41.22669712 | 0.858667 7.18197603 32.495954 1.089
Beam 66 (P°E%® 46.2 | 68.71116187 | 0.67238 6.060348916 45.701632 1.011
Beam 67 (P°B%® 54.6 | 96.39335659 | 0.566429 5.00130257 52.90991 1.032
Beam 68 (P°B1D 20.4 48.61948 0.419585 | 5.641874821 32.881449 0.62
Beam 69 ®°BD | 42.18 76.7676 0.549451 4.85338622 44.662189 0.944
Beam 70 ®8D | 56.22 109.39383 0.513923 | 4.291652377 56.277469 0.999
Beam 71 (®B1D 53.4 | 45.00545106 | 1.186523 | 8.900076737 48.014992 1.112
Beam 72 ®°BD | 70.74 | 78.83120409 | 0.89736 6.937092154 65.553157 1.079
Beam 73 ®°®D | 85,62 | 112.5136277 | 0.760974 | 5.455719837 73.582608 1.164
Beam 74 ®°BD | 49,56 | 49.19662578 | 1.007386 8.09587275 47.743776 1.038
Beam 75 ®°BD | 54.36 | 73.79493867 | 0.736636 | 6.559345227 58.023623 0.937
Beam 76 ®°®D | 65.34 | 110.692408 | 0.590284 | 5.281387605 70.078315 0.932
Beam 77 ®°B'D | 31.86 48.61948 0.655293 4.45296089 25.952332 1.228
Beam 78 (P°B1D 33.6 76.7676 0.437685 | 3.991518961 36.731051 0.915
Beam 79 ®BD | 42.66 | 45.00545106 | 0.947885 | 6.015596709 32.453521 1.314
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Table (4): Continued

Anwarul Islam’s model

Dias and Barross’ model

exp
Vs

Sample No. (KN) VA" (KN) K g ana VA" (KN) K
Beam 80 ®°®'D | 64.02 | 78.83120409 | 0.812115 | 5.019238554 47.430094 1.35
Beam 81 ®°B'D) | 43.44 | 49.19662578 | 0.882987 | 5.408204025 31.893792 1.362
Beam 82 ®°BD | 51.72 | 73.79493867 | 0.700861 | 4.654418442 41.172741 1.256
Beam 83 (P°B1® | 28.32 79.7412 0.355149 | 3.450792689 32.386898 0.874
Beam 84 (PB1® 33.9 | 46.74874132 | 0.725153 | 5.060715327 27.8452 1.217
Beam 85 (PB1® 48 81.88473798 | 0.58619 3.944533247 38.016059 1.263
Beam 86 (°®1® | 33.06 | 51.10226157 | 0.646938 | 4.638631379 27.899619 1.185
Beam 87 ®°B1® | 42,72 | 76.65339236 | 0.557314 | 3.758258749 33.906765 1.26
Beam 88 (PB1® 6.84 79.7412 0.085777 | 2.837998838 26.635613 0.257
Beam 89 (®°B1® | 26.04 | 46.74874132 | 0.55702 3.420557302 18.82068 1.384
Beam 90 (®°'® | 31,56 | 81.88473798 | 0.38542 2.854013311 27.506002 1.147
Beam 91 ®°B1® | 2508 | 51.10226157 | 0.490781 | 3.098698024 18.637501 1.346
Beam 92 (PB1® 35.1 | 76.65339236 | 0.457905 | 2.666807163 24.05976 1.459
Beam 93 (M9 72.92 77.9636 0.935308 | 2.083691851 24.586171 | 2.966
Beam 94 (119 82.13 | 103.9514667 | 0.79008 1.960838912 30.848785 | 2.662
Beam 95 (19 95.24 155.9272 0.610798 | 1.763224188 41.609734 | 2.289
Beam 96 (M9 79.65 175.3664 0.454192 | 1.699815133 45.114235 | 1.766
Beam 97 (M9 95.64 | 233.8218667 | 0.409029 | 1.549774058 54.842726 | 1.744
Beam 98 (M9 96.42 350.7328 0.27491 1.317482088 69.933719 1.379
Beam 99 (M9 97.38 | 103.9514667 | 0.936783 | 1.546982311 24.33781 4.001
Beam 100 ('°® | 151.4 | 154.1538356 | 0.982136 | 3.027613502 75.563317 | 2.004
Beam 101 ('°® 81.5 | 76.87461617 | 1.060168 | 3.829587127 47.664074 1.71
Beam 102 ('°® | 112.9 | 122.9993859 | 0.917891 | 3.299555046 65.707443 | 1.718
Beam 103 (RR1O 70 136.88835 0.511366 | 2.929752214 56.186672 1.246
Beam 104 (RR1O 103 136.88835 0.752438 | 2.950867551 56.591621 1.82
Beam 105 (RR1O 138 | 193.5893611 | 0.712849 | 2.362295579 64.069664 2.154
Beam 106 512 | 36.78 36.7815 0.999959 | 3.851749324 18.832763 1.953
Beam 107 ®S'? | 29.43 | 52.01689614 | 0.565778 | 3.212951195 22.216516 1.325
Beam 108 (512 | 49.05 32.55 1.506912 | 3.700426968 19.213685 2.553
Beam 109 (RS2 | 58.86 | 46.03265146 | 1.278658 | 3.006720002 22.078401 2.666
Beam 110 512 | 66.21 26.04 2.542627 | 4.301743387 17.868715 3.705
Beam 111 512 | 41.69 | 36.82612116 | 1.132077 | 3.857736513 22.661944 1.84
Beam 112 ®*S12 | 61.51 32.55 1.889708 | 3.700426968 19.213685 3.201
Beam 113 RS2 | 56.4 | 46.03265146 | 1.225217 | 3.006720002 22.078401 2.555
Beam 114 RS2 | 39.24 43.4 0.904147 | 3.047516269 21.098112 1.86
Beam 115 512 | 68.67 | 61.37686861 | 1.118825 | 2.180458898 21.3482 3.217
Beam 116 (®PNOD 25 177.2 0.141084 | 2.639363473 51.741299 0.483
Beam 117 ®N°D | 37.4 248.08 0.150758 | 2.103271527 57.724676 0.648
Beam 118 (°N°D | 95 64 248.08 0.385521 | 2.103271527 57.724676 1.657
Beam 119 ®N°D | 752 | 250.5986433 | 0.300081 | 1.718637739 47.647296 1.578
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Table (4): Continued

Anwarul Islam’s model

Dias and Barross’ model

exp
Vs

Sample No. (KN) VA" (KN) K g ana VA" (KN) K
Beam 120 ®°N°D | 87.63 | 350.8381006 | 0.249773 | 1.180246614 45.809412 1.913
Beam 121 ®NoD | 534 177.2 0.301354 | 1.924592057 37.729132 1.415
Beam 122 RP9") | 44.4 | 175.7703699 | 0.252602 | 1.782520853 57.757943 0.769
Beam 123 (RP9") | 21.6 | 175.7703699 | 0.122888 | 1.782520853 57.757943 0.374
Beam 124 (RP°" | 234 285.1386 0.082065 | 1.371009147 72.065566 0.325
Beam 125 (RP9") | 32.1 | 124.2884205 | 0.25827 1.754050087 40.188786 0.799
Beam 126 (RP9") | 22.9 | 248.5768409 | 0.092124 | 0.972173607 44.548873 0.514
Beam 127 (RP9") | 41.3 | 243.8367854 | 0.169376 | 2.216270071 38.135586 1.083
Beam 128 (RP9") | 26.8 | 172.4186445 | 0.155436 | 2.429294113 29.557904 0.907

Beam 129 29.1 | 26.13333333 | 1.11352 16.59141197 80.40424 0.362

Beam 130 ©®°® 28.8 | 24.63874295 | 1.168891 | 122.9036394 561.54541 | 0.051

Beam 131 ©®°® 59.3 | 52.26666667 | 1.134566 10.3933412 100.73509 | 0.589

Beam 132 72.9 | 49.27748591 | 1.479377 | 56.66852573 517.83577 | 0.141

Beam 133 ©°® 28.6 | 24.26666667 | 1.178571 | 6.912187099 33.497399 | 0.854

Beam 134 ©®°® 23.2 | 22.87883274 | 1.014038 | 28.84933725 131.81231 | 0.176

Beam 135 ®°® 31.8 | 48.53333333 | 0.65522 4.329994279 41.967483 | 0.758

Beam 136 % 36.4 | 45.75766548 | 0.795495 | 13.30187957 121.55229 | 0.299
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3.6 The Evaluation of Thanasis C. Triantafillou’s Model

This model is in fact used to calculate the theoretical shear contribution of RC
beams, which are strengthened in shear using externally FRPs (EFRP) bonded laminates.
However, this model was built up using an approach, which can be also used in
developing an analytical design guidance to calculate the shear contribution of NSM
technique in RC beams. This approach is explained in details down in this section. It
should be mentioned that NSM technique is a relatively new FRP-based strengthening
technique, as well as it works in a similar manner to that EFRP technique regarding shear
strengthening of RC beams. However, the main differences between NSM and EFRP
techniques are the NSM technique provides larger bond area for the FRP reinforcements,
and higher confinement provided by the concrete that surround the NSM FRP
reinforcements. This is due to the fact that the NSM FRP reinforcements are embedded
in grooves that are introduced into the surface of the RC members (See chapter two for
more details and differences). These two factors basically play an important role in
preventing the earlier debonding failure of FRP reinforcement from taking place in the
NSM shear strengthened beams, and therefore increase its effectiveness in shear
strengthening. As a result, if this model shows a good result and sufficient agreement
with the experimental derived results of the generated database, it can be adopted.
Then, this model can be modified such that it can be used to calculate the shear

contribution of NSM technique in RC beams.

According to Triantafillou (2000), this model was developed following the concept
that at the ultimate limit state, the effectiveness of the strengthening reinforcements,
which is the load carried by the FRP reinforcements, depends on the failure mechanism,
which in fact depends on different factors. The failure of the FRP reinforcements might
happen either by debonding, or by tensile rupture of the FRP reinforcements. The latter
failure may happen at a stress, which could be lower than the tensile strength of the FRP
reinforcements. This is because of the stress concentrations at debonded areas or at
rounded corners, etc. Whether debonding or fracture failures will take place first in the
strengthened beams depends on the bond conditions, the available anchorage length
and/or the type of attachment at the FRP ends, the thickness of the laminates and
others factors (Triantafillou 2000). In fact, it was mentioned that the actual failure mode
of the FRP reinforcements can be a combination of FRP debonding at certain areas of the
RC beam and fracture of the FRP reinforcements at others. It was also stated that at the
beam's ultimate limit state, the load carried by FRP reinforcement is rather impossible to

quantify based on rigorous analysis (Triantafillou 2000). Therefore, the contribution of
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the FRP laminates in the strengthened beams by using this model is calculated through a
semi-quantitative description of the problem. First of all, the case of epoxy-bonded
laminates, or FRP laminates without any anchorage and with the strong material
direction (the principal fiber orientation) at an angle (B) to the longitudinal axis of the RC
beam was considered. A qualitative description of the FRP load bearing mechanisms at
ultimate shear capacity is shown in Figure (12a). This figure indicates regions in the
strengthened beams of full debonding, full shear transfer and limited shear transfer
(Triantafillou 2000).

% Full
‘] debonding

Limited

transfer
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shear
transfer

(€Y (b)

ZRN
1

Figure (12): (a) Schematic representation of FRP stress bearing mechanism

(b) Simplified normal stress along diagonal crack (Triantafillou 1998)

A simplification of the associated tensile stresses in the FRP reinforcements is shown in
Figure (12b), where only a portion of the reinforcement is stressed to its tensile capacity,
fip.a. Using the classical truss analogy approach, which is similar to that used with steel
stirrups, and based on the geometry of Figure (12a) and the simplified stress distribution
of Figure (12b), the contribution of external FRP laminates in the EFRP shear
strengthened beams was defined as shown in equation (3.16). This equation was built

up in accordance to Eurocode?2.

2 1 3 .
Vfrp,d === fr,q G+ 22+ Z)(1 + cotB) sinp (3.16)

Where
t: Thickness of FRP laminate on each side of the RC beam. By defining the FRP

percentage of composite material as ps,, = 2t/bw, equation (3.16) above was written as

following,
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Vfrp,d = ps, Efyy, 09 b, d (n gvfrﬂ)(l + cotPB) sinB (3.17)

frp

Where

E«p: FRP elastic modulus, €, ,: ultimate strain of FRP in the principal material direction,
Yip: partial safety factor for FRP in uniaxial tension (equal to 1.15, 1.20 and 1.25 for
Carbon FRP, aramid FRP and Glass FRP, respectively) and r;: FRP reinforcement
efficiency factor, which depends on the failure mode of the FRP laminates, and is equal

to:

Stz (3.18)

09d

Triantafillou (2000) stated that in the case of perfect anchorage of the FRP
reinforcements, the only difference is that r; should be replaced by r,. This has the
meaning of a FRP strength reduction factor due to stress concentrations. Therefore, the
contribution of FRP laminates in RC beams strengthened in shear using EFRP technique

was finally written as shown in equation (3.19):

0.9 . 3.19
Virp,d = - Pfrp Efrp by d gy o (1 + cotB) sinf ( )
P

Where
€w.e IS the characteristic value of the effective FRP strain, and it equals to (0.8 x effective
FRP strain (€gup.e))

It should be mentioned that the above model is a descriptive one, and not an
exact model relating the FRP effective strain with the geometric parameters z,, z,, and z;
(shown in figure 12a). The effective FRP strain in this model was obtained based on the
fact that &, . was found experimentally to depend heavily on the bond area between the
FRP reinforcements and concrete. In other word, it depends on the FRP development
length, which is defined as the required length to reach FRP tensile fracture before
debonding. The development length was found experimentally in its turn to depend on
the FRP axial rigidity, which is expressed by the product (E: Ps), and to be inversely
proportional to the tensile strength of concrete. Nowadays, it is well-known in many

design codes such as Eurocode2 that the tensile strength of concrete is proportional to
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(f. ). (f.) here represents the compressive strength of concrete. Therefore, it was
finally argued that the FRP effective strain (&qpe) depends on the product (E: P;/ £.23)
(Triantafillou 2000). It is important to mention this dependence was confirmed later by
many other experimental studies in the field of using NSM and EFRP techniques in shear
strengthening of RC beams. Then, by using this dependency relationship, three
equations, which relates the FRP effective strain (g) with the quantity [(E:ps)/ (fem?>)],
were proposed. These equations were proposed in accordance to the failure type of EFRP
shear strengthened beams, and the material type of the FRP laminates. Each of these
equations corresponds to the best fit of power type curves, that describe the relationship
between & experimentally (obtained using experimental results of 70 tested beams

2/3
)

strengthened using EFRP technique), and the product [(E; ps)/ (f:m“ )] for the three cases

as shown below (Triantafillou 2000).

1-Premature shear failure due to debonding (for Carbon FRP (CFRP) only):

€re = 0.65 X [(Ef pr)/ (fem>)] °-2° (3.20)

2-Shear failure combined with or followed by Carbon FRP (CFRP) fracture:

2 = 0.27 x [(Er p)/ (fen™)] °*° (3.21)

3- Shear failure combined with or followed by aramid FRP (AFRP) fracture:

2 = 0.048 x [(Er p)/ (™) % (3.22)

Note that in all equations and figures above, f. is in MPa and E; is in GPa.

Regarding the evaluation of this model, the created database (shown in table A)
was also used to evaluate this model. However, not all of the samples of the database
were considered. Only, those beams that were strengthened in shear using either FRP
laminates or strips, and they experienced either debonding or FRP tensile fracture
failures were considered in the evaluation of this model. This is due to the fact this
theoretical model was developed to be valid in these cases, as it is originally used for
beams strengthened in shear using only externally bonded FRP laminates. Therefore,
considering other beams such as those strengthened using FRP bars, and/or others with

fracture of concrete failure type is not a right case to be considered in the evaluation.
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This is because this can lead to incorrect results, which can cause a misunderstanding of
the evaluation of this model. It is significant to note that, the percentage of the
composite material in the NSM shear strengthened beams was calculated from (ps= (2 X
ar X br)/ (bw X s¢ X sind) x 100%) not (ps,, = 2t/b,). Following the restrictions above, the
evaluation was based on only 19 samples (beams) of the database. The analytical strain
(e ™) for the considered beams was calculated using equations (3.20), (3.21) and
(3.22) above taking into account the material type of FRP laminates and the observed
failure mode in the strengthened beams. Then, (V;) theoretically was calculated for each
beam using equation (3.19). The ratio (K) which is as mentioned before equal to ((V;)

experimentally / (V) analytically) was also found. This is shown in table (5) down.

Based on the results of evaluation of this model, the values of K ratios of all the
considered beams are equal of greater than one. This basically represents safe
conditions in the NSM shear strengthened beams. In fact, this model shows a 100% safe
prediction percentage with average value of K ratio being equal to 2.27. This means this
model did not overestimate the theoretical shear contribution of NSM technique, since all
of the 19 beams have K value greater than unity. It should be also mentioned that this
model is rather more sophisticate one compared to the first as well as the second
evaluated models. This is because it was built up by adopting the classic truss analogy
approach, and considering the geometry of the FRP reinforcement bearing mechanisms,
and the simplified stress distribution along diagonal crack shown in figure (12). In
addition to this, it is a destructive model that links the geometric parameters shown in
figure (12b) with the FRP effective strain, and relates the latter to the development
length of the FRP reinforcement. This was achieved throughout the established
dependency relationship stated above. In this relationship, it can be noticed that the
effects of both the percentage of composite material and the concrete strength
parameters are considered. Both of which are significant factors, which influence the
effectiveness of this technique as a shear strengthening technique in RC beams. Beside
this, they affect the shear failure mode of the FRP-based shear strengthened beams,
which in its turn affects the effectiveness of the FRP reinforcements. See section (3.7)

for the detailed discussion and comparisons of the obtained results.

Nevertheless, Triantafillou (2000) stated that “one drawback of the qualitative
approach explained above is that the FRP bonded length is not taken explicitly into
account. However, this could be partially justified by the following arguments: (1) For
the real size structures, the effective bond length is a small part of an RC element’s
depth; hence, the partially ineffective FRP comprises a small fraction of the total; (2) the

effect of short FRP bonded lengths may be taken into account to a certain extent through
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the experimental data fitting and calibration procedure, and (3) Adding more complexity
to an approach that is meant to be as simple as possible for the purpose of design

calculations might not be wanted” (Triantafillou 2000).

Table (5): Comparison between the experimental and theoretical results of
Triantafillou’s model

Triantafillou’s model
Sample No. V= g | V2" (KN) K
(KN)

Beam 33 (PB12 44.7 0.0075 33.9 1.317
Beam 34 (PB12 81.5 0.00571 42 1.94
Beam 35 (PB12 81.7 0.00905 57.88 1.414
Beam 36 (P12 117.4 | 0.00782 81.3 1.4438
Beam 37 (P82 85.8 0.00905 57.88 1.48225
Beam 38 (PB12 80.9 0.00905 57.88 1.4
Beam 39 (PB12 84.6 0.00942 50.92 1.66
Beam 40 (P82 127.9 | 0.00823 69.87 1.83
Beam 41 (P82 74.9 0.00905 57.884 1.23
Beam 42 (P82 108.9 | 0.00782 81.3 1.34
Beam 43 (PB12 73.4 0.00942 50.923 1.44
Beam 44 (P12 72.6 0.00942 50.93 1.425
Beam 45 (PB%9 20.2 0.00262 11.6 1.74
Beam 49 (PB%9 53.4 0.00652 40.87 1.306
Beam 52 (PB%9 49.6 0.00703 32.23 1.332
Beam 112 (RS12 61.51 | 0.00106 5.1 8.18
Beam 114RS12 56.4 0.00099 5.95 9.46
Beam 130¢°® 29.1 0.0123 21.76 1.33
Beam 132 59.3 0.00837 29.53 2
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3.7 Discussion of the Results of Evaluation

The detailed discussion of the evaluation results, which were obtained in the last
three sections, is examined here. Based on this discussion, a decision regarding the
selection of the best model for the modification processes in this project was made in

chapter four.

As far as A.K.M Anwarul Islam’s formula is concerned, the evaluation of this
model basically proved that this model is not that reliable. In other word, it is not worth
using it to calculate the theoretical shear conurbation of NSM technique in RC beams.
This is due to the fact that by using this formula; only few numbers of the RC beams
have analytical (V;) in the safe side. It can be in fact noticed that most of the beams in
the evaluation of this model in table (4) about 73% of them have K ratio by far less than
unity. This result and the bad agreement with the experimental derived (V;) can be
because this formula is a very simple one compared to the other evaluated models.
Additionally, it does not take into consideration the effects of many parameters, which
have been found according to the findings of chapter two to influence the effectiveness
of this technique. The effective strain in this formula was also found according to only
the results of three tested beams. If many samples beams were used in the
development of this model, the (1/3), which the proposed ratio (value) of the FRP
effective stain, was unlikely to be achieved. In particular, if FRP tensile fracture or
debonding of the FRP reinforcement failure modes were observed in these beams, which
is the case in the beams of the database, such a constant ratio would be impossible to
be observed. Therefore, using this constant ratio of the FRP effective stain is not a real
case, since the ratio between the FRP effective stain and the ultimate FRP stain can be
varied in the different beams of the experimental database shown in table (A). On the
other hand, dependency relationships were proposed with the other two models, and
then were used to establish equations to calculate the FRP effective strain. These
dependency relationships were based on testing many beams, and they reflect the
impacts of different parameters as mentioned before on the effectiveness of this
technique in more realistic manner. Therefore, it is a normal case this model was not
able to offer a safe and realistic prediction of the theoretical results compared to the
other two models. Based on the reasons mentioned above, this model will not be

considered in chapter four.

Regarding the evaluation of Dias and Barross’ model, this model showed better

results in terms of the agreement with the experimental results and the safe prediction
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of the theoretical results compared to that of the first evaluated formula. 68.6% of the
considered beams in the evaluation of it in table (4) have k ratio equal or greater than
one. This represents a percentage of safe prediction greater than that of A.K.M Anwarul
Islam’s formula by about 2.5 times. Knowing that, the percentage of safe prediction is
the percentage ratio obtained by comparing the numbers of beams that have K ratios
equal or greater than one, with the total considered samples in the evaluation. The
better performance of this model can be linked to the fact that the impacts of many
variables, such as the concrete strength, the percentage of both the composite material
and existing steel stirrups, the orientation of FRP reinforcements were introduced to this
model. This was achieved by establishing a dependency relationship that takes into
consideration these effects, and then used it to produce three equations to calculate the
FRP effective strain. This clearly is more sophisticated step compared to the constant
ratio, which was proposed with the first evaluated model. It is important to note that the
same approach, which is the truss analogy one, was used in the development of these
two models. However, three equations that relate the (&) with the product (Esy psw + Ef
P/ (fm?®), and (1/3) were used instead of the yield stain of the steel stirrups in the
second and first evaluated models, respectively. Another factor contributed in the better
results, the development of this model was based on 40 beams, and different failure
modes were observed in the experimental program, which was not the case in A.K.M
Anwarul Islam’s formula. Developing a model using more data is believed to be more
effective, as this can help to reflect the real situations, which might be faced in reality,
on the behaviour of the theoretical model. Finally, a safety factor equal to 1.3 was
originally proposed with this model. This basically contributed in reducing the theoretical
results of (V;) and thus increase the safe prediction percentage, as more beams became
in the safe side. Therefore, it can be said this model is more reliable compared to the

first formula due to the factors mentioned above.

Regarding the evaluation of Thanasis C. Triantafillou’s model, this analytical
model was evaluated using only 19 beams of the generated database for reasons related
to the validity of using it. Interestingly, all of the 19 beams have K ratio as shown in
table (5) equal or greater than unity. It is however important to note that beams 112
and 114 in the same table have a very high values of the K ratio. This still shows a safe
condition, but it shows at the same time insufficient agreement with the experimental
results. The very high percentage of composite material and the no clear FRP failure
modes in these two beams as shown in table (A) can justify the obtained results in them.
These two factors basically resulted in obtaining small values of the theoretical derived

results of (V;) compared to the experimental obtained results, which in its turn led to

obtain high values of the ratio K in these two beams.
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Based on the evaluations of the three models, the last evaluated one seems to be
the best model among the others, as all the considered beams in the evaluation of it are
in the safe side. Many factors in fact can be the reasons behind stating this, and behind
the obtained results of this model. First factor, this model is a rather more sophisticated
one compared to the other two. This is because it was built up by adopting the classic
truss analogy approach, and using the geometry of the FRP reinforcement bearing
mechanisms, and the simplified stress distribution along diagonal crack shown in figure
(12). Another reason, this model is a destructive one that links the geometric
parameters shown in figure (12b) with the FRP effective strain, and relates the latter to
the development length of the FRP reinforcement, which was found experimentally to
have a dependency relationship with the product (E:p;/ f.*°). It should be stated that
this dependency relationship has been approved by many experimental programs
including those carried out in the field of shear strengthening of RC by NSM technique.
Adding to this, this dependency relationship take into account the effects of the
percentage of composite materials, and the concrete strength. Both of these factors
according to chapter two are important, as they can play a role in increasing the
efficiency of NSM FRP reinforcement, and they can also change the failure modes in
these reinforcements. Furthermore, this model takes into account the failure mechanism
of the FRP reinforcement (laminates), which affects the load carrying capacity of the FRP
reinforcement, and as a result the effectiveness of both NSM and EFRP techniques.
Another factor, different safety factors were proposed to increase the safe prediction
ability of this model. A final important factor to be mentioned, the use of the
characteristic value of the effective FRP strain plays an important role in increasing the
efficiency of this model. In fact, the FRP effective stain in this model is not used directly,
but it should be firstly lowered by multiplying it by (0.8). This in its turn led to increase
the safe prediction ability of this model by decreasing the analytical values of the shear
contribution of NSM technique in RC beams. The use of the characteristic value of FRP

effective strain has the meaning of using another safety factor with this model.
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4 THE CALIBRATION OF MODELS

According to the final results of the evaluations of the three models in the
previous chapter, the theoretical model that was proposed by Thanasis C. Triantafillou
showed a sufficient agreement with the experimental results, and all the considered
beams in the evaluation of it have K ratio equal or greater than unity. 100% safe
prediction as mentioned before was achieved by using this model. The reasons behind
this are already mentioned in chapter three. Although this model was evaluated using
few samples of the generated data base, it is believed that by modifying it using the
database of the project more sufficient results can be achieved. In addition, by modifying
this model, no restrictions on the use of it will be there anymore, and it can be then used
for the whole collected database. Therefore, the modification of this model is considered
in section (4.1). The discussion of the obtained results of this model is examined in
section (4.2)

Despite this, the maodification of Dias and Barross’ model is also considered in this
project for some reasons. Firstly, someone might argue that this model was originally
developed to be used for NSM shear strengthened beams. In addition, different factors,
which affect the effectiveness of this technique by means of shear strengthening
technique in RC beams, were taking into account when it was built up. Furthermore,
according to the evaluation of this model in section (3.5), 68.6% of the considered
beams of the generated database have K values equal or greater than one. This
percentage is by far greater than that obtained using A.K.M Anwarul Islam’s model
(section 3.4). At the same time, this percentage was obtained considering all the beams
of the database, which was not the case when Thanasis C. Triantafillou’s model was
evaluated. Thus, it might be argued that the 68.6% is a reasonable percentage, and
better results can be obtained by calibrating it. Finally, it might be thought that
modifying this model can show better performance than that will be obtained after
modifying Thanasis C. Triantafillou’s model. Following this argument, the modification of
Dias and Barros model is illustrated in section (4.3) to justify this argument and compare
the results of the two modified models. The final comparison between the results of the
two modified models is presented in the last section of this chapter. It is important to
state that, even after modifying Dias and Barross’ model; Thanasis C. Triantafillou’s
model still shows higher safe prediction percentage and sufficient agreement with the

experimental results.
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4.1 The Modification of Thanasis C. Triantafillou’s Model
4.1.1 Strategy for the Modification of the Analytical Model

The theoretical shear contribution (vf) of NSM technique in RC beams can be calculated

using the model of Thanasis C. Triantafillou by using the following equation.

0.9 .
vr =" f Er b, d &0 (1 + cotdy) sin6y (4.1)

Where

€we- The characteristic value of the effective FRP strain and it equals to (0.8 x effective
FRP strain (€r)).

E:: FRP elastic modulus (GPa).

pr: The percentage of the composite material (FRP reinforcement) in the NSM shear
strengthened beams.

b,: beam web width (mm)

d: The distance from the external compression fiber to centroid of longitudinal tension
reinforcement (mm)

0r: The inclination of the FRP reinforcement and it is measured with respect to the
horizontal axis of the beam (degree).

Y,: Partial safety factor

The principles and the approach that were used to develop this model are
explained in details in section (3.6) above. Referring back to the same section in chapter
three, Thanasis C. Triantafillou’s model is a descriptive one relating the FRP effective
strain with the geometric parameters of the FRP stress bearing mechanisms shown in
figure (12b). Therefore, the only unknown yet in equation (4.1), in which by finding it
this model will be valid to use in the NSM shear strengthened beams without restrictions,
is the FRP effective strain (g). This unknown will be found by establishing equations
using the dependency relationship found by Thanasis C. Triantafillou, and proved by
many others. This dependency as stated before relates the FRP effective strain with the
product (E: pr) / (fom>®). Many scenarios were applied to achieve the equations that

describe the best fit of this dependency relationship in this dissertation. However, only
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the one that showed the best results is examined in details in this chapter, while others

are also mentioned briefly in section (4.1.2). The equations, which relate the FRP

effective strain with the product (E; py) / (f.n?”) for the best scenario, were obtained

following the next strategy (procedure):

1-

For each inclination (8;) of the FRP reinforcements; (45°, 60° and 90°), it was
defined the equation that relates &, (experimentally) with the product [(Es ps) /
(fan?®)]. This was achieved by first obtaining the values of & (experimentally),
and then plotting these values against the product (E; p;) / (f-n?®) for the three
arrangements of FRP reinforcements separately. The experimental values of the
FRP effective strain were obtained by substituting the experimental shear
contribution of NSM technique for each beam of the generated database (shown
in table (A)) in equation (4.2) below. Each of the three proposed equations
corresponds to the best fit of power-type curves that describe the dependency

relationship mentioned above.

vr®P =09 p; E; b, d &, (1 + cotby) sinby (4.2)

Where

vfe"p: Experimentally derived contribution of FRP reinforcement to shear capacity

of RC beams

g - FRP effective strain

By considering the equations defined in the step (1) and using equation (4.1)

above, it was possible to calculate the theoretical value (v¢) for each beam of the

experimental database described in this project, and considered in this analysis.

The comparison between experimental and analytical values of (vf) was done,

and safety factors were defined in order to insure that the modified analytical
formulation provides safety predictions for 94% of the considered beams of the
database in this analysis. Maximum limits for the FRP effective stain were also
defined to maintain the aggregate interlock and control the shear cracks in the
NSM shear strengthened beams. It is important to mention that, a similar
scenario that is explained in points one and two was used in the development of

Dias and Barros’s model.
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4.1.2 Development of the Analytical Formulation

Figure (13) illustrates the relationships between the FRP effective strain (&),
which was calculated following point one of the strategy explained above, and the
product [(E;py) / (fon2®)] for the arrangements of FRP reinforcement; 45°, 60° and 90°.
The relationships represent the best fit of power-type curves. It is important to notice
that some of the RC beams were not considered in this analysis. For example, beams 96,
97, 98, 99 and 124 were not considered for the case of 8y = 90°, as it is reported that
the failure mode in these beams were a shear and flexural failure mode (See table (A)
for more details). Furthermore, it is stated in the original papers that the data was taken
from, due to some test defects, the experimental shear contribution of NSM technique of
beams 50, 88 for the arrangement 90°, and beams 62 and 105 for the arrangement 45°
are odd values. Therefore, these beams as well as few others were ignored in obtaining
the best fit of the FRP effective strain versus [(E: pr) / (fon?>)] relationships for the
arrangements 90° and 45°. This is due to the fact that considering these beams can
affect the obtained results and lead to some errors. The best fit power-type expressions

for the three relationships shown in figure (13) are defined as following:

1- For the FRP reinforcement at 45° (See figurel3a
g

£re = 0.306 X [(Er pr)/(Fem® )] > (4.3)

2- For the FRP reinforcement at 60° (See figurel13b)

Ere = 1.104 X [(Er P/ (Ferm® )] % (4.4)

3- For the FRP reinforcement at 90° (See figure 13c)

£re = 0.222 X [(Er P/ (Fem® )] 07 (4.5)

It is important to mention that other scenarios to obtain the best fit of the FRP

effective strain versus [(Espr) / (fom2>

)] relationships were tried. For example, the whole
collected data were used to obtain one relationship that links the &, with the product [(E¢
pr) / (Fm?®)]. However, this trial showed not sufficient results regarding estimating the

theoretical (vf). Furthermore, these expressions were also calibrated using the same
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scenario used originally in the development of this model (i.e considering the type of

failure in the NSM shear strengthened beams). Similarly, this scenario was not that good

compared to the scenario, which was used to obtain equation (4.3), (4.4) and (4.5). The

calculations of the considered scenario (shown in figure 13) are only presented in the

dissertation. The three plots; a, b and c; of figure (13) were plotted using the

calculations presented in tables B1, B2 and B3 in Appendix (B), respectively.

Efe = 0306[(Efpf) / (fe
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Figure (13): Effective strain of FRP reinforcement versus [(E; p5) / (fom>)]

In agreement with the qualitative argument made above during the development

of this model, it can be noticed that the three diagrams that are presented in figure (13)

are decreasing relationships. Basically, as the term [(E; pr) / (fem?®)] increase the FRP

effective strain decrease.
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It is also significant to note that, the three plots of figure (13) and equations
(4.3), (4.4) and (4.5) were obtained considering the RC beams strengthened using
different FRP materials and types of FRP reinforcement, such as Carbon FRP laminates,
Carbon FRP rod/bars, Glass FRP laminates and Glass FRP bars/rods. However, the beams
strengthened using the last two types of FRP reinforcement made form Glass FRP were
not many. An important point to be mentioned regarding this, when debonding of NSM
FRP reinforcement is the dominate failure type in the NSM strengthened beams, & is not
affected by the FRP reinforcement material type for reasons mentioned above. In
contrast, if fracture of NSM FRP reinforcement is the dominate failure type; &. can be
influenced by the material kind of the FRP reinforcement. This is because of the different
fracture strains of the FRP materials. On the other hand, the strength of concrete is the
main factor that can lead to the fracture of the concrete failure type in the strengthened
beams, so this type of failure also does not depend heavily on the FRP reinforcement
material. Therefore, in the future, when more experimental data in which other types
and materials of FRP reinforcement are used, the three proposed expressions above can
be improved more. This will basically help in reflecting the effects of the different
materials and types of FRP reinforcements on the efficiency of this model in a very rich

picture.

A final point to be pointed out in this analysis, the maximum value of FRP
effective strain should be limited to the average value of the FRP ultimate strain. Doing
so was reported by many that can contribute significantly in maintaining the aggregate
interlock in the concrete, improving the shear behaviour of the strengthened beams and
controlling the shear cracks in the NSM shear strengthened beams. Therefore, for each
type of the FRP reinforcement, an average value of the FRP ultimate strain was
calculated using the values reported in the generated database (table A). These values

are: €,u= 3.52% for Carbon FRP rods, 8.94% for Carbon FRP laminates, 8% for Glass

FRP laminates and 2% for Glass FRP rods.

57



Chapter 4 The Calibration of Models

4.2 Validation of the Modified Thanasis C. Triantafillou’s Model and

Discussion of the Results

By using equations (4.3), (4.4) and (4.5), the analytical values of the FRP

ana

effective strain (€. *"®) were determined for all the considered beams in the analysis

ana

shown in table (6). Introducing the (g °") to equation (4.1) and using a partial safety

factor equal to one, the theoretical shear contributions of NSM technique in the

ana

strengthened beams (v/™") were calculated. Then, by considering the analytical results

(vr ™) and the experimental results (vy ®*), the ratio (K) was calculated for the

considered beams. This is well illustrated in table (6). It is important to emphasize that,
in this analysis; a K = 1 represents a safety condition. 1.38 is the obtained average
value of the ratio (K) when the applied partial safety factor in equation (4.1) was equal

to one.

It can be noticed that, the values of the ratio K in most of the considered beams
of the database in table (6) are close to the unity, evidencing that the analytical model
predicts with sufficient accuracy the experimental results. However, as equation (4.1)
does not take all the effects that influence the effectiveness of the NSM FRP
reinforcements, new uncertainty factors have been proposed. Basically, partial safety
factors equal to 1.2 and 1.3 have been proposed for the case of using inclined FRP
reinforcements (at 45° and 60°), and the vertical arrangement of FRP reinforcements,
respectively. As this technique was discovered to be more effective in the case of using
inclined FRP reinforcements, the proposed factor of safety for the inclined arrangement
was less than that of the vertical arrangement. These two uncertainty factors also were
established in a manner such that an increase in the percentage of the safe prediction of
the modified model, and sufficient agreement with the experimental results were
achieved. It is important to emphasise that, the percentage of safe prediction here
represents the percentage ratio between the beams that have K=1 and the total
numbers of the considered beams in the analysis. Using these factors in fact led to have
949% safe prediction. In other word, 94% of the considered beams in the analysis shown
in table (6) have (K) ratio equal or greater than one. Furthermore, an average value of
the ratio K equal to 1.7 was obtained after using the proposed safety factors. It is
important to note that some of the sample beams in table (6), such as beams 45, 60,
68, 116 and 126, are still have K values less than unity even after introducing the
uncertainty factors. The observed failure modes in these beams could justify their

relatively low experimental values of vy. In fact, debonding of the FRP reinforcements

was the failure mode type that was obtained in these beams. Based on the literature

review, the effectiveness of this technique was found to be reduced when such failure
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mode was obtained. This is due to the fact that the bound length between the NSM FRP
reinforcements and the surrounding concrete will be less in this case. This in its turn
reduces the effectiveness of NSM technique by means of shear strengthening technique

in RC beams, and leads to have K ratio less than unity.

Furthermore, the K values in some of the beams in table (6) are greater than
two. This still shows a safe condition. Nevertheless, the reason behind this can be linked
to the high percentage of the used composite materials (FRP reinforcement) in some of
these beams. This resulted in reducing the theoretical FRP effective strain, and

consequently decreasing the theoretical (vy), which in its turn resulted in the high K

values.

If a safety factor equal to 1.38 is introduced to the equation (4.1) instead of the
proposed ones, a very high percentage of safe prediction can be achieved. The 1.38 as
mentioned before is the obtained average value of the ratio K when no partial safety

factor was considered in the calculation of (v°™)

. In fact, by using such factor of safety,

more than 97% of the considered beams in table (6) can have K ratio greater than one.
However, this is not recommended to be used, as this means huge uncertainty is
introduced to the model. In addition, doing so will lead to the fact that many of the
samples beams will have K ratio greater than two causing an insufficient agreement with

experimental results.

Finally, by comparing the obtained results of the modified model to that were
obtained from the evaluation of A.K.M Anwarul Islam’s, and Dias and Barross’ models,
the modified model shows by far a very good results, and close agreement with the
experimental results. In fact, only few beams as shown in table (6) have (k) values less
than unity. The corresponding percentage of the safe prediction of this model after the
modifying, and introducing safety factors to it is 94%. This is actually greater than 27%
and 68.6%, that were obtained from using A.K.M Anwarul Islam’s, and Dias and Barross’
models, respectively. This percentage is also obtained considering all the beams, not few
numbers of them, as it was the case when the modified model was evaluated in chapter
three. Therefore, the 94% is even a very high percentage compared to that obtained in
the evaluation of this model. The reasons behind the high ability of this model in
predicting the shear contribution of NSM technique in RC beams have been already
mentioned in section (3.7) above, and this ability has been now increased after
modifying this model. The modification (calibration) of this model basically contributed
firstly in removing the restrictions on using this model for RC beams strengthened in
shear using NSM technique. It also resulted in making this model predicts the analytical

results in more realistic and accurate way, and showing sufficient agreement with the
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experimental results. This is based on the fact that the more considered data in the
calibration of the three power-type expressions of the FRP effective stain, the better
performance of the theoretical model is. The performance of Thanasis C. Triantafillou’s
model is clearly improved dramatically after calibrating the three power type expressions
of the FRP effective stain. These three equations; (4.3), (4.4) and (4.5); were calibrated
in this project using the database, which consists of 136 RC beams. Various FRP
materials, FRP types, FRP arrangements, FRP spacing, percentage of composite material,
percentage of steel stirrups, percentage of flexural reinforcements, concrete strengths,
anchorage system, shear span (a/d), cross sectional type of RC beams and shear failure
modes are considered in the calibrations of these three equations, since these
parameters differ in the different samples of the database. This basically resulted in
making equations (4.3), (4.4) and (4.5) predicts the theoretical FRP strain of the FRP
reinforcements in more accurate, sufficient and realistic way, and this in its turn

increased the efficiency of this model.
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Table (6): Comparison between the experimental and analytical results using the
modified Thanasis C. Triantafillou’s model

y,= 1.2 for inclined
FRP and 1.3 for

vs=1 vertical FRP
reinforcement

Sample No. Z’;:; €% 9% v 2" (KN) K v 2" (KN) K
Beam 1 (512 40.3 3.618039775 | 35.19233887 | 1.145 | 27.0710299 | 1.4887
Beam 2 (P52 63.7 2.669788888 | 41.55006406 | 1.533 | 31.96158774 | 1.993
Beam 3 (P52 37.9 4.036205725 | 33.31304536 | 1.138 | 27.76087114 | 1.3652
Beam 4 (P52 56.5 2.955599312 | 40.65700176 | 1.39 | 33.8808348 | 1.6676
Beam 5 (P52 70.3 2.218872601 | 48.83623128 | 1.44 | 40.6968594 | 1.7274
Beam 6 (P52 35.4 3.669583188 | 29.25509803 | 1.21 | 24.37924835 | 1.4521
Beam 7 (P52 61.3 3.132157736 | 37.45585407 | 1.637 | 31.21321172 | 1.9639
Beam 8 (P52 69.7 2.707487314 | 46.7674136 | 1.49 | 38.97284466 | 1.7884
Beam 9 (P52 57.5 3.457993348 | 43.72625668 | 1.315 | 33.63558206 | 1.7095
Beam 10 (P82 71.5 2.709114052 | 48.65658828 | 1.469 | 37.42814483 | 1.9103
Beam 11 (P82 53.4 3.682380561 | 41.56956823 | 1.285 | 31.97659094 | 1.67
Beam 12 (P82 70.7 2.738470812 | 50.23522203 | 1.407 | 41.86268503 | 1.6889
Beam 13 (P82 85.6 2.172570432 | 58.24844328 | 1.47 | 48.5403694 | 1.7635
Beam 14 (P82 49.6 3.502416819 | 33.41692664 | 1.484 | 27.84743886 | 1.7811
Beam 15 (P82 54.4 3.013028825 | 45.17483834 | 1.204 | 37.64569862 | 1.4451
Beam 16 (P82 65.3 2.678626181 | 58.41612266 | 1.118 | 48.68010222 | 1.3414
Beam 17 (P82 31.9 4.976960312 | 39.72793797 | 0.803 | 30.55995228 | 1.0438
Beam 18 (P82 40.7 4.976960312 | 39.72793797 | 1.024 | 30.55995228 | 1.3318
Beam 19 (P82 33.6 3.457993348 | 44.85484553 | 0.749 | 33.22581151 | 1.0113
Beam 20 (P82 42.7 3.682380561 | 41.56956823 | 1.027 | 34.64130686 | 1.2326
Beam 21 (P82 64 2.738470812 | 50.23522203 | 1.274 | 41.86268503 | 1.5288
Beam 22 (PB12 43.5 3.013028825 | 28.7476244 | 1.513 | 23.95635367 | 1.8158
Beam 23 (PB12 51.7 3.502416819 | 52.51231329 | 0.985 | 43.76026107 | 1.1814
Beam 25 (PB12 33.9 2.673029259 | 30.77555413 | 1.102 | 25.64629511 | 1.3218
Beam 26 (P12 48 1.987847939 | 37.19107176 | 1.291 | 30.9925598 | 1.5488
Beam 27 (P82 33.1 2.560356498 | 24.91462986 | 1.329 | 19.16509989 | 1.7271
Beam 28 (PB12 42.7 2.976219672 | 45.51071179 | 0.938 | 37.92559316 | 1.1259
Beam 29 (P82 26 2.673029259 | 30.77555413 | 0.845 | 25.64629511 | 1.0138
Beam 30 (P82 31.6 1.987847939 | 37.19107176 | 0.85 | 30.9925598 | 1.0196
Beam 31 (P82 25.1 2.696442393 | 26.23887112 | 0.957 | 21.86572593 | 1.1479
Beam 32 (PB12 35.1 2.976219672 | 45.51071179 | 0.771 | 35.00823984 | 1.0026
Beam 33 (PB12 44.7 5.998541301 | 48.83518354 | 0.915 | 37.5655258 | 1.1899
Beam 34 (PB12 81.5 4.167788091 | 55.13738508 | 1.478 | 42.41337314 | 1.9216
Beam 35 (PB12 81.7 4.286224716 | 49.34885778 | 1.656 | 41.12404815 | 1.9867
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y,=21.2for inclined
FRP and 1.3 for

vs=1 vertical FRP
reinforcement

sample No. '(’I’;:; £ 2" o v (KN) | K| vp™ (KN) K

Beam 37812 85.8 4.286224716 | 49.34885778 | 1.739 | 41.12404815 | 2.0864
Beam 38512 80.9 4.286224716 | 49.34885778 | 1.639 | 41.12404815 | 1.9672
Beam 39(P812 84.6 3.25474496 | 31.67166995 | 2.671 | 26.39305829 | 3.2054
Beam 40512 127.9 | 3.783393439 | 57.85356841 | 2.211 | 48.21130701 | 2.6529
Beam 41512 74.9 4.286224716 | 49.34885778 | 1.518 | 41.12404815 | 1.8213
Beam 43 (PB12 73.4 3.427738401 | 33.35505567 | 2.201 | 27.79587973 | 2.6407
Beam 44 (PB12 72.6 3.783393439 | 36.81590717 | 1.972 | 30.67992264 | 2.3664
Beam 45 (PB%9 20.2 4.976960312 | 39.68384481 | 0.509 | 30.52603447 | 0.6617
Beam 46 (PB%9 42.2 3.457993348 | 44.80506213 | 0.942 | 34.46543241 | 1.2244
Beam 47 (PB%9 56.2 2.709114052 | 48.60258541 | 1.156 | 37.38660416 | 1.5032
Beam 48 (PB%9 53.4 3.682380561 | 41.52343108 | 1.286 | 34.60285924 | 1.5432
Beam 49 (PB%9 70.7 2.738470812 | 50.17946707 | 1.409 | 41.81622256 | 1.6907
Beam 50 (PB%9 85.6 2.172570432 | 58.18379461 | 1.471 | 48.48649551 | 1.7654
Beam 51 (PB%9 49.6 3.502416819 | 33.37983793 | 1.486 | 27.81653161 | 1.7831
Beam 52 (PB%9 54.4 3.013028825 | 45.12469979 | 1.206 | 37.60391649 | 1.4467
Beam 53 (PB%9 65.3 2.678626181 | 58.3512879 | 1.119 | 48.62607325 | 1.3429
Beam 54 (SCA12 33.41 | 3.939098212 | 26.61816073 | 1.255 | 20.47550826 | 1.6317
Beam 55 (SCA12) 53.94 | 3.148040571 | 28.47958379 | 1.894 | 23.7329865 | 2.2728
Beam 56 (SCA12) 39.88 | 3.939098212 | 26.61816073 | 1.498 | 20.47550826 | 1.9477
Beam 57 (S¢A12 63.82 | 3.148040571 | 28.47958379 | 2.241 | 23.7329865 | 2.6891
Beam 58 (SCA12) 29.4 3.939098212 | 26.61816073 | 1.105 | 20.47550826 | 1.4359
Beam 60(°E°® 25.2 3.798104487 | 36.49277738 | 0.691 | 28.07136721 | 0.8977
Beam 61(PE%® 48.6 2.669788888 | 41.04279358 | 1.184 | 31.57137968 | 1.5394
Beam 63 (PE%® 41.4 2.955599312 | 40.16063437 | 1.031 | 33.46719531 | 1.237
Beam 64 (PB%® 40.2 2.218872601 | 48.24000648 | 0.833 | 39.54098892 | 1.0167
Beam 65 (PE%® 35.4 3.669583188 | 28.89793257 | 1.225 | 22.2291789 | 1.5925
Beam 66 (P°E%® 46.2 3.132157736 | 36.99856839 | 1.249 | 30.83214033 | 1.4984
Beam 67 (P°B%® 54.6 2.707487314 | 46.19644628 | 1.182 | 38.49703857 | 1.4183
Beam 68 (P°B1D 20.4 4.976960312 | 39.68384481 | 0.514 | 30.52603447 | 0.6683
Beam 69 (PB1D 42.18 | 3.457993348 | 44.80506213 | 0.941 | 34.46543241 | 1.2238
Beam 70 (P°BD 56.22 | 2.709114052 | 48.60258541 | 1.157 | 37.38660416 | 1.5037
Beam 71 (®B1D 53.4 3.682380561 | 41.52343108 | 1.286 | 31.94110083 | 1.6718
Beam 72 (PB1D 70.74 | 2.738470812 | 50.17946707 | 1.41 | 41.81622256 | 1.6917
Beam 73 (PB1D 85.62 | 2.172570432 | 58.18379461 | 1.472 | 48.48649551 | 1.7659
Beam 74 (PB1D 49.56 | 3.502416819 | 33.37983793 | 1.485 | 27.81653161 | 1.7817
Beam 75 (PB1D 54.36 | 3.013028825 | 45.12469979 | 1.205 | 37.60391649 | 1.4456
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vs=1.2 for inclined
FRP and 1.3 for

vs=1 vertical FRP
reinforcement

Sample No. Z’;:; €% 9% v 2" (KN) K v 2" (KN) K

Beam 76 (P°B1D 65.34 | 2.678626181 | 58.3512879 | 1.12 | 48.62607325 | 1.3437
Beam 77 (PB1D 31.86 | 4.976960312 | 39.68384481 | 0.803 | 30.52603447 | 1.0437
Beam 78 (P°B1D 33.6 3.457993348 | 44.80506213 | 0.75 | 33.18893491 | 1.0124
Beam 79 (PB1D 42.66 | 3.682380561 | 41.52343108 | 1.027 | 34.60285924 | 1.2328
Beam 80 (PBV 64.02 | 2.738470812 | 50.17946707 | 1.276 | 41.81622256 | 1.531
Beam 82 (P°B1D 51.72 | 3.502416819 | 52.45403103 | 0.986 | 43.71169253 | 1.1832
Beam 83 (PB1® 28.32 | 2.332216583 | 30.81960964 | 0.919 | 23.70739203 | 1.1946
Beam 84 (PB1® 33.9 2.673029259 | 30.74139702 | 1.103 | 25.61783085 | 1.3233
Beam 85 (PB1® 48 1.987847939 | 37.14979421 | 1.292 | 30.95816184 | 1.5505
Beam 86 (P°B1® 33.06 | 2.560356498 | 24.88697766 | 1.328 | 20.73914805 | 1.5941
Beam 87 (P°B1® 42.72 | 2.976219672 | 45.46020046 | 0.94 | 37.88350038 | 1.1277
Beam 89 (PB1® 26.04 | 2.673029259 | 30.74139702 | 0.847 | 25.61783085 | 1.0165
Beam 90 (PB1® 31.56 | 1.987847939 | 37.14979421 | 0.85 | 30.95816184 | 1.0194
Beam 91 (PB1® 25.08 | 2.560356498 | 24.88697766 | 1.008 | 20.73914805 | 1.2093
Beam 92 (PB1® 35.1 2.976219672 | 45.46020046 | 0.772 | 34.96938497 | 1.0037
Beam 93 (M9 72.92 | 2.778492245 | 35.06381638 | 2.08 | 26.97216645 | 2.7035
Beam 94 (119 82.13 | 2.234798031 | 37.60339105 | 2.184 | 28.92568542 | 2.8393
Beam 99 (M9 97.38 | 1.215575705 | 45.9429269 | 2.12 | 35.340713 | 2.7555
Beam 100 ('°® 151.4 | 2.394219989 | 60.14948767 | 2.517 | 46.26883667 | 3.2722
Beam 101 ('°® 81.5 4.062480401 | 50.43006451 | 1.616 | 38.79235732 | 2.1009
Beam 103 (RR1O 70 2.263291567 | 54.59323656 | 1.282 | 41.99479736 | 1.6669
Beam 104 (RR1O 103 2.281429282 | 55.03073944 | 1.872 | 42.33133803 | 2.4332
Beam 106 (RS2 36.78 | 4.454854228 | 22.1362504 | 1.662 | 17.02788493 | 2.16
Beam 107 (RS2 29.43 | 2.723759267 | 27.06876739 | 1.087 | 22.55730616 | 1.3047
Beam 108 (RS2 49.05 4.26075844 | 22.46740533 | 2.183 | 17.28261949 | 2.8381
Beam 109 (RS2 58.86 2.62683926 | 27.70312133 | 2.125 | 23.08593444 | 2.5496
Beam 110 (RS2 66.21 | 5.036970678 | 21.24836007 | 3.116 | 16.34489236 | 4.0508
Beam 111 (RS2 41.69 | 3.009876017 | 25.39415692 | 1.642 | 21.16179744 | 1.9701
Beam 112 (RS2 61.51 4.26075844 | 22.46740533 | 2.738 | 17.28261949 | 3.5591
Beam 113 (RS12 56.4 2.62683926 | 27.70312133 | 2.036 | 23.08593444 | 2.443
Beam 114 (RS2 39.24 3.43386218 | 24.14279821 | 1.625 | 18.57138324 | 2.1129
Beam 115 (RS2 68.67 | 2.204047091 | 30.99237165 | 2.216 | 25.82697638 | 2.6588
Beam 116 (®PNOD 25 1.552433484 | 41.49699414 | 0.602 | 31.92076472 | 0.7832
Beam 117 (®NOD 37.4 1.206193475 | 45.13865854 | 0.829 | 34.72204503 | 1.0771
Beam 118 (PNOD 95.64 | 1.206193475 | 45.13865854 | 2.119 | 34.72204503 | 2.7544
Beam 119 (®PNOD 75.2 1.155601377 | 61.77900176 | 1.217 | 51.48250146 | 1.4607
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vs=1.2 for inclined
FRP and 1.3 for

vs=1 vertical FRP
reinforcement
‘Df P ana g ana ana

Sample No. (KN) € Y0 Vf (KN) K Vg (KN) K

Beam 120 (®NOD 87.63 0.94117406 | 70.44186091 | 1.244 | 58.70155076 | 1.4928
Beam 121 (®NOD 53.4 1.552433484 | 41.49699414 | 1.287 | 31.92076472 | 1.6729
Beam 122 (RPO7N 44 .4 0.959014089 | 29.96028736 | 1.482 | 23.04637489 | 1.9266
Beam 123 (RPO7) 21.6 0.959014089 | 29.96028736 | 0.721 | 21.40020526 | 1.0093
Beam 125 (RPO7) 32.1 1.192056289 | 37.24062427 | 0.862 | 31.03385356 | 1.0344
Beam 126 (RPO7 22.9 0.781031349 | 48.7998684 | 0.469 | 40.666557 | 0.5631
Beam 127 (RPO7N 41.3 1.537641372 | 25.59779864 | 1.613 | 19.69061434 | 2.0974
Beam 128 (RPO7 26.8 1.753942761 | 29.09289866 | 0.921 | 24.24408221 | 1.1054
Beam 129 ©®® 29.1 9.153811876 | 24.22098622 | 1.201 | 18.63152786 | 1.5619
Beam 130 ©®® 28.8 9.56277018 | 16.86958723 | 1.707 | 14.05798935 | 2.0487
Beam 131 ©®® 59.3 5.442889106 | 28.80376915 | 2.059 | 22.1567455 | 2.6764
Beam 132 ©®® 72.9 6.265495483 | 22.10579583 | 3.298 | 18.42149652 | 3.9573
Beam 133 ©®® 28.6 3.458936552 | 16.99721422 | 1.683 | 13.07478017 | 2.1874
Beam 134 ©®® 23.2 4.333319892 | 14.19668023 | 1.634 | 11.83056686 | 1.961
Beam 135 ©®® 31.8 2.056695979 | 20.21320808 | 1.573 | 15.5486216 | 2.0452
Beam 136 ©®® 36.4 2.839176901 | 18.60323613 | 1.957 | 15.50269678 | 2.348

K ae=1.38 Kae=1.7

Note: K ave. = the average value of K
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4.3 The Modification of Dias and Barross’ Model

Following the argument made at the beginning of this chapter, the modification of
Dias and Barros model is illustrated in this section to only justify this argument and

compare the results of the two modified models.

The modification of this model was carried out using the same procedure
(strategy) that was used in modifying Thanasis C. Triantafillou’s model (see section
(4.4.1) for more details). However, there are two differences to be noticed. Firstly, in
this model, the theoretical shear contribution of NSM technique in RC beams is
calculated using equation (4.6) below. The development steps, principles and approach

of this equation are explained in details in section (3.5) above.

_ hy Ay .
v = 75 X ; X Ee X Ef X(cota+ cotef)x smef (4.6)

Where:

h,, is the web depth of the beam (mm). a is the orientation of the shear failure crack

which is equal to 45°. 0 is the inclination in degree of the FRP reinforcements and it is
measured with respect to the horizontal axis of the beams. S; is the spacing of FRP
reinforcements (mm). As, is the area of FRP reinforcement in shear (mm?), E; is the

tension modulus of elasticity of FRP reinforcement (GPa). &, is the FRP effective strain.

7, s a partial safety factor.

Secondly, for each inclination of the FRP reinforcements (6;); (45°, 60° and 90°);
it was defined the equation that relates g with the product [(Esw Ps+ ErpPr)/ (Fem?’)].
This was established according to the dependency relationship that was found by only
Dias and Barros (see section 3.5 for more details regarding this). It can be notice this
relationship is different to that dependency relationship of Thanasis C. Triantafillou. This
is because the effect of the steel stirrups in the strengthened beams is also considered in

Dias and Barross’ dependency relationship.

The experimental values of g, for the three cases of FRP orientations were

obtained by substituting the experimental values of V, of the considered beams in

equation (4.6) above. Then, by plotting these values against the product [(Esw psw+ Es
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P/ (fm?®)] for the three arrangements of FRP reinforcements separately, equations
(4.7), (4.8) and (4.9) were obtained. It should be noticed that, the same samples (RC
beams) of the database, which were not considered in the modification analysis of
Thanasis C. Triantafillou’s model, are also not considered in the modification processes of

this model for the same reasons (see section 4.1.2 for the reasons).

The calibrated equations are:

1- For FRP reinforcement at 90°(See figurel4a)

€re = 0.5953 X (Esw Psw + Ef pr )/ (fem>’®) 0549 4.7)

2- For FRP reinforcement at 60°(See figure 14b)

€e = 0.2134 X (Esw Psw + Ef pr )/ (Fem>’®) 0974 (4.8)

3- For FRP reinforcement at 45°(See figure 14c)

€ =1.0045 x (Esw Psw + Es pr )/(fcm2/3) ~0.456 (4.9)

These equations correspond to the best fit of power-type curves that describe the

2/3

relationship between g and the product [(Esw psw + Efpr)/ (fom™ °)] for each arrangement

of the FRP reinforcements.

By using equations (4.7), (4.8) and) (4.9) above, the theoretical FRP effective
strain was obtained. Thereafter, by introducing the theoretical FRP effective strain to
equation (4.6), the theoretical shear contribution of NSM technique in RC beams was

ana

also calculated. Similar to before, the K ratio, which is equal to (vy ®*/ v*"), was also

calculated for the considered beams. This is well shown in table (7). The average value
of the K ratio when no safety factor was used in equation (4.6) is equal to (1.1). It is
important to emphasise that by introducing the value (1.1) to equation (4.6) above as
an uncertainty factor to increase the safe prediction ability of the modified model, the
corresponding percentage of the safe prediction is equal to 70%, and the corresponding

average K ratio in this case is equal to (1.2). This demonstrates that only 70% of the
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considered beams in table (7) are in the safe side, as they have K value equal or greater
than unity. This also illustrates a slight improvement to this model, as this model showed
68.8% safe prediction percentage before equations (4.7), (4.8) and (4.9) being

calibrated.

Another slight enhancement can be noticed when a safety factor equal to 1.2 is
used as shown in table (7). In fact, using this uncertainty factor led to increase the
percentage of the safe prediction to be equal to 76% and the corresponding average K
ratio to be equal to (1.32). Introducing higher safety factors such as (1.3) to this model
might also improve it slightly. However, this is not a real case as doing so means more
uncertainty is introduced to this model. This is because of the fact that the safety factors
(1.2 and 1.3) are greater than the average value of the K ratio (1.1), which was
obtained without introducing a safety factor to this model. In addition, doing so will lead

to have a very bad agreement between the experimental and theoretical results of vy .

By this point, this model has been modified.
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(c) FRP reinforcement at 45°

Figure (14): Effective strain of FRP reinforcement versus [(Esw Psw+ Ef pr) / (Fem?>)]

Notice that, the three plots; a, b and c; of figure (14) above were plotted using
the calculations presented in tables C1, C2 and C3 in Appendix (C), respectively.
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4.4 The Results of the Comparison between the Modified Thanasis

C. Triantafillou’s and Dias and Barross’ Models

The comparison between the results of the analysis in table (7) with that in table
(6) proves that, the modified Thanasis C. Triantafillou’s model is a sufficient theoretical
model, which predicts the shear contribution of Near Surface Mounted technique
accurately and showing sufficient agreement with the experimental results in RC beams.
Adding to this, this examination demonstrates that the selection of Thanasis C.
Triantafillou’s for the modification processes in this project was the right decision. This is
due to the fact that by calibrating this model, 94% of the considered beams in table (6)
have K value equal or greater than unity. In other word, by using this model 94% of the
NSM shear strengthened beams in this table are in the safe side. This is because the
predicted theoretical shear contribution of NSM technique by using this modified model is
less than that obtained experimentally. The 94% of safe prediction is basically by far
greater than that percentage obtained using Dias and Barross’ model after modifying it
and introducing different safety factors to it. In fact, 76% was the highest safe prediction
percentage, which was obtained using partial safety factor equal to 1.2 with the modified
Dias and Barross’ model. Using higher safety factors, which are not a real case to be
considered as mentioned before, could also improve this percentage slightly. However, it
will be by far less than 94%. Based on this, the argument made in the beginning of
chapter four has now been justified. Both the factors mentioned in section (3.7)
regarding the performance of these two models, and the impacts of the calibration

discussed in section (4.2) are reasons contributed in the achieved results in this chapter.

Finally, by reaching this point, it can be said the modified Thanasis C.
Triantafillou’s model in this dissertation can be now used to estimate the shear
contribution of NSM technique in RC beams without any restrictions and with high
accuracy. However, it is important to mention that when more experimental data is
available; this model can be improved more. This is due to the fact that the more
considered data in the modification of this model, the closer to reality the predicted

results can be.
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Table (7): Comparison between the experimental and analytical results using the
modified Dias and Barros’s model

Ys=1 vs=1.1 Ys=1.2
sample No. AN A A kK T ok T«
(KN) % (KN) (KN) (KN)
Beam 1 (512 40.3 3.634 | 31.782 | 1.268 | 28.893 | 1.395 | 26.485 | 1.522
Beam 2 (P52 63.7 3.183 | 44.546 | 1.43 |40.497 | 1.573|37.122 | 1.716
Beam 3 (P52 37.9 4.945 | 26.669 | 1.4211 | 24.245 | 1.563 | 22.224 | 1.705
Beam 4 (P52 56.5 4513 | 40.6 |1.3916|36.909 | 1.531 | 33.833 | 1.67
Beam 5 (P52 70.3 4.043 | 57.985 | 1.2124 | 52.714 | 1.334 | 48.321 | 1.455
Beam 6 (P52 35.4 6.424 | 37.789 | 0.9368 | 34.353 | 1.03 | 31.491 | 1.124
Beam 7 (P52 61.3 5.529 | 54.203 | 1.1309 | 49.275 | 1.244 | 45.169 | 1.357
Beam 8 (P52 69.7 4.666 | 64.166 | 1.0862 | 58.333 | 1.195 | 53.472 | 1.303
Beam 9 (P52 57.5 3.704 | 43.197 | 1.3311 | 39.27 | 1.464 | 35.997 | 1.597
Beam 10 (P82 71.5 3.323 | 56.651 | 1.2621 | 51.501 | 1.388 | 47.209 | 1.515
Beam 11 (P82 53.4 5.053 | 35.438 | 1.5068 | 32.217 | 1.658 | 29.532 | 1.808
Beam 12 (P82 70.7 4.558 | 55.991 | 1.2627 | 50.901 | 1.389 | 46.659 | 1.515
Beam 13 (P82 85.6 4.128 | 72.371 | 1.1828 | 65.792 | 1.301 | 60.309 | 1.419
Beam 14 (P82 49.6 7.076 | 54.252 | 0.9143 | 49.32 | 1.006 | 45.21 | 1.097
Beam 15 (P82 54.4 5.859 | 67.378 | 0.8074 | 61.253 | 0.888 | 56.149 | 0.969
Beam 16 (P82 65.3 4.827 | 83.256 | 0.7843 | 75.687 | 0.863 | 69.38 | 0.941
Beam 17 (P82 31.9 3.44 | 26.061 | 1.224 | 23.692 | 1.346 | 21.718 | 1.469
Beam 18 (P82 40.7 3.44 | 26.061 | 1.5617 | 23.692 | 1.718 | 21.718 | 1.874
Beam 19 (P82 33.6 3.142 | 37.589 | 0.8939 | 34.171 | 0.983 | 31.324 | 1.073
Beam 20 (P82 42.7 4.312 | 30.243 | 1.4119 | 27.493 | 1.553 | 25.202 | 1.694
Beam 21 (P82 64 4 49.136 | 1.3025 | 44.669 | 1.433 | 40.947 | 1.563
Beam 22 (PB12 43.5 4.968 | 38.085 | 1.1422 | 34.623 | 1.256 | 31.738 | 1.371
Beam 23 (PB12 51.7 4.34 | 49.911 | 1.0359 | 45.373 | 1.139 | 41.592 | 1.243
Beam 24 (PB12 43.6 2.77 | 33.798 | 1.29 |30.726 | 1.419 | 28.165 | 1.548
Beam 25 (PB12 33.9 3.998 | 28.598 | 1.1854 | 25.998 | 1.304 | 23.832 | 1.422
Beam 26 (P12 48 3.602 | 45.135 | 1.0635 | 41.032 | 1.17 | 37.612 | 1.276
Beam 27 (P82 33.1 4.294 | 33.575 | 0.9858 | 30.523 | 1.084 | 27.979 | 1.183
Beam 28 (P82 42.7 3.548 | 41.611 | 1.0262 | 37.828 | 1.129 | 34.676 | 1.231
Beam 29 (PB12 26 3.416 | 24.431 | 1.0642 | 22.21 | 1.171 | 20.36 | 1.277
Beam 30 (P82 31.6 3.165 | 39.656 | 0.7969 | 36.051 | 0.877 | 33.047 | 0.956
Beam 31 (P82 25.1 3.021 | 23.622 | 1.0626 | 21.474 | 1.169 | 19.685 | 1.275
Beam 32 (P82 35.1 2.635| 30.9 [1.1359|28.091| 1.25 | 25.75 | 1.363
Beam 33 (PB12 44.7 4.803 | 37.118 | 1.2043 | 33.743 | 1.325 | 30.931 | 1.445
Beam 34 (PB12 81.5 4.237 | 51.697 | 1.5765 | 46.997 | 1.734 | 43.08 | 1.892
Beam 35 (PB12 81.7 5.691 | 40.704 | 2.0072 | 37.004 | 2.208 | 33.92 | 2.409
Beam 37 (P82 85.8 5.691 | 40.704 | 2.1079 | 37.004 | 2.319 | 33.92 | 2.529
Beam 38 (PB12 80.9 5.691 | 40.704 | 1.9875 | 37.004 | 2.186 | 33.92 | 2.385
Beam 39 (PB12 84.6 9.127 | 71.361 | 1.1855 | 64.874 | 1.304 | 59.468 | 1.423
Beam 40 (P82 127.9 7.541 | 88.44 |1.4462 | 80.4 |1.591| 73.7 |1.735
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Table (7): Continued

v,=1 v.=1.1 y.=1.2
sample No. | f TR et vt K A A
(KN) %0 (KN) (KN) (KN)

Beam 41 (PB'2 74.9 | 4.957 | 35.456 | 2.1125 | 32.233|2.324 | 29.546 | 2.535

Beam 43 (PB12) 73.4 | 6.704 | 52.417 | 1.4003 |47.652 | 1.54 | 43.681 | 1.68

Beam 45 (PEO9) 20.2 | 4.163 | 31.542 | 0.6404 | 28.675| 0.704 | 26.285 | 0.768

Beam 46 (PEO9 42.2 | 3.677 | 43.989 | 0.9593 | 39.99 | 1.055 | 36.657 | 1.151

Beam 47 (PEO 56.2 | 3.323 | 56.651 0.992 |51.501 |1.091 |47.209 | 1.19

Beam 48 (PEO9 53.4 | 5.053 | 35.438 | 1.5068 | 32.217 | 1.658 | 29.532 | 1.808

Beam 49 (PEO9 70.7 | 4.558 | 55.991 | 1.2627 | 50.901 | 1.389 | 46.659 | 1.515

Beam 50 (PEO 85.6 | 4.128 | 72.371 | 1.1828 | 65.792 | 1.301 | 60.309 | 1.419

Beam 51 (PEO9) 49.6 | 7.076 | 54.252 | 0.9143 | 49.32 | 1.006 | 45.21 | 1.097

Beam 52 (PEO9) 54.4 | 5.859 | 67.378 | 0.8074 | 61.253 | 0.888 | 56.149 | 0.969

Beam 53 (PEO9 65.3 | 4.827 | 83.256 | 0.7843 | 75.687 | 0.863 | 69.38 | 0.941

Beam 54 USCA12 | 33 41 | 3.851 | 33.938 | 0.9844 | 30.853 | 1.083 | 28.282 | 1.181

Beam 55 USCA12 | 53 94 | 4.793 | 39.821 | 1.3546 | 36.201 | 1.49 | 33.184 | 1.625

Beam 56 US¢A12 | 39 88 | 3.851 | 33.938 | 1.1751 | 30.853 | 1.293 | 28.282 | 1.41

Beam 57 US¢A12 | 63.82 | 4.793 | 39.821 | 1.6027 | 36.201 | 1.763 | 33.184 | 1.923

Beam 58 USC¢A12 | 29 4 | 3.851 | 33.938 | 0.8663 | 30.853 | 0.953 | 28.282 | 1.04

Beam 60 (PEO® 25.2 | 3.634 | 31.782 | 0.7929 | 28.893 | 0.872 | 26.485 | 0.951

Beam 61 (PEO® 48.6 | 3.183 | 44.546 1.091 |40.497| 1.2 |37.122|1.309

Beam 63 (PEO®) 41.4 | 4.513 40.6 1.0197 | 36.909 | 1.122 | 33.833 | 1.224

Beam 64 (PEO®) 40.2 | 4.043 | 57.985 | 0.6933 | 52.714 | 0.763 | 48.321 | 0.832

Beam 65 (PEO®) 35.4 | 6.424 | 37.789 | 0.9368 |34.353 | 1.03 |31.491|1.124

Beam 66 (PEO®) 46.2 | 5.529 | 54.203 | 0.8524 | 49.275 | 0.938 | 45.169 | 1.023

Beam 67 (PEO® 54.6 | 4.666 | 64.166 | 0.8509 |58.333|0.936 | 53.472 | 1.021

Beam 68 (PED 20.4 | 4.163 | 31.542 | 0.6467 | 28.675| 0.711 | 26.285 | 0.776

Beam 69 B | 42 18 | 3.677 | 43.989 | 0.9589 | 39.99 | 1.055 | 36.657 | 1.151

Beam 70 PBD | 5600 | 3.323 | 56.651 | 0.9924 | 51.501 | 1.092 | 47.209 | 1.191

Beam 71 (PBD 53.4 | 5.053 | 35.438 | 1.5068 | 32.217 | 1.658 | 29.532 | 1.808

Beam 72 PBD | 70.74 | 4.602 | 56.535 | 1.2513 | 51.395 | 1.376 | 47.112 | 1.502

Beam 73 PBD | 8562 | 4.169 | 73.106 | 1.1712 | 66.46 | 1.288 | 60.921 | 1.405

Beam 74 B | 4956 | 7.076 | 54.252 | 0.9135 | 49.32 | 1.005 | 45.21 | 1.096

Beam 75 PBD | 5436 | 5.859 | 67.378 | 0.8068 | 61.253 | 0.887 | 56.149 | 0.968

Beam 76 PBD | 65.34 | 4.827 | 83.256 | 0.7848 | 75.687 | 0.863 | 69.38 | 0.942

Beam 77 PBD | 31.86 | 3.44 26.061 | 1.2225 | 23.692 | 1.345 | 21.718 | 1.467

Beam 78 (PBD 33.6 | 3.142 | 37.589 | 0.8939 |34.171|0.983 |31.324 | 1.073

Beam 79 PBD | 42 66 | 4.312 | 30.243 | 1.4106 | 27.493 | 1.552 | 25.202 | 1.693

Beam 80 (PBD) | 64.02 | 4.041 | 49.642 | 1.2896 | 45.129 | 1.419 | 41.368 | 1.548

Beam 81 (PBD | 43.44 | 4.968 | 38.085 | 1.1406 | 34.623 | 1.255 | 31.738 | 1.369

Beam 82 (PBID | 51 72 | 4.34 49.911 | 1.0363 | 45.373 | 1.14 | 41.592 | 1.244

Beam 83 (PB1® | 28 30 | 3.602 | 43.953 | 0.6443 | 39.958 | 0.709 | 36.628 | 0.773

Beam 84 (PB1O 33.9 | 4.039 | 28.892 | 1.1733 | 26.266 | 1.291 | 24.077 | 1.408
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vy,=1 ys=1.1 Ys=1.2
sample No. | U o | €7 | v K vy ™ K vt
(KN) o (KN) (KN) (KN)
Beam 85 (PB1® 48 3.641 | 45.62 | 1.0522 | 41.473 | 1.157 | 38.017 | 1.263
Beam 86 °®'® | 33.06 | 4.294 | 33.575 | 0.9847 | 30.523 | 1.083 | 27.979 | 1.182
Beam 87 ®°B1® | 4272 | 3.548 | 41.611 | 1.0267 | 37.828 | 1.129 | 34.676 | 1.232
Beam 89 ®°B1® | 26.04 | 3.416 | 24.431 | 1.0658 | 22.21 1.172 | 20.36 | 1.279
Beam 90 ®°'® | 31.56 | 3.165 | 39.656 | 0.7958 | 36.051 | 0.875 | 33.047 | 0.955
Beam 91 ®°B1® | 2508 | 3.021 |23.622 | 1.0617 | 21.474 | 1.168 | 19.685 | 1.274
Beam 92 (PB1® 35.1 | 2.635| 30.9 | 1.1359 | 28.091 1.25 | 25.75 | 1.363
Beam 93 (M9 72.92 | 1.937 | 29.719 | 2.4536 | 27.017 | 2.699 | 24.766 | 2.944
Beam 94 (119 82.13 | 1.861 | 38.064 | 2.1577 | 34.604 | 2.373 | 31.72 | 2.589
Beam 95 (19 95.24 | 1.733 | 53.152 | 1.7918 | 48.32 1.971 | 44.293 | 2.15
Beam 96 (M9 79.65 | 1.689 | 58.287 | 1.3665 | 52.989 | 1.503 | 48.573 | 1.64
Beam 97 (M9 95.64 | 1.585 | 72.924 | 1.3115 | 66.295 | 1.443 | 60.77 | 1.574
Beam 98 (19 96.42 | 1.412 | 97.416 | 0.9898 | 88.56 1.089 | 81.18 | 1.188
Beam 99 (M9 97.38 | 1.583 | 32.373 | 3.0081 | 29.43 3.309 |26.977 | 3.61
Beam 100 ('°® | 151.4 | 2.756 | 89.425| 1.693 | 81.295 | 1.862 | 74.521 | 2.032
Beam 101 ('°® 81.5 | 3.245 | 52.498 | 1.5524 | 47.725 | 1.708 | 43.748 | 1.863
Beam 102 ('°® | 112.9 | 2.929 | 75.815 | 1.4891 | 68.923 | 1.638 | 63.18 | 1.787
Beam 103 (RR1O 70 2.69 | 67.074 | 1.0436 | 60.976 | 1.148 | 55.895 | 1.252
Beam 104 (RR1O 103 2.706 | 67.467 | 1.5267 | 61.333 | 1.679 | 56.222 | 1.832
Beam 106 *5'? | 36.78 | 6.296 | 40.021 | 0.919 | 36.383 | 1.011 |33.351 | 1.103
Beam 107 52 | 29.43 | 6.083 | 54.684 | 0.5382 | 49.713 | 0.592 | 45.57 | 0.646
Beam 108 RS2 | 49.05 | 6.094 | 41.137 | 1.1924 | 37.397 | 1.312 |34.281 | 1.431
Beam 109 *5'? | 58.86 | 5.921 | 56.52 | 1.0414 | 51.382 | 1.146 | 47.1 | 1.25
Beam 110 52 | 66.21 | 6.889 | 37.198 | 1.7799 | 33.817 | 1.958 | 30.999 | 2.136
Beam 111 52 | 41.69 | 6.555 | 50.059 | 0.8328 | 45.508 | 0.916 |41.716 | 0.999
Beam 112 S | 61.51 | 6.094 | 41.137 | 1.4953 | 37.397 | 1.645 |34.281 | 1.794
Beam 113 ®$1 | 564 | 5.921 | 56.52 | 0.9979 | 51.382 | 1.098 | 47.1 | 1.197
Beam 114 512 | 39.24 | 5.204 | 46.836 | 0.8378 | 42.578 | 0.922 | 39.03 | 1.005
Beam 115 512 | 68.67 | 5.193 | 66.095 | 1.039 | 60.086 | 1.143 |55.079 | 1.247
Beam 116 (®PNOD 25 2.91 | 74.173| 0.337 67.43 0.371 | 61.811 | 0.404
Beam 117 ®°N°D | 37,4 2.42 |86.328 | 0.4332 | 78.48 0.477 | 71.94 | 0.52
Beam 118 ®°N%D | 9564 | 2.42 |86.328 | 1.1079 | 78.48 1.219 | 71.94 | 1.329
Beam 119 ®N°D | 752 | 3.205 | 115.5 | 0.6511 105 0.716 | 96.251 | 0.781
Beam 120 ®°N°D | 87.63 | 2.749 | 138.7 | 0.6318 | 126.09 | 0.695 | 115.58 | 0.758
Beam 121 ®°N°D | 534 | 2.018 | 51.424 | 1.0384 | 46.749 | 1.142 | 42.853 | 1.246
Beam 122 RP9" | 44,4 | 1.733 | 72.997 | 0.6082 | 66.361 | 0.669 | 60.831 | 0.73
Beam 123 RP9" | 21,6 | 1.733 | 72.997 | 0.2959 | 66.361 | 0.325 | 60.831 | 0.355
Beam 124 RP9" | 32,1 | 2.727 | 81.229 | 0.3952 | 73.845 | 0.435 | 67.691 | 0.474
Beam 125 (RP9" | 229 2.16 |128.68| 0.178 | 116.99 | 0.196 | 107.24 | 0.214
Beam 126 (RP°") | 41.3 | 2.187 | 48.913 | 0.8444 | 44.466 | 0.929 | 40.761 | 1.013
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Ys=1 ys=1.1 Ys=1.2

v exp ana v ana v ana v ana
Sample No. J EO J K f K J K

(KN) %o (KN) (KN) (KN)
Beam 128 (RPo7 26.8 3.236 | 51.187 | 0.5236 | 46.534 | 0.576 | 42.656 | 0.628
Beam 129 ©®® 29.1 10.67 | 67.201 | 0.433 | 61.092 | 0.476 | 56.001 | 0.52
Beam 130 ©®® 28.8 15.55 | 92.391 | 0.3117 | 83.992 | 0.343 | 76.992 | 0.374
Beam 131 ©®® 59.3 7.291 | 91.863 | 0.6455 | 83.512 | 0.71 | 76.553 | 0.775
Beam 132 ©®® 72.9 11.34 | 134.71 | 0.5412 | 122.46 | 0.595 | 112.26 | 0.649
Beam 133 ©®® 28.6 5.232 | 32.96 |0.8677 |29.964 | 0.954 | 27.467 | 1.041
Beam 134 ©®® 23.2 8.608 | 51.127 | 0.4538 | 46.479 | 0.499 | 42.606 | 0.545
Beam 135 ©®® 31.8 3.576 | 45.056 | 0.7058 | 40.96 | 0.776 | 37.547 | 0.847
Beam 136 ©®® 36.4 6.275 | 74.544 | 0.4883 | 67.767 | 0.537 | 62.12 | 0.586
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5 CONCLUSIONS

5.1 Summery

This dissertation aimed firstly to study the effects of different parameters on the
effectiveness of NSM technique by means of shear strengthening technique in RC beams
using the findings of previous experimental tests. Secondly, it aimed to evaluate the
current theoretical models in terms of the accuracy in estimating the shear contribution

(vr) of this technique in RC beams, the considered parameters in the development of

them, and their degree of sophistication. Finally, by using the generated experimental
database and the final results of evaluation of the selected models, it was aimed in this
project to propose a modified model, which can be used as a design-oriented equation to

calculate the term (vy) in the NSM shear strengthened beams accurately. This chapter is

divided into three aspects according to the aims of the project.

Regarding the influences of the different factors on the effectiveness of NSM
technique, it was found that all the studied parameters in chapter two have significant
impacts on the effectiveness of this technique in shear strengthening of RC beams.
Basically, using inclined NSM FRP reinforcements (bars/laminates) with close spacing
was found to be more effective than using these reinforcements with the vertical
arrangement and the close spacing, in terms of increasing the shear contribution of NSM
technique, and preventing debonding failure from taking place in the strengthened
beams. Additionally, the presence of the high percentage of existing steel stirrups in the
NSM shear strengthened beams illustrated a fall in the efficiency of this technique.
However, using certain amount of it seems to be very helpful in improving the shear
contribution of NSM technique in RC beams. The type and material of Near Surface
Mounted FRP reinforcements was discovered to be important factors in increasing both
the effectiveness of this technique, and the tensile strain of NSM reinforcements.
Furthermore, it was discovered that increasing the percentage of composite material in
the strengthened beams generally led to a decrease in the shear strength provided by
each NSM FRP laminate/bar in the strengthened beams. Also, it changed the mode of
failure in the NSM shear strengthened beams from debonding of the NSM reinforcements
to be by splitting the concrete cover along the longitudinal flexural bars. It was also
found the compressive strength of concrete appears to be a significant variable that by
raising it, the effectiveness of this technique can improve. Finally, the anchorage of NSM

reinforcements discovered to be able to change the shear failure mode from debonding
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of the NSM FRP reinforcements to a separation of the concrete cover, and increase the

shear capacity of the strengthened beams.

As far as the evaluation of the current theoretical models is concerned, the
availability of the experimental data, and the complexity of some models contributed
mainly in considering only three models in this project. Experimental database was
generated in this dissertation. This database was then used to evaluate A.K.M Anwarul
Islam’s, Dias and Barross’, Thanasis C. Triantafillou’s models, respectively. Despite the
fact that the last evaluated model was originally developed to calculate the shear
contribution of EFRP technique in RC beams, this model was built up using an approach
and principles, which can be also used in developing an analytical design guidance to
calculate the shear contribution of NSM technique in RC beams. By examining the degree
of sophistication of the three models, it was found that Thanasis C. Triantafillou’s model
is a rather more sophisticated one compared to the other two. It was basically found that
it is a descriptive model, which links the FRP effective strain with the geometric
parameters of the FRP stress bearing mechanisms shown in (figure 12), and links the
FRP effective stain to the development length of the FRP reinforcement. In fact, a
dependency relationship; which links the FRP effective strain with the product (E: ps/
f.2/®); was established with this model based on experimental findings. This relationship
was proved later by many others in both the fields of using EFRP and NSM techniques in
shear strengthening of RC beams. In addition, the examination of these models showed
that A.K.M Anwarul Islam’s formula is a very simple one, and it does not take into
consideration the impacts of many variables. Furthermore, this comparison illustrated
that Dias and Barross’ model is a rather more sophisticated compared to A.K.M Anwarul
Islam’s formula. This is due to a dependency relationship taking into account the effects
of different variables was proposed with this model, and then used to establish equations
to calculate the FRP effective stain in the NSM shear strengthened beams. From
calculating the ratio (K) between the experimental and theoretical shear contribution of
this technique in RC beams, Thanasis C. Triantafillou’s model showed again the best
results among the others. In fact, 27%, 68.6% and 100% were the safe prediction
percentages obtained using A.K.M Anwarul Islam’s, Dias and Barross’, Thanasis C.
Triantafillou’s models, respectively. It is important to note that the safe prediction
percentage here reflects the ability of the theoretical models in predicting the theoretical
shear contribution of NSM technique in RC beams accurately, with values less than that
obtained experimentally. In addition, this percentage represents the percentage ratio
between the number of beams, which have (K) ratio equal or greater than unity, and the

total number of the considered beams in the evaluation.
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According to the final results of the evaluation of the three models, Thanasis C.
Triantafillou’s model was the selected one for the modification processes in this project.
However, the maodification of Dias and Barross’ model was also considered in this
dissertation. This was for the comparison purposes and the justification of any argument,
which might be raised regarding the selection of Thanasis C. Triantafillou’s model for the
calibration processes. The modifications (calibrations) of the two models were based on
the created experimental database. Three equations, which link the FRP effective strain
with the product [(E; pp)/ (f.m>’®)] for the three arrangements of FRP reinforcement; (90°,
60° and 45°); were proposed in section (4.1.2). This was achieved using the dependency
relationship of Thanasis C. Triantafillou, and following the proposed strategy for the best
scenario of calibration of Thanasis C. Triantafillou’s model. These three equations can be
now used instead of those were proposed with the original version of Thanasis C.
Triantafillou’s model (in section 3.6). In addition, new uncertainty factors equal to 1.2
and 1.3 for the inclined and vertical arrangements of FRP reinforcements were proposed
to be used with the modified model, respectively. These factors were established in order
to ensure a safe condition (K=1) for 94% of the considered beams of the database in the
analysis shown in table (6). A maximum limit for the FRP effective strain for each type of
the FRP reinforcement was defined in this project using the database. This was defined
in order to maintain the aggregate interlock, and control the shear cracks in the NSM
shear strengthened beams. After that, Dias and Barross’ model was modified by
calibrating the equations, which link the FRP effective strain with the product (p:sEs+ Eqw

/%) for the three arrangements of the FRP reinforcements. Similar to the first

pSW / me
modified model, new safety factors were introduced to this model based on the results of
the new analysis of it in table (7). This was also carried out to increase the ability of this

model in the safe prediction of the analytical values of (vf). However, 76% was the

maximum safe prediction percentage, which was obtained using a safety factor equal to

1.2 with this model.

By comparing the results obtained using the two modified models in terms of the
percentage of the safe prediction, and the close agreement with the experimental
results, the modified Thanasis C. Triantafillou’s model showed by far better results. In
fact, even by introducing different safety factors to the second modified model, the
percentage of safe prediction of it did not exceed 76%. Finally, this comparison proved
that the modified Thanasis C. Triantafillou’s model is a sufficient theoretical model, which
can predict the shear contribution of NSM technique in the NSM shear beams accurately,
and showing sufficient agreement with the experimental results. Therefore, Thanasis C.
Triantafillou’s model has been adopted, and it can be now used in the NSM shear

strengthened beams as a design-oriented equation to calculate the term (vy). It is

76



Chapter 5 Conclusions

important to note this modified model is compatible with Eurocode2, as the original

model was built up in accordance to this design code.

5.2 Recommendation for Future Researches

Despite the investigations in this project, there are some other fields that might
still need more examination and work. For example, when more experimental data is
available, the three proposed expressions that link the FRP effective strain with the
product [(Es pr)/ (f:m?’®)] can be improve more. This is due to the fact that the more
considered data in the calibration of these expressions, the more accurate results, and
the closer agreement between the theoretical and the experimental results can be.
Another considerable area is the investigation of new parameters, which may affect the
effectiveness of this technique by means of shear strengthening technique in RC beams.
This can be achieved by carrying out more experimental tests to study the new factors.
If such new factors exist, the impacts of them might be tried to introduce to the modified

Thanasis C. Triantafillou’s model in this dissertation.
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Appendix (A)

APPENDIX (A): THE CREATED EXPERIMENTAL DATABASE

Table (A): The created experimental database on shear strengthening of RC beams with

NSM FRP reinforcements

Jey Pr % Er £:u%6 Tensi;_- E;rsngth Pow % | Po% asd %
sample No.(1) (I\éIZP)a) (f3)0 (%Z;) ?';3) reinforcement zv;) 0 (Sglg)o 9 (231))
(MPa) (6)

Beam 1812 31.1 0.1 166.6 17.1 2952 0.1 2.9 2.5 160
Beam 2®812 31.1 0.16 166.6 17.1 2952 0.1 2.9 2.5 100
Beam 3812 31.1 0.06 166.6 17.1 2952 0.1 2.9 2.5 367
Beam 4(®812 31.1 0.1 166.6 17.1 2952 0.1 2.9 2.5 220
Beam 5®812 31.1 0.16 166.6 17.1 2952 0.1 2.9 2.5 138
Beam 6®512 31.1 0.06 166.6 17.1 2952 0.1 2.9 2.5 325
Beam 7®812 31.1 0.09 166.6 17.1 2952 0.1 2.9 2.5 195
Beam 8(®812 31.1 0.13 166.6 17.1 2952 0.1 2.9 2.5 139
Beam 9(®812 39.7 0.13 170.9 16 2952 0.1 2.8 2.5 114
Beam 1082 39.7 0.18 170.9 16 2741.7 0.1 2.8 2.5 80
Beam 11812 39.7 0.08 170.9 16 2741.7 0.1 2.8 2.5 275
Beam 12812 39.7 0.13 170.9 16 2741.7 0.1 2.8 2.5 157
Beam 13812 39.7 0.19 170.9 16 2741.7 0.1 2.8 2.5 110
Beam 1481 39.7 0.07 170.9 16 2741.7 0.1 2.8 2.5 243
Beam 15812 39.7 0.11 170.9 16 2741.7 0.1 2.8 2.5 162
Beam 16512 39.7 0.16 170.9 16 2741.7 0.1 2.8 2.5 108
Beam 17812 39.7 0.08 170.9 16 2741.7 0.17 2.8 2.5 180
Beam 18812 39.7 0.08 170.9 16 2741.7 0.17 2.8 2.5 180
Beam 19812 39.7 0.13 170.9 16 2741.7 0.17 2.8 2.5 114
Beam 20812 39.7 0.08 170.9 16 2741.7 0.17 2.8 2.5 275
Beam 2181 39.7 0.13 170.9 16 2741.7 0.17 2.8 2.5 157
Beam 22812 39.7 0.07 170.9 16 2741.7 0.17 2.8 2.5 243
Beam 23812 39.7 0.11 174.3 16 2847.9 0.17 2.8 2.5 162
Beam 2481 18.6 0.13 174.3 16.3 2847.9 0.1 2.8 2.5 114
Beam 25812 18.6 0.08 174.3 16.3 2847.9 0.1 2.8 2.5 275
Beam 26512 18.6 0.13 174.3 16.3 2847.9 0.1 2.8 2.5 157
Beam 2781 18.6 0.07 174.3 16.3 2847.9 0.1 2.8 2.5 243
Beam 28812 18.6 0.11 174.3 16.3 2847.9 0.1 2.8 2.5 162
Beam 29812 18.6 0.08 174.3 16.3 2847.9 0.17 2.8 2.5 275
Beam 30812 18.6 0.13 174.3 16.3 2847.9 0.17 2.8 2.5 157
Beam 31812 18.6 0.07 174.3 16.3 2847.9 0.17 2.8 2.5 243
Beam 32812 18.6 0.11 174.3 16.3 2847.9 0.17 2.8 2.5 162
Beam 33812 59.4 0.08 174.3 16.3 2847.9 0.1 3.1 3.3 180
Beam 3481 59.4 0.13 174.3 16.3 2847.9 0.1 3.1 3.3 114
Beam 35812 59.4 0.08 174.3 16.3 2847.9 0.1 3.1 3.3 275
Beam 36812 59.4 0.13 174.3 16.3 2847.9 0.1 3.1 3.3 157
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Table (A): Continued

Appendix (A)

Tensile strength

f E s
sampleno.) | o0 | B | @l | 0| e | Pt R S | am
(MPa) (6)
Beam 37812 59.4 0.08 174.3 16.3 2847.9 0.1 3.1 3.3 275
Beam 38812 59.4 0.08 174.3 16.3 2847.9 0.1 3.1 3.3 275
Beam 39812 59.4 0.07 174.3 16.3 2847.9 0.1 3.1 3.3 243
Beam 40812 59.4 0.11 174.3 16.3 2847.9 0.1 3.1 3.3 162
Beam 4181 59.4 0.08 174.3 16.3 2847.9 0.16 3.1 3.3 275
Beam 42812 59.4 0.13 174.3 16.3 2847.9 0.16 3.1 3.3 157
Beam 4381 59.4 0.07 174.3 16.3 2847.9 0.16 3.1 3.3 243
Beam 4481 59.4 0.07 174.3 16.3 2847.9 0.16 3.1 3.3 243
Beam 4589 39.7 0.08 170.9 1.6 2741.7 0.1 2.8 2.5 180
Beam 46F9 39.7 0.13 170.9 1.6 2741.7 0.1 2.8 2.5 114
Beam 4789 39.7 0.18 170.9 1.6 2741.7 0.1 2.8 2.5 80
Beam 4889 39.7 0.08 170.9 1.6 2741.7 0.1 2.8 2.5 275
Beam 4989 39.7 0.13 170.9 1.6 2741.7 0.1 2.8 2.5 157
Beam 50599 39.7 0.19 170.9 1.6 2741.7 0.1 2.8 2.5 110
Beam 51899 39.7 0.07 170.9 1.6 2741.7 0.1 2.8 2.5 243
Beam 52(E99 39.7 0.11 170.9 1.6 2741.7 0.1 2.8 2.5 162
Beam 53(°E99 39.7 0.16 170.9 1.6 2741.7 0.1 2.8 2.5 108
Beam 540USCA12 36.4 0.075 235 1.5 3550 0.095 2.8 3.1 160
Beam 55USCA12 36.4 0.071 235 1.5 3550 0.095 2.8 3.1 240
Beam 56¢S¢A12 36.4 0.075 235 1.5 3550 0.095 2.8 3.1 160
Beam 57USCA2 36.4 0.071 235 1.5 3550 0.095 2.8 3.1 240
Beam 58USCA12 36.4 0.075 235 1.5 3550 0.095 2.8 3.1 160
Beam 59(°E® 31.1 0.06 166.6 1.77 2952 0.1 2.9 2.5 267
Beam 60(°E® 31.1 0.1 166.6 1.77 2952 0.1 2.9 2.5 160
Beam 61(E® 31.1 0.16 166.6 1.77 2952 0.1 2.9 2.5 100
Beam 62(°E® 31.1 0.06 166.6 1.77 2952 0.1 2.9 2.5 367
Beam 63(E® 31.1 0.1 166.6 1.77 2952 0.1 2.9 2.5 220
Beam 64E9® 31.1 0.16 166.6 1.77 2952 0.1 2.9 2.5 138
Beam 65(E® 31.1 0.06 166.6 1.77 2952 0.1 2.9 2.5 325
Beam 6659 31.1 0.09 166.6 1.77 2952 0.1 2.9 2.5 195
Beam 67(E® 31.1 0.13 166.6 1.77 2952 0.1 2.9 2.5 139
Beam 688D 39.7 0.08 170.9 1.6 2741.7 0.1 2.8 2.5 180
Beam 698D 39.7 0.13 170.9 1.6 2741.7 0.1 2.8 2.5 114
Beam 708D 39.7 0.18 170.9 1.6 2741.7 0.1 2.8 2.5 80
Beam 718D 39.7 0.08 170.9 1.6 2741.7 0.1 2.8 2.5 275
Beam 728D 39.7 0.13 170.9 1.6 2741.7 0.1 2.8 2.5 157
Beam 738D 39.7 0.19 170.9 1.6 2741.7 0.1 2.8 2.5 110
Beam 748D 39.7 0.07 170.9 1.6 2741.7 0.1 2.8 2.5 243
Beam 758D 39.7 0.11 170.9 1.6 2741.7 0.1 2.8 2.5 162
Beam 768D 39.7 0.16 170.9 1.6 2741.7 0.1 2.8 2.5 108
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Appendix (A)

Tensile strength

f E s
sampleno.) | o0 | B | @l | 0| e | Pt R S | am
(MPa) (6)

Beam 778D 39.7 0.08 170.9 1.6 2741.7 0.17 2.8 2.5 180
Beam 788D 39.7 0.13 170.9 1.6 2741.7 0.17 2.8 2.5 114
Beam 798D 39.7 0.08 170.9 1.6 2741.7 0.17 2.8 2.5 275
Beam 808D 39.7 0.13 170.9 1.6 2741.7 0.17 2.8 2.5 157
Beam 818D 39.7 0.07 170.9 1.6 2741.7 0.17 2.8 2.5 243
Beam 828D 39.7 0.11 170.9 1.6 2741.7 0.17 2.8 2.5 162
Beam 83519 18.6 0.13 174.3 1.63 2847.9 0.1 3.1 2.5 114
Beam 84819 18.6 0.08 174.3 1.63 2847.9 0.1 3.1 2.5 275
Beam 85819 18.6 0.13 174.3 1.63 2847.9 0.1 3.1 2.5 157
Beam 86519 18.6 0.07 174.3 1.63 2847.9 0.1 3.1 2.5 243
Beam 87819 18.6 0.11 174.3 1.63 2847.9 0.1 3.1 2.5 162
Beam 88519 18.6 0.13 174.3 1.63 2847.9 0.17 3.1 2.5 114
Beam 89819 18.6 0.08 174.3 1.63 2847.9 0.17 3.1 2.5 275
Beam 90819 18.6 0.13 174.3 1.63 2847.9 0.17 3.1 2.5 157
Beam 91819 18.6 0.07 174.3 1.63 2847.9 0.17 3.1 2.5 243
Beam 92819 18.6 0.11 174.3 1.63 2847.9 0.17 3.1 2.5 162
Beam 93(M? 25.1 0.1767 124 1.7 2068 0.39 1.48 5 160
Beam 949 25 0.2356 124 1.7 2068 0.39 1.48 5 120
Beam 95(M? 24.9 0.3534 124 1.7 2068 0.39 1.48 5 80
Beam 96 24.8 0.3969 124 1.7 2068 0.39 1.48 5 160
Beam 97(M? 25 0.5292 124 1.7 2068 0.39 1.48 5 120
Beam 98" 24.8 0.7938 124 1.7 2068 0.39 1.48 5 80
Beam 99(M? 24.9 0.5292 124 1.7 2068 0.39 1.48 5 120
Beam 100¢'°® 49.75 0.34 124 16.7 2068 0.204 1.7 2.34 152

Beam 101¢°® 49.75 0.168 124 16.7 2068 0.204 1.7 2.34 304.8

Beam 102¢°® 49.75 0.27 124 16.7 2068 0.204 1.7 2.34 190.5
Beam 10319 43.5 0.3351 124 1.53 1900 0.1886 | 2.36 3 200
Beam 104FR19 44.2 0.3351 124 1.53 1900 0.1886 | 2.36 3 200
Beam 105F*19 43.8 0.474 124 1.53 1900 0.1886 | 2.36 3 200
Beam 106F512 34.88 0.3231 45 2 900 0 1.6 | two-point loading 100
Beam 107®5*2 34.88 0.4569 45 2 900 0 1.6 | two-point loading 100
Beam 108F512 34.88 0.3429 45 2 750 0 1.6 | two-point loading 100
Beam 109F5*2 34.88 0.4849 45 2 750 0 1.6 | two-point loading 100
Beam 110F5*2 34.88 0.2743 45 2 750 0 1.6 | two-point loading 125
Beam 111F5*2 34.88 0.3879 45 2 750 0 1.6 | two-point loading 125
Beam 112®512 34.88 0.3429 45 2 750 0 1.6 | two-point loading 100
Beam 113F512 34.88 0.4849 45 2 750 0 1.6 | two-point loading 100
Beam 114®512 34.88 0.4571 45 2 750 0 1.6 | two-point loading 75
Beam 115®512 34.88 0.6465 45 2 750 0 1.6 | two-point loading 75

Beam 116®ND 31 0.5229 | 104.8 1.8 1875 0 0.24 3 177.8
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for o | B lese | o otERP T | puos | pase ard %
sample No.(1) (I\éIZP)a) p(f3)0 ((EZ;) ?';3) reinforcement sz;) ° P(sé)o © ((mlg;)
(MPa) (6)
Beam 117®ND 31 0.7321 | 104.8 1.8 1875 0 0.24 3 127
Beam 118®ND 31 0.7321 | 104.8 1.8 1875 0 0.24 3 127
Beam 119®ND 31 0.7395 | 104.8 1.8 1875 0 0.24 3 177.8
Beam 120®ND 31 1.0354 | 104.8 1.8 1875 0 0.24 3 127
Beam 121®ND 31 0.5229 | 104.8 1.8 1875 0.26 0.24 3 177.8
Beam 122®P%7 29.3 0.6886 | 145.7 1.52 2214 0.177 4.4 3 73
Beam 123®P%7 29.3 0.6886 | 145.7 1.52 2214 0.177 4.4 3 73
Beam 124®P%7 29.3 1.117 145.7 1.52 2214 0.177 4.4 3 45
Beam 125®P%7 29.3 0.4869 | 145.7 1.52 2214 0.177 4.4 3 146
Beam 126®P%7 29.3 0.9738 | 145.7 1.52 2214 0.177 4.4 3 73
Beam 127®P%7 29.3 0.44 121.5 1.52 4823 0.177 4.4 3 73
Beam 128®P%7 29.3 0.31 121.5 1.52 4823 0.177 4.4 3 146
Beam 129¢®® 49.2 0.0467 150 14 2000 0 1.6 2 200
Beam 130¢®® 49.2 0.022 150 14 2000 0 1.6 2 300
Beam 131 49.2 0.0933 150 14 2000 0 2.32 2 100
Beam 132®® 49.2 0.044 150 14 2000 0 2.32 2 150
Beam 133®® 56.2 0.1867 150 14 2000 0 0.75 2 100
Beam 134®® 56.2 0.088 150 14 2000 0 0.75 2 150
Beam 135®® 56.2 0.3733 150 14 2000 0 1.08 2 50
Beam 136®® 56.2 0.176 150 14 2000 0] 1.08 2 75
Table (A): Continued
Sample No.(1) (deg{'ee) reinf(frl?:l;ment ar x br (mm?) (mAr{12) (Fl?ﬁx) vy U (nt:vr:‘n)
(11) type (12) @13 14) 5) (KN) (16) type (17) 18)
Beam 182 90 CFRP laminates 14 28 357 40.3 T-beam 300
Beam 2®812 90 CFRP laminates 14 28 396 63.7 T-beam 300
Beam 3812 45 CFRP laminates 14 28 328 37.9 T-beam 300
Beam 4(®812 45 CFRP laminates 14 28 384 56.5 T-beam 300
Beam 5®812 45 CFRP laminates 14 28 382 70.3 T-beam 300
Beam 6®512 60 CFRP laminates 14 28 374 35.4 T-beam 300
Beam 7®812 60 CFRP laminates 14 28 392 61.3 T-beam 300
Beam 8(®812 60 CFRP laminates 14 28 406 69.7 T-beam 300
Beam 9(®812 90 CFRP laminates 13.3 26.6 374.1 57.5 T-beam 300
Beam 1082 90 CFRP laminates 13.3 26.6 397.5 71.5 T-beam 300
Beam 1181 45 CFRP laminates 13.3 26.6 392.8 53.4 T-beam 300
Beam 12812 45 CFRP laminates 13.3 26.6 421.7 70.7 T-beam 300
Beam 13812 45 CFRP laminates 13.3 26.6 446.5 85.6 T-beam 300
Beam 14812 60 CFRP laminates 13.3 26.6 386.4 49.6 T-beam 300
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Sample No.(1) (de;{'ee) reinf(frl?:};ment arx by (mm?) (mAr{‘nZ) (Fl?ﬁx) i T Sl (nt:vr:‘n)
11) type (12) ($E) (14) @asy | KN @6y | type (17) 18)

Beam 15812 60 CFRP laminates 13.3 26.6 394.4 54.4 T-beam 300
Beam 16512 60 CFRP laminates 13.3 26.6 412.7 65.3 T-beam 300
Beam 17812 90 CFRP laminates 13.3 26.6 424.5 31.9 T-beam 300
Beam 18812 90 CFRP laminates 13.3 26.6 439.2 40.7 T-beam 300
Beam 19812 90 CFRP laminates 13.3 26.6 427.4 33.6 T-beam 300
Beam 20812 45 CFRP laminates 13.3 26.6 442.5 42.7 T-beam 300
Beam 21812 45 CFRP laminates 13.3 26.6 478.1 64 T-beam 300
Beam 22812 60 CFRP laminates 13.3 26.6 443.9 43.5 T-beam 300
Beam 23812 60 CFRP laminates 13.3 26.6 457.6 51.7 T-beam 300
Beam 2481 90 CFRP laminates 13.3 26.6 273.7 43.6 T-beam 300
Beam 25812 45 CFRP laminates 13.3 26.6 283 33.9 T-beam 300
Beam 26512 45 CFRP laminates 13.3 26.6 306.5 48 T-beam 300
Beam 27812 60 CFRP laminates 13.3 26.6 281.6 33.1 T-beam 300
Beam 28812 60 CFRP laminates 13.3 26.6 297.7 42.7 T-beam 300
Beam 29812 45 CFRP laminates 13.3 26.6 327.2 26 T-beam 300
Beam 30812 45 CFRP laminates 13.3 26.6 356.4 31.6 T-beam 300
Beam 31812 60 CFRP laminates 13.3 26.6 345.6 25.1 T-beam 300
Beam 32812 60 CFRP laminates 13.3 26.6 362.3 35.1 T-beam 300
Beam 33812 90 CFRP laminates 13.3 26.6 387 44.7 T-beam 300
Beam 3481 90 CFRP laminates 13.3 26.6 491.7 81.5 T-beam 300
Beam 35812 45 CFRP laminates 13.3 26.6 492.1 81.7 T-beam 300
Beam 36812 45 CFRP laminates 13.3 26.6 563.6 117.4 T-beam 300
Beam 3781 45 CFRP laminates 13.3 26.6 531.4 85.8 T-beam 300
Beam 38812 45 CFRP laminates 13.3 26.6 490.6 80.9 T-beam 300
Beam 39812 60 CFRP laminates 13.3 26.6 497.9 84.6 T-beam 300
Beam 40812 60 CFRP laminates 13.3 26.6 584.5 127.9 T-beam 300
Beam 4181 45 CFRP laminates 13.3 26.6 559.5 74.9 T-beam 300
Beam 42812 45 CFRP laminates 13.3 26.6 627.5 108.9 T-beam 300
Beam 4381 60 CFRP laminates 13.3 26.6 556.4 73.4 T-beam 300
Beam 4481 60 CFRP laminates 13.3 26.6 277.4 72.6 T-beam 300
Beam 4589 90 CFRP laminates 1.4x9.5 26.6 337.4 20.2 T-beam 300
Beam 46E9 90 CFRP laminates 1.4x9.5 26.6 374.1 42.2 T-beam 300
Beam 4789 90 CFRP laminates 1.4x9.5 26.6 397.5 56.2 T-beam 300
Beam 4889 45 CFRP laminates 1.4x9.5 26.6 392.8 53.4 T-beam 300
Beam 4989 45 CFRP laminates 1.4 x9.5 26.6 421.7 70.7 T-beam 300
Beam 50(°E°9 45 CFRP laminates 1.4x9.5 26.6 446.5 85.6 T-beam 300
Beam 51(E99 60 CFRP laminates 1.4x9.5 26.6 386.4 49.6 T-beam 300
Beam 52(PE99 60 CFRP laminates 1.4x9.5 26.6 394.4 54.4 T-beam 300
Beam 53(°E99 60 CFRP laminates 1.4x9.5 26.6 412.7 65.3 T-beam 300
Beam 540USCA12 90 CFRP rods 12 24 48 33.41 Rectangular beam 250
Beam 55USCA12 45 CFRP rods 12 24 40 53.94 Rectangular beam 250
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Appendix (A)

Sample No.(1) (de;{'ee) reinf(frl?:};ment arx by (mm?) (mAr{‘nZ) (Fl?ﬁx) i T Sl (nt:vr:‘n)
(11) type (12) (a3 (14) sy | KN ae | tpedn (18)
Beam 56¢S¢A12 90 CFRP rods 12 24 77 39.88 Rectangular beam 250
Beam 57USCA2 45 CFRP rods 12 24 50 63.82 Rectangular beam 250
Beam 58USCA12 90 CFRP rods 12 24 48 29.4 Rectangular beam 250
Beam 59(E°® 90 CFRP laminates 1.4 x 10 28 316 0.6 T-beam 300
Beam 60(°E® 90 CFRP laminates 1.4 x 10 28 257 25.2 T-beam 300
Beam 61(E® 90 CFRP laminates 1.4 x 10 28 396 48.6 T-beam 300
Beam 62(°E® 45 CFRP laminates 1.4 x 10 28 328 7.8 T-beam 300
Beam 63(°E® 45 CFRP laminates 1.4 x 10 28 384 41.4 T-beam 300
Beam 64E9® 45 CFRP laminates 1.4 x 10 28 282 40.2 T-beam 300
Beam 65(E® 60 CFRP laminates 1.4 x 10 28 374 35.4 T-beam 300
Beam 6659 60 CFRP laminates 1.4 x 10 28 392 46.2 T-beam 300
Beam 67(E® 60 CFRP laminates 1.4 x 10 28 406 54.6 T-beam 300
Beam 688D 90 CFRP laminates 1.4x9.5 26.6 337.4 20.4 T-beam 300
Beam 698D 90 CFRP laminates 1.4x9.5 26.6 374.1 42.18 T-beam 300
Beam 708D 90 CFRP laminates 1.4x9.5 26.6 397.5 56.22 T-beam 300
Beam 718D 45 CFRP laminates 1.4x9.5 26.6 392.8 53.4 T-beam 300
Beam 728D 45 CFRP laminates 1.4x9.5 26.6 421.7 70.74 T-beam 300
Beam 738D 45 CFRP laminates 1.4x9.5 26.6 446.5 85.62 T-beam 300
Beam 748D 60 CFRP laminates 1.4x9.5 26.6 386.4 49.56 T-beam 300
Beam 758D 60 CFRP laminates 1.4x9.5 26.6 394.4 54.36 T-beam 300
Beam 768D 60 CFRP laminates 1.4x9.5 26.6 412.7 65.34 T-beam 300
Beam 778D 90 CFRP laminates 1.4x9.5 26.6 424.5 31.86 T-beam 300
Beam 788D 90 CFRP laminates 1.4x9.5 26.6 427.4 33.6 T-beam 300
Beam 798D 45 CFRP laminates 1.4x9.5 26.6 442.5 42.66 T-beam 300
Beam 808D 45 CFRP laminates 1.4x9.5 26.6 478.1 64.02 T-beam 300
Beam 818D 60 CFRP laminates 1.4x9.5 26.6 443.8 43.44 T-beam 300
Beam 828D 60 CFRP laminates 1.4x9.5 26.6 457.6 51.72 T-beam 300
Beam 83519 90 CFRP laminates 1.4x9.5 26.6 387 28.32 T-beam 300
Beam 84819 45 CFRP laminates 1.4x9.5 26.6 491.7 33.9 T-beam 300
Beam 85819 45 CFRP laminates 1.4x9.5 26.6 492.1 48 T-beam 300
Beam 86519 60 CFRP laminates 1.4x9.5 26.6 563.6 33.06 T-beam 300
Beam 87819 60 CFRP laminates 1.4x9.5 26.6 497.9 42.72 T-beam 300
Beam 88519 90 CFRP laminates 1.4x9.5 26.6 584.5 6.84 T-beam 300
Beam 89519 45 CFRP laminates 1.4x9.5 26.6 559.5 26.04 T-beam 300
Beam 90819 45 CFRP laminates 1.4x9.5 26.6 627.5 31.56 T-beam 300
Beam 91819 60 CFRP laminates 1.4x9.5 26.6 556.4 25.08 T-beam 300
Beam 92819 60 CFRP laminates 1.4x9.5 26.6 654.6 35.1 T-beam 300
Beam 93(M? 90 CFRP rods Dia.6 56.55 72.1 72.92 Rectangular beam 350
Beam 949 90 CFRP rods Dia.6 56.55 82.1 82.13 Rectangular beam 350
Beam 95(M? 90 CFRP rods Dia.6 56.55 93.1 95.24 Rectangular beam 350
Beam 96 90 CFRP rods Dia.9 127.2 79.6 79.65 Rectangular beam 350
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Sample No.(1) (de;{'ee) reinf(frl?:};ment arx by (mm?) (mAr{‘nZ) (Fl?ﬁx) i T Sl (nt:vr:‘n)
11) type (12) ($E) (14) @asy | KN @6y | type (17) 18)

Beam 97(M? 90 CFRP rods Dia.9 127.2 95.5 95.64 Rectangular beam 350
Beam 98" 90 CFRP rods Dia.9 127.2 89.3 96.42 Rectangular beam 350
Beam 99(M? 90 CFRP rods Dia.6 56.55 -80.1 97.38 Rectangular beam 350
Beam 100¢'°® 90 CFRP bars 65.2 130.4 454 151.4 Rectangular beam 305
Beam 101¢°® 90 CFRP bars 65.2 130.4 427 81.5 Rectangular beam 305
Beam 102¢°® 90 CFRP bars 65.2 130.4 436 112.9 Rectangular beam 305
Beam 10319 90 CFRP bars Dia.8 100.53 440 70 T-beam 400
Beam 104FR19 90 CFRP bars Dia.8 100.53 506 103 T-beam 400
Beam 105F*19 45 CFRP bars Dia.8 100.53 576 138 T-beam 400
Beam 106®s1? 90 GFRP rods Dia.6 56.5 235.44 36.78 Rectangular beam 250
Beam 107®s? 45 GFRP rods Dia.6 56.5 220.73 29.43 Rectangular beam 250
Beam 108F512 920 GFRP strip 3 x 10 60 259.97 49.05 Rectangular beam 250
Beam 109F512 45 GFRP strip 3 x 10 60 279.59 58.86 Rectangular beam 250
Beam 110F5*2 920 GFRP strip 3 x 10 60 294.3 66.21 Rectangular beam 250
Beam 111F5*2 45 GFRP strip 3 x 10 60 245.25 41.69 Rectangular beam 250
Beam 112®512 920 GFRP strip 3 x 10 60 284.89 61.51 Rectangular beam 250
Beam 113F512 45 GFRP strip 3 x 10 60 274.68 56.4 Rectangular beam 250
Beam 114®512 920 GFRP strip 3 x 10 60 240.35 39.24 Rectangular beam 250
Beam 115®512 45 GFRP strip 3 x 10 60 299.21 68.67 Rectangular beam 250
Beam 116®ND 90 CFRP rods Dia.9.5 141.76 228.2 25 T-beam 305
Beam 117®ND 90 CFRP rods Dia.9.5 141.76 255.3 37.4 T-beam 305
Beam 118®ND 90 CFRP rods Dia.9.5 141.76 371.4 95.64 T-beam 305
Beam 119®ND 45 CFRP rods Dia.9.5 141.76 331 75.2 T-beam 305
Beam 120®ND 45 CFRP rods Dia.9.5 141.76 355.8 87.63 T-beam 305
Beam 121®ND 90 CFRP rods Dia.9.5 141.76 413.7 53.4 T-beam 305
Beam 122®P%7 90 CFRP rods Dia.9.5 100.5 352.8 44.4 Rectangular beam 210
Beam 123®P%7 90 CFRP rods Dia.8 100.5 297.1 21.6 Rectangular beam 210
Beam 124®P%7 90 CFRP rods Dia.8 100.5 301.5 23.4 Rectangular beam 210
Beam 125®P%7 45 CFRP rods Dia.8 100.5 322.6 32.1 Rectangular beam 210
Beam 126®P%7 45 CFRP rods Dia.8 100.5 300.3 22.9 Rectangular beam 210
Beam 127®P°7 920 CFRP strip 2x16 64 345.3 41.3 Rectangular beam 210
Beam 128P°7 45 CFRP strip 2x 16 64 309.7 26.8 Rectangular beam 210
Beam 129¢®® 90 CFRP laminates 1.4 x 10 28 158.64 29.1 Rectangular beam 300
Beam 130¢®® 45 CFRP laminates 1.4 x 10 28 157.9 28.8 Rectangular beam 300
Beam 131 90 CFRP laminates 1.4 x 10 28 235.11 59.3 Rectangular beam 300
Beam 132®® 45 CFRP laminates 1.4 x 10 28 262.38 72.9 Rectangular beam 300
Beam 133®® 90 CFRP laminates 1.4 x 10 28 131.22 28.6 Rectangular beam 150
Beam 134®® 45 CFRP laminates 1.4 x 10 28 120.44 23.2 Rectangular beam 150
Beam 135®® 90 CFRP laminates 1.4 x 10 28 139.2 31.8 Rectangular beam 150
Beam 136C°® 45 CFRP laminates 1.4 x 10 28 148.5 36.4 Rectangular beam 150
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Sample No.(1) (n:’vr:‘n) e ((znzjr)n) ancizgage Failt(;;ez)type
(19 (21)
Beam 1812 180 360.4 No Concrete Fracture
Beam 2®812 180 360.4 No Concrete Fracture
Beam 3812 180 360.4 No Concrete Fracture
Beam 4(®812 180 360.4 No Concrete Fracture
Beam 5®812 180 360.4 No Concrete Fracture
Beam 6®512 180 360.4 No Concrete Fracture
Beam 7®812 180 360.4 No Concrete Fracture
Beam 8(®812 180 360.4 No Concrete Fracture
Beam 9(®812 180 360.4 No Concrete Fracture
Beam 1082 180 360.4 No Concrete Fracture
Beam 11812 180 360.4 No Concrete Fracture
Beam 12812 180 360.4 No Concrete Fracture
Beam 13812 180 360.4 No Concrete Fracture
Beam 14812 180 360.4 No Concrete Fracture
Beam 15812 180 360.4 No Concrete Fracture
Beam 16512 180 360.4 No Concrete Fracture
Beam 17812 180 360.4 No Concrete Fracture
Beam 18812 180 360.4 No Concrete Fracture
Beam 19812 180 360.4 No Concrete Fracture
Beam 20812 180 360.4 No Concrete Fracture
Beam 2181 180 360.4 No Concrete Fracture
Beam 22812 180 360.4 No Concrete Fracture
Beam 23812 180 360.4 No Concrete Fracture
Beam 2481 180 360.4 No Concrete Fracture
Beam 25812 180 360.4 No Concrete Fracture
Beam 26512 180 360.4 No Concrete Fracture
Beam 2781 180 360.4 No Concrete Fracture
Beam 28812 180 360.4 No Concrete Fracture
Beam 29812 180 360.4 No Concrete Fracture
Beam 30812 180 360.4 No Concrete Fracture
Beam 31812 180 360.4 No Concrete Fracture
Beam 32812 180 360.4 No Concrete Fracture
Beam 33(®12 180 360.4 No Debonding
Beam 34(®12 180 360.4 No Debonding
Beam 35(®12 180 360.4 No FRP Rupture
Beam 36("®'2 180 360.4 No FRP Rupture
Beam 37(®12 180 360.4 No FRP Rupture
Beam 38(®12 180 360.4 No FRP Rupture
Beam 39(®12 180 360.4 No FRP Rupture
Beam 40®'2 180 360.4 No FRP Rupture
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Table (A): Continued

Sample No.(1) (n:’vr:‘n) e ((znzjr)n) ancizgage Failt(;;ez)type
(19) (21)

Beam 41(®12 180 360.4 No FRP Rupture
Beam 42(®12 180 360.4 No FRP Rupture
Beam 43(®12 180 360.4 No FRP Rupture
Beam 44&12 180 360.4 No FRP Rupture
Beam 45509 180 360 No Debonding
Beam 46E9 180 360 No Concrete Fracture
Beam 4789 180 360 No Concrete Fracture
Beam 48509 180 360 No Debonding
Beam 49(E9 180 360 No Concrete Fracture
Beam 50899 180 360 No Concrete Fracture
Beam 51509 180 360 No Debonding
Beam 52(PE99 180 360 No Concrete Fracture
Beam 53(E99 180 360 No Concrete Fracture

Beam 540S¢A12) 200 213 No Debonding

Beam 55US¢A12) 200 213 No Debonding

Beam 56¢S¢A12 200 213 Yes Concrete Fracture

Beam 57USCA2 200 213 Yes Concrete Fracture

Beam 580S¢A12) 200 213 Yes FRP Rupture
Beam 59(°&%® 180 356 No Debonding + Concrete Fracture
Beam 60(°5%® 180 356 No Debonding + Concrete Fracture
Beam 61(5%® 180 356 No Debonding + Concrete Fracture
Beam 62(°5%® 180 356 No Debonding + Concrete Fracture
Beam 63(°5%® 180 356 No Debonding + Concrete Fracture
Beam 64(5%® 180 356 No Debonding + Concrete Fracture
Beam 65(5%® 180 356 No Debonding + Concrete Fracture
Beam 66(°5%® 180 356 No Debonding + Concrete Fracture
Beam 67(5%® 180 356 No Debonding + Concrete Fracture
Beam 68"V 180 360 No Debonding + Concrete Fracture
Beam 698D 180 360 No Concrete Fracture
Beam 708D 180 360 No Concrete Fracture
Beam 71" 180 360 No Debonding + Concrete Fracture
Beam 728D 180 360 No Concrete Fracture
Beam 738D 180 360 No Concrete Fracture
Beam 74" 180 360 No Debonding + Concrete Fracture
Beam 758D 180 360 No Concrete Fracture
Beam 765D 180 360 No Concrete Fracture
Beam 77" 180 360 No Debonding + Concrete Fracture
Beam 788D 180 360 No Concrete Fracture
Beam 79"V 180 360 No Debonding + Concrete Fracture
Beam 808D 180 360 No Concrete Fracture

Beam 81"V 180 360 No Debonding + Concrete Fracture
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Sample No.(1) (n:’vr:‘n) e ((znzjr)n) ancizgage Failt(;;ez)type
(19) (21)
Beam 828D 180 360 No Concrete Fracture
Beam 83819 180 360 No Concrete Fracture
Beam 84®10 180 360 No Debonding + Concrete Fracture
Beam 85819 180 360 No Concrete Fracture
Beam 86(®1® 180 360 No Debonding + Concrete Fracture
Beam 87819 180 360 No Concrete Fracture
Beam 88519 180 360 No Concrete Fracture
Beam 89510 180 360 No Debonding + Concrete Fracture
Beam 90819 180 360 No Concrete Fracture
Beam 91819 180 360 No Concrete Fracture
Beam 92819 180 360 No Concrete Fracture
Beam 93(M? 200 320 No Shear Failure
Beam 949 200 320 No Shear Failure
Beam 95(? 200 320 No Flexural + Shear Failure
Beam 969 200 320 No Shear Failure
Beam 97(M® 200 320 No Flexural + Shear Failure
Beam 98" 200 320 No Flexural + Shear Failure
Beam 99(M? 200 320 No Flexural + Shear Failure
Beam 100¢'%® 254 260.67 No Flexural + Shear Failure
Beam 101¢'%® 254 260.67 No Flexural + Shear Failure
Beam 102¢'%® 254 260.67 No Flexural + Shear Failure
Beam 103¢R® 150 430 No Debonding + Concrete Fracture
Beam 104FR1® 150 430 No Shear Failure
Beam 105FR1® 150 430 No Shear Failure
Beam 106FS® 175 217 No Shear Failure
Beam 107®5*2 175 217 No Debonding
Beam 108®512 175 217 No Rapture of FRP
Beam 109Fs® 175 217 No Shear Failure
Beam 110F5*2 175 217 No Concrete Rapture
Beam 111®5*2 175 217 No Rapture of FRP
Beam 112FS® 175 217 No Shear Failure
Beam 113®512 175 217 No Rapture of FRP
Beam 114FS2 175 217 No Shear Failure
Beam 115®512 175 217 No Concrete Rapture
Beam 116®°N°Y | 1524 355.6 No Debonding
Beam 117®N°Y | 1524 355.6 No Debonding
Beam 118®N°D | 152 4 355.6 Yes Concrete Rapture
Beam 119®N°Y | 152 4 355.6 No Debonding
Beam 120°N°Y | 1524 355.6 No Debonding
Beam 121V | 152.4 355.6 Yes Concrete Fracture
Beam 122(RP7 200 173 No Shear Failure
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Sample No.(1) (n:’vr:‘n) e ((;2);1) ancizgage Failt(;;ez)type
(19) (21)
Beam 123®P%7 200 173 No Shear Failure
Beam 124®P%7 200 173 No Shear Failure
Beam 125®P%7 200 173 No Shear Failure
Beam 126®P%7 200 173 No Shear Failure
Beam 127®P%7 200 173 No Shear Failure
Beam 128®P%7 200 173 No Shear Failure
Beam 129®® 150 280 No Debonding
Beam 130C® 150 280 No Rupture Oga?lifg; (Flexural
Beam 131 150 280 No Debonding
Beamn 132®® 150 280 No Rupture o':fal?ltlj?g; (Flexural
Beam 133®® 150 130 No N.A.
Beam 134®® 150 130 No Concrete Fracture
Beam 135®® 150 130 No Concrete Fracture
Beam 136®P® 150 130 No Concrete Fracture

In column (1) of table (A) above, (DB12) = (Dias and Barros 2012); (DB09) = (Dias and Barros
2009); (JSCA12) = (Jalali, Sharrbatdar, Chen and Alaee 2012); (DB08) = (Dias and Barros 2008);
(DB11) = (Dias and Barros 2011); (DB10) = (Dias and Barros 2010); (T10) = (Tanarslan 2010);
(108) = (Islam 2008); (RR10) = (Rahal and Rumaith 2010); (RS12) = (Raj and Surumi 2012);
(DNO1) = (De Lorenzis and Nanni 2001); (RD0O7)= (Rizzo and De Lorenzis 2007); (DB) = (Dias
and Barros). See list of references for the complete details of each reference.

Notice that:

Pr= (2 x as x br)/ (by X S¢ x sinBf) x100% (For FRP laminates); ps= (2 x area of FRP bar)/ (b, x S
x sinBf) x100% (For FRP bars/rods); Psw= (4s, /(bw % S,)) x100; pgy = (44/(by > d )) x100; As=
2 x as X bs (For FRP laminates and strips); As = 2 x area of FRP bar (For FRP rods/bars). In column
(9), a/d represents the shear span ratio, which is equal to the length of the monitored
span in the strengthened beam divided by the effective depth of the RC beam. In Column
(12), CFRP and GFRP refer to Carbon and Glass FRP reinforcement, respectively. In column (13) of
table (A) above, if FRP laminates are used, (a; x bf) represents the dimensions of the FRP
laminates. However, if FRP rods or bars are used, the diameters of the FRP rods or bars (Dia.) are
given instead of the product (a; x bf). For some samples, only one square number is given in the
same column, and it represents the cross sectional area of the FRP reinforcement in that sample.
In column (21), (Yes) refers to the use of the anchorage system in that sample, while (No) means
this system was not used in that beam. For column (22), it is recommended to see section (2.4)
and figure (7) for more details if that is needed. However, in this column, 22, (N.A.) means the
shear failure mode in that sample (RC beam) was not reported in the reference, or not observed in
some beams. If the failure mode in the same column is reported as (Shear Failure), it means that
the failure mode in the strengthened beams was a shear failure mode, but it was not mentioned
which one of the three types mentioned in section (2.4) occurred in those samples. Rapture of the
beam failure refers to flexural failure in the NSM shear strengthened beams.
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APPENDIX (B): THE CALCULATIONS OF CALIBRATION OF
THANASIS C. TRIANTAFILLOU’S MODEL

TableB1: The Calculations of Figure 13A

v, &P f
0 f o cm * 2/3 exp o

Sample No. f (KN) E« (GPa) | pr %0 (MPa) (Ef*p)/(f7) € Y0

Beam 3 (PB12) 45° | 37.9 166.6 0.06 31.1 0.010107707 4.143146

Beam 4 (PB12) 45° | 56.5 166.6 0.1 31.1 0.016846179 4.093027

Beam 5 (PB12) 45° | 70.3 166.6 0.16 31.1 0.026953886 4.591961
Beam 11 P | 45° | 534 170.9 0.08 39.7 0.01174821 4.432846
Beam 12 (B2 | g45° | 70.7 170.9 0.13 39.7 0.019090842 3.980995
Beam 13 (P2 | 45° | 856 170.9 0.19 39.7 0.027901999 4.730362
Beam 20 (PB2 | 45° | 427 170.9 0.08 39.7 0.01174821 5.098736
Beam 21 (B2 | 45° 64 170.9 0.13 39.7 0.019090842 2.590324
Beam 25 (P2 | 45° | 33.9 174.3 0.08 18.6 0.019863026 3.380975
Beam 26 (P2 | 45° 48 174.3 0.13 18.6 0.032277417 3.295687
Beam 29 (PB12 | g45° 26 174.3 0.08 18.6 0.019863026 3.401528
Beam 30 P | 45° | 31.6 174.3 0.13 18.6 0.032277417 2.79241
Beam 35 (P2 | 45° | g81.7 174.3 0.08 59.4 0.009159317 5.490607
Beam 37 (PB¥® | 45° | g85.8 174.3 0.08 59.4 0.009159317 7.096103
Beam 38 (P°B¥® | 45° | 80.9 174.3 0.08 59.4 0.009159317 6.274983
Beam 41 (B2 | 45° | 74.9 174.3 0.08 59.4 0.009159317 8.693934
Beam 48 (PBO® | 45° | 534 170.9 0.08 39.7 0.01174821 3.256938
Beam 49 (PBO® | g45° | 70.7 170.9 0.13 39.7 0.019090842 3.132595
Beam 50 (PB®® | 45° | 856 170.9 0.19 39.7 0.027901999 4.735618
Beam 55 USCA12 | 45° | 53 94 235 0.071 | 36.4 0.015191196 2.997608
Beam 57 USCA12 [ 45° | §3.82 235 0.071 | 36.4 0.015191196 5.962352
Beam 63 (PEO® | 45° | 41.4 166.6 0.1 31.1 0.016846179 3.161377
Beam 64 (PEO® | 45° | 40.2 166.6 0.16 31.1 0.026953886 0.956728
Beam 71 PBID | 45° | 534 170.9 0.08 39.7 0.01174821 3.255395
Beam 72 B | 45° | 70.74 170.9 0.13 39.7 0.019090842 3.13371
Beam 73 (PBID | 45° | 85.62 170.9 0.19 39.7 0.027901999 4.735618
Beam 79 B | 45° | 42.66 170.9 0.08 39.7 0.01174821 3.995731
Beam 80 (PBD | 45° | 64.02 170.9 0.13 39.7 0.019090842 2.593202
Beam 84 (PB1® | 45° | 339 174.3 0.08 18.6 0.019863026 3.453405
Beam 85 (PB1® | 45° 48 174.3 0.13 18.6 0.032277417 2.143063
Beam 89 (PB1® | 45° | 26.04 174.3 0.08 18.6 0.019863026 2.796822
Beam 90 (PB1® | 45° | 31.56 174.3 0.13 18.6 0.032277417 0.517604
Beam 105 RRI® | 450 138 124 0.474 | 43.8 0.047302485 2.902015

92




Table B1: Continued

Appendix (B)

v, &P f
0 f o cm * 2/3 exp g

Sample No. f (KN) E« (GPa) | pr %0 (MPa) (Ef*p)/(f7) € Y0
Beam 107 RS2 | 45° | 29.43 45 0.457 | 34.88 0.019260172 | 2.859972
Beam 109 (RS2 | 45° | 58.86 45 0.485 | 34.88 0.02043881 2.961355
Beam 111 RS2 | 45° | 41.69 45 0.388 | 34.88 0.016351048 | 5.581167
Beam 113 RS2 | 45° | 56.4 45 0.485 | 34.88 0.02043881 4.941362
Beam 115 RS2 | 45° | 68.67 45 0.646 | 34.88 0.027251746 | 5.347908
Beam 119 ®NOD | g450 | 752 104.8 0.74 31 0.078539382 | 0.999401
Beam 120 ®NOD [ 45° | 87.63 104.8 1.035 31 0.109955135 | 2.555688
Beam 125 (RPON [ 450 | 32 1 145.7 0.487 | 29.3 0.074640551 | 0.691405
Beam 126 RPON [ g45° | 22 9 145.7 0.974 | 29.3 0.149281102 | 0.461726
Beam 128 RPN [ 45° | 26.8 121.5 0.31 29.3 0.039630196 0.36651
Beam 130 ®® | 45°| 28.8 150 0.022 | 49.2 0.002457747 | 1.615709
Beam 132 ®® | 45°| 72.9 150 0.044 | 49.2 0.004915494 16.3257
Beam 134 ®® | 45° | 23.2 150 0.088 | 56.2 0.008996696 | 20.66221
Beam 136 ®® | 45° | 36.4 150 0.176 | 56.2 0.017993392 | 7.081446
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Table B2: The Calculations of Figure 13B

Sample No. Bf \ P Es Ps fem (Es*pp)/ (f 2/3) € &P 04
(KN) | (GPa) | % | (MPa) c

Beam 6 (P12 | 60° | 35.4 166.6 | 0.06 | 31.1 0.010107707 4.143146
Beam 7 (P2 | 60° | 61.3 166.6 | 0.09 | 31.1 0.016846179 4.093027
Beam 8 (P2 | 60° | 69.7 166.6 | 0.13| 31.1 0.026953886 4.591961
Beam 14 (B2 | 60° | 49.6 170.9 | 0.07 | 39.7 0.01174821 4.432846
Beam 15 (P12 | 60° | 54.4 170.9 | 0.11 | 39.7 0.019090842 3.980995
Beam 16 P°B | 60° | 65.3 170.9 | 0.16 | 39.7 0.027901999 4.730362
Beam 22 (B2 | g0° | 43.5 170.9 | 0.07 | 39.7 0.019090842 3.996307
Beam 23 P2 | g0° | 51.7 170.9 | 0.11 | 39.7 0.01174821 5.098736
Beam 27 P2 | g0° | 33.1 174.3 | 0.07 18.6 0.032277417 4.55922
Beam 28 (P2 | g0° | 42.7 174.3 | 0.11 18.6 0.019863026 3.380975
Beam 31 P2 | g0° | 25.1 174.3 | 0.07 18.6 0.027311661 2.565581
Beam 32 P2 | g0° | 35.1 174.3 | 0.11 18.6 0.019863026 3.401528
Beam 39 P12 | 60° | 84.6 174.3 | 0.07 | 59.4 0.01488389 6.160516
Beam 40 PB2 | g0° | 127.9 | 174.3 | 0.11| 59.4 0.009159317 7.096103
Beam 43 P12 | g0° | 73.4 174.3 | 0.07 | 59.4 0.012594061 7.026618
Beam 44 B2 | g0° | 72.6 174.3 | 0.07 | 59.4 0.009159317 8.693934
Beam 51 (PB%® | g0° | 49.6 170.9 | 0.07 | 39.7 0.01174821 3.256938
Beam 52 (PEO® | g0° | 54.4 170.9 | 0.11 | 39.7 0.019090842 3.132595
Beam 53 (PE%® | g0° | 65.3 170.9 | 0.16 | 39.7 0.027901999 4.735618
Beam 65 (PE%® | g0° | 35.4 166.6 | 0.06 | 31.1 0.010107707 2.622772
Beam 66 (PE%® | g0° | 46.2 166.6 | 0.09 | 31.1 0.016846179 3.161377
Beam 67 (PE%® | 60° | 54.6 166.6 | 0.13 | 31.1 0.026953886 0.956728
Beam 74 P | 60° | 4956 | 170.9 | 0.07 | 39.7 0.01174821 3.255395
Beam 75 PV | 60° | 54.36 | 170.9 | 0.11| 39.7 0.019090842 3.13371
Beam 76 PB™D | 60° | 65.34 | 170.9 | 0.16 | 39.7 0.027901999 4.735618
Beam 81 PBD | 0° | 43.44 | 170.9 | 0.07 | 39.7 0.019090842 2.999444
Beam 82 BV | g0° | 51.72 | 170.9 | 0.11| 39.7 0.01174821 3.995731
Beam 86 (PB1® | 0° | 33.06 | 174.3 | 0.07 18.6 0.032277417 4.557991
Beam 87 (PO | 0° | 42.72 | 174.3 | 0.11 18.6 0.019863026 3.453405
Beam 91 (PB1® | g0° | 25.08 | 174.3 | 0.07 18.6 0.032277417 3.401192
Beam 92 (PB1® | g0° | 35.1 174.3 | 0.11 18.6 0.019863026 2.796822
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Appendix (B)

Table B3: The Calculations of Figure 13C

exp
\/;

Es

me

0 o, B3 2/3 exp o

Beam 1 (PB12 90° 40.3 166.6 0.1 31.1 0.016846179 4.143146

Beam 2 (PB12) 90° 63.7 166.6 | 0.16 31.1 0.026953886 4.093027

Beam 9 (PB12) 90° 57.5 166.6 | 0.13 39.7 0.019090842 4.432846
Beam 10 (PB*? 90° 71.5 170.9 | 0.18 39.7 0.026433473 3.980995
Beam 17 (PB'2 90° 31.9 170.9 | 0.08 39.7 0.01174821 3.996307
Beam 18 (PB12 90° 40.7 170.9 | 0.08 39.7 0.01174821 5.098736
Beam 19 (PB12 90° 33.6 170.9 | 0.13 39.7 0.019090842 2.590324
Beam 33 (PB12 90° a44.7 174.3 | 0.08 59.4 0.009159317 5.490607
Beam 34 (PB12) 90° 81.5 174.3 | 0.13 59.4 0.01488389 6.160516
Beam 45 (PEO9) 90° 20.2 170.9 | 0.08 39.7 0.01174821 2.533389
Beam 46 (PEO) 90° 42 .2 170.9 | 0.13 39.7 0.019090842 3.256938
Beam 47 (PEO 90° 56.2 170.9 | 0.18 39.7 0.026433473 3.132595
Beam 54 USCA12 | 90° | 33.41 235 0.075| 36.4 0.016047038 4.944191
Beam 56 US¢A12 | 90° | 39.88 235 0.075| 36.4 0.016047038 5.901656
Beam 58 USCA12 | 9Q° 29.4 235 0.075| 36.4 0.016047038 4.35077
Beam 60 (PEO® 90° 25.2 166.6 0.1 31.1 0.016846179 2.622772
Beam 61 (PEO® 90° 48.6 166.6 | 0.16 31.1 0.026953886 3.161377
Beam 68 (PBD 90° 20.4 170.9 | 0.08 39.7 0.01174821 2.558472
Beam 69 (PBD 90° | 42.18 | 170.9 | 0.13 39.7 0.019090842 3.255395
Beam 70 (PBD 90° | 56.22 | 170.9 | 0.18 39.7 0.026433473 3.13371
Beam 77 (PBD 90° | 31.86 | 170.9 | 0.08 39.7 0.01174821 3.995731
Beam 78 (PBD 90° 33.6 170.9 | 0.13 39.7 0.019090842 2.593202
Beam 83 (PE1O® 90° | 28.32 | 174.3 | 0.13 18.6 0.032277417 2.143063

Beam 93 (M9 90° | 72.92 124 0.177| 25.1 0.025557107 5.778254

Beam 94 (M9 90° | 82.13 124 0.236 25 0.034166952 4.881048

Beam 99 (M9 90° | 97.38 124 0.529 | 24.9 0.076951059 2.576518
Beam 100 ('9® 90° | 151.4 124 0.34 | 49.75 0.031167733 6.026401
Beam 101 ('9® 90° 81.5 124 0.168 | 49.75 0.015400527 6.565372
Beam 103 (RR1O 90° 70 124 0.335| 43.5 0.033594636 2.902015
Beam 104 (RR1O 90° 103 124 0.335| 44.2 0.033238999 4.270108
Beam 106®S1? 90 | 36.78 45 0.323 | 34.88 0.013619023 7.401865
Beam 108 (RS2 90° | 49.05 45 0.343 | 34.88 0.014452447 9.301929
Beam 110 (RS2 90° | 66.21 45 0.274 | 34.88 0.011561958 15.69523
Beam 112 (RS2 90° | 61.51 45 0.343 | 34.88 0.014452447 11.66487
Beam 114 (RS2 90° | 39.24 45 0.457 | 34.88 0.01926993 5.581157
Beam 116 ®NOD 90° 25 104.8 | 0.523 31 0.055535832 0.935269
Beam 117 ©®NOD 90° 37.4 104.8 | 0.732 31 0.077750164 0.999401
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Table B3: Continued

Appendix (B)

v, &P E f
0 f f o, cm * 2/3 exp o
Beam 118 (®NOD 90° 95.64 | 104.8 | 0.732 31 0.077750164 2.555688
Beam 121 (®NOD 90° 53.4 | 104.8 | 0.523 31 0.055535832 1.997734
Beam 122 (RPO7N 90° 44.4 | 145.7 | 0.689 | 29.3 0.105557873 1.421222
Beam 123 (RPO7 90° 216 | 145.7 | 0.689| 29.3 0.105557873 0.691405
Beam 124 (RPO7 90° 23.4 | 145.7 | 1.117| 29.3 0.171238328 0.461726
Beam 127 (RPON 90° 41.3 | 121.5 | 0.44 | 29.3 0.056249311 2.480861
Beam 129 ©®® 90° 29.1 150 | 0.047 | 49.2 0.005213403 10.99773
Beam 131 ©®® 90° 59.3 150 | 0.093| 49.2 0.010426806 11.20559
Beam 133 ©®® 90° 28.6 150 | 0.187| 56.2 0.019083901 5.820106
Beam 135 ©®® 90° 31.8 150 | 0.373| 56.2 0.038167802 3.235653
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APPENDIX (C): THE CALCULATIONS OF CALIBRATION OF DIAS

Appendix (C)

AND BARROSS’ MODEL

Table C1: The Calculations of Figure 14A

ex
Sample No. Z’KN; (G%a) Pr% | Psw %0 (,\‘;fF’;"a) (Pr*Er+ Esw*Psw)/fem®® | €%° %
Beam 1 (512 40.3 | 166.6 0.1 0.1 31.1 0.037069683 4.607557
Beam 2 (P52 63.7 | 166.6 | 0.16 0.1 31.1 0.04717739 4.551821
Beam 9 (P52 57.5 | 166.6 | 0.13 0.1 39.7 0.035796295 4.806487
Beam 10 (P82 715 | 170.9 | 0.18 0.1 39.7 0.043619269 4.194219
Beam 17 (P82 31.9 | 170.9 | 0.08 0.17 39.7 0.040964064 4.21035
Beam 18 (P82 40.7 | 170.9 | 0.08 0.17 39.7 0.040964064 5.371826
Beam 19 (P82 33.6 | 170.9 | 0.13 0.17 39.7 0.048306695 2.80866
Beam 24 (PB12 43.6 | 174.3| 0.13 0.1 18.6 0.060767128 3.573478
Beam 33 (PB12 44.7 | 174.3 | 0.08 0.1 59.4 0.022296604 5.784685
Beam 34 (PB12 81.5 | 174.3 | 0.13 0.1 59.4 0.028021177 6.67978
Beam 45 (PB%9 20.2 | 170.9 | 0.08 0.1 39.7 0.028934007 2.666115
Beam 46 (PB%9 42.2 | 170.9 | 0.13 0.1 39.7 0.036276638 3.527543
Beam 47 (PB%9 56.2 | 170.9 | 0.18 0.1 39.7 0.043619269 3.296715
Beam 54 OSCA12 | 33 4 | 235 0.075 | 0.095 36.4 0.033345972 3.791206
Beam 56 OS2 | 39.9 | 235 0.075 | 0.095 36.4 0.033345972 4.52539
Beam 58 USCA12 | 294 | 235 0.075 | 0.095 36.4 0.033345972 3.33617
Beam 60 (PB%® 25.2 | 166.6 0.1 0.1 31.1 0.037069683 2.881152
Beam 61 (PB%® 48.6 | 166.6 | 0.16 0.1 31.1 0.04717739 3.472818
Beam 68 (P°B1D 20.4 | 170.9 | 0.08 0.1 39.7 0.028934007 2.692512
Beam 69 (P°B1D 42.2 | 170.9 | 0.13 0.1 39.7 0.036276638 3.525871
Beam 70 (®BD 56.2 | 170.9 | 0.18 0.1 39.7 0.043619269 3.297888
Beam 77 (®B1D 31.9 | 170.9 | 0.08 0.17 39.7 0.040964064 4.205071
Beam 78 (PB1D 33.6 | 170.9 | 0.13 0.17 39.7 0.048306695 2.80866
Beam 83 (PB1® 28.3 | 174.3 | 0.13 0.1 18.6 0.060767128 2.321121
Beam 93 (M9 72.9 124 | 0.1767 | 0.39 25.1 0.116543991 4.753837
Beam 94 (19 82.1 124 | 0.2356 | 0.39 25 0.125396306 4.015695
Beam 99 (M9 97.4 124 | 0.5292 | 0.39 24.9 0.168424504 4.761334
Beam 100 ('°® 151 124 0.34 0.204 | 49.75 0.061330055 4.666275
Beam 101 ('°® 81.5 | 124 0.168 | 0.204 | 49.75 0.045562849 5.037017
Beam 102 ('°® | 112.9 | 124 0.27 0.204 | 49.72 0.054913169 4.361037
Beam 103 (RR1O 70 124 | 0.3351 | 0.1886 | 43.5 0.064090821 2.8077
Beam 104 (RR1O 103 124 | 0.3351 | 0.1886 | 44.2 0.063412347 4.13133
Beam 106 512 | 36.78 45 0.323 0 34.88 0.013619023 5.786431
Beam 108 (RS12 49.1 45 0.3429 0 34.88 0.014452447 7.266667
Beam 110 (RS2 66.2 45 0.2743 0 34.88 0.011561958 12.26111
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Table C1: Continued

Appendix (C)

v, &P E f

f f o psw cm > > 2/3 exp o
Sample No. (KN) | (GPa) pr %0 % (MPa) (P*Es + Esw™Psw)/Tem € Yo
Beam 112 RS2 | g1.5 45 0.3429 0 34.88 0.014452447 9.112593
Beam 114 RS2 | 392 45 0.4571 0 34.88 0.01926993 4.36
Beam 116 ®NOD 25 104.8 | 0.5229 0 31 0.055535832 0.980973
Beam 117 ®N°D | 37 4 | 104.8 | 0.7321 0 31 0.077750164 1.048239
Beam 118 ®N°D | 956 | 104.8 | 0.7321 0 31 0.077750164 2.680578
Beam 121 ®NOD | 53 4 | 104.8 | 0.5229 | 0.26 31 0.108229959 2.095358
Beam 122 RPO") | 44 4 | 145.7 | 0.6886 | 0.17 29.3 0.142804892 1.054049
Beam 123 RPO | 216 | 145.7 | 0.6886 | 0.17 29.3 0.142804892 0.512781
Beam 124 RPN | 53 4 | 1457 | 1.117 | 0.17 29.3 0.208485346 0.342439
Beam 127 RPO" | 41.3 | 121.5 0.44 0.17 29.3 0.09349633 1.846279
Beam 129 ©®® 29.1 150 | 0.0467 0 49.2 0.005213403 4.619048
Beam 131 ©®® 59.3 150 | 0.0933 0 49.2 0.010426806 4.706349
Beam 133 ©®® 28.6 150 | 0.1867 0 56.2 0.019083901 4.539683
Beam 135 ©®® 31.8 150 | 0.3733 0 56.2 0.038167802 2.52381

Notice that: E;,,= 200Gpa
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Appendix (C)

Table C2: The Calculations of Figure 14B

ex
Sample No. ZfKN; (Gli,fa) pPr 20 %zv (,\;Cga) (P*Ef+ Esw*Psw)/fem™”> | € %
Beam 6 °®'? | 354 | 166.6 | 0.06 0.1 31.1 0.030331211 6.0183
Beam 7 ®°®'» | 61.3 | 166.6 | 0.09 0.1 31.1 0.035385065 6.25291
Beam 8 ®®» | 69.7 | 166.6 | 0.13 0.1 31.1 0.042123536 5.06798
Beam 14 ®®'2 | 496 | 170.9 | 0.07 0.1 39.7 0.02746548 6.4697
Beam 15 ®°®'? | 54.4 | 170.9 | 0.11 0.1 39.7 0.033339585 4.73053
Beam 16 ®'?» | 65.3 | 170.9 | 0.16 0.1 39.7 0.040682217 3.78559
Beam 22 ®8'2 | 435 | 170.9 | 0.07 | 0.17 39.7 0.039495538 5.67403
Beam 23 ®8'» | 517 | 170.9 | 0.11 | 0.17 39.7 0.045369643 4.40805
Beam 27 ®®°8'2 | 33.1 | 174.3 | 0.07 0.1 18.6 0.045869858 4.23326
Beam 28 ®°8'2 | 427 | 174.3 | 0.11 0.1 18.6 0.055801371 3.64069
Beam 31 ®8'» | 251 | 174.3 | 0.07 | 0.17 18.6 0.065812655 3.21012
Beam 32 ®8'» | 351 | 174.3 | 0.11 | 0.17 18.6 0.075744168 2.9927
Beam 39 ®°®'2 | 84.6 | 174.3 | 0.07 0.1 59.4 0.021151689 10.8198
Beam 40 ®°®'2 | 127.9 | 174.3 | 0.11 0.1 59.4 0.025731348 10.905
Beam 43 ®°8'2 | 734 | 174.3 | 0.07 | 0.16 59.4 0.029034062 9.38736
Beam 44 ®8'2 | 726 | 174.3 | 0.07 | 0.16 59.4 0.029034062 9.28504
Beam 51 ®°8%9 | 496 | 170.9 | 0.07 0.1 39.7 0.02746548 6.4697
Beam 52 (®°8%9) | 54.4 | 170.9 | 0.11 0.1 39.7 0.033339585 4.73053
Beam 53 (®°8%9 | 653 | 170.9 | 0.16 0.1 39.7 0.040682217 3.78559
Beam 65 ®°%® | 354 | 166.6 | 0.06 0.1 31.1 0.030331211 6.0183
Beam 66 ®°%® | 46.2 | 166.6 | 0.09 0.1 31.1 0.035385065 4.71263
Beam 67 ®°8%® | 546 | 166.6 | 0.13 0.1 31.1 0.042123536 3.97004
Beam 74 ®°®'D | 49.56 | 170.9 | 0.07 0.1 39.7 0.02746548 6.46448
Beam 75 ®°®'D | 54.36 | 170.9 | 0.11 0.1 39.7 0.033339585 4.72706
Beam 76 ®°®'Y | 65.34 | 170.9 | 0.16 0.1 39.7 0.040682217 3.78791
Beam 81 ®°8'D | 43.44 | 170.9 | 0.07 | 0.17 39.7 0.039495538 5.66621
Beam 82 ®°8'Y | 51,72 | 170.9 | 0.11 | 0.17 39.7 0.045369643 4.49749
Beam 86 (®°'® | 33.06 | 174.3 | 0.07 0.1 18.6 0.045869858 4.22815
Beam 87 ®°B'® | 42.72 | 174.3 | 0.11 0.1 18.6 0.055801371 3.6424
Beam 91 ®°81® | 2508 | 174.3 | 0.07 | 0.17 18.6 0.065812655 3.20756
Beam 92 ®°81® | 3571 | 174.3 | 0.11 | 0.17 18.6 0.075744168 2.9927

Notice that: Eg,,= 200Gpa
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Appendix (C)

Table C3: The Calculations of Figure 14C

exp

Sample No. ZfKN) (Gifa) Pr% | Psw %0 (,JfF’;“a) (Pr*Es+ Eaw*Psw)/fem®® | € %

Beam 3 (P52 37.9 | 166.6 0.06 0.1 31.1 0.030331211 7.02807

Beam 4 (P52 56.5 | 166.6 0.1 0.1 31.1 0.037069683 6.28061

Beam 5 (P52 70.3 | 166.6 0.16 0.1 31.1 0.04717739 4.90191
Beam 11 (P82 53.4 | 170.9 0.08 0.1 39.7 0.028934007 7.61402
Beam 12 (P82 70.7 | 170.9 0.13 0.1 39.7 0.036276638 5.75518
Beam 13 (P82 85.6 | 170.9 0.19 0.1 39.7 0.045087796 4.8821
Beam 20 (P82 42.7 | 170.9 0.08 0.17 39.7 0.040964064 6.08836
Beam 21 (P82 64 170.9 0.13 0.17 39.7 0.048306695 5.20978
Beam 25 (PB12 33.9 | 174.3 0.08 0.1 18.6 0.048352736 4.73933
Beam 26 (P12 48 174.3 0.13 0.1 18.6 0.060767128 3.83112
Beam 29 (P82 26 174.3 0.08 0.17 18.6 0.068295533 3.63489
Beam 30 (P82 31.6 | 174.3 0.13 0.17 18.6 0.080709925 2.52215
Beam 35 (PB12 81.7 | 174.3 0.08 0.1 59.4 0.022296604 11.4219
Beam 37 (P82 85.8 | 174.3 0.08 0.1 59.4 0.022296604 11.9951
Beam 38 (PB12 80.9 | 174.3 0.08 0.1 59.4 0.022296604 11.3101
Beam 41 (P82 74.9 | 174.3 0.08 0.16 59.4 0.030178976 10.4713
Beam 48 (PB%9 53.4 | 170.9 0.08 0.1 39.7 0.028934007 7.61402
Beam 49 (PB%9 70.7 | 170.9 0.13 0.1 39.7 0.036276638 5.75518
Beam 50 (PB%9 85.6 | 170.9 0.19 0.1 39.7 0.045087796 4.8821
Beam 55 (SCA12) 53.94 | 235 0.071 0.095 | 36.4 0.03249013 6.49214
Beam 57 (S¢A12 63.82 | 235 0.071 0.095 | 36.4 0.03249013 7.68129
Beam 63 (PE%® 41.4 | 166.6 0.1 0.1 31.1 0.037069683 4.60208
Beam 64 (PB%® 40.2 | 166.6 0.16 0.1 31.1 0.04717739 2.80308
Beam 71 (PB1D 53.4 | 170.9 0.08 0.1 39.7 0.028934007 7.61402
Beam 72 (PB1D 70.74 | 170.9 0.13 0.1 39.7 0.036276638 5.75844
Beam 73 (PB1D 85.62 | 170.9 0.19 0.1 39.7 0.045087796 4.88324
Beam 79 (PB1D 42.66 | 170.9 0.08 0.17 39.7 0.040964064 6.08266
Beam 80 (PB'V 64.02 | 170.9 0.13 0.17 39.7 0.048306695 5.21141
Beam 84 (PB1® 33.9 | 174.3 0.08 0.1 18.6 0.048352736 4.73933
Beam 85 (PB1® 48 174.3 0.13 0.1 18.6 0.060767128 3.83112
Beam 89 (PB1® 26.04 | 174.3 0.08 0.17 18.6 0.068295533 3.64048
Beam 90 (PB1® 31.56 | 174.3 0.13 0.17 18.6 0.080709925 2.51896
Beam 105 (RR1O 138 124 0.474 | 0.1886 | 43.8 0.077659258 3.91396
Beam 107 (RS2 29.43 45 | 0.45691 0 34.88 0.019260172 3.27397
Beam 109 (RS2 58.86 45 | 0.48487 0 34.88 0.02043881 6.16597
Beam 111 (RS2 41.69 45 0.3879 0 34.88 0.016351048 5.45913
Beam 113 (RS12 56.4 45 | 0.48487 0 34.88 0.02043881 5.90827
Beam 115 (RS12 68.67 45 0.6465 0 34.88 0.027251746 5.39522
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Table C3: Continued

Appendix (C)

v, &P E f
f f o o cm e > 2/3 exp o

Sample No. (KN) (GPa) P+ Y0 Psw Y0 (MPa) (pf Ef+ Esw psw)/fcm € Y0
Beam 119 (®NOD 75.2 | 104.8 | 0.73955 0 31 0.078539382 2.08651
Beam 120 ©®NOD 87.63 | 104.8 | 1.03537 0 31 0.109955135 1.73671
Beam 125 (RPO7 32.1 | 145.7 | 0.48689 | 0.177 29.3 0.111887569 1.0777
Beam 126 (RPO7 229 | 145.7 | 0.97377 | 0.177 29.3 0.18652812 0.38441
Beam 128 (RPO7 26.8 | 121.5 0.31 0.177 29.3 0.076877215 1.69433
Beam 130 ©®® 28.8 150 0.022 0 49.2 0.002457747 4.84873
Beam 132 ©®® 72.9 150 0.044 0 49.2 0.004915494 6.13668
Beam 134 ©®® 23.2 150 0.088 0 56.2 0.008996696 3.90592
Beam 136 ©®® 36.4 150 0.176 0 56.2 0.017993392 3.06413

Notice that: E,,,= 200 Gpa
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