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ABSTRACT

This research examines the viability of using different composite-based systems to
upgrade the shear resistance of shear-deficient reinforced concrete T-girders. The
research comprised experimental testing and analytical investigation. Test
parameters included the retrofitting system: externally-bonded carbon fiber-
reinforced polymer (EB-CFRP) laminates with or without a mechanical end
anchorage (MA) and embedded through depth glass fiber-reinforced (ETD-GFRP)
rebars: amount of internal stirrups; no stirrups. limited amount of stirrups with
spacing s; = 0.6d. higher amount of stirrups with spacing s, = 0.375d: and initial

shear damage prior to retrofitting; no damage. pre-cracking. and pre-failure.

The shear strength gain for the non-damaged specimens decreased as the amount
of stirrups increased. The EB-CFRP system without MA increased the shear
resistance by 17. 19, and 13%. for the specimens without stirrups. with stirrups
spacing s; and s,. respectively. The inclusion of the MA in the EB-CFRP system
increased the former shear strength gains to 64, 36, and 32%. respectively. The
shear strength gains provided by the ETD-GFRP system were comparable to those

provided by the EB-CFRP with MA.

The presence of shear damage prior to retrofitting significantly reduced the
strengthening effectiveness. For the pre-cracked specimens with the lower amount
of stirrups. only 11. 27, 11% shear strength gains were recorded after retrofitting
with the EB-CFRP solely. EB-CFRP with MA, and ETD-GFRP systems.
respectively. The EB-CFRP system without MA was not successful in restoring
the shear resistance of the pre-failed specimens. The EB-CFRP with MA and
ETD-GFRP systems fully restored the shear resistance of the pre-failed

\%



specimens. The shear resistance of the pre-failed specimens retrofitted by the EB-
CFRP with MA was 1.1 to 1.4 times the original shear resistance compared to 1 to

1.1 times for the pre-failed specimens retrofitted with the ETD-GFRP system.

In the analytical investigation. the accuracy of five different international
guidelines/standards and two recent analytical models published in the literature
to predict the contribution of the EB-CFRP system to the shear resistance have
been assessed. The validity of a recent analytical approach published in the
literature to predict the contribution of the ETD-GFRP system to the shear

capacity has been demonstrated.

Kevwords: concrete. composites. shear. retrofitting. anchorage.
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CHAPTER 1: INTRODUCTION

1.1 Background

The main purpose of strengthening reinforced concrete (RC) structures is to
enhance their capacity in order to safely resist the anticipated applied loads. The
trend is going toward adopting more conservative safety factors and higher live
loads which will lead to unsafe old structures if not strengthened. These
conservative safety factors could also account for the presence of damage due to
frequent overloading conditions or under extreme events such as earthquakes.
Strengthening is considered as an efficient. economical and environmental

friendly solution relative to the demolishing option.

Reinforced concrete beams are generally designed to fail in a ductile
manner. Therefore. providing sufficient transverse shear reinforcement would
guarantee the incident of a ductile flexural failure. Consequently, shear

strengthening is typically needed to eliminate the brittle shear mode of failure.

The internal transverse shear reinforcement is usually spaced at large
spacings. e.g half the beam depth. Failure of one stirrup thus would result in a
serious hazardous and unsafe situation. Also. an error in design or in steel
detailing might be another reason of failure. The exposure of stirrups to adverse

environmental conditions could result in extreme hazardous failure conditions.

1.2 Shear strength in concrete members
The design of a reinforced concrete member typically starts by flexural design
using code equations and provisions. The outcomes of the flexural design are the

dimensions of the cross section of the member and longitudinal reinforcement.



The shear design typically follows the flexural design. Shear failure is
characterized as a sudden and brittle failure. Therefore. it is required to meet the
condition that shear strength exceeds the flexural strength at every section along

the entire length of the beam.

The nominal shear strength (},) of a concrete beam is obtained using the

following equation:

I'n;Il‘¢I'x (Il)

Where. I is the concrete contribution to the shear capacity and I is the
contribution of the shear reinforcement (stirrups) and bent-up bars to the shear
capacity. The contribution of concrete, F’. includes shear resistance of un-cracked
concrete. the dowel action of the longitudinal tensile reinforcement and the

aggregates interlock as shown in Figure 1.1.

Vlntact concrete

VShear reinforcement

VA ggregate interlock

VDowe/ action

Figure 1.1: The contribution of concrete and steel reinrofrocement in

shear resistance (Nogueira et al. 2013)

Reinforced concrete beams strengthened using FRP have an additional term to be

added to equation 1.1, which is the contribution of FRP to the shear capacity. V;



1.3 Types of destruction in concrete members.

Reinforced concrete members are continuously exposed to various sources of
damage. defects and deterioration that causes weakness or damage of the exposed
member. These sources may highly cause unexpected risks to these members in

terms of safety and serviceability.

1.3.1 Deterioration
Deterioration is considered as one type of unsatisfactory conditions in concrete
structures. Deterioration results from aging and continuous exposure to harsh

environments. Causes of deterioration include:

e HWet-dry cycles: which causes variation in the internal humidity of
the concrete member in addition to other effects such as expansion
and shrinkage that weaken the concrete members.

e Chloride—induced corrosion. which was found to be the most
common deterioration mechanism that results by the penetration of
chloride ions into concrete structures causing pitting corrosion of
steel reinforcement (Angst and Ueli 2011).

e Carbonation-induced corrosion; which occurs in slower rate
compared to chloride-induced corrosion. It causes uniform steel
corrosion to reinforcement bars which accelerates the formation of
Deterioration cracks on the concrete member surface (Ivan et al.
2005).

e Alkali silica reaction (ASR); which is a reaction in the concrete
between the hydroxyl ions in the alkaline cement pore solution in

concrete and reactive forms of silica in aggregates generating a gel.



This gel expands by taking up water causing pressure that results in
a typical map of cracks in concrete structures.

e Sulfate attack: which occurs due to penetration of sulfate ions into
concrete which interacts with Hydrated Calcium Aluminates in the
cement matrix resulting in Gypsum and Ettringite. These products
expand causing pressure disrupting the cement matrix and loss of
mortar from concrete surface (surface scaling) and concrete

disintegration.

1.3.2 Concrete damage
Damage of concrete is another source that weakens concrete structures
which typically results from unexpected accidents or unplanned problems. Causes

of damage include:

Overloading of concrete structures ahead of their capacities.

e Sudden collision accidents (e.g truck collides with beam or girder).
e Seismic load effects such as earthquakes.

e Foundation settlement

e Fire

e Chemical spills

1.3.3 Concrete member defects
Defects in concrete members are another source that weakens the concrete

structures. Defects mainly deal with problems that occur

during construction. Causes of defects include:



e Errors in design. either in the mix or in using improper code
equations.

e Improper detailing of reinforcement.

e Movement of formwork during and or after casting.

e Use of improper materials

° lnadequate concrete cover.

1.4 Types of fiber reinforced poly mers (FRPs)

Fiber reinforced polymers (FRPs) are composite materials that are made of two
main components: fibers and matrix. The FRP composites are made by
embedding a continuous high strength fibers in a resin matrix which then binds
fibers together and also could be used to create bonds between the concrete and
FRP as shown in Figure 1.2(a). Various fiber types commonly used include
carbon. glass and aramid. Fibers could also be used to produce different products
flexible fabrics. circular and rectangular composite strips/plates as shown in

Figure 1.2(b).

+ =
LK L_/ L/
FIBRES POLYMER ERP
MATRIX
(a) Components of FRP composite (b) Various FRP products

Figure 1.2: Components and products of FRP composites (ISIS Canada 2006)



The common kinds of matrices are the epoxy. Vinyl Ester. and phenol
formaldehyde resins. The matrix is used to bind the fibers together. split the
disperse fibers within the composite used in. help in transmitting forces between
fibers and protect the fibers from abrasion or any expected environmental
degradation (ISIS Canada 2006). The author has used both flexible carbon fiber

fabrics and GFRP bars in strengthening/retrofitting of the tested RC beams.

1.5 Applications of fiber reinforced polymers (FRPs)

Fiber reinforced polymer (FRP) is widely used in strengthening and repair
applications of RC structures. The availability of FRP composites in many types
such as sheets. plates. rods and strips facilitates its wide-spread usage. The FRP
sheets are made using the wet lay-up process. In this process. the fibers are placed
on concrete after the surface is coated using a liquid resin. Subsequently. another
layer of the liquid resin is sprayed over the fiber followed by rolling in order to

achieve completely wet fiber without air bubbles.

Commonly, FRP sheets are extensively used as externally bonded to
concrete surface and are applied either continuously or as separated sheets.
Generally. FRP sheets can be used as confining reinforcements or in shear and

flexural strengthening applications.

Fiber reinforced polymers as confining reinforcement are frequently used
in strengthening of RC columns. Fiber reinforced polymers are wrapped
circumferentially and perpendicular to the longitudinal axis of the column which

was found to enhance its strength and ductility. Applying FRP by this manner will



generate confining stresses that results when a compressive axial load is applied

perpendicular to the columns” cross section causing a lateral expansion.

In flexural strengthening. FRP sheets are externally bonded along the
tension side of the RC beam to act as additional tensile reinforcement. This by its
role provides additional strength in bending. The fibers are always oriented along
the direction of interest. Therefore. in flexural strengthening. the fibers are aligned

in the longitudinal axis of the RC beam.

For shear strengthening. FRP sheets are applied on a scheme that is similar
to the way of applying the transverse reinforcement. In other words. FRP sheets
are applied either in U-wraps or full wrapping where the fibers are applied upright
to the longitudinal axis of the RC beam. The U-wrapping pattern is commonly

used in RC beams that have T-shaped cross section as shown in Figure 1.3.

N
~

Figure 1.3: Shear strengthening of bridge girders using externally bonded FRP
composites (ISIS Canada 2006)

The FRP bars and strips are produced by a pultrusion process. In this
process. the continuous fibers are wetted by un-cured resin and pulled through a
die in order to form the required cross section. Once the bar passes through the
die. additional process are used to impart a deformation pattern to the bar surface

to achieve better bonding when used as reinforcement in concrete. After that, the

7



resin is allowed to crosslink (Castro and Carino 1998). The FRP rods or strips can
be installed in the longitudinal direction of the RC beam to provide additional
strength to tensile reinforcement. They can also be installed in the transverse
direction to enhance the shear strength. Historically. the first use of fiber
reinforced polymers (FRP) in structural applications was in the mid 50's as
reported by Rizkalla et.al. (2003). The FRP composites were used at that time in
different applications ranged from semi-permanent structures to restoration of old
buildings. In early 80°s. the applications of composite products were established

in Asia and Europe.

In cases if adequate bond lengths of the FRP laminates are not available
due to certain RC beam geometry, end mechanical anchorage systems should be
used in order to achieve the full design capacity of the FRP sheets used in
strengthening (Eshwar et al. 2008). Commonly, the main role of FRP anchorage
system is to prevent or postpone the debonding failure mode of the externally
bonded FRP when separated from the concrete surface due to low tensile strength
of concrete or inadequate bond length (Ceroni et al. 2008). Many researchers have
developed anchorage methods that are expected to be effective when used side by
side with the FRP U-jacketing shear strengthening system (Kalfat et al. 2013). A
common case that requires end anchorage is a T-girder in a typical RC bridge or
floor. The presence of the flange in T-shaped girders makes shear strengthening
by fully wrapped externally bonded FRP impractical (EI-Maaddawy and Chekfeh
2012). Moreover; anchorage systems provide the critical locations of a structural
member with a load transfer mechanism. The FRP strengthening systems with

mechanical end anchorages are expected to fail in global anchorage failure or due



to FRP rupture since sudden and brittle local stresses are imposed by the

anchorage itself (Grelle and Sneed 2013).

The current work emphasis on shear strengthening of RC beams using externally
bonded FRP sheets. GFRP bars embedded through the beam depth. and FRP

plates that were used as a part of mechanical end anchorage system.

1.6 Properties of fiber reinforced polymers (FRPs)
It is important to recognize the difference between the properties of steel and FRP.

The FRP composites have higher strength than steel as well as they do not yield.

The strain of FRP at failure is significantly less than that of the steel. The
FRP composites do not have the same properties. Hence. there are different
factors that play a major role in making this variation among FRP composites.
The type of fiber and matrix. the used amount of each and the way of applying the
fibers as orientation and the length of the applied FRP are some factors that differ
from each supplier or manufacturer which result in different FRP composite
properties. This variation is important since strengthening or repair cases differ in

their requirements.

Carbon fiber reinforced polymers (CFRP) are commonly used in structural
repair or strengthening applications. They have low density. high resistance to
expected environmental effect. high modulus of elasticity and high strength. (ISIS

Canada 2006)

Glass fiber reinforced polymers (GFRP) are cheaper than the CFRP. They
are commonly used in wide range of strengthening applications of RC members.
The GFRP are known by their low thermal conductivity. high strength, moderate

elastic modulus and density. (ISIS Canada 2006)
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Aramid fiber reinforced polymers (AFRP) are sensitive to degradation by
ultraviolet radiations as well as moisture. The AFRPs are known by their low
density. moderate elastic modulus high strength. and low compressive and shear
strengths. Figure 1.4 compares the stress-strain relationship of different types of

FRP composites with that of steel reinforcement. (ISIS Canada 2006)

6000 o :
— E-Glass
............... Aramid-49
5000 ) —————-- Standard Carbon
] e High-Modulus Carbon]
— / == == e == Uitra High-Modulus ]
e~ i 4
a 4000 ,I === .wmsm=e  Reinforcing Steel
3
> 3000 |
(7]
(o))
=
& 2000 |
¢ of
1000 /-

Strain (%)

Figure 1.4: Stress strain diagram for different types of fibers and steel

reinforcement (ISIS Canada 2006)

1.7 Advantages and disadvantages of fiber reinforced polymers

The FRP have showed promising results when being used in different structural
engineering applications. Many advantages have been observed for FRP materials
which made them favorable to be used in strengthening or repair applications
compared to the traditional materials such as steel and concrete. The advantages

and disadvantages of FRP composites are discussed herein.

Typical advantages of FRP composites include (ISIS Canada 2006)

e Durability in different environments
e High strength to weight ratios.
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e Electromagnetic neutrality

o Corrosion resistant.

e Easytoapply

e Ability to modify the mechanical properties of the FRP material by
tailoring the direction of the fibers in addition to the suitable choice

of the fibers.

Typical disadvantages of FRP materials include:

e High initial cost compared to traditional material and strengthening
system. However, it could be cost effective in long term
considering the entire life cycle of the strengthened or repaired
member.

e Low fire resistance. Therefore, the position of applying FRP
materials is important as well as the surrounding environment.

e Volatile to high temperature.

e Some FRP materials such as glass fibers have low modulus of

elasticity with some durability doubts especially in alkaline environments.

e Critical to fail by debonding.

1.8 Arrangement of work

The current research work was initiated to study the performance of shear
deficient RC beams strengthened with two different composite based systems
namely; externally bonded carbon fiber reinforced polymer (EB-CFRP) sheets
and embedded through depth glass fiber reinforced polymer (ETD-GFRP) rebars.

It compromises experimental testing and analytical investigation.



A literature review on shear strengthening of RC beams with composite-based
systems is presented in Chapter (2). The chapter includes research needs and

objectives of the current study.

Chapter (3) provides thorough information on the experimental test program.
specimens’ geometry, cross sectional dimensions and procedure of specimens’
fabrication. The materials properties and strengthening methodologies are
presented. A complete description of the test set-up. used instruments, way of
controlling the experiments. loading conditions and schemes are all presented in

details in this chapter.

Chapter (4) presents the experimental test results and interpretations. The obtained
results include the various observed failure modes and records of shear capacity of
test specimens. The deflection response. load versus diagonal tensile displacement
across cracks. stirrups strain response and FRP strain response are presented and

discussed. The chapter includes discussions and analysis of test results.

In Chapter (5) different analytical approaches recommended by international
guidelines and standards or published in the literature are presented and reviewed.
A comparative analysis between the experimental and analytical results is given in

the same chapter.

Chapter (6) summarizes the general conclusions of the completed work followed
by recommendations for future studies on shear strengthening of RC beams with

composites.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

Many experimental studies have been conducted on shear strengthening of RC
structures using different composite-based systems. These studies have shown
promising results on the effectiveness of FRP composites to improve the shear
resistance of RC members. This chapter includes a review on the available
literature related to shear strengthening of reinforced concrete beams with
composites. The review focuses on two main shear strengthening systems namely;

external-bonded (EB) FRP sheets. and embedded through depth (ETD) FRP bars.

2.2 Studies on shear strengthening using EB-FRP system without end
anchorage
Research studies performed during the last decade on shear strengthening with the

EB-FRP composite system are provided and discussed hereafter.

Carolin and Téljsten (2005) investigated the viability of using externally
bonded CFRP composites to increase the shear capacity of RC beams. A total of
23 beams with a rectangular cross section were constructed and tested. Test
specimen had a length of either 3500 or 4500 mm. The cross section was either
160 x 500 mm or 180 x 400 mm. Test parameters included the presence of
internal steel stirrups, damage state (non damaged or pre-cracked). fiber direction
(0, 45 and 90°) and amount (one, two and three layers), and the strengthening
scheme. The concrete compressive strength was 55 MPa. on average. The stirrups
steel yield strength was 515 MPa. The shear span to depth ratio was azh = 2.5. The
strengthening regime consisted of carbon fiber fabrics applied as two-side
bonding only or fully wrapped around the entire beam cross section. After repair.

13



some specimens were subjected to fatigue loading. and all beams were finally
tested to failure. The composite used for side bonding and wrapping had tensile
modulus of 234 GPa and tensile strength of 4500 MPa. The identified failure
modes were fiber rupture along the shear crack. fiber rupture at the corner. and
combinations thereof. Test results indicated that beams with stirrups do not have
the same lack of shear reinforcement. and the strengthening effect cannot be as
large as for beams without stirrups. Also. a damaged beam can be strengthened
and repaired to a level comparable to a strengthened beam that was not damaged
before strengthening. Specimen repaired with side bonding of two layers of the
CFRP sheets at 45° around their cross sections showed an enhancement of
approximately two and a half fold in their ultimate shear capacity. It was also
concluded that there was no significant difference between the 45° and 90° fiber
directions while the 0° fiber direction turned to have insignificant contribution to
the shear capacity. The use of higher FRP amount gave higher strengthening
effect. The use of full wrapping enhanced the shear capacity by 11 to 23%

compared to specimens strengthened with side bonding.

Zhang et al. (2005) studied shear strengthening of RC beams using CFRP
laminates. A total of 11 beams with a rectangular cross section were constructed
and tested. Test specimens had a length of either 1220 or 183 mm. The cross
section had a width of 152.4 mm and depth of 228.6 mm. Test parameters
included the CFRP type and orientation. The concrete compressive strength was
42 MPa. on average. No internal shear reinforcement was used in any of the
beams. The shear span to depth ratio was a/h = 2.3. The strengthening regime
consisted of continuous long unidirectional pultruded CFRP strips oriented

parallel to beam length, short unidirectional CFRP strips placed at 90° and
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45°/135° along the shear span. and CFRP woven composite fabric sheets
externally bonded to concrete. The composite CFRP strips and sheets had a tensile
modulus of 165 and 73.1 GPa. tensile strength of 2800 and 906 MPa. and ultimate
elongation of 1.9 and 1.33%. correspondingly. The specimens strengthened with
CFRP strips failed due to concrete debonding underneath the epoxy. while failure
of the specimens strengthened with CFRP sheets was due to fabric rupture. Test
results indicated that 45° CFRP strips orientation is recommended which resulted
in 80% increase in shear capacity compared to 90° CFRP strips orientation which
resulted in 60% increase in shear capacity. It was concluded that CFRP strips
were more effective in increasing the shear capacity compared to the continuous
CFRP sheets which showed the least shear contribution among the other CFRP

shear strengthened beams with 16% increase in shear capacity.

Bousselham and Chaallal (2006) examined the performance of RC beams
retrofitted in shear with externally bonded carbon fiber-reinforced polymer (EB-
CFRP). A total of 22 tests were performed on 11 full scale beams with a T-shaped
cross section were constructed and tested. Test specimens had a length of 4520
mm. The T-section had a flange width and thickness of 508 and 102 mm,
respectively. a depth of 406 mm, and a web width of 152 mm. Test parameters
included the number of CFRP layers (0L, 0.5L, 1L and 2L). stirrups spacing (no
stirrups, s = d/2 and s = d/4). and shear length to beam’s effective depth ratio (a/d
= 1.5 and a/d = 3). The concrete compressive strength was 25 MPa. The stirrups
steel yield stress was 650 MPa. The strengthening regime consisted of a
continuous U-shaped CFRP sheet laterally applied to beam's web sides. The
composites had a tensile modulus of 231 GPa. a tensile strength of 3650 MPa. and

ultimate elongation of 1.4%. It was noticed that the shear failure occurred by
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crushing of concrete struts. Test results indicated that the increase in shear
capacity due to CFRP was higher for deep beams with ad = 1.5 (between 9.9% to
62.2%) compared to slender specimens with a’d = 3 (between 1.7% to 49.8%). It
was also concluded that the addition of stirrups has decreased the gain in shear
capacity. The shear strength gain was not proportional to the CFRP thickness.
Neither the crack angle nor the crack pattern was changed by the use of CFRP;
however. they were affected by the presence of stirrups. It is worth to say that
stirrups yielded in most cases knowing that their strains were considerably higher

in specimens with no CFRP.

Pellegrino and Modena (2006) conducted a study on shear strengthening
of RC concrete beams using externally bonded U-wrapped CFRP sheets. A total
of 12 tests were conducted. The beam had a rectangular section with a width of
150 mm and a depth of 300 mm. Test parameters included the load scheme
(simply supported or continuous). distribution of the internal steel stirrups (s =
170 mm or s = 200 mm). and the number of CFRP layers. The cylinder concrete
compressive strength was 41.4 MPa. The stirrups steel yield stress was 534 MPa.
The shear span to effective depth ratio was a@/d = 3. The strengthening regime
consisted of continues/simply supported beams externally bonded with U-shaped
CFRP sheets with one or two layers. The strengthened specimens failed due to
peeling off of the CFRP-reinforcement as shown in Figure 2.1. Test results
showed that the increment of shear strength for the continuous beams were
between 28.6 to 35.8%. while it was between 2 to 24.8% for the simply supported
specimens. It was concluded that a general reduction of efficiency of the

strengthened technique with U-wrapped CFRP sheets is observed when stirrups



spacing decreases. Small increments of strength were observed from one to two

layers of the CFRP-strengthened beams.

Figure 2.1: Peeling off of the CFRP reinforcement
(Pellegrino and Modena 2006)

Kesse and Lees (2007) studied the behavior of RC beams strengthened
with prestressed CFRP shear straps. A total of 12 cantilever beams with a
rectangular cross section were constructed and tested. Test specimens had a length
of 1200 mm. The rectangular section had a width of 105 mm and a depth of 280
mm. Test parameters included the strap spacing. strap stiffness. initial strap
prestress level. and the presence of pre-cracks. The concrete compressive strength
was 32 MPa. The stirrups steel yield stress was around 400 MPa. The shear span
to effective depth ratio was a/d = 3. The strengthening regime consisted of layers
of CFRP tape wrapped around the beam to form a strap acting as a discrete
unbonded vertical prestressing tendon. The pre-cracking was achieved by loading
the specimen up to 70% of the un-retrofitted ultimate load capacity before being
unloaded and strengthened with one strap of five layers or two straps of 10-layers.
The composites had a tensile modulus of 130 GPa and ultimate strain of 11000
pe. Specimens strengthened with a single strap failed in shear mode of failure.
while several specimens strengthened with two straps failed in flexure mode of
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failure. Test results indicated that all strengthened beams had a shear capacity at
least 50% higher than that of an equivalent unstrengthened beam. The spacing of
the straps did not solely influence the capacity and mode of failure. but also the
interaction of the spacing with the stiffness and initial prestress force. The
existence of shear cracks seemed to influence the stiffness of the beam, but did
not have a significant influence on the ultimate shear capacity. The prestressing
force was found to provide an advantage over a passive strengthening system
since it would help in closing any existing cracks. The stiffness of the strap played
a main role once the crack crossed the straps. where a rapid growth of cracks was
expected in the case of straps with inadequate stiffness. The mode of failure for a
strengthened specimen with CFRP straps changed from shear to flexure mode of
failure with an ultimate load capacity of 90% higher than that of an equivalent
unstrengthened specimen when a suitable strap spacing. initial prestress. and

stiffness were selected.

Leung et al. (2007) examined the effect of section size on the failure of
concrete beams with a similar span to effective depth ratio when retrofitted in
shear using CFRP strips. A total of 15 beams with a rectangular cross section
were constructed and tested. Test specimens had various depths of 180, 360. and
720 mm and lengths of 950. 1900. and 3800 mm. correspondingly. Test
parameters included the beam size. the CFRP strip spacing. width, thickness and
the strengthening scheme. The concrete compressive strength was 27.4 MPa. The
shear span to effective depth ratio was in the range of 2.73 to 2.95. The
strengthening regime consisted of U-shaped or fully wrapped CFRP strips spaced
at 60. 120 and 240 mm. The CFRP composite sheets had a tensile modulus of 235,

GPa a tensile strength of 4200 MPa, and ultimate elongation of 1.8%. The beams
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strengthened with the U-wraps failed by debonding of the CFRP sheets as shown
in Figure 2.2(a). while the fully-wrapped beams failed by rupture of the CFRP
sheets as shown in Figure 2.2(b). Test results indicated that beams strengthened
with U-shaped CFRP sheets showed approximately 60% increase in shear
capacity for the small beam, while the large and midsize beams showed only 4-
7% increase in shear capacity. However. a similar range of 57 to 67% increase in
shear capacity was observed for the beams strengthened by fully wrapped CFRP
sheets regardless of the member size. The larger the spacing between the CFRP
sheets. the less the contribution of the CFRP strips to shear resistance. It was
concluded that for the fully-wrapped CFRP sheets regime. the variation of the
CFRP strip width. spacing and thickness with the members of different sizes
showed similar effectiveness of strengthening as long as the increase in the width.

spacing and thickness of the CFRP is proportional to the increase of the cross

section dimensions.

!

(a) Debonding of the CFRP sheets (b) Rupture of the CFRP sheets

Figure 2.2: Debonding and rupture failure modes of the strengthened beams

(Leung et al. 2007)
Bousselham and Chaallal (2008) extended their earlier study (Bousselham
and Chaallal 2006) on shear behavior of RC beams strengthened in shear with

externally bonded CFRP. A total of six new tests were performed on three full
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size T-beams . Test specimens had a length of either 3000 (ED1 series) or 4520
mm (ED2 series). The EDI and ED2 series had flange widths of 508 and 270 mm.
and flange thicknesses of 102 and 55 mm, respectively. Test specimens of EDI
and ED2 series had depths of 406 and 220 mm with widths of 152 and 95 mm.
respectively. Test parameters included the number of CFRP layers (OL. 0.5L. IL.
and 2L). stirrups spacing. and the size of the specimen. Specimens of the EDI
series had either no stirrups or stirrups of ¢8 spaced at s = d/2 or s = d/4 (where d
=350 mm). while. ED2 series specimens had either no stirrups or stirrups of ¢4.8
spaced at s = 100 mm (where d = 175 mm). The concrete compressive strength
was 25 MPa. on average. The stirrups steel yield stress for ¢4.8 and ¢$8 were 660
and 600 MPa. respectively. The shear span to effective depth ratio was &/d = 3.
The strengthening regime consisted of U-shaped CFRP sheets which were
continuously applied over the test zone around the web. The composites had a
tensile modulus of 231 MPa. a tensile strength of 3650 MPa and ultimate
elongation of 1.4% as provided by the manufacturer. The shear failure occurred
by crushing of concrete struts and yielding of stirrups in most cases as generally
assumed by the design guidelines. Test results indicated that the gain in shear
capacity due to CFRP was higher for ED2 series (between 3% to 90%) compared
to EDI series (between 2% to 50%). Increasing the transverse steel ratio lowers
the contribution of the CFRP to the shear resistance. It was concluded that the
shear capacity gain due to the CFRP is greater for beams with smaller size (EDI
series) than for those of bigger size (ED2 series). The maximum strain in CFRP
within the same section of the tested beams was smaller for the thicker CFRP

fabrics. For instance. the maximum strain attained for a fabric of two layers was
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about 11% of the ultimate strain value. while the maximum strain for the fabric

with half layer was 38% of the ultimate strain.

Alrousan and Issa (2009) studied the size effect of RC beams on the
contribution of CFRP composites to the shear resistance. A total of 16 beams with
a rectangular cross section were constructed and tested. Test specimens had a
length of 1524 mm. The cross section had various depths of 225. 300. 375. and
450 mm. The concrete compressive strength was 60 MPa. The stirrups yield
strength was 410 MPa. The shear span to effective depth ratio was in the range of
1.2 to 2.7. The strengthening regime consisted of one layer of 90° CFRP sheets U-
wrapped around the beam section. The CFRP composite had a tensile modulus of
230 GPa and a tensile strength of 3800 MPa The specimens failed due to
detachment of the CFRP sheets from the concrete surface. Test results indicated
the use of CFRP sheets increased the shear capacity by 15-19% over that of the
control specimens. Providing larger bonding lengths could be an effective solution
in preventing the detachment of the CFRP sheets. It was also concluded that the
shear strength increased with an increase in the effective depth. Also. the shear

crack developed at slower rate as the effective depth increased.

Grande et al. (2009) examined the effect of transverse steel on the
response of RC beams strengthened in shear by CFRP sheets. A total of 15 RC
beams with a rectangular cross section were constructed and tested. Test
specimens had a length of 2800 mm. The rectangular cross section was 250 mm
wide and 450 mm deep. Test parameters included stirrups spacing (s = 200 mm, s
= 300 mm. s = 400 mm) and the strengthening regime. The concrete compressive
strength was 21 MPa. The stirrups steel yield strength was 476 MPa. The shear

span to effective depth ratio was a&/d = 3. Three strengthening regimes were
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applied namely: complete wrapping with CFRP sheets around the cross section.
improved U-jacketing with CFRP sheets surrounding only three sides of the
section with additional strip placed along the upper part of the beam to enhance
the anchorage of the CFRP sheets. and side bonding of CFRP sheets applied only
at lateral faces of the beam section. The CFRP composites had a tensile modulus
of 392 GPa a tensile strength of 2600 MPa. and ultimate tensile strain of about
0.6%. Strengthened specimens with complete wrapping failed in tensile fracture
of the composite sheet since CFRP sheets cannot delaminate , while side bonded
specimens failed by upper and lower FRP edge debonding. The beams
strengthened with improved U-jacketing failed by rupture of the CFRP. Test
results indicated that the complete wrapping showed comparatively the best
response and the U-jacketing appeared better than the side bonding. The complete
wrapping resulted in an increase in the ultimate shear force of the beam in the
range of 140 to 208%. The U-jacketing and the side bonding resulted in an
increase in the ultimate shear force of the beam in the range 130 to 186% and 112
to 150%. respectively. The CFRP shear resisting action was generally smaller in
the beams having closer stirrups with exception of the fully-wrapped specimens
with 300 mm stirrups spacing. The stirrups yielded only in the specimens with
400 and 300 mm stirrups spacing: however, they didn’t vield in the specimens

with 200 mm stirrups spacing.

Teng et al. (2009) studied the behavior of RC beams strengthened with
bonded or unbonded CFRP wraps in shear. A total of nine beams with a length of
1500 mm and a rectangular cross section of 150 and 300 mm were constructed
and tested. Test parameters included the existence of steel stirrups in the shear

span. the diameter of the stirrups (6 mm or 8 mm). and the bonding/unbonding of
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the CFRP strips. The concrete cube compressive strength was 47.2 MPa. The
stirrups steel vield stress of $6 and ¢8 were 271 and 342.2 MPa. correspondingly.
The shear span to depth ratio was approximately ah = 2.8. The strengthening
regime consisted of either complete wrapping of CFRP strips within the shear
span or CFRP wraps bonded only to the compression and tension faces and the
corners and unbonded on the sides. The CFRP composites had a tensile modulus
of 266 GPa. a tensile strength of 3970 MPa. and rupture strain of 15000 pne. All
specimens failed in shear mode of failure. Specimens strengthened with complete
wrapping failed due to CFRP rupture. while specimens with unbounded CFRP
failed in compression failure near the loading point. Test results indicated that the
unbonded FRP wraps had slightly higher shear strength contribution with an
increase in the shear resistance in the range of 38 to 94% compared to that of the
bonded CFRP wraps which showed enhancement in shear resistance in the range
of 49 to 65%. The existence of the steel stirrups had a significant effect on the
distribution of CFRP strain along the critical shear crack. The larger the diameter
of the steel stirrup. the less the enhancement in the shear capacity. It was also
concluded that the specimens strengthened with fully wrapped CFRP wraps
expressed more ductility compared to the specimens with the unbonded sides

which was useful in giving warnings prior to the impeding failure.

Godat et al. (2010) examined the size effect for reinforced concrete beams
strengthened in shear using CFRP sheets. A total of seven beams with a
rectangular cross section were constructed and tested. Test specimens had lengths
0f 900. 1800 and 2700 mm. with web widths of 100. 200, and 300 mm. and total
depths of 200. 400, and 600 mm. correspondingly. Test parameters included the

beam size. strengthening scheme. and CFRP regime/amount. The concrete
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compressive strength was approximately 51 MPa on average. No steel stirrups
were provided in the shear span. The shear span to effective depth ratio was a/d =
1.51. The strengthening regime consisted of CFRP sheets that were applied
vertically in U-wraps or a completely wrapped pattern around the beam section
along the shear span. The specimens strengthened with U-wraps failed in shear
due to debonding of the CFRP sheets. while the fully wrapped specimens failed
due to CFRP rupture. Test results indicated that the contribution of the CFRP to
shear resistance was higher for smaller size specimens. The small beam size
specimens showed a 28% increase in the ultimate capacity. while the medium and
large size specimens showed 14 and 24% increase in shear capacity. The section
size had no effect on shear strength gain of the fully wrapped specimens where an
improvement of 37% in the shear capacity was recorded. It was also concluded
that if the dimensions of the beams as well as the amount of CFRP increased
proportionally. the contribution of the CFRP would be higher in the smaller

specimens.

Nikopour and Nehdi (2011) conducted a study on shear repair of RC
beams using epoxy injection and hybrid external FRP laminates. A total of six RC
beams with a rectangular cross section were constructed and tested. Test
specimens had a span of 1320 mm. The rectangular section was 150 mm wide and
250 mm deep. Test parameters included the repairing method (epoxy injection
only, or with external strengthening using unidirectional carbon fiber), FRP type
(carbon. glass. and aramid), and FRP wrapping scheme (hybrid composite of
Carbon-Glass "CG". hybrid composite of Carbon-Aramid “CA”, vertical
unidirectional carbon fiber fabric "C”, and +45/-45 glass fibers "GG™). The

concrete compressive strength was 25.1 MPa on average. The stirrups steel yield
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stress was 465 MPa. The shear span to effective depth ratio asd =2.5. The
composites of C. CG. CA. GG had a tensile modulus of 87.3. 95.8. 72.4. and 19.3
GPa. respectively. Most of the specimens failed by formation of cracks inclined at
45° followed by debonding of the FRP laminates. The results indicated that the
highest improvement in ultimate capacity was found by using the hybrid of CA.
where a 35% enhancement was recorded. It was also concluded that the use of
hybrid applications of FRP sheets showed better performance in enhancing the
ultimate shear capacity of retrofitted RC beams compared with specimens
retrofitted by unidirectional carbon fibers. Crack injection with low viscosity
epoxy supplied the performance of the repaired specimens with better stiffness.
The specimens repaired with thicker and stronger FRP sheets were less likely to

fail by rupture of the FRP sheet.

Mofidi and Chaallal (2011) investigated the effect of strip-width-to-strip-
spacing ratio in shear strengthening of RC beams with externally bonded CFRP
composites. A total of seven full size beams with a T-shaped cross section were
constructed and tested. Test specimens had a length of 4520 mm. The T-section
had a flange width and thickness of 508 and 102 mm, respectively, a total depth of
406 mm and a web width of 152 mm. Test parameters included the strengthening
regime. CFRP rigidity. strip location with respect to stirrups location. The
concrete compressive strength was 29 MPa. The stirrups were 8 mm in diameter
and spaced at s = d/2 were d = 350 mm. The stirrups steel yield stress was 540
MPa. The shear span to effective depth ratio was a/d = 3. The strengthening
regime consisted of U-shaped intermittent CFRP strips or U-shaped continuous
CFRP sheets covering the entire shear span. The composites had a tensile

modulus of 230 GPa. a tensile strength of 3450 MPa. and ultimate strain of 1.5%.
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The specimens strengthened using CFRP sheets failed by crushing in concrete
struts followed by CFRP debonding as shown in Figure 2.3. It is worth to say that
local CFRP fracture was noticed. however. due to stress concentrations at the web
corners. Test results indicated that specimens strengthened with U-shaped strips
had 66% gain in shear capacity owing to CFRP compared to 31% for the
specimens strengthened using continuous CFRP sheets. It was also concluded that
the addition of stirrups has resulted in remarkable decrease in the shear strength
gain caused by CFRP. The installation of CFRP strips in the same places of
stirrups along the longitudinal direction showed more flexible behavior compared
to specimens with CFRP strips installed at mid-positions between stirrups. The
wider the CFRP strips, the higher the contribution of CFRP to shear resistance for

the same CFRP strip-width-to-strip-spacing ratio.

Figure 2.3: Debonding of CFRP sheets failure mode in the strengthened specimens
(Mofidi and Chaallal 2011)

El-Maaddawy and EIl-Ariss (2012) examined the behavior of concrete
beams with short shear span and web openings strengthened in shear with CFRP
composites. A total of 16 beams with a rectangular cross section were constructed
and tested. Test specimens had a length of 2600 mm. The rectangular section was
85 mm wide and 400 mm deep. Test parameters included the width of the opening

(200. 350, 500 mm), the depth of the opening (120, 160, and 200 mm), and the
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strengthening regime around the opening using CFRP. The concrete compressive
strength was 20 MPa. The shear span to depth ratio was ah = 2. Two
strengthening regimes were used around the openings. Regime | consisted of
horizontal strengthening using one layer of CFRP fibers placed parallel to the
longitudinal axis of the beam and vertical strengthening using one layer of CFRP
placed perpendicular to the longitudinal direction of the beam. Regime 2 was
almost similar to Regime 1: however. two layers of CFRP were applied in the
vertical strengthening. The carbon fabric had a tensile modulus of 230 GPa, a
tensile strength of 3450 MPa and ultimate elongation of 1.5 %. All strengthened
specimens failed in shear by debonding of the CFRP sheets at the opening corners
as shown in Figure 2.4. Test results indicated that the existence of web openings
in concrete beams without providing stirrups resulted in huge reduction in shear
capacity. The CFRP shear strengthening around the opening restored 90% to
100% of the shear capacity of the solid reference beam without the opening.
Increasing the opening depth and width reduced the gain in shear capacity caused
by CFRP. It was also concluded that increasing the amount of vertical sheets
around the opening enhanced the shear capacity. but the additional improvement

was not proportional to the added amount of CFRP.

CFRP delamination

CFRP delamination

Figure 2.4: CFRP sheets delamination at the opening corners
(El-Maaddawy and El-Ariss 2012)
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Dirar et al. (2012) investigated the structural behavior of pre-cracked
reinforced concrete T-beams repaired in shear using bonded carbon fiber-
reinforced polymer sheets. A total of seven beams with a T-shaped cross section
were constructed and tested. Test specimens had a length of 3800 mm. The T-
section had a flange width and thickness of 250 and 105 mm. respectively. and a
total depth of either 270 or 350 mm with a thickness of 105 mm for the web. Test
parameters included the influence of loading history. beam depth and percentage
of longitudinal steel reinforcement on the structural behavior. The concrete cube
compressive strength was 25 MPa. The stirrups steel yield strength was 580 MPa.
The shear span to effective depth ratio was @/d = 3.8. Three loading schemes were
applied for testing. Control specimens were loaded up to failure. Other specimens
were loaded up to 70% of the unstrengthened shear force capacity, then unloaded
to 40% of the unstrengthened capacity prior to installation of the strengthening
system. After strengthening. the specimens were either loaded at the same
position up to failure. or the loading position was shifted prior to loading up to
failure. The strengthening regime consisted of continuous U-shaped CFRP sheets
applied along the shear span. The composites had a tensile modulus of 238 GPa, a
tensile strength of 4300 MPa, and ultimate strain of 1.8%. Generally. all
specimens failed in shear due to an inclined crack that extended from the flange to
the load pad except a one specimen that failed in flexure. Test results indicated
that the strengthened specimens had higher capacities compared to the control
specimens with an enhancement of 9.7 to 26.2%. It was also concluded that the
applied loading patterns had no significant effect on the peak load at failure. Also.

the increase of beam depth caused better contribution of CFRP sheets. while
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decreasing the longitudinal reinforcement ratio form 4.5 to 3.3% changed the

mode of failure to ductile flexural failure.

Higgins et al. (2012) examined shear strengthening of reinforced concrete
girders with CFRP. A total of eight full scale beams with a T-shaped cross section
were constructed and tested. Test specimens had a length of 6278 mm. The T-
section had a flange width and thickness of 914 and 152 mm, respectively. and a
total depth of 1219 mm with a thickness of 356 mm for the web. The specimens
were initially loaded to induce diagonal cracking with maximum diagonal crack
sizes ranged from 0.635 to 1.27 mm. Test parameters included flexural cutoff
details. stirrups spacing and repair configuration. The concrete compressive
strength was 24 MPa. The stirrups steel yield strength was 350 MPa. The shear
span to effective depth ratio was in range of ad = 2.8 to avd = 3.27. The
strengthening regime consisted of CFRP strips applied on the surface of the
specimen within the shear span. Two types of composites (Type A and B) that
differs in their thickness with a tensile modulus of 22.7 GPa, a tensile strength of
3800. and rupture strain of 1.67% were used in strengthening. Most of the
specimens failed in shear compression failure mode. The failure was controlled by
debonding of the CFRP strips termination close to the deck-stem interface. Test
results indicated that CFRP strengthening provided a significant increase in the
ultimate strength capacity compared to the non strengthened specimens. The
CFRP enhanced the shear capacity by 80% across the majority of the specimens.
It was also concluded that the strengthened specimens showed a stiffer behavior in
terms of displacement and diagonal deformation compared to cracked beams
without CFRP strengthening. The addition of transverse CFRP strips enhanced the

contribution of the longitudinal strips to the beam at cutoff locations. Also. thicker
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CFRP material exhibited reduced amounts of debonding and cracking and
achieved higher bond stress compared to similar but thinner CFRP strips. The
addition of longitudinal CFRP strips did not increase the shear capacity due to
debonding and bending of fibers at the poorly constrained diagonal cracks. The
repair scheme for shear using discrete CFRP strips provided a considerable
increase in shear strength capacity compared to unrepaired members.

Panda et al. (2012) examined the effect of transverse steel reinforcement
on the shear performance and modes of failure of RC beams strengthened in the
shear zone with GFRP sheets. A total of 18 beams with a T-shaped cross section
were constructed and tested. Test specimens had a length of 2500 mm. The T-
section had a flange width and thickness of 250 and 60 mm. respectively, and a
total depth of 260 mm with a thickness of 100 mm for the web. Test parameters
included the mount of transverse reinforcement (without stirrups, s=200 mm and
5s=300). and the configuration of the GFRP sheets. The concrete compressive
strength was 49.3 MPa after 28 days. The reinforcing steel yield stress was 252
MPa. The shear span to effective depth ratio was 3.26. The strengthening regime
of GFRP sheets consisted of side bonding, U-jacketing and U-jacketing with
extended anchorage length bonded to the bottom face of the flange. One layer of
GFRP had an elastic modulus and ultimate tensile strength of 13.18 GPa and 160
MPa. respectively. The mode of failure was GFRP rupture along the main shear
crack when adequate transverse reinforcement was provided, while a combination
of GFRP rupture and debonding was noticed when shear reinforcements was not
provided in the shear zone. Test results indicated that specimens without stirrups
expressed a gain in load shear capacity in range of 30-40%. while specimens with

stirrups spaced at 200 and 300 mm expressed a gain of 15-22.5% and 26.24-
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36.17%. respectively knowing that the U-jacketing with extended anchorage
length was the most efficient strengthening scheme. It was also concluded that at a
given shear force. the stirrups were more strained in control specimens compared
to the strengthened ones. The use of U-jacket with extended anchorage length has
showed additional reduction in stirrups strain when compared to the other

strengthening schemes.

El-Maaddawy and Chekfeh (2013) conducted a study on shear
strengthening of RC T-beams with corroded stirrups using composites. A total of
12 beams with a T-shaped cross section were constructed and tested. Test
specimens had a length of 3200 mm. The T-section had a flange width and
thickness of 300 and S0 mm. respectively. a total depth of 240 mm and a web
width of 120 mm. Test parameters included the level of corrosion damage in the
stirrups, 8% and 15% cross-sectional loss, and amount of CFRP, one and two
layers. The concrete compressive strength was 32 MPa. The stirrups had a
diameter of 5.5 mm with a yield stress of 344 MPa. The shear span to effective
depth ratio was a/d = 3. The strengthening regime consisted of externally bonded
U-shaped CFRP sheets. The carbon fiber fabrics had a tensile modulus of 230
GPa, a tensile strength of 3450 MPa, and ultimate elongation of 1.5%. The
strengthened beams failed by debonding of the CFRP sheets accompanied by
separation of both side concrete covers at the stirrups’ level as shown in Figure
2.5. For the beams with a corrosion damage of 8% cross-sectional loss in the
stirrups, only one layer of CFRP was sufficient to restore the original shear
capacity but for the beams with stirrups corrosion of 15%. two layers of CFRP
were necessary to restore the original shear capacity. The gain in shear capacity

increased with increasing the number of CFRP layers. The AC1 440.2R-08 (2008)
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analytical approach gave satisfactory prediction for the contribution of the CFRP
to the shear capacity of the beams with the lower stirrups corrosion of 8%.
Nevertheless. for the beams with the higher stirrups corrosion of 15%. the ACI
440.2R-08 (2008) analytical model tended to overestimate the contribution of the
CFRP to the shear capacity. This was more significant for the heavily corroded

specimens strengthened with the lower amount of CFRP.

Figure 2.5: Detachment of the CFRP sheets failure mode at beam sides

(El-Maaddawy and Chekfeh 2013)

Haddad et al. (2013) studied the repair of shear—deficient and sulfate —
damaged reinforced concrete beams using FRP composites. A total of 14
prototype beams with a rectangular cross section were constructed and tested. Test
specimens had a length of 1000 mm. The cross section had a depth and width of
150 and 100 mm, respectively. Test parameters included the existence of damage
by sulfate cyclic action, type of FRP composite (CFRP or GFRP). and
CFRP/GFRP strengthening configuration. The concrete compressive strengths
were 38 and 28 MPa for control and damaged specimens. respectively. No stirrups
where provided in the shear span. The shear span to depth ratio was a/h = 2. The
strengthening regime consisted of CFRP strips and GFRP/CFRP sheets at

different configuration (45°%r 90°). The CFRP and GFRP composites had an
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elastic modulus. ultimate tensile strength and ultimate strain capacity of the
unidirectional fibers of 238 and 72.5 GPa. 4300 and 2276 MPa. and 0.015 and
0.04. respectively. Test results indicated that RC beams exposed to sulfate cyclic
treatment caused a reduction in concrete compressive strength of approximately
26% and the shear strength was reduced by 24%. The use of CFRP sheets was the
most efficient technique for the sulfate-damaged specimens followed by
GFRP/CFRP strips at 45°and 90°, respectively. The percentage increase in load
capacity after strengthening for the sulfate-deteriorated beams was in the range of
9 to 36% as compared to a range of 13 to 66% for the corresponding intact ones. It
was also concluded that the FRP composites increased crack resistance. and
postponed the initiating of shear and ftlexural cracks which enhanced he ultimate

shear cracking load. toughness and stiffness.

Hussein et al. (2013) proposed an innovative technique for repair of RC
beams pre-damaged in shear. The study assessed the usage of a temporary
compressive force by being applied parallel to beam depth to close the initiated
shear cracks in the shear zone before CFRP strengthening. A total of seven beams
with a rectangular cross section were constructed and tested. Test specimens had a
length of 2000 mm. The rectangular section had a depth and width of 300 and 150
mm. respectively. Test parameters included the method of closing cracks prior to
strengthening and the technique of strengthening. The concrete compressive
strength was 30 MPa. The stirrups were 6 mm in diameter, spaced at 200 mm and
had a yield strength of 245 MPa. The shear span to effective depth ratio was a/d =
2.5. The strengthening regime consisted of three externally bonded U-shaped
CFRP sheets spaced at 100 mm in the shear span. The specimens were preloaded

up to either 85% or 95% of the control beam capacity where cracks initiated,
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released for repair. and then reloaded up to failure. Prior to strengthening. the
cracks were either closed by epoxy injection. or by a pre-stressing force applied
till the developed cracks became invisible. The CFRP composite had an elastic
modulus and ultimate tensile strength of 230 GPa and 3500 MPa. respectively.
After loading the specimens subsequent to strengthening. the dominating failure
mode was debonding of the CFRP sheets at peak load as shown in Figure 2.6.
Test results indicated that an increase in the ultimate load in range of 49-57% was
obtained by the repaired beams. It was also concluded that appropriate crack
repair methods can reduce the effect of existing shear cracks and enhance the
capacity to around 57%. Also. a successful preparation of the CFRP-concrete
contact surface prior to strengthening was found to be a main key factor for a

successful shear strengthening.

Figure 2.6: Typical CFRP debonding failure modes for the tested beams
(Hussein et al. 2013)

Mofidi and Chaallal (2014) investigated the effect of steel stirrups on
shear resistance gain in RC beams strengthened with externally bonded CFRP
composites. A total of five beams with a T-shaped cross section were constructed
and tested. Test specimens had a length of 4520 mm. The T-section had a flange
width and thickness of 508 and 102 mm, respectively, a total depth of 406 mm
with and a web width of 152 mm. Test parameters included the spacing of the

CFREP strips, the existence of steel stirrups, the spacing between the steel stirrups
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and the use of CFRP sheets versus CFRP strips. The concrete compressive
strength was 27 MPa. on average. The stirrups steel yield stress was 650 MPa.
The shear span to effective depth ratio was a/d = 3. The strengthening regime
consisted of CFRP strip and sheets applied along the shear span. The CFRP strips
were spaced at 87.5.125 and 175 mm along the test region. The steel stirrups were
spaced at s = d/2 and s = 3d/4 where d = 350 mm. The composite material had a
tensile modulus of 230 GPa. an ultimate tensile strength of 3450 MPa and an
ultimate strain of 1.5%. All specimens failed in a shear. The non-strengthened
specimens failed by diagonal tension shear mode of failure. Some specimens
strengthened with CFRP failed by either local fracture while the majority failed by
CFRP debonding preceded by diagonal tension mode of failure as shown in
Figure 2.7. Test results indicated that the gains due to CFRP in specimens
strengthened with CFRP sheets and strips were in the range of 8 to 48% and 6 to
85%. respectively. The existence of steel stirrups resulted in a remarkable
decrease in the shear strength gain. However. the presence of CFRP did not
significantly reduce the stirrups strain. The authors concluded that the
contribution of steel stirrups to shear resistance was not influenced by the addition

of CFRP strengthening system.

Figure 2.7: CFRP delamination failure mode (Mofidi and Chaallal 2014)
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2.3 Studies on shear strengthening using EB-CFRP with end anchorage

The latest report by the ACI committee 440 (ACI 440.2R-08) emphasized the
importance of studying the systems that are designed to mechanically anchor
extenally bonded FRP composites in addition to performing physical testing
verifications (Grelle and Sneed 2013). The importance of using mechanical end
anchorage system appears in the challenge to improve the FRP strength at
positions where the development length is not sufficient which probably leads to
debonding mode of failure (ACI 440.2R-08). Research studies performed in the
area of shear strengthening using externally bonded FRP sheets with end

anchorages are summarized hereafter.

Khalifa and Nanni (2000) studied the shear behavior of RC T-beams
strengthened with CFRP composites with end anchorage. A total of six beams
with a T-shaped cross section were constructed and tested. Test specimens had a
length of 3050 mm. The T-section had a flange width and thickness of 380 and
100 mm, respectively. and a total depth of 405 mm with a thickness of 150 mm
for the web. Test parameters included the amount and distribution of the CFRP,
the bonded surface (two sides of U-wraps), fiber direction combination and the
use of end anchorage. The concrete compressive strength was 35 MPa. The
reinforcing steel had a yielding point of 350 MPa. The shear span to effective
depth ratio was @/d = 3. The strengthening regime consisted of CFRP strips or
continuous sheets bonded either as U-wrap or two side bonded with 90°-0° fiber
direction combination or 90° direction and with or without end anchorage. The
anchorage system was attained by creating a groove along the contact line
between the flange and web followed by installing a GFRP rod to anchor the

attached CFRP sheet/strip as shown in Figure 2.8. The CFRP sheets (fiber only)
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had and an elastic modulus and ultimate tensile strength of 228 GPa and 3790
MPa. respectively. The control specimen failed in shear compression. while the
other specimens failed in CFRP debonding except for the specimen strengthened
with continuous U-wraps with end anchor which failed in flexure mode of failure.
Test results indicated that an increase in shear strength of 35% for strips bonded to
two sides to 145% for continuous U-wrapped specimen with end anchorage was
achieved among the tested specimens. It was concluded that performance of
externally bonded CFRP can be enhanced if a suitable anchoring is proposed. as
well as using of U-wrap CFRP sheets leads to higher shear contribution compared

to side bonding.

Figure 2.8: Details of the U-Anchor at the corner of flange-web
(Khalifa et al. 2000)

Tanarslan and Ertutar (2008) studied the effect of using CFRP strips to
improve the shear capacity of RC beams. A total of seven beams with a T-shaped
cross section were constructed and tested. The T-section had a flange width and
thickness of 360 and 75 mm. respectively. and a total depth of 360 mm with a
thickness of 120 mm for the web. Test parameters included arrangement of CFRP

strips and the anchorage system. The concrete compressive strength was 30 MPa.
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The reinforcing steel stirrup vield strength was 275 MPa. The shear span to
effective depth ratio was @d = 4.7. The strengthening regime consisted of L-
shaped. U-jacketed. side-bonded and U-jacket CFRP strips extended along the
bottom surface of flange. The CFRP had an elastic modulus and an ultimate
tensile strength of 231 GPa and 4100 MPa. respectively. The specimens failed due
to detachment of CFRP strips. rupture of CFRP strips or concrete cover separation
over the longitudinal reinforcement. The anchorage systems consisted of steel
plates or angles. which were anchored to CFRP strips and concrete surface by
steel bolts in both lateral and bottom surface of the flange as shown in Figure 2.9.
Test results indicated that the used strengthening schemes have increased the
ultimate load carrying capacity by 51% to 127%. The use of U-jacket CFRP strips
extended along the bottom surface of the flange with end anchorage was found to
have the highest efficiency. It was also concluded that the use of bottom
anchorage (close to bottom corners of the web) prevented premature debonding,
while the top anchorage prevented peeling of the CFRP strips from concrete. The
use of side bonded or U-jacketing without anchorage caused collapse with brittle

shear mode of failure due to detachment of the CFRP strips.

CFRP__/

Dimensions in mm

Figure 2.9: Anchorage details of strengthening specimen beams

(Tanarslan and Ertutar 2008)
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Hoult and Lees (2009) examined the effectiveness of CFRP strap
configurations for the shear strengthening of RC beams. A total of seven
specimens with a T-shaped cross section were constructed and tested. The T-
section had a flange width and thickness of 250 and 105 mm. respectively, and a
total depth of 280 mm with a thickness of 105 mm for the web. Test parameters
included the penetration depth of CFRP straps into the compression flange. CFRP
strap spacing. concrete strength. presence of holes in the compression flange and
loading pads size. The concrete compressive strengths were in range of 19.8 to 50
MPa. The reinforcing steel yield strength was 578 MPa. The shear span to depth
ratio was a/h = 2.7. The strengthening regime consisted of ten loops of CFRP
straps inserted into holes through the beam’s flange with various angels at where
these holes where left open with metallic support inserts filled with grouted
concrete as shown in Figure 2.10. The CFRP straps were spaced either at 200 or
250 mm. The CFRP straps were prestressed to 25% of the ultimate strap capacity.
The CFRP straps were supported on metal pads that were placed on the top and
bottom of the beam. The end anchorage system consisted of drilled holes through
the beams flanges then fixed at beam’s top and bottom as shown in Figure 2.11.
Typically. the specimens failed in shear mode of failure, knowing that none of the
CFRP straps failed during testing. The CFRP straps consisted of ten loops with an
ultimate stress and rupture strain of 1544 MPa and 0.0127, respectively. The
majority of the specimens failed in shear, while the specimen with grouted holes
inclined at 30° and the specimen that was retrofitted with CFRP straps installed
using support pads on top and bottom of the beam failed in flexure. Test results

indicated that the used anchorage enhanced the ultimate shear capacity by 3.6-
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67.8%. It was also concluded that CFRP straps improved the beam stiffness in the

post-cracking stage.
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Figure 2.10: Strap configurations for test specimens

(Hoult and Lees 2009)
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Figure 2.11: CFRP strap layout and beam cross-section
(Hoult and Lees 2009)

Gamino et al. (2009) studied the application of CFRP in shear
strengthening of RC beams. A total of five RC beams with a T-shaped cross
section were constructed and tested. Test specimens had a length of 1500 mm.
The T-section had a flange width and thickness of 400 and 80 mm. respectively
and a total depth of 300 mm with a web width of 80 mm. Test parameters
included the CFRP strips spacing (150 or 175 mm) and the use of anchorage
system. No information was provided regarding the anchorage mechanism. The
concrete compressive strength was 60 MPa on average. The stirrups were of S mm

spaced at 290 mm with a steel yield strength was 530 MPa. Various types of
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CFRP materials with different spacing were used in strengthening of the
specimens. The strengthening regime consisted of CFRP strips with and without
anchorage. The control specimens failed in shear rupture while the anchored and
non-anchored CFRP strips failed in fiber rupture and CFRP detachment.
respectively. Test results indicated that the use of end anchorage system enhanced
the ductility and increased the load capacity by 13 to 52%. The CFRP strips
spaced at 150 mm had better contribution to shear resistance compared to the

CFRP strips spaced at 175 mm.

Ortega et al. (2009) examined the shear strengthening of concrete girders
using externally bonded CFRP sheets with end anchorage. A total of eight
specimens divided as four I-section prestressed concrete (PC) girders and four T-
section reinforced concrete (RC) beams were constructed and tested. The PC and
RC specimens had a 9.5 mm steel stirrups spaced at 457 and 305 mm,
respectively. The strengthening regime consisted of CFRP sheets applied at 90°
with respect to the longitudinal direction of the beam/girder. The anchorage
system used in the PC specimens consisted of continuous pultroded CFRP plates
bonded to the CFRP sheets and anchored firmly in place with concrete wedge
anchors embedded 51 mm through the web (CMA) or with bonding discontinuous
pultroded CFRP plates anchored firmly in place with steel bolts through the entire
web (DMA) as shown in Figure 2.12. The anchorage system used in the RC
specimens consisted of a similar system to DMA but anchor bolts were used
instead of thru-bolts in addition to forming a three layer connection at the end of
the CFRP sheets (modified anchor bolt system). The failure mode was generally
debonding of the CFRP sheets that started at the bottom of the anchorage system

and progressively increased until failure. No failure in the anchorage bolts was
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observed. Test results indicated that for PC girders. the use of thru-bolt system
provided better performance and was more practical compared to anchor bolts.
This is because the embedment length of the anchor bolts was insufficient to
prevent the early delamination of the strengthening system. It was also concluded
that the use of discontinuous individual CFRP anchor plates was better than the
use of continuous anchor plate near the top flange that featured a buckling mode
of failure. The CFRP shear strengthening with continuous anchorage in the PC
specimens enhanced the shear capacity by 15%, while shear strengthening with
discontinuous anchorage enhanced the shear capacity by 27%. The use of the
modified anchor bolt system enhanced the shear capacity by 24% compared to
19% enhancement in shear capacity using discontinuous anchorage with anchor

bolts in the RC specimens.

CMA anchorage DMA anchorage Modified anchor bolt system

Figure 2.12: Anchorage systems used in PC and RC specimens

(Ortega et al. 2009)

Belarabi et al. (2010) studied the behavior of full scale RC-beams
strengthened in shear with externally bonded FRP sheets. A total of four beams
with a T-shaped cross section were constructed and tested. Test specimens had
length of 10668 mm. The T-section had a flange width and thickness of 1066.8

and 177.8 mm, respectively, and a total depth of 939.8 mm with a web width of
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457.2 mm. Test parameters included the strengthening scheme. the anchorage
type. and the shear reinforcement. The concrete compressive strength was 27.6
MPa. The stirrups steel yield stress was 276 MPa. The shear span to effective
depth ratio was approximately a/d = 3.3. The end anchorage types were addition
of horizontal CFRP sheet just below the flange or installation of sandwich panels
mechanically anchored with steel bolts as shown in Figure 2.13. Details of the
mechanical anchorage are shown in Figure 2.14. The strengthening regime
consisted of U-wrapped CFRP sheets. The CFRP sheets had a tensile modulus of
228 GPa a tensile strength of 3792 MPa. and ultimate strain of 1.7%. The control
specimens failed when the diagonal cracks reached the flange. The specimens
strengthened with CFRP and mechanical anchorage failed due to CFRP
debonding. although delayed due to the existence of the end anchorage. Test
results indicated that the strengthened specimens reached an increase in shear
strength in the range of 23 to 26%. The use of mechanical end anchorage
expressed 7 to 48% increase in the shear strength compared to beams without end
anchorage. Also. the CFRP shear strengthening was more efficient in specimens
with lower amount of stirrups. It was also concluded that the sandwich panel
mechanical anchorage was more efficient than providing additional horizontal

CFRP strip as end anchorage.
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Figure 2.13: Configurations of various anchorage systems (Belarabi et al. 2010)
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Figure 2.14: Details of mechanical anchorage system (Belarabi et al. 2010)

Deifallah and Ghobarah (2010) studied strengthening of RC beams
subjected to combined shear and torsion using CFRP fabrics. A total of six half-
scale beams with a T-shaped cross section were constructed and tested. The T-
section had a flange width and thickness of 450 and 100 mm, respectively. and a
total depth of 350 mm with a thickness of 150 mm for the web. Test parameters
included the torque to shear ratio and the anchorage scheme. The concrete
compressive strength was 25.6 MPa. The stirrups were 10 mm in diameter, spaced
at 170 mm. and had a yield stress of 496 MPa. The torque to shear ratios were 0.5
and 0.1 m. The strengthening regime consisted of bidirectional +45 CFRP sheets
that were used in different schemes namely; anchored U-jacket. extended U-
jacket. fully wrapped section and combined full wrapping and extended U-jacket
as shown in Figure 2.15. The CFRP had an elastic modulus, ultimate tensile
strength and ultimate elongation of 63.3 GPa, 609 MPa and 0.96%, respectively.
The strengthened specimen with U-jacketing and extended U-jacketing failed by
debonding of CFRP and torsional failure of concrete. while the strengthened
specimens with full wrapping and the combined full wrapping with extended U-
jacketing failed by debonding of CFRP. Test results indicated that the fully

wrapped section anchorage system had the highest enhancement of 71% in the
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torsional resistance followed by the combined full wrapping and extended U-
jacketing. then extended U-jacketing and finally the U-jacketing with
improvements of 64%.63% and 45%. correspondingly. It was also concluded that
the use of end anchorage system that consisted of steel angle with anchor bolts

can delay the early anchorage failure. The decrease in the torque to shear ratio
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Figure 2.15: Implemented strengthening schemes (Deifalla and Ghobarah 2010)

delayed the concrete cracking.

Kim et al. (2011) investigated the shear strengthening of RC beams using
CFRP laminates and spike anchors. Six tests were performed on T-shaped cross
section beams. The T-section had a flange width of 711 mm, a total depth of 610
mm. and a web width of 356 mm. Test parameters included the anchorage system.
the number of CFRP layers. and the bonding/unbonding of the CFRP laminates to
concrete. The concrete compressive stress was 27 MPa. The stirrups steel yield
stress was 476 MPa. The shear span to effective depth ratio was a/d = 3. The
strengthening regime consisted of various schemes. A control specimen was

tested without strengthening. One specimen was loaded until yielding in stirrups,
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unloaded. repaired with anchored CFRP laminates/strips of one layer. and then
retested to failure. Another specimen had no bonding between one layer of CFRP
and concrete and anchored with CFRP spike anchors. Another specimen was
strengthened with anchored CFRP strips of two layers. The last specimen was
strengthened with CFRP laminates without anchors. Figure 2.16 shows an
isometric view for the anchorage details. The CFRP composite had ultimate stress
of 1062 MPa and ultimate strain of 0.01. The specimens repaired with one layer of
anchored CFRP strips and the unbonded anchored specimen failed by rupture of
the CFRP strips. while the specimen with two layers of anchored CFRP strips and
the un-anchored bonded specimen failed by rupture of the CFRP anchor spikes

and detachment of CFRP strips. respectively.
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Figure 2.16: Isometric view-Details of CFRP

anchors (Kim etal. 2011)

Test results indicated that all specimens repaired or strengthened with
anchored CFRP strips showed a close enhancement of 45% regardless the

bonding condition and number of CFRP layers. The specimen strengthened with
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unanchored CFRP strips showed only 4% enhancement in shear resistance. In the
presence of spike anchors. the initial damage state had no effect of on the
performance of the repaired specimen. The CFRP anchor spikes prevented the
pre-mature delamination of the CFRP laminates and accordingly increased the
shear strength gain. It was also concluded that the contribution of the CFRP to the

shear resistance was independent on the amount of the CFRP material used.

Mofidi et al. (2012) investigated the performance of different end-
anchorage systems for RC beams strengthened in shear with EB-CFRP system. A
total of five specimens with a T-shaped cross section were constructed and tested.
Test specimens had a length of 4520 mm. The T-section had a flange width and
thickness of 508 and 102 mm. respectively. and a total depth of 406 mm with a
thickness of 152 mm for the web. The main objective of the study was to evaluate
the effectiveness of four different end-anchorage systems for RC beams
strengthened using EB-CFRP. The concrete compressive strength was 33.7 MPa.
.The reinforcing steel yield strength was 650 MPa. The shear span to effective
depth ratio ad = 3. The strengthening regime consisted of CFRP U-jacket with a
surface bonded flat CFRP laminate end anchorage (SBFA), CFRP U-jacket with
an embedded flat CFRP laminate as end anchorage (EFLA), CFRP U-jackets with
a mechanical anchorage consisted of a double aluminum plate fixed to concrete
with a threaded stainless steel threaded rods inserted in pre-drilled horizontal
holes through the web (DAMA). and CFRP U-jackets with an embedded rounded
CFRP bar as end anchorage (ERBA) as shown in Figure 2.17. The dry fiber sheet
and the composite CFRP laminate, respectively had elastic moduli. ultimate
strengths and rupture strains of 231.165 GPa, 3650, 3100 MPa, and 1.4.1.69 %.

respectively. The use of EB-CFRP system with SBFA or ERBA end anchorage
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systems resulted in up to 41% increase in shear resistance. The most efficient end
anchorage systems were EFLA and DAMA which resulted in strength gains of 48
and 43%. correspondingly. It was also concluded that all specimens failed in shear
mode of failure except specimens strengthened with CFRP integrated with EFLA

and DAMA end anchorage systems which failed in flexure.

ERBA anchorage system EFLA anchorage system

Figure 2.17: Various end anchorage systems (Mofidi et al. 2012)

Koutas and Triantafillou (2012) examined the effectiveness of using FRP
spike anchors to improve the shear resistance of RC beams strengthened in shear
with CFRP composites. A total of six beams with a T-shaped cross section were
constructed and tested. Test specimens had an effective span of 1750 mm. The T-
section had a flange width and thickness of 300 and 80 mm, respectively, and a
total depth of 300 mm with a thickness of 140 mm for the web. Test parameters

included the orientation of the anchors, spacing/number of anchors in the shear
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span. and the role of glass fibers against carbon in the anchors. The concrete
compressive strength was 22.6 MPa. The shear span to depth ratio was a/h = 2.
The strengthening regime consisted of CFRP composite sheets wrapped around
the shear-critical span of the specimen’s web. The anchorage system consisted of
carbon or glass fiber spike anchors placed at each side of the span. The anchors
were horizontally embedded through the specimen’s web or inclined at an angle
of 25° inside the flange as shown in Figure 2.18. Diagonal cracking. debonding of
CFRP sheets. anchor pull-out and anchor rupture were the main modes of failure
exhibited by the tested specimens. The carbon and glass composites had tensile
moduli of 230 and 72.4 GPa. and tensile strengths of 3790 and 3240 MPa,
respectively. Test results indicated that the use of externally bonded system
integrated with spike end anchors increased the shear resistance by 50% to 116%.
The specimen with no anchors experienced an increase of 39% in shear resistance.
It was also concluded that anchors of alike geometrical features showed similar
effectiveness although they were different in their types. Also, increasing the
number of anchors in the shear span resulted in non-proportional increase in the
shear resistance as the anchors not above the shear cracks were not active. Also,
anchors with same embedment lengths displayed similar effectiveness, despite the

variation in the type of fibers.
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Figure 2.18: Strengthening configurations for the tested beams
(Kuotas and Triantafillou 2012)
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El-Maaddawy and Chekfeh (2012) studied the effectiveness of using EB-
CFRP system with mechanical end anchorage to repair severely damaged RC
beams. A total of 14 tests were conducted on specimens with a T-shaped cross
section. Test specimen had a length of 3200 mm. The T-section had a flange
width and thickness of 300 and 50 mm. respectively. and a total depth of 240 mm
with a thickness of 120 mm for the web. The beams were pre-failed in shear prior
to strengthening. Test parameters included the number of EB-CFRP layers and
type of end anchorage. The concrete compressive strength was 20+0.4 MPa. The
stirrups steel yield strength was 344 MPa. The shear span to effective depth ratio
was ad = 3. The strengthening regime consisted of U-shaped CFRP sheets
without end anchorage and U-shaped CFRP sheets with mechanical end
anchorage using sandwich composite panel (SCP) with either two short
galvanized steel powder actuated fasteners (PAFs) or a galvanized steel threaded

anchor bolt (TB) inserted through the entire web width as shown in Figure 2.19

Ends of CFRP
sheet rolled over
the nternal
composite plate E xternal

composite plate ra—

U-shaped verscal CFRP sheets with SCP+PAF
mechanical end anchorage system

Ends of CFRP
sheet rolled over
the ntemal
composte plate External
composite plate

U-shaped varbcal CFRAP sheets with SCP.TB
mechancal end anchorage system

Figure 2.19: EB-CFRP retrofitting regime with mechanical end anchorage
(El-Maaddawy and Chekfeh 2012)

. The cured CFRP composites laminate (fibers and resin) had a tensile

modulus of 65.4 GPa. a tensile strength of 894 MPa, and ultimate elongation of
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1.33%. Test results indicated that the use of proper end anchorage with EB-CFRP
sheets can fully restore and may also upgrade the original shear capacity of the
beam. Specimens strengthened with CFRP anchored with SCP+PAF and SCP+TB
were able to restore the original shear capacity and upgraded it by 16-17% and 30-
45%. respectively. It was also concluded that the use of PAF delayed debonding
of the EB-CFRP sheets while the use of TB prevented CFRP debonding and

allowed the beam to develop its full shear capacity.

Panigrahi et al. (2014) conducted a study on strengthening of shear
deficient RC beams using externally bonded GFRP sheets. The effectiveness of
using mechanical end anchorage was examined. A total of 12 beams with a T-
shaped cross section were constructed and tested. Test specimens had a length of
1300 mm. The T-section had a flange width and thickness of 350 and 50 mm,
respectively. and a total depth of 175 mm with a web width of 150 mm. Test
parameters included the amount of GFRP. the GFRP orientation. bonded surface
(two lateral sides or U-wrap). fiber direction and number of layers. The concrete
compressive strength was 23.7 MPa on average. The steel stirrups were 8 mm in
diameter and had yield strength of 523 MPa. The shear span to effective *depth
ratio was a/d = 2.38. The strengthening regime consisted of GFRP strips or
continuous GFRP sheets as shown in Figure 2.20. The GFRP sheets/ strips were
bonded to the surface either in two lateral sides or as U-wraps. The GFRP
continuous sheets were either anchored or not. The fiber direction of the GFRP
strips were either 0° or 45° (Inclined. X-shape, and vertical). The end anchorage
consisted of steel plates anchored by bolts inserted through pre--drilled holes in
the beams™ web. The GFRP composite (two and four layers) had a tensile

modulus of 6.8 and 7.8 GPa, respectively with ultimate stress of laminates of
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172.8 and 209.1 MPa. correspondingly. The specimen strengthened with U-
wrapped GFRP sheets with end anchorage failed by rupture of the GFRP sheets,
while the specimen strengthened with U-wrapped GFRP sheets without end

anchorage failed in detachment of the GFRP sheets.

Inclined X-shape Continuous U-wrap GFRP
Inclined GFRP strips (45°) GFRP strips (45°) sheet with anchorage

Vertical GFRP strips Continuous side bonded Continuous U-wrap GFRP
GFRP sheet sheet

Figure 2.20: Externally bonded GFRP sheets/strips configurations
(Panigrahi et al. 2014)

Test results indicated that the GFRP strips bonded with X-shape had the
best performance among the other GFRP strip configurations and reached an
ultimate gain in load carrying capacity of 41% compared to the control specimen.
while the specimen strengthened with U-wrapped GFRP sheets with end
anchorage reached an ultimate gain in load carrying capacity of 65% compared to
the control specimen. The specimen strengthened with continuous U-wrapped
GFRP sheets without anchorage reached an ultimate gain in load carrying
capacity of 42%. It was also concluded that the use of anchorage system

prevented the debonding of the GFRP sheet which resulted in better utilization of
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the GFRP material. Also. a proportional increase in shear capacity with increasing
the amount of GFRP could not be achieved because detachment of GFRP was not

prevented.

2.4 Studies on shear strengthening using ETD-FRP system

The use of composite bars embedded through section depth is considered as a
quite recent method in shear strengthening of RC beams. Few researchers have
investigated the viability of using this technique to improve the shear response of

RC beams.

Chaallal et al. (2012) studied the shear performance of RC beams
strengthened with embedded through section (ETS) FRP rods. A total of six full-
scale beams with a T-shaped cross section were constructed and tested. Test
specimens had a length of 4520 mm. The T-section had a flange width and
thickness of 508 and 406 mm, respectively and a total depth of 406 mm with a
web width of 152 mm. Test parameters included the presence of stirrups and
stirrups spacing. The concrete compressive strength was either 25 or 35 MPa. The
stirrups were 6 mm in diameter, and spaced at s = d/2 or s = 3d/4, where d = 350
mm. The stirrups steel yield strength was 650 MPa. The shear span to effective
depth ratio was a/d = 3. The strengthening regime consisted of CFRP rods
embedded vertically in pre-drilled holes through the beam’s section as shown in
Figure 2.21. The composites had a tensile modulus of 140 GPa. an ultimate stress
of 1855 MPa, and ultimate elongation of 1.33%. The specimen strengthened with
ETS system with no stirrups in the shear span expressed diagonal shear cracking
and failed by shear diagonal compression failure, but the existence of the stirrups
in the shear span resulted in a flexure mode of failure for the strengthened

specimens. Test results indicated that the ETS-CFRP rods increased the shear
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resistance by 13% for the specimen with stirrups spaced at s = d/2. 45% for the
specimen with stirrups spaced at s = 3d/4. and 122% for the specimen with no
stirrups. This indicated that decreasing the spacing of the transverse steel reduced
the shear strength gain attributable to the ETS-CFRP. Also. the use of ETS
strengthening technique was very efficient in developing CFRP tensile strength
potential prior to the occurrence of the final failure. The authors recommended
further researchs related to the ETS method to investigate other important features
such as the CFRP spacing, cross sectional area. and different types of FRP

composite rods.

Figure 2.21: Strengthened specimens with ETS-CFRP rods
(Chaallal et al. 2012)

Mofidi et al. (2012) studied strengthening of RC beams in shear using
CFRP bars embedded through the beam section (ETS). A total of nine tests were
performed on T-shaped RC beams. Test specimens had a length of 4520 mm. The
T-section had a flange width and thickness of 508 and 406 mm. respectively and a
total depth of 406 mm with a thickness of 152 mm for the web. Test parameters

included the effect of surface coating on the CFRP bars. the effect of presence of
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stirrups on the CFRP shear contribution. spacing between CFRP bars and the
diameter of the CFRP bars. The concrete compressive strength was in the range of
25 to 29.6 MPa. The shear span to effective depth ratio was a/d = 3. The
strengthening regime consisted of CFRP rods that were either sand coated or plain
surfaced. with different spacing (sy = 130 mm and sy = 260 mm) and diameters
(9.5 and 12.7 mm). The sand coated and plain-surfaced CFRP rods had a tensile
modulus of 148 and 155 GPa. tensile strengths of 1885 and 2800 MPa. and
ultimate elongations of 1.27 and 1.8%. respectively. The failure of some
specimens occurred by diagonal tension after yielding of the longitudinal steel
reinforcement as shown in Figure 2.22. Other specimens experienced flexure
mode of failure. Test results indicated that the ETS-FRP method was very
effective in enhancing the shear capacity of RC beams to about 35% in the
presence of a limited amount of stirrups. It was also concluded that increasing the
diameter of the ETS-CFP rods or decreasing the spacing between them improved
the contribution of CFRP to shear resistance. Also. rough-surfaced CFRP bars
achieved better CFRP-concrete bond behavior compared to that plain surface

achieved by CFRP bars.

Figure 2.22: Diagonal tension shear mode of failure for the strengthened

specimen (Mofidi et al. 2012)
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2.5 Research Objectives

2.5.1 Research needs

The available literature related to the behavior of concrete beams strengthened in
shear using externally-bonded (EB) composite laminates and embedded through
section depth (ETD) composite rods has been reviewed in this chapter. A
significant amount of studies has been conducted to evaluate the effectiveness of
using EB composites to improve the shear response of RC beams. These studies
have provided interesting findings and conclusions, particularly with regard to
failure mode and effect of varying amounts of internal stirrups and external EB
composite reinforcement on shear response. The premature debonding of EB
composites limited the shear strength gain. In recent years. more attention has
been given to develop mechanical end anchorage (MA) systems to delay or
prevent the debonding mode of failure, and hence improve the shear strength gain.
The viability of using ETD composite rods as alternative innovative strengthening
solution has received little attention in the literature. Only two studies were found
in the literature on shear strengthening of RC beams with ETD-CFRP rods. The
use of GFRP rebars in the ETD system was not investigated. The contribution of
the ETD-GFRP rebars to shear resistance is still in question. The majority of
previous researchs have focused on the use of composite-based systems for shear
strengthening of undamaged RC beams. Practical applications would involve
strengthening and retrofitting of already cracked or damaged beams. More
research is needed to identify the interaction between the strengthening system.
shear damage state prior to retrofitting. amount of internal stirrups, and presence

of mechanical end anchorage.
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2.5.2 Scope of the current study

In this thesis. two different composite based systems namely; EB-CFRP and ETD-
GFRP. have been tested to investigate their performance when used in shear
strengthening of pre-cracked or pre-failed RC beams. The particular objectives of
this study are to:

e Examine the effectiveness of using two different composite-based systems
to upgrade the shear capacity of shear-deficient RC T-beams.

e Investigate the effect of presence of shear cracks or failure prior to
retrofitting on the viability of the strengthening solution.

e Investigate the impact of varying the amount of internal stirrups and
presence of mechanical end anchorage on shear behavior of RC beams
retrofitted with composites.

e Examine the accuracy and validity of available analytical models,
international guidelines and standards to predict the contribution of

composites to shear resistance of RC T-beams pre-damaged in shear.
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CHAPTER 3: EXPERIMENTAL PROGRAM

3.1 Introduction

The experimental program of the current work consisted of 24 tests conducted on
12 T-shaped RC beams. The test specimens were divided into three groups. [A],

[B]. and [C] based on the amount of the internal steel stirrups. The groups were

further divided into subgroups based on the initial shear damage state prior to

retrofitting and/or testing as shown in Table 3.1.

Table 3.1: Test matrix of the experimental program

Group | Stirrups spacing Damage Su{[e, prior Retrofitting system Bisci
to retrofitting Designation *
No retrofittmg ND-NS-NR
= EB-CFRP ND-NS-EB
[A] No strrups No damage
EB-CFRP & MA | ND-NS-EB+MA
ETD-GFRP ND-NS-ETD
No retrofittng ND-SI-NR
No damage EB-CFRP ND-S1-EB
EB-CFRP & MA | ND-S1-EB+MA
ETD-GFRP ND-SI-ETD
No retrofitting D1-S1-NR
B S1 DI EB-CFRP DI1-S1-EB
(s =120mm) | (Pre-cracked) EB-CFRP & MA | DI-S1-EB+MA
ETD-GFRP D1-S1-ETD
No retrofitting D2-S1-NR
D2 EB-CFRP D2-S1-EB
(Pre-failed) EB-CFRP & MA | D2-S1-EB+MA
ETD-GFRP D2-S1-ETD
No retrofitting ND-S2-NR
EB-CFRP ND-S2-EB
No damage
EB-CFRP & MA | ND-S2-EB+MA
- S2 ETD-GFRP ND-S2-ETD
(s =75 mm) No retrofitting D2-S2-NR
D2 EB-CFRP D2-S2-EB
(Pre-failed) EB-CFRP & MA | D2-S2-EB+MA
| ETD-GFRP D2-S2-ETD

“ND = No Damage, NS = No Stirrups, D1 = Shear Damage state D1 (three cycles of loading to first shear
cracking then unloading). D2 = Shear Damage state D2 (one cycle of loading up to peak load-unloading). S1
= Spacing of 120 mm between the stirrups. S2 = Spacing of 75 mm between the stirups. NR = No
Retrofitting, ETD = Embedded Through Depth system using GFRP rebars. EB = Externally Bonded system
using CFRP. MA = Mechanical Anchorage
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Two different composite-based retrofitting systems were examined in the study
namely: externally bonded carbon fiber reinforced polymer (EB-CFRP) composite
laminates and embedded through depth glass fiber reinforced polymer (ETD-
GFRP) composite rebars. Some of the specimens that were retrofitted with the
EB-CFRP system had mechanical end anchorage (MA) in an effort to delay
and/or prevent delamination of the EB-CFRP sheets. The MA system consisted of
sandwich composite panels mechanically-fastened to the ends of the EB laminates
by means of galvanized steel threaded anchor bolts. Details of the experimental
work. description of test specimens, material properties, fabrication process,
retrofitting regimes, test set-up, instrumentations and procedures are presented in

this chapter.

3.2 Test Program
3.2.1 Test Matrix
The test matrix of the experimental program is given in Table 3.1. The test
specimens were divided into three main groups. The details of each group are

summarized below.

Group [A]: This group consisted of four specimens. All specimens had no
internal steel stirrups and were not shear-damaged prior to strengthening and/or
testing. One specimen was not strengthened. The remaining specimens were
strengthened with the EB-CFRP system without MA. EB-CFRP system integrated

with MA. and ETD-GFRP system.

Group [B]: This group consisted of 12 specimens. All specimens had internal
steel stirrups spaced at 120 mm on center which corresponded to s = 0.6d, that is

slightly higher than the maximum limit of §,,4, = 0.5d specified by the ACI 318M-
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05 (2005) to represent a shear-deficient RC beam with a poor steel detailing. The
group was divided into three subgroups based on the initial shear damage state
prior to retrofitting and/or testing. Each subgroup consisted of four specimens. In
each subgroup, one specimen was not strengthened and three specimens were
strengthened/retrofitted with EB-CFRP. EB-CFRP with MA, and ETD-GFRP
systems. Specimens of the first subgroup were not damaged prior to
strengthening. Specimens of the second and third subgroups were subjected to
initial shear damages of DI and D2, respectively prior to retrofitting/testing. For
the shear damage state DI. the specimen was pre-subjected to three cycles of
loading-unloading to induce shear cracks. In each cycle, the specimen was loaded
up to initiation of shear cracks which took place at about 75 to 80 kN then
unloaded. For the shear damage state D2. the specimen was loaded up to its peak
load then unloaded. The peak load was considered when a sudden drop in the load
took place. The specimens with the damage states D1 and D2 will be called pre-

cracked and pre-failed specimens, respectively.

Group [C]: This group consisted of eight specimens with internal steel stirrups
spaced at 75 mm on center which corresponded to s = 0.375d. The spacing
between stirrups adopted in specimens of this group does not exceed the
maximum limit of s,,.x = 0.5d specified by the ACI 318M-05 (2005). in an effort
to represent a case that could be encountered in practical applications. The
specimens were divided into two subgroups, four specimens each. The specimens
of the first subgroup were not damaged prior to strengthening/testing. The
specimens of the second subgroup were pre-failed prior to retrofitting and/or

testing (i.e. pre-subjected to one cycle of loading up to peak load then unloaded).
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Similar to other groups. the strengthening/retrofitting systems included EB-CFRP

without MA. EB-CFRP with MA. and ETD-GFRP.

3.3 Test specimens

The loading regime adopted in the current study allowed two specimens to be
tested on each beam. The right shear span (first test specimen) was first tested
keeping the left end zone overhang and unstressed as shown in Figure 3.1. The
left shear span (second test specimen) was then tested keeping the right end zone;
already tested previously, overhang and as shown in Figure 3.2. Details of
reinforcement for beams of groups [A]. [B] and [C] are shown in Figures 3.3, 3.4
and 3.5. respectively. Each beam was 4000 mm long, with a T-shaped cross
section to better resemble field conditions. The beam cross section had a web
width of b, = 125 mm. flange width of b,= 250 mm. total depth of # = 250 mm.
and effective depth of @ = 200 mm. The specimens were tested under three point
bending with an effective span of 3000 mm and a short shear span of 600 mm
rendering a shear span to effective depth ratio of a/d = 3. The specimens were
designed in a way to ensure that a shear failure would dominate. The tensile steel
reinforcement consisted of 4 No. 22 bars (4; = 1520.5 mmz) and the compression
steel reinforcement consisted of 4 No.12 bars (45 =452.4 mmz). The tensile steel
reinforcing bars had a 90° hook at each end to provide sufficient anchorage.
Specimens of group [A] had no stirrups in the test region. The internal shear
reinforcement in the test region for other specimens consisted of double-leg
closed No. 6 plain stirrups (4, = 56.5 mm?) with a clear cover of 15 mm placed at
a spacing of s = 120 mm for specimens of group [B], and s = 75 mm for

specimens of group [C]. Double-leg closed stirrups of 8 mm in diameter were
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provided as shear reinforcement at s = 75 mm through the long shear span in the

beams of all groups in order to avoid shear failure outside the test region.
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Testr T
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: 0.8P ‘
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Figure 3.1: Test of the right shear span
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Figure 3.2: Test of the left shear span
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Figure 3.3: Details of reinforcement for beams of group [A]
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Figure 3.5: Details of reinforcement for beams of group [C]

3.4 Material properties

3.4.1 Concrete

The concrete mix properties by weight are shown in Table 3.2. An ordinary

Portland cement of Type | was used in the concrete mix. The coarse aggregates

used in the mix were of natural crushed stones with medium and large aggregate

sizes of 10 and 20 mm, respectively.
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Table 3.2: Concrete mix properties by weight

Concrete mix properties by weight

Fine aggregates | Coarse aggregates

Cement Dune | Black Medi L Water
sand sand S

1 0.64 0.64 1.51 1ESIL 0.53

Ten cylinders each having a diameter of 150 mm and a length of 300 mm were
sampled during concrete casting. Five cylinders were used to determine the
concrete compressive strength as shown in Figure 3.6(a). The remaining five
cylinders were used to determine the concrete splitting strength a shown in Figure
3.6(b). The compressive and splitting strength results are given in Table 3.3. The
average concrete compressive and tensile strengths at the time of structural testing
were 30.4 and 3.3 MPa, respectively, with corresponding standard deviations of

3.5 and 0.26 MPa, respectively.

Table 3.3: Compressive and splitting tests results for the tested cylinders

Test Cylinder [ Cylinder | Cvlinder | Cylinder | Cylinder lades Standard

#1 #2 #3 #4 #S & deviation

Compression(Fe), | 345 | 331 | 286 |/ 300 | 259 | 304 | 3.50
MPa
Splittt |

P (fe) | 36 | 29 | 34 | 33 | 31 | 330 | 026
MPa

(a) Compressive test (b) Splitting test

Figure 3.6: Compressive and splitting tests for the tested concrete cylinders
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3.4.2 Steel reinforcement

The tensile and compression steel reinforcements were No.22 and No.l2

deformed bars. respectively. The stirrups in the test region were No.6 plain bars.

Three steel coupons were taken from each bar size and tested to failure under

uniaxial tension force to determine the yielding and ultimate strengths. Results of

the tensile tests for the flexural and shear steel reinforcements are summarized in

Tables 3.4 and 3.5. respectively. The No.22 and No.12 steel bars had average

vield strengths of 498 and 502 MPa, respectively, and average ultimate strengths

of 593 and 605 MPa. respectively. The No.6 steel bars had average yield and

ultimate strengths of 333 and 389 MPa. respectively. The No.8 deformed bars had

average yield and ultimate strengths of 588 and 694 MPa, respectively.

Table 3.4: Properties of the flexural steel reinforcment

Nominal Sample No. Nominal area | Yield strength | Tensile strength
bar size (mm?) (N/mm?) (N/mm?)
(mm)
Sample #1 113.10 521 626
12 Sample #2 113.10 494 596
Sample #3 113.10 491 594
Sample #1 380.10 500 595
22 Sample #2 380.10 491 590
Sample #3 380.10 503 594

Table 3.5: Properties of the shear steel reinforcement

Nominal bar Sample No. Nominal area | Yield strength | Tensile strength
size (mm?) (N/mm?) (N/mm?)
(mm)
Sample #1 PRS0 308 375
6 Sample #2 28.30 331 379
Sample #3 28.30 344 413
Sample #1 50.27 597 699
8 Sample #2 50.27 603 703
Sample #3 50.27 563 680
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3.4.3 Fiber reinforced polymers (FRP)

In this study. CFRP composite laminates and GFRP bars were used in the
strengthening systems. The CFRP composite laminates consisted of SikaWrap
300C* dry fibers (flexible fabric) and Sikadur 330® resin. The carbon fiber fabric
and epoxy resin used in the EB-CFRP system were manufactured by Sika*. The
GFRP rods used in the ETD-GFRP system had a nominal diameter of 10 mm.
They were manufactured by Pultron composites®. The GFRP rebars were inserted
into holes pre-drilled through the section depth and held in place using the epoxy
adhesive Sikadur 30 LP* manufactured by Sika®*. Mechanical properties of the

materials used in shear strengthening are given in Table 3.6.

Table 3.6: Mechanical properties of materials used in shear strengthening
(data obtained from manufacturer).

Strengthening Material Tensile modulus | Tensile strength | Ultimate elongation
system (GPa) (MPa) (%)
Carbon fiber dry
. fabric * 230 3450 1.5
) SikaWrap 300C®
system
Epoxy resin
£ - 30 1.5
Sikadur 330

GFRP rebars

® 54 900 1.7
ETD-GFRP Puhroncompositesg

system Epoxy adhesive
Sikadur 30 LP®

“Thickness of a typical one ply of the carbon fiber fabric is 0.17 mm.

4.5 25 1

3.5 Fabrication of test specimens
Once the design was completed the procedures under taken to fabricate test
specimens were as follows:

e Preparation of formwork.

e Cutting of steel bars and fabrication of stirrups.

e Preparation of steel cages.
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e Installation of strain gauges.

e (Casting of concrete.

e Curing of test specimens.

¢ Inducing of shear damage in the pre-damaged test specimens.

e Shear strengthening with composite-based systems.
Wooden forms were manufactured in the workshop of the United Arab Emirates
University using plywood sheets as shown in Figure 3.7(a). The steel
reinforcement bars were first cut to desired lengths. The longitudinal tensile steel
bars were bent at each end to provide a 90° hook. The stirrups were then fabricated

and the entire steel cage was assembled as shown in Figure 3.7(b).

(a) Fabricated formworks (b) Fabricated steel cages

Figure 3.7: Fabrication of formworks and steel cages

The steel cages were then installed in the forms as shown in Figure 3.8. Cement
blocks were prepared and placed in appropriate locations to maintain the concrete
cover. The concrete components were placed mixed together in a concrete mixer.
The concrete was then placed inside the wooden forms. All specimens were cast
in a horizontal position. A hand held vibrator was used during casting to ensure
proper consolidation of concrete. The surface was trowel finished after casting as

shown in Figure 3.9.
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Figure 3.9: Concrete after casting

After casting. the beams were covered by polyethylene sheets for three days. The
forms were then stripped and the specimens were kept moist using wet burlaps for
two weeks. The specimens were then kept air-cured until installation of the

composite system and/or testing.

3.6 Strengthening/retrofitting systems

Two composite-based systems were used for shear strengthening/retrofitting of
test specimens. The strengthening/retrofitting regimes and methodology are
summarized in the following subsections. For the pre-failed specimens, the pre-
existing cracks were chased-out in a V-shape to a depth of approximately 13 mm
as shown in Figure 3.10(a), surface-filled with a cementitious grout, and struck off
flush with the concrete surface as shown in Figure 3.10(b). Any damaged concrete
in the flange were removed, cleaned of dust and loose particles using air blower,

and then repaired with the cementations grout.
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(a) Chasing-out of pre-existing cracks (b) After sealing of cracks and finishing
of concrete surface

Figure 3.10: Crack sealing and surface preparation of the pre-failed specimens

3.6.1 The EB-CFRP system

Layout of the EB-CFRP strengthening system without a mechanical end
anchorage is shown in Figure 3.11. The U-shaped CFRP composite sheets. 80 mm
width each. were installed in the shear span at a center to center spacing of sy =
120 mm. In the EB-CFRP system. dry carbon fiber fabrics, SikaWrap 300C®,
impregnated in-situ with the epoxy resin Sikadur 330® were bonded to the
concrete surface. Photos of the dry carbon fiber fabrics and the epoxy resin are
shown in Figure 3.12. The dry carbon fiber fabrics were first cut to desired
lengths. The concrete surface was ground using a grinder and the bottom corners
were rounded to a radius of about 15 mm. An electrical blower was then used to
clean the surface from dust or any foreign particles. The locations of the CFRP
composite sheets are then marked on the concrete surface. The epoxy resin
consisted of two components A and B that were mixed together for about five
minutes in a ratio of 4 to | by weight, respectively using a low speed drill (400-
600 rpm). The epoxy resin was then applied onto the prepared substrate using a
trowel. The carbon fiber fabrics, precut to desired dimensions, were placed onto

the resin coating and smoothed out with gloved hands. Adequate pressure was
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applied until the resin was squeezed out between the fabric’s rovings. A final

sealer coat of resin was then applied onto the exposed surface. The strengthened

specimens were then air-cured for a minimum of two weeks prior to testing. The

EB-CFRP strengthening procedures are summarized in Figure 3.13.

CFRP SHEET

S0

250 200

125

section (\-\)

Az:s:‘f-fd 83 : .' ad

SRR

A

80 (typ.) 40 (typ.)

600

Figure 3.11: Positions and dimensions of the EB-CFRP sheets

(dimensions are in mm)

Dry carbon fiber fabrics

SikaWrap 300C®

Sikadur 330%® epoxy resin

Figure 3.12: Materials used in the EB-CFRP system

(a) Marked concrete after surface
preparation

(b) Bonding of the CFRP sheets
to the concrete
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(c) Application of the final sealer coat (d) Curing of the CFRP sheets

Figure 3.13: Strengthening procedures of the EB-CFRP system without MA

3.6.2 The EB-CFRP system with mechanical end anchorage (MA)

Layout of the EB-CFRP strengthening system integrated with the mechanical end
anchorage (MA) is shown in Figure 3.14. Pultroded pre-cured FRP composite
plates. commercially known as SAFSTRIP®. were used for the mechanical end
anchorage. This type of FRP is a hybrid carbon and glass fiber composite with a
vinylester matrix. A typical pre-cured FRP plate has a thickness of 3.2 mm,
average tensile modulus of 62.2 GPa. tensile strength of 852 MPa. clamped and
unclamped bearing strengths of 351 and 214 MPa, respectively (SAFSTRIP
2008). On the completion of the lay-up process, two 50 x 80 mm SAFSTRIP®
composite plates were bonded longitudinally on top of each impregnated CFRP
sheet. one at each side. directly below the flange. The ends of the impregnated
CFRP sheet were rolled over the pre-cured composite plates and then secured
tightly by overlapping them with additional pre-cured composite plates, forming a
sandwich composite panel (SCP) (Ortega et al.2009; El-Maaddawy and Chekfeh
2012). Each SCP was mechanically fastened to the concrete using a galvanized

threaded anchor bolt with a diameter of 8 mm and a length of 55 mm.
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Figure 3.14: Positions and dimensions of the CFRP sheets and

the MA system (dimensions are in mm).

The materials used in the MA system are shown in Figure 3.15. The threaded
anchor bolts were installed into holes. each having a diameter of 8 mm and a
length of 60 mm. predrilled through the SCP and the concrete. Strengthening

procedures of the EB-CFRP with the MA are summarized in Figure 3.16.

(b) Threaded anchor bolts

Figure 3.15: Materials used in the MA system
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(a) EB-CFRP sheets with the SCP : (b) Drilling of holes for the anchor bolts

Figure 3.16: Strengthening procedures of the EB-CFRP system with MA

3.6.3 The ETD-GFRP system

Layout of the ETD-GFRP strengthening system is shown in Figure 3.17. The
GFRP rebars had a nominal diameter of 10 mm. length of 250 mm. and center to
center spacing of s, = 120 mm. The GFRP rebars were installed into holes
predrilled through the entire section depth and held in place using the epoxy
adhesive Sikadur 30 LP®. Photos of sample GFRP rebars and the epoxy adhesive
are given in Figure 3.18. The ETD-GFRP strengthening procedures are
summarized in Figure 3.19. Holes with a diameter of 20 mm were first drilled
through the entire section depth at the desired locations. The holes were then
cleaned of dust using an electrical blower. The bottom surface of the beam was
sealed using rigid boards. The holes were then filled with the epoxy adhesive
Sikadur 30 LP®. The epoxy adhesive consisted of two components A and B that
were mixed together for about five minutes in a ratio of 3 to 1 by weight,
respectively using a low speed drill (400-600 rpm). The GFRP bars were then
inserted into the holes. The extra epoxy flooded on the top surface was then

cleaned and leveled.
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Figure 3.17: Layout of the ETD-GFRP system

GFRP bars Sikadur 30 LP®

Figure 3.18: Materials used in the ETD-GFRP system
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- : >
(a) Drilling of holes through the beam
depth

(c) Preparation of the GFRP bars prior (d) Removal of extra epoxy and
to installation finishing of concrete surface.

Figure 3.19: Strengthening procedures of the ETD-GFRP system

3.7 Test set-up and instrumentation

The specimens were tested under three-point bending with an effective span of
3000 mm and a shear span of @ = 600 mm, measured from the nearest support to
the load point as shown in Figure 3.20 .The load was applied incrementally using

a hydraulic jack. A test in progress is shown in Figure 3.21.
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Figure 3.20: Test setup and instrumentations

ND-S1-NR

Figure 3.21: A test in progress

3.7.1 Loading history
The specimens with the damage state D1 were pre-subjected to three cycles of
loading-unloading to induce shear cracks in the specimen prior to retrofitting. In

each cycle, the specimen was loaded up to initiation of shear cracks. which took
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place at about 75 to 80 kN then unloaded. The pre-cracked specimen D1-S1-NR
with the damage state DI from group [B] was loaded back to failure without
retrofitting to investigate the effect of the pre-cracking on the shear response. The
specimens with the damage state D2 were loaded to their peak loads then
unloaded prior to retrofitting. The peak load was identified when a sudden drop in
the applied load took place. The pre-failed specimens D2-S1-NR and D2-S2-NR
with the damage state D2 from groups [B] and [C]. respectively were also loaded
back to failure without retrofitting to quantify the residual shear capacity after one

cycle of loading to peak load then unloading.

3.7.2 Strain measurements

Electrical-resistance strain gauges were used to measure the strains in the internal
stirrups. the tensile steel. the EB-CFRP sheets, and the GFRP rebars. A strain
gauge was bonded to the tensile steel reinforcement at the section of maximum
moment in all test specimens. Strain gauges were bonded to the three and four
middle stirrups in the test region in specimens of groups [B] and [C]. respectively.
The positions of the strain gauges in the internal steel for specimens of groups
[A]. [B]. and [C] are shown in Figures 3.22. 3.23. and 3.24, respectively. The
locations of the strain gauges bonded to the composite reinforcement are shown in
Figures 3.25. 3.26 and 3.27 for the specimens with the EB-CFRP system without
the MA. EB-CFRP system with the MA. and ETD-GFRP system. respectively.
The strain gauges have a length of S mm. tolerance of £ 0.85 (um/m)/°C,
coefficient of thermal expansion of 11.8 x 10°/°C and current resistance of 120€).

Characteristics of the strain gauges are provided by the manufacturer.
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Figure 3.22: Positions of the strain gauges for specimens of group [A]

(All dimensions are in mm)
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Figure 3.23: Positions of the strain gauges for specimens of group [B]

(All dimensions are in mm)
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Figure 3.24: Positions of the strain gauges for specimens of group [C]

(All dimensions are in mm)
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Figure 3.25: Positions of the strain gauges bonded to the EB-CFRP sheets
(Specimens with the EB-CFRP system)
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Figure 3.26: Positions of the strain gauges bonded to the EB-CFRP sheets
(Specimens with the EB-CFRP+MA system)
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Figure 3.27: Positions of the strain gauges bonded to the GFRP bars
(Specimens with the ETD-GFRP system)
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3.7.3 Displacement and load measurements

The deflection of each specimen under the load point was measured using a linear
variable displacement transducer (LVDT). The LVDT had a capacity of 100 mm
and accuracy of £ 0.01 mm. A concrete clip gauge inclined at 45° with a capacity
of S mm and a length of 100 mm was attached to the concrete surface at the mid-
point of the shear span to measure the diagonal tensile displacement during testing
as shown in Figure 3.28. The load was applied using a hydraulic jack with a
capacity of 200 kN. A load cell with a capacity of 500 kN and accuracy of *
0.001 kN was used to record the load. The measurements were recorded by means

of data loggers as shown in Figure 3.29.

1

N Clip gauge

150 mm’ 300mm | 300 mm

600 mm

Figure 3.28: Location of concrete clip gauge on the beam surface

Figure 3.29: Data loggers
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CHAPTER 4: EXPERIMENTAL RESULTS

4.1 Introduction

This chapter presents the results of the experimental program. The results
include the mode of failure, shear capacity. deflection response and diagonal
tensile displacement response. The strain responses of the internal steel stirrups.
flexural steel. CFRP sheets and GFRP rebars are presented. A discussion of the
results is included for all test specimens in terms of shear resistance. stiffness.
energy absorption. deflection at peak load and effective strain in the FRP
composite reinforcement. The efficiencies of the composite systems adopted in
this study for shear strengthening/retrofitting are evaluated at the end of this

chapter.

4.2 Test results

4.2.1 Group [A]

4.2.1.1 Failure mode

Photos of test specimens of group [A] before testing. at peak load. and at failure
are shown in Figure 4.1 through Figure 4.4. The unstrengthened control
specimen ND-NS-NR exhibited one major shear crack initiated at the middle of
the shear span at about 70% of the peak load. After crack initiation. the
specimen was able to sustain additional load due to the tension stiffening effect
(i.e. interlocking and surface roughness). Further increase in the load resulted in
formation of additional small cracks adjacent to the major shear crack
developed earlier. As the load progressed, the shear cracks started to widen and
propagate towards the support and the load points. Finally. the specimen failed

in a diagonal tension shear mode of failure as shown in Figure 4.1. The
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specimen strengthened with the EB-CFRP system failed by delamination of the
EB-CFRP sheets with a thin layer of concrete adhered to them. Debonding of
the EB-CFRP system was preceded by formation of diagonal shear cracks in
the shear span as shown in Figure 4.2. The specimen strengthened with EB-
CFRP integrated with the MA reached its peak load without delamination of
the EB-CFRP sheets. Inspection of concrete after failure revealed formation of
multiple diagonal shear cracks in the shear span. The specimen failed due to
formation of diagonal shear cracks followed by excessive shear deformation
and loss of shear integrity as shown in Figure 4.3. In the post peak stage,
peeling off of the EB-CFRP sheets along with the MA/pullout of anchor bolts
took place. The specimen strengthened with the ETD-GFRP system exhibited
a classical shear mode of failure where diagonal cracks developed in the shear
span then propagated towards the support and the load points. No rupture of
GFRP bars was observed. As the load progressed. the developed cracks
widened and increased in length until the specimen failed due to loss of the

shear integrity in a diagonal tension mode of failure as shown in Figure 4.4.

At peak load At failure

Figure 4.1: Failure mode of specimen ND-NS-NR
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At peak load At failure

Figure 4.2: Failure mode of specimen ND-NS-EB

At peak load At failure

Figure 4.3: Failure mode of specimen ND-NS-EB+MA

At peak load At failure

Figure 4.4: Failure mode of specimen ND-NS-ETD
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4.2.1.2 Shear capacity

Results of specimens of group [A] are given in Table 4.1. The unstrengthened
control specimen ND-NS-NR reached a maximum load of 8 kN which
corresponded to a shear resistance of 68.8 kN. The EB-CFRP strengthening
system without the MA increased the shear resistance by 17% only. The shear
resistance of the specimen ND-NS-EB+MA strengthened with the EB-CFRP
system integrated with the MA was 112.8 kN with a CFRP shear resistance of
44 kN. This corresponded to a shear strength gain of 64%. Therefore. the
inclusion of the mechanical end anchorage system in the EB-CFRP system was
necessary to achieve a significant gain in the shear resistance. The specimen
ND-NS-ETD strengthened with the ETD-GFRP system achieved a shear
resistance of 107.2 kN. This corresponded to a shear strength gain of 56%. The
shear strength gains for specimens ND-NS-EB+MA and ND-NS-ETD were

insignificantly different.

Table 4.1: Test results of group [A].

Shear FRP shear Effective
G - Peak load - stance” Shearstrength  Lop 0
s .
roup Specmen P (kN) re' istance resistance gain (%)
Vmax(kN)  Vyerp (KN) € (HE)
[A] ND-NS-NR 86 68.8 - = -
ND-NS-EB 101 80.8 12.0 17 2592
ND-NS-EB+MA 141 112.8 44.0 64 8334
ND-NS-ETD 134 107.2 384 56 5510

UV mex = 0.8P
® With respect to the control unstrengthened specimen ND-NS-NR

4.2.1.3 Deflection response

The load-deflection curves for specimens of group [A] are illustrated in Figure
4.5. All specimens exhibited almost a linear deflection response until initiation
of shear cracks at about 60 kN. Following shear cracking, the non-strengthened

control specimen ND-NS-NR experienced a sudden increase in deflection. The
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specimen could. however. sustain additional load due to the tension stiffening
effect until it reached its peak load at a deflection of 6.1 mm. The strengthened
specimens exhibited a quasi-linear deflection response in the post-cracking
stage. Varying the strengthening system had no effect on the stiffness of the
strengthened specimens. Specimen ND-NS-EB reached its peak load at a
deflection of 6.4 mm. It experienced several drops/increases in the load in the
post-peak stage possibly because of progressive debonding of the CFRP sheets.
The specimens strengthened with the EB-CFRP system integrated with the MA
and those with the ETD-GFRP system experienced a quasi-linear load-
deflection behavior until they reached their peak loads at deflections of 8.8 and
8.0 mm. respectively. After reaching the peak load. specimens ND-NS-EB+MA
and ND-NS-ETD exhibited a sudden drop in load followed by a plastic

response where the deflection continued to increase without an increase in load.
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Figure 4.5: Load-deflection curves for specimens of group [A]
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The energy absorption (area under the load-deflection response) of all
strengthened specimens was higher than that of the control specimen ND-NS-
NR. The energy absorption of specimens ND-NS-EB+MA and ND-NS-ETD

was almost the same but significantly higher than that of specimen ND-NS-EB.

4.2.1.4 Diagonal tensile displacement response
The load versus the diagonal tensile displacement curves for specimens of

group [A] are shown in Figure 4.6.
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Figure 4.6: Load-diagonal tensile displacement curves for specimens of group [A].

From this figure. it can be seen that all specimens except specimen ND-NS-
ETD experienced diagonal shear cracking at approximately 55 kN. The
diagonal cracks developed in specimen ND-NS-ETD at approximately 60 kN.
After crack initiation. the rate of increase of the diagonal tensile displacement
across cracks for the specimens ND-NS-EB and ND-NS-EB+MA was

significantly lower than that of the non-strengthened control specimen ND-NS-

86



NR. The initial rate of increase of the diagonal tensile displacement across
cracks for specimen ND-NS-ETD was similar to that of the control specimen
ND-NS-NR. Failure of the clip gauge in specimen ND-NS-ETD took place at a
load value of approximately 70 kN. Following shear cracking. the diagonal
tensile displacement for specimen ND-NS-EB increased almost at a constant
rate until it reached a displacement of approximately 0.15 mm at a load value of
78 kN with a corresponding diagonal tensile displacement of about 0.15 mm.
Subsequently. the diagonal tensile displacement continued to increase but at a
higher rate because of development of new cracks within the clip gauge until
the specimen reached its peak load at a diagonal tensile displacement across
cracks of 0.5 mm. For specimen ND-NS-EB+MA. the diagonal tensile
displacement across cracks increased in the post-cracking stage until it reached
a displacement of 0.26 mm at a load value of 100 kN. In the last stage. the
diagonal displacement across cracks continued to increase but at a higher rate
due to development of new cracks within the clip gauge, until the specimen
reached its peak load at a diagonal tensile displacement across cracks of 1.72
mm.

4.2.1.5 Flexural steel strain response

The curves of the load versus the strain in the longitudinal tensile steel
reinforcement for specimens of group [A] are shown in Figure 4.7.All
specimens exhibited almost a bi-linear strain profile. Figure 4.7 indicates that
the specimens experienced flexural cracks at approximately 15 kN. These
cracks were invisible during testing. The rate of increase of the steel strain after
initiation of the flexural cracks was insignificantly different for all specimens.

The longitudinal steel reinforcement in all specimens of group [A] did not
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reach the yielding strain prior to the peak load. The longitudinal steel
reinforcement in specimen ND-NS-NR has reached a strain of 966 ne at the
peak load. However. specimen ND-NS-EB has reached a higher strain of 1098
ue at the peak load. Specimens ND-NS-EB+MA and ND-NS-ETD reached

their peak loads at strain values of 1830 and 1670 pe. respectively.
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Figure 4.7: Load-flexural strain relationships for specimens of group [A]

4.2.1.6 FRP strain response

The curves of the load versus the FRP strains for the strengthened specimens of
group [A] are shown in Figure 4.8. The effective FRP strain values are reported
in Table 4.1 The effective FRP strain is considered as the maximum strain
value recorded in the FRP reinforcement. It should be noted that the maximum
measured FRP strain is not necessarily the maximum absolute FRP strain
experienced by the specimen. The FRP reinforcement were not strained in the
pre-cracking stage. The FRP reinforcement started to contribute to the shear
resistance after crack initiation at approximately 60 kN. Specimen ND-NS-

ETD exhibited a sudden increase in the GFRP strain at the onset of cracking

88



until it reached a strain value of approximately 3000 pe. Subsequently. the
GFRP strain increased at a constant rate until it reached a strain value of 5510
ue at a load value of 120 kN, where local slippage/debonding of the concerned
GFRP rebar may had taken place. Specimen ND-NS-EB experienced a bi-linear
CFRP strain response whereas specimen ND-NS-EB+MA featured a tri-linear
strain response. After crack initiation. the rate of the CFRP strain in specimen
ND-NS-EB and ND-NS-EB+MA was insignificantly different. For specimen
ND-NS-EB. the CFRP strain increased at a constant rate until sudden
delamination of the CFRP sheet took place at a strain value of 2592 pe. The
CFRP strain in specimen ND-NS-EB+MA increased at a constant rate until it
reached a strain value of 2256 pe at a load level of 100 kN. Then, the CFRP
strain increased at a higher rate due to development of new cracks and/or an

increase in the width of existing cracks.
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Figure 4.8: Load-FRP strain relationships for specimens of group [A]
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This is consistent with the diagonal tensile displacement response of specimen
ND-NS-EB+MA depicted in Figure 4.6. In the last stage. the CFRP strain
continued to increase until the specimen reached its peak load at a CFRP strain
value of 8334 ue. The inclusion of the MA in the CFRP system increased the

effective CFRP strain by approximately three folds.

4.2.2 Group B

4.2.2.1 Specimens without initial shear damage

4.2.2.1.1 Failure mode

Typical modes of failure for specimens of group [B] that were not damaged
prior to retrofitting and/or testing are shown in Figure 4.9 through Figure 4.12.
Specimen ND-S1-NR experienced a classical shear mode of failure represented
by formation of a band of diagonal shear cracks in the shear span as shown in
Figure 4.9. Subsequently. yielding of stirrups occurred. followed by loss of the
shear integrity. Specimen ND-SI-NR failed in a diagonal tension shear mode of
failure. Specimen ND-SI-EB failed due to formation of diagonal shear cracks
in the shear span followed by yielding of stirrups then sudden delamination of
the CFRP sheets as shown in Figure 4.10. Specimen ND-S1-EB+MA failed by
crushing of the diagonal concrete struts (web-crushing shear mode of failure).
This was preceded by formation of diagonal shear cracks and yielding of
stirrups. The specimen reached its peak load without delamination of the CFRP
sheets. In the post-peak stage. pull-out of the MA system and peeling—off of the
CFRP sheets took place. The crushed concrete was adhered to the CFRP sheets
as shown in Figure 4.11. Specimen ND-SI-ETD exhibited diagonal shear
cracks in the shear span followed by yielding of stirrups. The specimen failed

by crushing of the concrete struts in a web-crushing shear mode of failure as
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shown in Figure 4.12. Longitudinal splitting cracks running parallel to the
compression steel reinforcement were observed at the peak load on the top
surface of the flange in specimens ND-S1-EB+MA and ND-S1-ETD as shown
in Figures 4.11 and 4.12. respectively. The longitudinal splitting cracks

indicated that these two specimens where over-strengthened for shear.

At peak load At failure

Figure 4.9: Failure mode of specimen ND-S1-NR

At peak load

At failure

Figure 4.10: Failure mode of specimen ND-S1-EB
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At failure
(Side view)

At failure
(Top view)

Figure 4.11: Failure mode of specimen ND-S|-EB+MA
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At failure
(Front view)

At failure
(Top view)

Figure 4.12: Failure mode of specimen ND-S1-ETD
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4.2.2.1.2 Shear capacity

Results of specimens of group [B] that were not damaged prior to
strengthening are given in Table 4.2. The unstrengthened control specimen ND-
SI1-NR recorded a peak load of 137 kN which corresponded to a shear
resistance of 109.6 kN. The EB-CFRP shear strengthening system without the
MA resulted in a 19% increase in the shear resistance. This reduced shear
strength gain can be attributed to the premature debonding of the CFRP sheets.
The integration of the MA in the EB-CFRP system prevented the premature
delamination of CFRP and allowed the specimen to develop a higher shear
resistance. The shear strength of specimen ND-SI-EB+MA was 36% higher
than of the control specimen ND-S1-NR. The ETD-GFRP system resulted in a
40% gain in the shear resistance. The enhancement in the shear resistance
provided by the ETD-GFRP system was comparable to that provided by the

EB-CFRP system integrated with the MA.

Table 4.2:Test results for the non-damaged specimens of group [B].

Shear FRP shear Effective

; Peak bad . P . 5 Shear strength )

Group Specimen resistance resistance . FRP stram

P max(KN) . gam (%)
/ max(kN) ’,[exp (kN) gff (“8)
[B] ND-SI-NR 137 109.6 - - -

ND-S1-EB 163 130.4 20.8 19 2552
ND-S1-EB+MA 186 148.8 39.2 36 7899
ND-SI1-ETD 192 153.6 44.0 40 13721

“Fongg = 08P s
® With respect to the control unstrengthened specimen ND-S1-NR

4.2.2.1.3 Deflection response

The load-deflection curves of the specimens of group [B] that were not

damaged prior to strengthening and/or testing are illustrated in Figure 4.13.
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Figure 4.13: Load-deflection curves for the non-damaged
specimens of group [B]

All specimens featured a linear deflection response up to initiation of shear
cracks at approximately 60 kN followed by a quasi-linear load-deflection
response till the peak-load. The strengthened specimens had higher stiffnesses
compared to that of the non-strengthened control specimen ND-SI-NR. After
crack initiation. a reduction in stiffness manifested by a higher rate of increase
in the deflection was noticed for all specimens. The unstrengthened specimen
ND-SI-NR reached its peak load at a deflection of 8.4 mm where a sudden
drop in load took place, followed by a sudden increase in deflection, another
drop in load. then a continuous increase in deflection without an increase in
load. The strengthened specimens experienced a further reduction in stiffness
after yielding of stirrups that took place at approximately 140 kN. The

strengthened specimens ND-SI-EB, ND-NS-EB+MA. and ND-NS-ETD
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reached their peak loads at deflection values of 10.3. 13.5 and 14.5.
respectively. When specimen ND-S1-EB reached its peak load. a sudden drop
in load took place followed by a plastic deflection response. Specimens ND-S1-
EB+MA and ND-S|-ETD exhibited an increase in deflection with a gradual
reduction in load in the post-peak stage. The strengthened specimens had
higher energy absorption than that of the non-strengthened control specimen
ND-S1-NR. The energy absorption of specimens ND-S|-EB+MA and ND-S1-

ETD were insignificantly different but higher than that of specimen ND-S|-EB.

4.2.2.1.4 Diagonal tensile displacement response

Figure 4.14 shows the relationship between the load and diagonal tensile
displacement for specimens of group [B] that were not damaged prior to
strengthening and/or testing. The diagonal tensile displacement response of
specimen ND-S1-ETD was not recorded due to malfunction of the clip gauge.
All specimens exhibited no diagonal tensile displacement prior to initiation of
shear cracks that took place at a load value of 60 kN. on average. Shear
strengthening insignificantly increased the cracking load. In the post-cracking
stage. the diagonal tensile displacement increased almost at a constant rate.
Shear strengthening remarkably reduced the rate of increase of the diagonal
displacement across cracks. Specimens ND-SI-EB and ND-SI-EB+MA
exhibited almost similar rate of increase of the diagonal displacement across
cracks. This indicated that although the MA system prevented the premature
delamination of the CFRP sheets. and hence increased the shear strength gain,
it had no effect on the rate of increase of the diagonal tensile displacement

response in the post-cracking stage.
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Figure 4.14: Load-diagonal tensile displacement curves for the

non-damaged specimens of group [B].
4.2.2.1.5 Flexural steel strain response
The longitudinal tensile steel strain responses for specimens of group [B] that
were not damaged prior to strengthening and/or testing are shown in Figure
4.15. The longitudinal tensile steel response for specimens ND-S1-EB+MA and
ND-SI-ETD were not recorded due to malfunction of the strain gauges. The
specimens experienced flexural cracks at approximately 15 kN. These cracks
were not visible during testing. Following cracking. the longitudinal steel strain
increased at a constant rate until the peak load was reached. The rate of the
steel strain increase for the un-strengthened and strengthened specimens was
insignificantly different. Specimens ND-S1-NR and ND-SI1-EB reached their
peak loads at longitudinal steel strain values of 1552 and 2200 pe, respectively.
This confirmed that the specimens failed in a pure shear mode of failure

without yielding of the tensile steel reinforcement.
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Figure 4.15: Load-flexural strain relationship for the
non-damaged specimens of group [B]

4.2.2.1.6 Stirrups strain response
The stirrups strain responses for the specimens of group [B] that were not

damaged prior to strengthening and/or testing are shown in Figure 4.16.
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Figure 4.16: Load-stirrups strain curves for the non-damaged
specimens of group [B]
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The stirrups strain response featured three or four phases during loading. In the
first stage. the stirrups were not strained prior to initiation of the shear cracks.
For specimen ND-SI-NR. the stirrups started to contribute to the shear
resistance at a load value of approximately 50 kN. Then. the stirrups strain
increased at a constant rate until yielding of stirrups took place at a load of
approximately 80 kN. In the third stage. the stirrups strain continued to increase
but at a higher rate. In the fourth stage. the stirrups strain decreased as the load
progressed possibly due to a local slippage/debonding of the stirrups. The
stirrups in the strengthened specimens started to contribute to the shear
resistance at 60 kN. on average. In the post-cracking stage. the stirrups strain
increased at a much lower rate relative to that of specimen ND-SI1-NR. The
reduced rate of strain increase in the stirrups delayed their yielding and hence
increased the shear resistance of the strengthened specimens. All strengthened
specimens experienced similar stirrups strain response in the second stage till
vielding of stirrups at 130 kN. on average. Following yielding of stirrups.
specimen ND-S1-EB exhibited a plastic response till the peak load. Specimen
ND-SI-ETD exhibited a plastic response till it reached a stain of approximately
8619 pne. In the fourth stage. the strain decreased with an increase in load due to
local slippage and/or initiation of new shear cracks at a different location. For
specimen ND-SI-EB+MA. failure of strain gauge took place at the onset of
yielding. Among the strengthened specimens., the specimen ND-SI-ETD

exhibited the highest rate of increase in the stirrups strain after cracking.

4.2.2.1.7 FRP strain response
The FRP strain response for the specimens of group [B] that were not damaged

prior to strengthening and/or testing are shown is Figure 4.17. The effective
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FRP strain values are reported in Table 4.2. It should be noted that the
maximum measured FRP strain is not necessarily the maximum absolute FRP

strain experienced by the specimen.
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Figure 4.17: Load-FRP strain relationships for the non-damaged

specimens of group [B]

The CFRP strain response for specimens ND-SI-EB and ND-S1-EB+MA
featured four phases. The CFRP sheets were not strained prior to initiation of
cracks. Following cracking, the CFRP strain increased at almost a constant rate
till yielding of stirrups at approximately140 kN. In the third stage. the CFRP
strain increased at a higher rate until specimens ND-SI-EB and ND-SI-
EB+MA reached effective CFRP strains 0f 2552 and 7899 pe. respectively. The
MA adopted in specimen ND-S1-EB+MA resulted in a three-fold increase in
the effective CFRP strain relative to that of specimen ND-SI-EB. This
demonstrates the effectiveness of the MA system. In the fourth stage, the CFRP
strain decreased as the load progressed which could be possibly due to local

debonding of the CFRP sheets or development of new cracks at a different
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location. Specimen ND-S|-ETD featured a tri-linear GFRP strain response. In
the first stage. the GFRP rebars remained unstrained till initiation of shear
cracks at approximately 60 kN. In the second stage. the GFRP strain increased
at a constant rate till yielding of stirrups at approximately120 kN. In the third
stage. the GFRP strain continued to increase but at a much higher rate until the

specimen reached its peak load at an effective GFRP strain of 13721 pe.

4.2.2.2 Specimens with damage state D1

4.2.2.2.1 Failure mode

Typical modes of failure for specimens of group [B] that were pre-cracked
prior to strengthening and/or testing are shown in Figure 4.18 through Figure
4.21. All specimens of this subgroup were pre-subjected to three cycles of
loading then unloading. The initial cycles of loading-unloading resulted in
formation of multiple shear cracks in the shear span. Specimen DI-S1-NR was
retested to failure without retrofitting. The remaining pre-cracked specimens
were retrofitted then retested to failure. Specimen ND-SI-NR failed in a
diagonal tension shear mode of failure as shown in Figure 4.18. Specimen DI -
S1-EB failed due to formation of diagonal shear cracks in the shear span
succeeded by yielding of stirrups then an abrupt detachment of the CFRP sheets
as shown in Figure 4.19. Specimen DI-S|-EB+MA failed due to crushing of
the diagonal concrete struts followed by pull-out of the MA system and
delamination of the CFRP sheets in the post-peak stage with crushed concrete
adhered to them as shown in Figure 4.20. Crushing of the concrete struts in
specimen DI-S1-EB+MA was preceded by formation of diagonal shear cracks
and yielding of the stirrups. Specimen ND-SI-ETD exhibited diagonal shear

cracks in the shear span followed by yielding of stirrups. The specimen failed
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in a diagonal tension shear mode of failure as shown in Figure 4.21. In the post-
peak load stage. significant parts of the concrete cover separated from the
bottom soffit of the beam as shown in Figure 4.21. No rupture in the GFRP bars

or in the CFRP sheets occurred in any of the strengthened specimens.

At failure
Figure 4.18: Failure mode of specimen D1-S1-NR
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Figure 4.19: Failure mode of specimen D1-S1-EB
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At peak load

At failure

Figure 4.20: Failure mode of specimen DI-S1-EB+MA
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At failure

Figure 4.21: Failure mode of specimen DI-SI-ETD
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4.2.2.2.2 Shear capacity
Results of specimens of group [B] that were pre-cracked prior to strengthening
and/or testing are shown in Table 4.3.

Table 4.3: Test results for specimens of group [B] with damage state DI

Shear FRP shear Effective

I Peak load _ . _ 5 Shear strength .

Group Specimen PNy ressance resistance aain (%) FRP stram
max N 70
P mar(KN) ¥ fep, (KN) &g (uE)
B] DI-SI-NR 140 112.0 : = =

DI-S1-EB 155 124.0 12.0 11 4312

DI1-S1-EB+MA 178 142.4 30.4 27 4808

DI-S1-ETD 155 124.0 12.0 11 4818

W = 0.8Pimar
b With respect to the control unstrengthened specimen DI1-S1-NR

Specimen DI1-S1-NR recorded a peak load of 140 kN which corresponded to a
shear resistance of 112 kN. The EB-CFRP shear strengthening system without
the MA resulted in only I 1% increase in the shear resistance. The integration of
the MA in the EB-CFRP system prevented the early detachment of the CFRP
and allowed the specimen to develop a higher shear resistance. The shear
strength of specimen D1-SI-EB+MA was 27% higher than that of the control
specimen DI-S1-NR. The ETD-GFRP system resulted in an 11% gain in the
shear resistance.

4.2.2.2.3 Deflection response

The load-deflection curves for specimens of group [B] that were pre-cracked
prior to strengthening and/or testing are illustrated in Figure 4.22. The initial
three cycles of loading-unloading inducing cracking resulted in a permanent
deflection of approximately 2.9 mm which shifted the entire load-deflection
response. The non-strengthened pre-cracked specimen DI-S1-NR when loaded
back to failure featured a quasi-linear deflection response up to yielding of

stirrups at approximately 120 kN followed by a sudden increase in deflection.
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Figure 4.22: Load-deflection curves for specimens of group

[B] with damage state D 1.

As the load progressed. the deflection continued to increase until the specimen
reached its peak load at a deflection of 9.61 mm. After retrofitting. specimens
DI-SI-EB and DI-SI-ETD featured a quasi-linear deflection response until
yielding of steel stirrups took place at a load value of approximately 120 kN.
Then. the deflection increased at a slightly higher rate until the specimens
reached their peak loads at deflection values of 11.2 and 9.7 mm for specimens
DI1-S1-EB and DI1-SI-ETD. respectively. Following retrofitting. specimen D1-
SI1-EB+MA featured a quasi-linear deflection response up to yielding of
stirrups at approximately 160 kN. Subsequently. the deflection increased at a
higher rate till the peak load which took place at a deflection of 15 mm. The
specimen DI-S1-EB+MA exhibited a sudden drop in the load when it reached

its peak load followed by a plastic deflection response. Specimens D1-S1-NR,
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DI-SI-EB and DI-SI-ETD exhibited an increase in deflection with a gradual
reduction in load in the post-peak stage after reaching their ultimate shear
strengths followed by a plastic load-deflection behavior. The energy absorption
of specimens DI-SI-NR. DI-S1-EB and DI-SI-ETD was insignificantly
different but considerably lower than that of specimen DI-S1-EB+MA

strengthened with the EB-CFRP system integrated with the MA.

4.2.2.2.4 Diagonal tensile displacement response

Figure 4.23 shows the relationship between the load and the diagonal tensile
displacement for the strengthened specimens of group [B] with the damage
state D1 recorded during the final loading test to failure after the initial three
cycles of loading-unloading. All specimens exhibited almost a bi-linear
response started with a prompt increase in the diagonal deformation across
cracks since all specimens were already cracked. Prior to yielding of stirrups,
the diagonal displacement across cracks increased almost at a constant rate.
After yielding of stirrups. all specimens exhibited a higher rate of increase in
the diagonal displacement across cracks. Stirrups of specimens DI-S1-EB and
DI-SI-ETD yielded at approximately 120 kN with a corresponding diagonal
displacement across cracks of 0.44 mm. At the peak load. the diagonal
displacements across cracks for specimens DI-SI-EB and DI-SI-ETD were 1
and 1.4 mm. respectively. The rate of increase of the diagonal displacement
across cracks for both specimens was insignificantly different. Specimen DI-
SI-EB+MA exhibited a lower rate of increase in the diagonal displacement
across cracks compared to the rate of other retrofitted specimens with the
damage state D1. The stirrups of specimen D1-SI-EB+MA strengthened with

the EB-CFRP system integrated with the MA vyielded at approximately 160 kN
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with a corresponding diagonal displacement across cracks of 0.38 mm. At the

peak load. this specimen reached a diagonal deformation across cracks of 0.84

mm. This demonstrates the importance of the MA in restricting and controlling

shear deformation and crack propagation. The diagonal displacement across

cracks for specimen D1-S1-NR was not recorded due to malfunction of the clip

gauge.
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Figure 4.23: Load — diagonal tensile displacement response

for specimens of group [B] with damage state D |

4.2.2.2.5 Flexural steel strain response

The longitudinal tensile steel strain responses for specimens of group [B] with

damage state DI are shown in Figure 4.24. During the initial three cycles of

loading-unloading, the specimens experienced flexural cracks at approximately

15 kN. These cracks were not visible during testing. In the final loading test to

failure. the longitudinal steel strain increased at a constant rate till the peak
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load. Specimens DI-S1-NR. D1-S1-EB and D1-S1-EB+MA reached their peak
loads at strain values of 1529. 2385 and 2251 pe. respectively. This confirmed
that the specimens failed in a pure shear mode of failure without yielding of the
tensile steel reinforcement. The longitudinal tensile steel response for specimen

DI1-SI-ETD was not recorded due to malfunction of the strain gauge.
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Figure 4.24: Load-flexural strain relationship for specimens

group [B] with damage state D1
4.2.2.2.6 Stirrups strain response
The stirrups strain responses for the specimens of group [B] with the shear
damage state DI recorded in the final loading test to failure after the initial
three cycles of loading-unloading are shown in Figure 4.25. The stirrups started
to have prompt contribution to the shear resistance since the specimens were
already cracked. The stirrups strain increased at a constant rate till yielding of
stirrups. The EB-CFRP system reduced the rate of increase of the stirrups strain

in the pre-yield stage relative to that of specimen D1-S1-NR. The ETD system
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had no effect on the rate of increase of the stirrups strain compared to that of
specimen DI1-S1-NR. Specimens DI-S1-NR and DI1-SI-ETD featured a linear
stirrups strain response until yielding of stirrups that took place at load values
of approximately 120 and 110 kN. respectively followed by a plastic strain
response. Specimen D1-SI-EB featured a linear stirrups strain response until
yielding of stirrups occurred. then no further strain increase was recorded due
to malfunction of the strain gauge. Specimen D1-S1-EB+MA exhibited a linear
strain response up to yielding of stirrups that took place at approximately 160

kN. As the load progressed, the stirrups strain continued to increase but at a

higher rate.
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Figure 4.25: Load- stirrups strains curves for specimens
of group [B] with damage state D1.

4.2.2.2.7 FRP strain response
The FRP strain responses for specimens of group [B] with the damage state D1

recorded in the final shear test to failure after retrofitting are shown in Figure
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4.26. The effective FRP strain values are reported in Table 4.3. It should be
noted that the maximum measured FRP strain is not necessarily the maximum

absolute FRP strain experienced by the specimen.
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Figure 4.26: Load-FRP strains relationships for specimens

of group [B] with damage state D1.
Specimen D1-S1-EB exhibited a gradual rate of increase in the CFRP strain till
yielding of stirrups at approximately 120 kN followed by a higher rate of
increase in the CFRP strain till it reached the peak load where debonding of the
CFRP took place at an effective CFRP strain of 4312 pe. Specimen DI-SI-
EB+MA experienced a quasi-linear CFRP strain response due to progressive
development of multiple shear cracks till yielding of stirrups that took place at
approximately 160 kN with a corresponding effective CFRP strain of 4808 .
Following yielding of stirrups, the CFRP strain decreased as the load

progressed due to possible local debonding or development of new cracks at a

different location. Specimen DI-SI-ETD featured a gradual increase in the
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GFRP strain till yielding of stirrups at approximately 110 kN followed by a
slightly higher rate of increase in the GFRP strain until the specimen reached its
peak load at an effective GFRP strain of 4818 pe. Among the strengthened
specimens. the specimen D1-S1-ETD experienced the highest rate of increase
in the FRP strain. The rate of increase of the FRP strain for specimens D|-S1-
EB and DI1-SI-EB+MA was almost the same and significantly lower than that
of specimen DI-SI-ETD. The higher rate of increase in the FRP strain for
specimen D1-SI-ETD could be due to the reduced cross section at the locations
of the vertical holes pre-drilled for the installation of the GFRP rebars. Drilling
the holes could have initiated internal microcracks thus increasing the GFRP

strains.

4.2.2.3 Specimens with the damage state D2

4.2.2.3.1 Failure mode

Typical modes of failure for specimens of group [B] that were pre-failed prior
to retrofitting and/or testing are shown in Figure 4.27 through Figure 4.30. The
control specimen D2-S1-NR was loaded up to its first peak load then unloaded.
After that. the specimen was re-tested again for the second time up to failure.
The other three specimens were loaded up to their first peak loads then
unloaded. The specimens were then retrofitted with EB-CFRP system without
the MA. EB-CFRP system integrated with the MA. and ETD-GFRP system.
Specimen D2-S1-NR experienced a classical shear mode of failure represented
by formation of a band of diagonal shear cracks in the shear span as shown in
Figure 4.27. The specimen D2-S1-EB retrofitted with the EB-CFRP system
without the MA failed by debonding of the CFRP sheets as shown in Figure

4.28, preceded by abrupt opening of existing diagonal shear cracks in the shear
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span and yielding of stirrups. Specimen EB-CFRP+MA reached its peak load
without debonding of the CFRP sheets. The specimen failed by crushing of the
diagonal concrete struts (i.e. web-crushing shear mode of failure). This was
preceded by opening of existing shear cracks and yielding of stirrups. In the
post-peak stage. pull-out of the MA system and peeling—off of the CFRP sheets
took place as shown in Figure 4.29. Specimen D2-S1-ETD failed in a diagonal
tension shear mode of failure as shown in Figure 4.30. This was preceded by
opening of existing diagonal shear cracks in the shear span and yielding of

stirrups. No rupture of GFRP rebars or CFRP sheets occurred at failure in any

of the retrofitted specimens.

At peak load (first shear test) At peak load (second shear test)

At failure (second shear test)

Figure 4.27: Failure mode of specimen D2-S1-NR
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Figure 4.28: Failure mode of specimen D2-S1-EB
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Figure 4.29: Failure mode of specimen D2-S|-EB+MA
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At peak load
(first shear test)

At peak load
(second shear test)

At peak load
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Figure 4.30: Failure mode of specimen D2-S1-ETD
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4.2.2.3.2 Shear capacity

Results of specimens of group [B] that were pre-failed prior to retrofitting

and/or testing are given in Table 4.4.

Table 4.4: Test results for specimens of group [B] with damage state D2

Fust shear test Second shear test

(ongonal loads) (new loads) ) /| A FRP

o Damage Spcetthen Vi oo i ectrve
state (kN) stam € ;, (E)

Pog (RN 1 (kN)? | P (RND | 17 (RN)"
[B] D2 [D2-SI-NR 144 1152 130 104 0 o 090 -

D2-S1-EB 137 109.6 107 856 00 078 1274

D2-S1-EB+MA 118 944 165 1320 470 140 5655

D2-S1-ETD 137 109 6 133 106 4 78 097 8359

‘ I'O'g . 0 8P0'g ’ ”neu = 0-8P'ru
o Viewp = Voew — 0.9V4, . residual shear strength prior to retrofitting = 0.91%,, based on the
results of specimen D2-S1-NR

The non-retrofitted control specimen D2-S1-NR reached a peak load of 144 kN
which corresponded to a shear resistance of 115.2 kN in the first shear test. In
the second shear test to failure. the specimen recorded a lower peak load of 130
kN that corresponded to a shear resistance of 104 kN. This means that the non-
retrofitted specimen was able to restore 90% of its original shear strength
recorded in the first shear test. Specimen D2-S1-EB reached a peak load of 137
kN which corresponded to a shear resistance of 109.6 kN in the first shear test.
In the second shear test to failure. the retrofitted specimen could not restore its
original shear capacity and recorded a lower peak load of 107 kN that
corresponded to a shear resistance of 85.6 kN. The ratio Vyew/Vorg for specimen
D2-S1-EB was only 0.78 which indicates that the specimen restored only 78%
of its original shear capacity due to the premature delamination of the CFRP
sheets caused by opening of existing shear cracks. Specimen D2-SI-EB+MA
reached a peak load of 118 kN which corresponded to a shear resistance of 94.4
kN in the first shear test. In the second shear test to failure, the retrofitted
specimen recorded a higher peak load of 165 kN that corresponded to a shear
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resistance of 132 kN. The ratio Ve Vorg for specimen D2-S1-EB+MA was 1.4
which indicates that the specimen was not only able to restore its original shear
capacity but also upgraded its original shear capacity by 40%. This is because
of the MA system that prevented the early detachment of the CFRP sheets and
controlled opening of the pre-existing shear cracks. The specimen D2-SI-ETD
recorded a peak load of 137 kN which corresponded to a shear resistance of
109.6 kN in the first shear test. In the second shear test to failure, the retrofitted

specimen restored 97% of its original shear capacity.

4.2.2.3.3 Deflection response
The load-deflection curves for specimens of group [B] that were pre-failed
prior to retrofitting and/or testing are illustrated in Figure 4.31 through Figure

4.34.
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Figure 4.31: Load-deflection curves of specimen D2-SI1-NR
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Figure 4.32: Load-deflection curves of specimen D2-S1-EB
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Figure 4.33: Load-deflection curves of specimen D2-SI-EB+MA
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Figure 4.34: Load-deflection curves of specimen D2-S1-ETD

The initial cycle of loading to peak load-unloading resulted in a permanent
deflection of 3.5 mm. on average. which shifted the load-deflection response
recorded in the second shear test to failure. In the first shear test, all specimens
exhibited almost a linear response up to crack initiation at a load value in the
range of 50 to 60 kN. Then, the specimens exhibited a quasi-linear deflection
response until yielding of stirrups that occurred at a load value in the range of
100 to 120 kN. Following yielding of stirrups, the deflection continued to
increase but at a higher rate till the specimens reached their peak loads. The
non-retrofitted pre-failed specimen D2-SI-NR featured almost a linear
deflection response in the second shear test to failure till yielding of stirrups
that took place at approximately 130 kN where a sudden increase in deflection
took place. The specimen reached its peak load at the onset of yielding of
stirrups. The specimen, then, exhibited a sudden drop in load. followed by a
plastic deflection response. The initial shear damage D2 caused a 10%

reduction in the shear resistance as shown in Figure 4.31. In the second shear
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test to failure. the specimen D2-S1-EB exhibited almost a linear response till
vielding of stirrups that occurred at approximately 100 kN where a decay in
load took place. Following yielding of stirrups. the deflection increased at a
higher rate till the peak load. The specimen featured almost a plastic deflection
response in the post-peak stage. Specimens D2-S1-EB+MA and D2-S1-ETD
featured almost a linear deflection response in the second shear test to failure
till yielding of stirrups that took place at load values of 155 and 110 kN,
respectively. Specimen D2-SI-EB+MA failed shortly after yielding of stirrups
where a sudden drop in load took place. Specimen D2-S1-ETD exhibited a
significant increase in deflection after yielding of stirrups. In the post-peak
stage. both specimens D2-S1-EB+MA and D2-SI-ETD exhibited continuous
increase in deflection with a gradual decrease in load.

4.2.2.3.4 Diagonal tensile displacement response

The relationships between the load and the diagonal displacement across cracks
for the retrofitted specimens of group [B] with damage state D2 are shown in

Figure 4.35 through Figure 4.37.
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Figure 4.35: Load-diagonal tensile displacement curves for specimen D2-S1-EB
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Figure 4.37: Load-diagonal tensile displacement curves for

specimen D2-S1-ETD

The diagonal displacement response of specimen D2-SI-NR could not be

recorded due to malfunction of the clip gauge. The response of specimen D2-
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SI-EB featured three phases prior to retrofitting. In the first phase. no
displacement was recorded till initiation of shear cracks at approximately 70 kN
where a sudden increase in the diagonal displacement took place. In the second
phase. the diagonal displacement across cracks increased at a higher rate until
vielding of stirrup that occurred at approximately 100 kN with a corresponding
diagonal displacement across cracks of 0.5 mm. In the third phase. the diagonal
displacement across cracks continued to increase but at a higher rate until the
specimen reached its peak load. After retrofitting. the diagonal displacement
response of specimen D2-SI-EB featured two stages. In the first stage, the
diagonal displacement across cracks increased from the beginning of the
second shear test due to the pre-existence of internal cracks till it reached a load
of 50 kN where opening of the pre-existing shear cracks and initial debonding
of the CFRP sheets took place. In the second stage, the specimen experienced a
higher rate of increase in the diagonal displacement across cracks due to
progressive debonding of the CFRP sheets and widening of the pre-existing
shear cracks until failure of the clip gauge took place at approximately 2 mm
where no further results could be recorded. Specimen D2-SI-EB+MA featured
three phases prior to retrofitting. In the first phase. no diagonal displacement
values were recorded till initiation of shear cracks at approximately 55 kN. In
the second stage. the specimen featured a higher rate of increase in the diagonal
displacement across cracks until yielding of stirrups occurred at approximately
110 kN with a corresponding diagonal displacement across cracks of 0.75 mm.
In the third stage. a plastic diagonal tensile displacement response took place.
In the second shear test to failure (i.e. after retrofitting) the diagonal

displacement across cracks in specimen D2-S1-EB+MA featured a quasi-linear
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response till yielding of stirrups that took place at approximately 155 kN. The
diagonal displacement across cracks continued to increase after yielding of
stirrups till the specimen reached its peak load. The response of specimen D2-
SI-ETD was not recorded prior to retrofitting due to malfunction of the clip
gauge. After retrofitting. the diagonal displacement across cracks increased at
almost a constant rate till yielding of stirrups that took place at approximately
110 kN with no pre-cracking stage. This rate of increase of the diagonal
displacement across cracks for specimen D2-SI-ETD was higher than that of
specimen D2-S1-EB+MA. Following yielding of stirrups. the specimen D2-S1-

ETD experienced a plastic diagonal displacement response.

4.2.2.3.5 Flexural steel strain response
The longitudinal tensile steel strains for specimens of group [B] with the

damage state D2 are shown in Figure 4.38 through Figure 4.40.
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Figure 4.38: Load-flexural strain relationships for specimen D2-S1-NR
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Figure 4.39: Load-flexural strain relationships for specimen D2-S1-EB
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Figure 4.40: Load-flexural strain relationships for specimen D2-SI-EB+MA
In the first shear test. the specimens experienced flexural cracks at a load value
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in the range of 10 to 20 kN followed by a continuous increase in the steel
strains till the peak load. These flexural cracks were invisible during testing. In
the first shear test. specimen D2-S1-NR featured a gradual rate of increase in
the flexure steel strain until it reached its peak load at a flexure steel strain
value of 1675 pe. In the second shear test to failure. the rate of increase of the
flexure steel strain was almost the same as that recorded in the first shear test to
failure. The specimen reached its second peak load at a flexure steel strain of
2020 pe. Specimen D2-S1-EB featured a steady rate of increase in flexure steel
strain in the first shear test until it reached the peak load at a flexure steel strain
value of 1639 pe. After retrofitting. the rate of the flexure steel strain increase
was insignificantly different of that recorded in the first shear test. Specimen
D2-S1-EB+MA featured a gradual rate of increase in the flexure steel strain in
the first shear test until it reached its peak load at a flexure strain value of 1357
pe. After retrofitting. the rate of the flexure steel strain increase was almost the
same as that recorded in the first shear test. In the second shear test to failure,
the specimen reached its peak load at a flexure steel strain of 2039 pe. The
flexural steel strain response of specimen D2-S1-ETD could not be recorded
due to malfunction of the strain gauge. The flexural steel strain values at the
peak loads in the first and second shear tests were well below the steel yielding
strain. This confirms that all specimens failed in shear before and after

retrofitting.

4.2.2.3.6 Stirrups strain response
The stirrups strain responses for specimens of group [B] with the damage state

D2 are shown in Figure 4.41 through Figure 4.44.
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Figure 4.41: Load-stirrups strain response for specimen D2-S1-NR
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Figure 4.42: Load-stirrups strain response for specimen D2-S1-EB
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Figure 4.43: Load-stirrups strain response for specimen D2-S1-EB+MA
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The stirrup strain response of specimen D2-S1-NR featured three phases in the
first shear test. In the first stage. no stirrups strain was recorded up to
approximately 50 kN where cracking took place followed by a sudden increase
in the stirrups strain. In the second stage. the specimen exhibited a higher rate
of increase in the stirrups strain up to yielding of stirrups that started at
approximately 120 kN. In the third stage. the specimen exhibited a plastic
stirrups strain response. In the second shear test to failure, the stirrups started to
contribute to the shear resistance from the very beginning of the test because of
the pre-existing shear cracks until yielding of stirrups occurred at
approximately 130 kN. After yielding of stirrups. the specimen experienced a
plastic stirrups strain response. The stirrups strain response for specimen D2-
S1-EB demonstrated three phases prior to retrofitting. In the first phase. no
stirrups strain was recorded up to a load value of approximately 65 kN where
shear cracks developed followed by a sudden increase in the stirrups strain. In
the second stage. the strain continued to increase as the load progressed up to
yielding of stirrups that started at approximately 100 kN. In the third stage. the
specimen exhibited a plastic strain response until it reached its peak load. The
stirrups strain response after retrofitting was not recorded for specimen D2-S1-
EB due to malfunction of the strain gauge. The stirrups strain response of
specimen D2-S1-EB+MA featured three phases prior to retrofitting.

In the first phase. no stirrup strain was recorded up to a load value of
approximately 55 kN where shear cracks initiated accompanied by a sudden
increase in the stirrups strain. In the second phase, the strain increased as the
load progressed until yielding of stirrups occurred at a load value of

approximately 110 kN. After yielding of stirrups. a plastic stirrups strain
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response took place. Subsequent to retrofitting. the specimen featured a quasi-
linear stirrups strain response till yielding of stirrups at a load value of
approximately 155 kN. The use of the EB-CFRP system integrated with the
MA resulted in a significant reduction in the rate of increase of the stirrups
strain. This in turn delayed yielding of stirrups and hence increased the
specimen’s shear resistance. The stirrups strain response of specimen D2-S1-
ETD featured three phases prior to retrofitting.

In the first phase. no stirrups strain was recorded up to a load value of
approximately 60 kN where shear cracks developed. After cracking. the strain
continued to rise as the load progressed till yielding of stirrups at a load value
of approximately 110 kN. In the last stage. the strain continued to increase in
the stirrups but at a higher rate till the specimen reached its peak load. After
retrofitting. the specimen exhibited a prompt contribution of stirrups from the
beginning of the test. The rate of stirrups strain increase after retrofitting was
almost the same as that recorded in the post-cracking stage during the first
shear test. and hence the ETD-GFRP system did not result in an increase in the
stirrups yielding load. This is possibly because of the presence of vertical holes
that reduced the concrete section and also the presence of internal micro-cracks
that could have been formed during drilling of the vertical holes for the
installation of the GFRP rebars. This explains why the shear resistance of
specimen D2-S1-ETD after retrofitting was almost the same as the original
shear resistance recorded in the first shear test. In the last stage. the specimen

experienced a plastic stirrups strain response.
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4.2.2.3.7 FRP strain response

The FRP strain responses for the retrofitted specimens of group [B] with
damage state D2 are shown in Figure 4.45. The effective FRP strain values are
reported in Table 4.4. It should be noted that the maximum measured FRP
strain is not necessarily the maximum absolute FRP strain experienced by the

specimen.
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Figure 4.45: Load-FRP strains relationship for specimens of

group [B] with damage state D2.

There was no pre-cracking stage in all specimens because the specimens were

already cracked during the first shear test. Specimens D2-S1-EB and D2-SI-
EB+MA exhibited similar FRP strain response till opening of the pre-existing
cracks a load value of approximately 50 kN. Then, specimen D2-S1-EB
exhibited initial/local debonding at a load value of approximately 65 kN
followed by an insignificant increase in strain till the specimen reached a load

value of approximately 85 kN where further debonding of the CFRP sheets
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took place. This resulted in a reduction in the CFRP strain as the load
progressed. After opening of the pre-existing cracks. specimen D2-S1-EB+MA
showed a higher rate of increase in the CFRP strain till yielding of stirrups that
took place at approximately 155 kN. Then. the specimen reached its peak load
shortly after yielding of the stirrups. This means that the use of the CFRP
system with the MA prevented debonding of the CFRP sheets, and hence
allowed the CFRP reinforcement to further contribute to the shear resistance.
Specimen D2-S1-ETD exhibited a rapid increase in the GFRP strain from the
very beginning of the test until the specimen reached a load value of
approximately 60 kN. Then. a sudden increase in the GFRP strain took place
due to opening of the pre-existing cracks. This was followed by a higher rate of
increase in GFRP strain until yielding of stirrups took place at approximately
110 kN. After that. the specimen exhibited a plastic GFRP strain response till
the specimen reached its peak load. Specimens D2-S1-EB. D2-S1-EB+MA and
D2-S1-ETD exhibited effective FRP strain values of 1274. 5655 and 8359 pe.
respectively. These values are also reported in Table 4.4. The integration of the
MA in the EB-CFRP system resulted in more than four-fold increase in the

effective FRP strain.

4.2.3 Group C

4.2.3.1 Specimens without initial shear damage

4.2.3.1.1 Failure mode

Typical failure modes of specimens of group [C] that were not damaged prior

to strengthening and/or testing are shown in Figure 4.46 through Figure 4.49.
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At peak load At failure

Figure 4.46: Failure mode for specimen ND-S2-NR

At peak load At failure

Figure 4.47: Failure mode of specimen ND-S2-EB

At peak load At failure

Figure 4.48: Failure mode of specimen ND-S2-EB+MA
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At peak load At failure

Figure 4.49: Failure mode of specimen ND-S2-ETD

The control specimen ND-S2-NR featured a classical diagonal tension shear
mode of failure. The specimen failed due to formation of several inclined shear
cracks in the shear span as shown is Figure 4.46 followed by yielding of
stirrups then loss of shear integrity. This specimen exhibited a more wide
spread shear cracking pattern compared with that exhibited by specimens ND-
NS-NR and ND-SI-NR from groups [A] and [B]. respectively. This is because
of the higher amount of internal steel stirrups provided in this specimen.
Specimen ND-S2-EB failed by debonding of the CFRP sheets preceded by
formation of diagonal shear cracks in the shear span and yielding of stirrups as
shown in Figure 4.47. Specimens ND-S2-EB+MA and ND-S2-ETD failed by
crushing of the concrete struts in a web-crushing shear mode of failure as
shown in Figure 4.48 and Figure 4.49. respectively. Specimen ND-S2-EB+MA
reached its peak load without debonding of the CFRP sheets. In the post peak
stage. pull-out of the MA system took place and peeling-off of the CFRP sheets
occurred due to excessive widening of the shear cracks and excessive shear

deformation.
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4.2.3.1.2 Shear capacity
Results of specimens of group [C] that were not damaged prior to strengthening
and/or testing are given in Table 4.5.

Table 4.5 : Test results for the non-damaged specimens of group [C].

Shear FRP shear Effective
- 5 Peak load b . r— Shear strength oo’ (o0
roup Specmen P, (KN) resistance resistance gain (%)
"max(kN) l’[up (kN) Ef (He)
[C] ND-S2-NR 151 120.8 - - -
ND-S2-EB 171 136.8 16.0 13 3860
ND-S2-EB+MA 200 160.0 39.2 32 4503
ND-S2-ETD 196 156.8 36.0 30 10525

Koy = 08P
® With respect to the control unstrengthened specimen ND-S2-NR

The non-strengthened control specimen ND-S2-NR reached a maximum load
of 151 kN which corresponded to a shear resistance of 120.8 kN. The EB-
CFRP shear strengthening system without the MA resulted in only 13%
increase in the shear resistance. The inclusion of the MA in the EB-CFRP
strengthening system increased the shear strength gain from 13% to 32% and
allowed the specimen to develop its full shear capacity. The shear strength gain
caused by the ETD-GFRP system, 30%, was almost the same as that provided

by the EB-CFRP system integrated with the MA.

4.2.3.1.3 Deflection response

The load-deflection curves for specimens of group [C] that were not shear-
damaged prior to strengthening and/or testing are illustrated in Figure 4.50. All
specimens featured a linear deflection response until initiation of shear cracks
at approximately 60 kN followed by a quasi-linear load-deflection response till
yielding of stirrups. The deflection continued to increase after yielding of

stirrups but at a higher rate till the specimens reached their peak loads. All
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strengthened specimens were stiffer than the control specimen ND-S2-NR.
Specimen ND-S2-EB reached its peak load at a deflection value of 10 mm.
This value was almost the same as that of the control specimen ND-S2-NR.
The stiffnesses of the strengthened specimens were insignificantly different.
Among the strengthened specimens. specimen ND-S2-EB+MA exhibited the
highest stiffness while specimen ND-S2-ETD exhibited the lowest stiffness.

The reduced stiffness exhibited by specimen ND-S2-ETD can be attributed to
the reduced cross section caused by the 20 mm diameter holes pre-drilled
through the section depth at discrete location for the installation of the ETD-

GFRP system.
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Figure 4.50: Load-deflection curves for the non-damaged

specimens of group [C]

Specimens  ND-S2-EB and  ND-S2-EB+MA  experienced  several

drops/increases in load in the post-peak stage possibly because of progressive

137



debonding of the CFRP sheets. Specimens ND-S2-EB+MA and ND-S2-ETD
reached their peak loads at deflection values of 12.7 and 14.8 mm. respectively.
The strengthened specimens exhibited higher energy absorption than that of the
control specimen ND-S2-NR. The energy absorption of specimens ND-S2-

EB+MA and ND-S2-ETD were higher than that of specimen ND-S2-EB.

4.2.3.1.4 Diagonal tensile displacement response

The load versus the diagonal tensile displacement relationships for the
specimens of group [C] that were not damaged prior to strengthening and/or
testing are shown in Figure 4.51. The specimens exhibited diagonal shear
cracking at a load value in the range of 50 to 70 kN. After crack initiation.
specimen ND-S2-NR showed a gradual increase in the diagonal displacement
across cracks until the load reached a value of approximately 90 kN where
failure of the clip gauge took place. The rate of increase of the diagonal
displacement across cracks for specimen ND-S2-ETD was even higher than
that of the control specimen ND-S2-NR. The diagonal displacement across
cracks for specimen ND-S2-ETD continued to increase at a constant rate till
yielding of stirrups that took place at approximately 150 kN. The diagonal
tensile displacement at the onset of yielding for specimen ND-S2-ETD was
0.91 mm. Following yielding of stirrups. the diagonal displacement across
cracks continued to increase but at a higher rate till the specimen reached its
peak load. Both specimens ND-S2-EB and ND-S2-EB+MA exhibited similar
rate of increase of the diagonal displacement across cracks. The diagonal
displacement across cracks for specimens ND-S2-EB and ND-S2-EB+MA
increased at a rate much lower than that of specimen ND-S2-ETD. For

instance, at 100 kN. the diagonal displacement across cracks for specimen ND-
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S2-ETD was 0.45 mm whereas for specimens ND-S2-EB and ND-S2-EB+MA.
it was only 0. mm. on average. The higher rate of increase in the diagonal
displacement across cracks for specimen ND-S2-ETD can be ascribed to the
presence of vertical holes which reduced the cross sectional area of the concrete

and could also have initiated micro-cracks during drilling.
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Figure 4.51: Load- diagonal tensile displacement curves for the

non damage specimens of group [C]

4.2.3.1.5 Flexural steel strain response

The flexure steel strain response for specimens of group [C] that were not
damaged prior to strengthening and/or testing are shown in Figure 4.52. The
flexural steel strain response of specimen ND-S2-ETD was not recorded due to
malfunction of the strain gauge. All specimens exhibited a bi-linear flexural
steel strain response. Initially, the flexural steel strain increased at a constant

rate till initiation of flexural cracks at approximately 15 kN. Following initial
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flexural cracks. the flexural steel strain continued to increase but at a higher
rate till the specimens reached their peak loads. The rates of increase of the
flexure steel strain for specimens ND-S2-EB and ND-S2-EB+MA were almost
the same. Specimens ND-S2-NR. ND-S2-EB, and ND-S2-EB+MA reached
their peak loads at flexural strain values of 1561. 2267, 2955 ue. respectively.
This indicates that the specimens NS-S2-NR and ND-S2-EB failed in shear
without yielding of the flexural tensile steel reinforcement. The specimen ND-
S2-EB+MA failed in a web-crushing shear mode of failure. When specimen
ND-S2-EB+MA reached its peak load. the flexural tensile steel was about to

vield.
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Figure 4.52: Load-flexural strain relationships for the non-

damaged specimens of group [C]

4.2.3.1.6 Stirrups strain response

The stirrups strain response for specimens of group [C] that were not damaged
prior to strengthening and/or testing are shown in Figure 4.53. The stirrups

strain response featured a bi-linear relationship. The stirrups were not strained
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prior to initiation of shear cracks. In the second stage. the stirrups strain
increased at almost a constant rate up to the peak load that occurred shortly
after the yielding of stirrups. The control specimen ND-S2-NR had the highest
rate of increase of stirrups strain. The strengthened specimens. particularly ND-
S2-EB and ND-S2-EB+MA exhibited a rate of increase of stirrups strain much
lower than that of the control specimen ND-S2-NR. The reduced rate of stirrups
strain increase exhibited by the strengthened specimens delayed yielding of
stirrups and hence increased the shear capacity. Specimen ND-S2-ETD
experienced a higher rate of increase of stirrups strain compared with that of
specimens ND-S2-EB and ND-S2-EB+MA. This can be ascribed to the
presence of the vertical holes as explained earlier. The higher rate of increase of
stirrups strain for specimen ND-S2-ETD is consistent with the higher rate of
increase of diagonal displacement across cracks exhibited by the same

specimen shown in Figure 4.51.
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Figure 4.53: Load- stirrups strain response for the non- damaged
specimens of group [C]
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4.2.3.1.7 FRP strain response

The FRP strain responses for the strengthened specimens of group [C] that
were not damaged prior to strengthening and/or testing are shown in Figure
4.54. The effective FRP strain values are reported in Table 4.5. It should be
noted that the maximum measured FRP strain is not necessarily the maximum
absolute FRP strain experienced by the specimen.
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Figure 4.54: Load-FRP strain relationships for the non- damaged

specimens of group [C]

The FRP strain response for specimen ND-S2-EB was not recorded due to
malfunction of the strain gauges. The specimens featured a bi-linear FRP strain
response. The FRP reinforcement did not contribute to the shear resistance in
the pre-cracking stage. In the second stage. the strain increased gradually till
yielding of stirrups which took place at approximately 160 kN. Following

yielding of stirrups. the FRP strain continued to increase but at a higher rate.
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The effective FRP strains in specimens ND-S2-EB+MA and ND-S2-ETD were
4503 and 10252 pe, respectively. Specimen ND-S2-ETD exhibited a higher
rate of increase in the FRP strain compared with that of specimen ND-S2-
EB+MA. This is consistent with the diagonal displacement response across
cracks and the stirrups strain response exhibited by the same specimen shown
in Figures 4.51 and 4.53, respectively. Specimens ND-S2-EB+MA and ND-S2-
EB had similar rate of increase of the diagonal displacement across cracks and
also similar rate of increase of the stirrups strain. Previous results demonstrated
also that the MA had no effect on the rate of increase of the CFRP strain in the
post-cracking stage. Accordingly, the CFRP strain of specimen ND-S2-EB
without the MA at its peak load (171 kN) can be estimated as 3860 pe from the

FRP strain response of its counterpart specimen ND-S2-EB+MA.

4.2.3.2 Specimens with damage state (D2)

4.2.3.2.1 Failure mode

Typical modes of failure for specimens of group [C] that were pre-failed prior
to retrofitting and/or testing are shown in Figure 4.55 through Figure 4.58. The
non-retrofitted pre-failed control specimen D2-S2-NR was first loaded till it
reached its peak load then unloaded. Subsequently, the specimen was tested
again to failure for the second time. The other three specimens were first loaded
till they reached their first peak loads then unloaded. A fter that, the specimens
were retrofitted with EB-CFRP system without the MA, EB-CFRP system
integrated with the MA, and ETD-GFRP system. Following retrofitting, the
specimens were loaded back to failure. Specimen D2-S2-NR showed a classical
shear mode of failure expressed by formation of a band of diagonal shear
cracks in the shear span as shown in Figure 4.55. During the second shear test
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to failure. specimen D2-S2-EB failed by sudden delamination of the CFRP
sheets as shown in Figure 4.56. This was preceded by opening of the pre-
existing cracks and yielding of stirrups. Specimen D2-S2-EB+MA failed by
crushing of the diagonal concrete struts. This was also preceded by opening of
the pre-existing diagonal shear cracks in the shear span and yielding of stirrups.
The bottom concrete cover spalled-off at the onset of failure. In the post-peak
stage. pull-out of the MA system and peeling-off of the CFRP sheets with a
considerable amount of concrete adhered to them took place as shown in Figure
4.57. Specimen D2-S2-ETD failed by crushing of the diagonal concrete struts
as shown in Figure 4.58. This was preceded by opening of existing cracks,

development of new cracks. and yielding of stirrups.

At peak load | .7 At peak load
(first shear test) (second shear test)

At failure ( second shear test)

Figure 4.55: Failure mode of specimen D2-S2-NR
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At failure (second shear test)

Figure 4.56: Failure mode of specimen D2-S2-EB
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At failure (second shear test)

Figure 4.57: Failure mode of specimen D2-S2-EB+MA
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At failure (second shear test)

Figure 4.58: Failure mode of specimen D2-S2-ETD
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4.2.3.2.2 Shear capacity
Results of specimens of group [C] that were pre-failed prior to retrofitting are

given in Table 4.6.

Table 4.6: Test results for specimens of group [C] with the damage state D2

First sheartest |  Second shear test
(ongonal loads) ‘ (new loads) . = e
| Damage o e Vi Veew Vg Effectrve
state (kN) stram € 4, (pe)
P g (kN) V oy (kN)* Poew (KN) Vo (KN)°
(C] D2 |D2-S2-NR 157 1256 146 0 116 8 - 093 -
D2-S2-EB 151 120 8 136 0 108 8 - 090 2696
D2-S2-EB+MA 148 1184 1640 1312 211 111 3403
D2-S2-ETD 154 1232 1860 1488 342 1221 10155

“ l’o’g o 0-8P0rg . l’m’u = 0'8Pn¢u
b Viep = Voew — 0931, tesidual shear strength prior to retrofitting = 0.931%,, based on the
results of specimen D2-S2-NR

Specimen D2-S2-NR reached a peak load of 157 kN which corresponded to a
shear resistance of 125.6 kN in the first shear test. In the second shear test to
failure, the specimen recorded a lower peak load of 146 kN that corresponded
to a shear resistance of 116.8 kN. This means that the non-retrofitted specimen
was able to restore 93% of its original shear strength recorded in the first shear
test. Prior to retrofitting, specimen D2-S2-EB reached a peak load of 151 kN
which corresponded to a shear resistance of 120.8 kN. In the second shear test
to failure (i.e. after retrofitting), the retrofitted specimen could not restore its
original shear capacity and recorded a lower peak load of 136 kN that
corresponded to a shear resistance 108.8 kN. The ratio Vpaw/Vorg was only 0.90
which indicates that the specimen restored only 90% of its original shear
capacity due to the early debonding of the CFRP sheets caused by opening of
the pre-existing shear cracks. In the first shear test (i.e. prior to retrofitting),

specimen D2-S2-EB+MA reached a peak load of 148 kN which corresponded
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to a shear resistance of 118.4 kN. In the second shear test to failure (i.e. after
retrofitting), the specimen recorded a higher peak load of 164 kN that
corresponded to a higher shear resistance of 131.2 kN. The ratio View/Vorg Was
I.11 which indicates that the specimen was not only able to restore its original
shear capacity. but also upgraded its original shear capacity by 11%. The
specimen D2-S2-ETD recorded a peak load of 154 kN prior to retrofitting
which corresponded to a shear resistance of 123.2 kN. In the second shear test
to failure (i.e. after retrofitting), the specimen reached a peak load of 186 kN
that corresponded to a shear resistance of 148.8 kN with a ratio of Frew/Forg =
1.21. This means that the specimen was able to fully restore its original

capacity with an additional enhancement of 21%.

4.2.3.2.3 Deflection response

The load-deflection curves for specimens of group [C] that were pre-failed
prior to retrofitting and/or testing are illustrated in Figure 4.60 through Figure
4.61. In the first shear test, all specimens exhibited almost a linear response up
to initiation of shear cracks at a load value in the range of 50 to 60 kN. Then,
the specimens exhibited a quasi-linear deflection response until yielding of
stirrups which started at approximately 120 kN. Following yielding of stirrups.
the deflection continued to increase but at a higher rate till the peak load. The
non-retrofitted pre-failed specimen D2-S2-NR featured almost a linear
deflection response in the second shear test to failure until yielding of stirrups
that occurred at approximately 130 kN. The deflection then increased at a
higher rate till the specimen reached its peak load shortly after yielding of

stirrups. The initial shear damage D2 reduced the shear resistance by 7% as
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shown in Figure 4.60 At the peak load. a slight drop in load took place. In the
post-peak stage. the deflection increased accompanied by a gradual reduction in
the load. Specimen D2-S2-EB exhibited almost a linear deflection response in
the second shear test to failure till yielding of stirrups that occurred at
approximately 130 kN. The specimen reached its peak load shortly after
vielding of stirrups. Following yielding of stirrups. a sudden increase in
deflection took place. In the post-peak stage. the specimen exhibited
drop/increase in load followed by another drop in load possibly because of
progressive debonding of the CFRP sheets. The specimen then exhibited a
plastic load-deflection behavior. Specimen D2-S2-EB+MA featured almost a
linear response in the second shear test to failure till yielding of stirrups which
took place at approximately 150 kN. The deflection continued to increase after
yielding of stirrups but at a higher rate until the specimen reached its peak load
where a sudden drop in load took place followed by another increase/drop in
load. Then. the specimen exhibited a plastic load-deflection behavior as shown
in Figure 4.62. Specimen D2-S2-ETD exhibited almost a linear deflection
response in the second shear test to failure till yielding of stirrups which took
place at approximately 170 kN. Then, the deflection continued to increase but
at a higher rate until the specimen reached its peak load. When the peak load
was reached. a sudden drop in load took place followed by another
increase/drop in load. Then. the specimen exhibited a plastic deflection

response as shown in Figure 4.61.
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Figure 4.60: Load-deflection curves of specimen D2-S2-NR
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Figure 4.59: Load-deflection curves of specimen D2-S2-EB
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Figure 4.62: Load-deflection curves of specimen D2-S2-EB+MA
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Figure 4.61: Load-deflection curves of specimen D2-S2-ETD

152



4.2.3.2.4 Diagonal tensile displacement response
The load versus the diagonal tensile displacement curves for specimens of
group [C] with the damage state D2 are shown in Figure 4.63 through Figure

4.66.
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Figure 4.63: Load-diagonal tensile displacement for specimen D2-S2-NR
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Figure 4.64: Load-diagonal tensile displacement for specimen D2-S2-EB
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Figure 4.65: Load-diagonal tensile displacement for specimen D2-S2-EB+MA
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Figure 4.66: Load-diagonal tensile displacement for specimen D2-S2-ETD
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There was no pre-cracking stage during the second shear test to failure. The
diagonal displacement across cracks for specimen D2-S2-NR increased
gradually in the second shear test until yielding of stirrups started at
approximately 120 kN. After yielding of stirrups, the diagonal tensile
displacement exhibited a plastic response. The load versus the diagonal tensile
displacement response for the specimen D2-S2-NR was not recorded in the first
shear test due to a malfunction of the clip gauge. The diagonal tensile
displacement across cracks for specimen D2-S2-EB featured three stages in the
second shear test to failure (i.e. after retrofitting). In the first stage, the diagonal
tensile displacement across cracks increased linearly until the load reached a
value of approximately 90 kN where initial/local debonding of the CFRP sheets
and opening of the pre-existing cracks took place. In the second stage, the
diagonal displacement across cracks increased at a higher rate until yielding of
stirrups which took place at approximately 130 kN. In the third stage, the
specimen featured a plastic diagonal displacement response until the specimen
reached its peak load. The load-diagonal tensile displacement response for
specimen D2-S2-EB in the first shear test (i.e. prior to retrofitting) was not
recorded as a result of a malfunction of the clip gauge. The diagonal tensile
displacement response for specimen D2-S2-EB+MA exhibited three phases in
the first shear test (i.e. prior to retrofitting). In the first phase, no diagonal
displacement values were recorded until the load reached a value of 35 kN
followed by a slight increase in the diagonal displacement till initiation of shear
cracks that took place at approximately S0 kN. In the second phase, the
diagonal displacement increased at a constant rate as the load progressed till

yielding of stirrups which started at approximately 120 kN. In the last phase,
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the diagonal displacement continued to increase but at a higher rate until the
specimen reached its peak load. After retrofitting (i.e. in the second shear test to
failure). the diagonal displacement across cracks increased from the beginning
of the test as the load progressed till yielding of stirrups which took place at
approximately 150 kN. Then, a plastic diagonal displacement response took
place until the specimen reached its peak load. The diagonal tensile
displacement response for specimen D2-S2-ETD featured three stages in the
first shear test (i.e. prior to retrofitting). In the first stage. the specimen did not
show any signs of diagonal displacement till initiation of shear cracks at
approximately 50 kN. In the second stage. the diagonal displacement increased
at a constant rate as the load progressed till yielding of stirrups which started at
approximately 120 kN. In the last stage, the diagonal tensile displacement
across cracks continued to increase but at a higher rate till the specimen reached
it the peak load. After retrofitting, during the second shear test to failure, the
diagonal displacement across cracks increased from the very beginning of the
test as the load progressed till yielding of stirrups at approximately 170 kN.
Following yielding of stirrups, the diagonal tensile displacement across cracks
continued to increase with insignificant increase in load till the specimen

reached its peak load.

4.2.3.2.5 Flexural steel strain response

The longitudinal tensile steel strains for the specimens of group [C] with the
damage state D2 are shown in Figure 4.67 through Figure 4.70. In the first
shear test, the specimens experienced flexural cracks at a load value in the
range of 10 to 15 kN. These cracks were invisible during testing. After

initiation of flexural cracks, the flexural tensile steel strain increased at a
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constant rate till the peak load was reached. In the second shear test to failure.
the flexural steel strain increased at a rate similar to that recorded in the first

shear test.
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Figure 4.67: Load-flexural strain relationship for specimen D2-S2-NR
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Figure 4.68: Load-flexural strain relationship for specimen D2-S2-EB
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Figure 4.69: Load-flexural strain relationship for specimen D2-S2-EB+MA
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Figure 4.70: Load-flexural strain relationship for specimen D2-S2-ETD
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Specimen D2-S2-NR reached its peak load in the first shear test at a tensile
steel strain value of 2178 pe. In the second shear test to failure. the specimen
reached its peak load at a flexural tensile steel strain of 1806 pe. Specimen D2-
S2-EB reached its peak loads in the first and second shear tests at flexural steel
strain values of 2130 and 2077 ue. respectively. For specimen D2-S2-EB+MA,
a flexure strain value of 2205 pe was recorded when the specimen reached its
peak load in the first shear test. The flexural steel strain response after
retrofitting could not be recorded due to malfunction of the strain gauge. A
flexural steel strain value of 2380 pne was recorded when specimen D2-S2-ETD
reached its peak load in the first shear test. After retrofitting. the rate of
increase of the flexure steel strain was almost the same as that recorded prior to
retrofitting but the specimen reached its peak load at a higher flexural steel
strain of 3205 pe. This indicates that crushing of the diagonal concrete struts
occurred in the second shear test (i.e. after retrofitting) almost at the same time

where the tensile steel reinforcement started to yield.

4.2.3.2.6 Stirrups strain response

The stirrups strain responses for specimens of group [C] with the damage state
D2 are shown in Figure 4.71 through Figure 4.74. Specimen D2-S1-NR
featured three phases of stirrups strain response in the first shear test. In the first
stage. no strain values were recorded until initiation of shear cracks that took
place at approximately 60 kN, where a sudden increase in the stirrups strain
occurred. In the second phase. the strain increased at a higher rate until yielding
of stirrups which started at approximately 120 kN. After yielding of stirrups, a

plastic strain response took place.
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Figure 4.71: Stirrup’s strain response of specimen D2-S2-NR
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Figure 4.72: Stirrup’s strain response of specimen D2-S2-EB
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Figure 4.73: Stirrup’s strain response of specimen D2-S2-EB+MA
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Figure 4.74: Stirrup’s strain response of specimen D2-S2-ETD

The load-stirrups strain response of specimen D2-S2-NR in the second shear
test to failure was not recorded due to malfunction of the strain gauge. The

stirrups strain response of specimen D2-S2-EB featured three stages prior to
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retrofitting. In the first phase. no strain was recorded until initiation of shear
cracks at approximately 60 kN followed by a sudden increase in the stirrups
strain. In the second stage, the strain continued to increase as the load
progressed until yielding of stirrups which started at approximately 120 kN. In
the third stage, the specimen exhibited no further increase in strain till the
specimen reached its peak load possibly because of slippage of stirrups. After
retrofitting. the strain increased from the beginning of the test in a linear
fashion till yielding of stirrups which took place at approximately 130 kN. The
specimen reached its peak load, 136 kN, shortly after yielding of stirrups. The
rate of increase of stirrups strain before and after retrofitting was almost the
same. This explains why the EB-CFRP system without the MA was not able to
restore the shear resistance of the specimen recorded in the first shear test. The
stirrups strain response for specimen D2-S2-EB+MA featured three phases in
the first shear test (i.e. prior to retrofitting). In the first phase, no strain was
recorded up to a load value of approximately 40 kN, where shear cracks were
initiated. In the second phase, the strain increased linearly as the load
progressed until yielding of stirrups which started at approximately 120 kN.
After yielding of stirrups. a plastic stirrups strain response took place followed
by a reduction in strain for a short fourth stage. Subsequent to retrofitting. the
specimen featured a linear stirrups strain response till yielding of stirrups
occurred at approximately 150 kN followed by no increase in the stirrups strain
until the load reached a value of 160 kN where a plastic strain response took
place. The stirrups strain response for specimen D2-S2-ETD featured three
stages prior to retrofitting. In the first stage, no strain was recorded till initiation

of shear cracks at approximately 50 kN. After shear cracking, the strain
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continued to rise as the load progressed till yielding of stirrups which started at
approximately 120 kN. In the last phase, no further increase in the strain was
found possibly because of slippage of stirrups. After retrofitting. in the second
shear test to failure, the specimen exhibited a prompt stirrups contribution from
the beginning of the test. The stirrups strain increased almost at a constant rate
till yielding of stirrups which occurred at approximately 170 kN. This was

followed by a plastic stirrups strain response.

4.2.3.2.7 FRP strain response

The FRP strain responses for the retrofitted specimens of group [B] with the
damage state D2 are shown in Figure 4.75. The effective FRP strain values are
reported in Table 4.6. It should be noted that the maximum measured FRP
strain is not necessarily the maximum absolute FRP strain experienced by the
specimen. There was no pre-cracking stage in all specimens because the
specimens were already cracked in the first shear test. The FRP reinforcement
started to contribute to the shear resistance from the beginning of the test. For
specimen D2-S2-EB, the CFRP strain increased gradually until the specimen
reached a load value of 60 kN, where opening of pre-existing shear cracks and
initial debonding of the CFRP sheets took place. Then. the load continued to
increase with insignificant increase in the CFRP strain until the specimen
reached a load value of approximately 90 kN at a corresponding effective FRP
strain of 2696 pe. Then, the FRP strain decreased as the load progressed due to
progressive debonding of the CFRP sheets. The FRP strain in specimen D2-S2-
EB+MA increased gently until the specimen reached a load value of 60 kN
where opening of pre-existing shear cracks took place. The FRP strain

continued. however, to increase since the MA system prevented the early
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debonding of the CFRP sheets. At a load value of approximately 110 kN. the
FRP strain started to decrease as the load progressed possibly due to local
debonding of the CFRP sheets until the specimen reached a load value of 160
kN where the CFRP started to increase again. The specimen reached its peak
load at an effective CFRP strain of 3403 pe. Specimen D2-S2-ETD featured the
highest rate of FRP strain increase among the retrofitted specimens. The FRP
strain increased gradually in specimen D2-S2-ETD until it reached a load value
of approximately 40 kN where opening of pre-existing cracks took place. Then,
the FRP strain continued to increase at almost a constant rate until yielding of
stirrups which took place at approximately 170 kN. Following yielding of
stirrups. the FRP strain increased rapidly at a higher rate until the specimen

reached its peak load. 185 kN. at a corresponding effective GFRP strain of

10155 pe.
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Figure 4.75: Load-FRP strain relationships for specimens
of group [C] with damage state D2
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4.3 Analysis of test results and discussion
In this section. the effects of varying the strengthening/retrofitting system.
amount of internal stirrups. and shear damage state prior to retrofitting on the

shear strength gain are analyzed and discussed.

4.3.1 Performance evaluation of the non-damaged specimens

For the specimens that were not damaged prior to strengthening. the shear
strength gain was dependent of the strengthening system used in strengthening
and presence/amount of internal steel stirrups. The interaction between the
strengthening system. amount of internal steel stirrups and shear strength gain

is demonstrated in Figure 4.76.
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Figure 4.76: Interaction between strengthening system, amount of

internal steel stirrups and shear strength gain

4.3.1.1 Effect of strengthening system

Figure 4.76 demonstrates that the EB-CFRP system without the MA was less

effective in improving the shear resistance than the EB-CFRP system with the
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MA and the ETD-GFRP system. In the absence of steel stirrups, the integration
of the MA in the EB-CFRP system increased the shear strength gain from 17%
to 64% (i.e. the inclusion of the MA resulted in a 3.8-fold increase in the shear
strength gain). For the specimens with the internal steel stirrups. the inclusion
of the MA in the EB-CFRP system resulted in approximately a two-fold
increase in the shear resistance. The shear strength gain caused by the ETD-
GFRP system was comparable to that caused by the EB-CFRP system

integrated with the MA.

4.3.1.2 Effect of amount of internal stirrups

Generally, the shear strength gain decreased as the amount of internal steel
stirrups increased as demonstrated in Figure 4.76. The shear strength gains of
the specimens with internal steel stirrups strengthened with the EB-CFRP+MA
and the ETD-GFRP systems were on average 42% lower than those of their
counterpart specimens without internal steel stirrups. The effect of presence of
internal steel stirrups on the shear strength gain was less pronounced for the
specimens strengthened with the EB-CFRP system without the MA. The
reduced shear strength gain for the specimen without internal stirrups
strengthened with the EB-CFRP without the MA can be ascribed to the early
debonding of the CFRP sheets caused by the rapid widening and growth of the
developed shear cracks in the absence of any internal steel stirrups.

The shear strength gain decreased as the amount of the internal steel stirrups
increased. For the specimens strengthened with the EB-CFRP system without
the MA. decreasing the stirrups spacing from s, = 0.6d to s, = 0.375d resulted
in approximately a 30% reduction in the shear strength gain. For the specimens

strengthened with the EB-CFRP+MA and the ETD-GFRP systems, decreasing
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the spacing between stirrups decreased the shear strength gain by 11 and 25%.

respectively.

4.3.2 Performance evaluation of the pre-damaged specimens
For the specimens that were shear-damaged prior to retrofitting. the shear
strength gain was dependent of the initial shear damage state and the

retrofitting system used to upgrade the shear capacity.

4.3.2.1 Effect of initial shear damage

4.3.2.1.1 Specimens with the lower amount of stirrups

The effect of the initial shear damage on the shear strength gain of the
specimens with the lower amount of stirrups is demonstrated in Figure 4.77.
The initial shear damage DI (i.e. pre-cracking) reduced the shear strength gain
in all specimens. The reduction in shear strength gain was dependent of the
retrofitting system. The reduction in the shear strength gain caused by the pre-
cracking was a maximum for the specimen retrofitted with the ETD-GFRP
system. 72.5%. and a minimum, 25%. for the specimen retrofitted with the EB-
CFRP+MA. The pre-cracking reduced the shear strength gain of the specimen
retrofitted with the EB-CFRP without the MA by approximately 42%.

The shear strength gain further reduced as the severity of the initial shear
damage increased to shear damage D2 (pre-failure) for the specimens
retrofitted with the EB-CFRP system without the MA and the specimen
retrofitted with the ETD-GFRP system. No shear strength gain was recorded
for the pre-failed specimen retrofitted with the EB-CFRP system without the
MA. A negligible shear strength gain of 8% was recorded for the pre-failed

specimen retrofitted with the ETD-GFRP system. There is one anomaly result
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for the specimen with the damage state D2 retrofitted with the EB-CFRP+MA.
which had a shear strength gain higher than that of their counterpart specimens
with no damage or damage state D 1. This anomaly result can be ascribed to the
reduced shear resistance of this particular specimen recorded in the first shear
test prior to retrofitting, 94.4 kN. that was below the average value. 112 kN, of
its counterparts (refer to Table 4.4—specimen D2-SI-EB+MA). The shear
strength gain typically increases as the initial shear resistance prior to

retrofitting decreases.

100%

®@No damage

90% -

B Damage state D1
y -

80% O Damage state D2

70% -
60% - 55%

50% -

40%

40% -

30%

Shear strength gain (%)

19%

20% -

10% -
0%

0%
EB-CFRP EB-CFRP+MEA ETD-GFRP

Retrofitting system

Figure 4.77: Effect of initial shear damage on shear strength gain of the

specimens with the lower amount of stirrups

Based on the results presented in Figure 4.77. it is not recommended to use
neither the EB-CFRP system without the MA nor the ETD-GFRP system to
retrofit pre-damaged T-girders containing low amount of internal steel stirrups.
The presence of initial shear damage prompted early debonding of the CFRP
and hence no or minimal shear strength gain was recorded for the specimens

retrofitted with the EB-CFRP system without the MA. It seems also that
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drilling of holes in the pre-cracked/pre-failed specimens for the ETD-GFRP
system aggravated the initial shear damage. and hence no appreciable shear
strength gain was recorded. The EB-CFRP system integrated with the MA was
the only retrofitting solution that was successful in upgrading the shear

resistance of these specimens. with a noticeable shear strength gain.

4.3.2.1.2 Specimens with the higher amount of stirrups
The effect of the initial shear damage D2 on the shear strength gain of the

specimens with the higher amount of stirrups is demonstrated in Figure 4.78.

100%
90% 1 |®@No damage
80% 4 |@DamagestateD2
X 70% -
'S, 60% -
=
% 50% A
é 40%
k7 o
g 33% 30% 29.8%
2 30%
o 19%
20% 1 13%
10% 1
0%
0%
EB-CFRP EB-CFRP+MEA ETD-GFRP

Retrofitting system

Figure 4.78: Effect of shear damage D2 on shear strength gain of the

specimens with the higher amount of stirrups

The EB-CFRP system without the MA was not successful in retrofitting the
pre-failed specimen (i.e. with the initial shear damage D2). since no shear
strength gain was recorded. This is obviously because of the early debonding of
the EB-CFRP sheets. For the specimen retrofitted with the EB-CFRP system

integrated with the MA, the initial shear damage D2 resulted in approximately
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41% reduction in the shear strength gain. Nevertheless, the EB-CFRP system
integrated with the MA was able to increase the shear resistance of the pre-
failed specimen by 19%. The shear strength gain provided by the ETD-GFRP
system was not affected by the initial shear damage D2. This indicates that in
the presence of high amount of internal stirrups, the ETD-GFRP system still
can result in a considerable increase in the shear resistance of the pre-damaged

T-girders.

4.4 Efficiency of the strengthening/retrofitting systems
Table 4.7 compares the efficiencies of the composite-based systems adopted in
the present study for strengthening/retrofitting of test specimens. The efficiency
factor (EF) for each system is defined as the ratio of the contribution of FRP to
shear resistance recorded experimentally, Fyep. to the tensile strength of all
FRP reinforcement provided in the shear span.

For the specimens without initial shear damage. the ETD-GFRP was the
most efficient strengthening system with EF in the range of 12.7% to 15.6%
followed by the EB-CFRP system with MA having EF in the range 10.4% to
11.7%. The EB-CFRP without MA was the least efficient system with EF in the
range of 3.2% to 5.5%.

For the pre-cracked and pre-failed specimens with limited amount of
stirrups, the EB-CFRP with MA was the most efficient system with EF in the
range of 8.1% to 12.5%. The EFs of the ETD-GFRP system when used in
retrofitting pre-cracked and pre-failed specimens with limited amount of
stirrups were 4.2% and 2.8%. respectively. The EB-CFRP system without MA
was not effective in retrofitting pre-cracked or pre-failed specimens regardless

of the amount of internal steel stirrups.
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For the pre-failed specimens with considerable amount of stirrups. the

ETD-GFRP system was the most efficient retrofitting solution with EF of

12.1% compared to EF of 5.6% for the EB-CFRP with MA. The EB-CFRP

svstem without MA was not successful in retrofitting pre-failed specimens,

even in the presence of considerable amount of internal stirrups.

Table 4.7: Efficiency of the strengthening systems

Total cross section | Tengile strength of FRP
Damage state pnior Specimen area of FRP inshear | reinforcement in shear LT Efficiency Factor (EF)°
to retrofitting Designation span N*A, span (TS) (kN) (%)
(mm?) (kN)

ND-NS-EB 108.8 3754 12 852
| ND-NS-EB+MA 1088 3754 44 1.7
‘ ND-NS-ETD 3142 2827 384 13.6
| ND-S1-EB 1088 3754 208 5.5
No damage ND-S1-EB+MA 108.8 3754 39.2 104
ND-S1-ETD 3142 2827 44 156
ND-S2-EB 1088 3754 16 43
ND-S2-EB+MA 108 .8 3754 39.2 104
ND-S2-ETD 3142 2827 36 1257
DI-SI-EB 108.8 3754 12 322
Pre-cracked D1-S1-EB+MA 108.8 3754 304 81
DI1-SI-ETD 3142 2827 1 42
D2-S1-EB 108.8 3754 0 0.0
D2-S1-EB+MA 108.8 3754 17 12,5
Pre-failed D2-S1-ETD 3142 2827 7.8 28
D2-S2-EB 108.8 3754 0.0
D2-S2-EB+MA 108.8 3754 1 5.6

D2-S2-ETD 3142 2827 2 Ralte

171



CHAPTER 5: ANALYTICAL

INVESTIGATION

5.1 Introduction

This chapter presents a summary of design equations adopted by existing
international guidelines/standards for prediction of the contribution of EB-
CFRP reinforcement to shear resistance. Analytical models published recently
in the literature that take into account the interaction between internal steel
stirrups and external EB-CFRP reinforcement are also presented and reviewed
in this chapter. The contribution of the ETD-GFRP system to shear resistance
has been calculated based on analytical procedure published recently in the
literature. The accuracy and validity of the analytical approaches published in
the literature and/or recommended by international guidelines/standards have

been examined.

5.2 Shear resistance of the EB-CFRP system

5.2.1 International guidelines/ standards for EB-CFRP resistance

The analytical models recommended by five different international
guidelines/standards namely; the American ACI 440.2R (2008). European fib
TG 9.3 (2001), Italian CNR-DT200 (2004), Australian HB 305 (2008). and the
Japanese JSCE (2001), to calculate the design shear resistance of the EB-CRP
reinforcement, Vg are reviewed in this section. The fib TG 9.3 (2001)
analytical approach is mainly based on the analytical model introduced
previously by Triantafillou and Antonopoulos (2000). The HB 305 analytical

approach is based on the analytical model developed by Chen and Teng (2003).
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The nominal shear resistance of the EB-CFRP reinforcement. Vin. predicted by
these international guidelines/standards has also been calculated by considering
all safety factors (i.e. strength reduction factors and materials factors) equal to
1. For the EB-CFRP without MA. the equations specified for the U-wrap
configurations have been adopted. The equations specified for the full-
wrapping configurations have been used to calculate the shear resistance of the
EB-CFRP reinforcement with MA. It should be noted that analytical approach
specified by the Canadian Standards Association CSA S806-02 is not valid for
EB-CFRP reinforcement with a debonding mode of failure. and hence can not
be used to predict the contribution of CFRP to shear resistance of test
specimens without MA. For RC beams retrofitted with U-shaped CFRP wraps
having sufficient bond length and/or anchorage. the CSA S806-02 specifies a
value of 0.004 for the effective CFRP strain. .. which is the same value
specified by the ACI 440.2R (2008) for the full-wraps configuration (adopted
in this study for the specimens with MA). As such. the nominal CFRP shear
resistance predicted by the CSA S806-02 for test specimens retrofitted by EB-
CFRP with MA would be a replicate of that predicted by the ACI 440.2R

(2008).

5.2.1.1 ACI 440.2R (2008)
The ACI 440.2R-08 (2008) adopted Equation 5.1 to calculate the design shear
resistance of the EB-CFRP, V4. as follows :

A Erg, ds(sino+cosa)
St

$=0.75
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For U-wraps
¥=0.85
&= K, &, <0.004

o KKl ong
Y 119008,

N 23300 2
e ('IfE_,)OSR =

f-,c 0.67
k1= ﬁ

TN 4
> 3 d/’

For full-wrapping

¥=0.95

&= 0.004 <0.75 g,

5.2.1.2fib TG 9.3 (2001)

(5.2)

(5.3)

(5.4)

(5.5)

(5.6)

(5.7)

The fib TG 9.3 (2001) adopted Equation 5.8 to calculate the design shear

resistance of the EB-CFRP. V4. as follows :

. KE/e
Via= 0.9 }/ Ep b, d(cot&+cota )sin a
X ;
s
4 wa:f

For U-shaped wraps:

( 1 2/3 0.67
aarf-Let o
E;x107p

S/

f’ 2/3 0.56
DSt =t 1 Sy 10
(EleO _3pf>

&= min {
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(5.10)



&e < 0.006
Y= 1.3

For full-wrapping/properly anchored CFRP

(25 4961
&,=0.17 —Lz—— & (5.11)
' EfxlO" p/

& <0.006

}'f=l.2

5.2.1.3 CNR-DT200 (2004)
The CNR-DT200 (2004) adopted Equation 5.12 to calculate the design shear
resistance of the EB-CFRP. Veq. as follows :

09 Arf,,d(cotb+cora)
V= -  — (5.12)
Rd /

Vg =12

For U-wraps

- (I ] L,sina )
ffed—f/dd "3 min {0.9d; h,}

" Ao T Yay Y

(5.13)

}./{d:l.l
.
Gp=0.03x; ; L %033 (5.15)
_/sma
2/3
fom=03(7".) (5.16)
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For full-wrapping:

- (] | L,sina )
f_-[ed—f_'/dd -6"”” {Ogd' hw}
1 3 )(l L,sina ) U7
5( Wt Traa " min{0.9d; h,} o
. dh (5.18)
— i— ; 05%50.5 (5.19)
yf=1.1

5.2.1.4 HB 305 (2008)
The HB 305 (2008) adopted Equation 5.20 to calculate the design shear

resistance of the EB-CFRP. V4. as follows :

QA f, he(sina+cosa)
Fm — (5.20)
of

he=1zp-2,, 2= 0.9d - dp, ; z,=dy

1=Ds Ffmax (5.21)
¢ =0.7

For U- wraps:

T
_2_ l-cos ( 7)

- A<
Dy= T sin( 7%/1) (5.22)
-2 ,
foe £>1
7
L ax hfe E/t/
) = m . _ : L= e 523)
4 Le Lmax sin a e f ,C (
0.8fﬂ
Ofmax = MiN E./f' (5.24)
i 0.3158, | £ s
f
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3 H-‘f
Y sina
;+—wf' (5.25)

Sy sina

For full wrapping:

D~=0.5 [1* (‘:;;)] (5.26)

0.8fﬁ, , Efu S Emax
: (5.27)
08Ef Emax » & > &,

ax

Of max— min {

Emax = 1.5%

5.3.1.5 JSCE (2001)

The JSCE (2001) adopted Equation 5.28 to calculate the design shear resistance

of the EB-CFRP. V¢, as follows :

) Arfoq (Sin@ +cosa)] (z)

e 15e 2 oy (5.28)

' o Y

z=d/.15

0.4<K=1.68-0.67R <0.8

y, = 1.25

23 1/3

R=(pEyx 10-3)l ; Ef:ﬁ‘ldo-s] [f}cd] (5.29)
s = Il % (5.30)
¥, = 1.2 =13 (taken as 1.25)

0.5<R 2.0

P -l% (5.31)
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L= (5.32)

1.5  f' >350 MPa

c =

{ 1.3 f' <50MPa
}/L:

The JSCE (2001) equations are valid only for fully wrapped/properly anchored

FRP laminates.

5.3.2 Recent analytical models for EB-CFRP shear resistance

The analytical approached adopted by existing guidelines/standards do not take
into consideration the interaction between the internal steel stirrups and EB-
CRP shear reinforcement. This section reviews two analytical models published
recently in the literature that can predict the nominal shear resistance of the EB-

CRP system, V. considering the effect of internal steel stirrups.

5.3.2.1 Mofidi and Chaallal (2011) analytical model

The contribution of the EB-CFRP to shear, V. is calculated using the
following equations. The model takes into consideration the effects of internal
steel stirrups and strip width-to-spacing ratio on the CFRP shear resistance
through the factors B; and kg, respectively. The model is, however. not valid for
RC members strengthened with a full-wrap configuration.

. 2tywyep Epdy (cotb+cota). sina

V= ” (k) (5.33)
'

e=0.318 BB, \1/,;(/ < & (5.34)

BC:—L (5.35)

1/p./Ef‘;ps E,
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if 2>1

if A1<1
2 Lf"ax
A= I (5.36)
Ect;
L= % (mm).  f =0.53 lf'c (5.37)
Vet

Where Eyand E; are in GPa.

‘ Mif l 2
2 (;-5)

k= ————— (5.38)
. W, 1\

e

3»[ P

5.3.2.2 Chen et al. (2013) analytical model
This model takes into consideration the interaction between the internal steel
shear reinforcement (stirrups) and the external FRP shear reinforcement
through a shear interaction factor “K™". The general expression of Vj, is given
as:

hy ¢(cot 6 + cota)sin a

¥

l’_’fnZZJ?e trwy (K) (5.39)

.&ez Of .max Dfrp (5450

b— ; —/‘u
(o min
o {O-db ,max

2E
V/Gj‘ Lmaxz Ll’
J Iy
Odb max ™
3 (7 Lmax 2Ef Gf
sin (5 5 ) 0 Lpicee< Ly
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For U strips

p = 5.42
max - cin (5.42)
V4 hdf
Dpp=1-(1-5 ) - % (5.43)
PR il L (5.44)
i W, p sin(6+a) :
h
b/ 'fe
= 1+7(Lesina'l) (5.45)
Wep™ - sin (+ ) '
’E te O
Le=1t- e (5.46)
2 Tf
2G
PR (5.47)
i
G=0.308 52 /T, (5.48)
r=158 f (5.49)
5 - 2-wf/(sfsinﬂ) (5.50)
+wg/ (spsin
v [Tow, 7 (sp5imB)
£,=03957,°% (5.51)
f.=108 (5.52)
The factor “K™" is given by:
K=1-u .(-K,) (5.53)
A,
o A (5.54)
f[e Affp
wepl.z
K.= ot (5.59)
z=A/(cos 6)'* (5.56)
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. 1.48in(hy. )- 4.512()/()§)-173)(¢5+0.935)

(515:70)

¢s = diameter of stirrup

5.3 Shear resistance of the ETD-GFRP system

5.3.1 Mofidi et al. (2012) analytical model

Mofidi et.al (2012) introduced an analytical model to calculate the nominal
shear resistance of the ETD-FRP system. The contribution of ETD-GFRP
rebars to shear capacity can be calculated using the following equations:

ApEp g5, disina +cosa)

Ve =ky ks . (5.58)
dy
1 T > Le_ﬂ (Sm)
kp= d; d; (5.59)
: 7 o l‘c’_[f (Sm)
ErDpp 5y 1+a’
2 1, (I-a')?
< 0.72 h
dy = greater of { 0.9 d

f(sm)' Dfrp Lot-ce

L.q = ; .6
eff (Sm) 4Tm 1-a’ (5 0)
o Ef 7.5y o)
o s”l Dfrp ° 1 m a; ( s )
8 Lol
= <0.004 5.62
Ehp Dfrp E/( 1 +a.) = ( )

ks is set to 0.6 if the stirrups spacing is less than 2d/3, and is set to 1 if there are
no stirrups or stirrups are spaced greater than or equal to 2d&/3. In the previous
equations. 7,, = maximum bond stress between ETD-GFRP rod and concrete.

S, = slip of the ETD-GFRP rod at maximum bond stress, «’= bond-slip curve
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fitting parameter. The bond parameters gz,.s,. and a’ for the ETD-GFRP
rebars are not currently available. In the present study. the bond parameters of
7,, = 8.4 MPa. 5,, = 0.08 mm. and a'= 0.09 derived by Mofidi et al. (2012) for
sand-coated ETD-CFRP rebars and also the parameters of z,, = 9.5 MPa. s,, =
0.2 mm. and a’'= 0.3 derived by De Lorenzis (2004) for NSM-GFRP rebars

have been adopted and examined.

5.4 Maximum shear resistance

The code provisions limit the shear resistance of RC beams to a maximum
value representing crushing of web struts. The equations adopted by the ACI
318-08 (2008). Eurocode 2- 2004, CNR-DT200 (2004). AS 3600 (2001). and
JSCE (2007) for calculation o the maximum design shear strength of RC
beams. }imae are reviewed in this section. The maximum design shear

resistance provided by CFRP. I’ ,,.. 1s given by:

Viimax™ Vimaz = Ved= Vsa (5.63)
Where V. = maximum design shear strength of the concrete member

Vea = design shear resistance of concrete

Vsa = design shear resistance of stirrups

ACI 318-08 (2008)

Vamax= %\/; b,d ¢ (5.64)
g 15

Vea= g\fzbud ¢ (5.65)
Afd

Vea=——¢ (5.66)

$=0.73
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Eurocode 2-2004

vl b, (0.9d

dmasx™ y. (cot8 +tanb) (5.67)
' 3
(018 x(100pf)" Jb d
V- (5.68)
Y
Af,(0.9d)
P 5.69
sd (}}) e ( )
i 200 A
1=0.6{1-= | x=1+|— <2, p= =
vy [1 350 ; k=1+ d <2, £ b“d5002
}'C=1.5 ; 75=1.15

CNR-DT200 (2004)

Vd.ma.x:a-;fcd b\rd (5.70)
Va= 0.6, b,d (5.71)
Af.(0.9d)
V. ,= 2 =. o
sd (}/?) s (5 72)
f: - -f;‘lm ! :;
fcd:7 fcld:0' J ¥ ; fClm=0'3(fc) (573)

AS 3600 (2001)

I/’d.max: 02]; bwd ¢ (5.74)
o

V.g=8b.d AN 573

cd_ﬂ[ w bwd ¢ (S. )
A\.f‘_dcole
Vil 1o e (5.76)
)}
$=0.7
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d
/))121.1[146-m]21.1 (5.77)

JSCE (2007)

j 'f\"d bwd

! max ™ e 5.78
d 7, (5.78)

. /fp Bitiea Owd

V, o~ AT, 5.79
d ” ( )
y 4 z
” _‘ L ¥ s}
i (5.80)
’bs
f ! 1000\S
= L U - e = 4
Frea™l25[foy 8.5 fum 5 8,100 ; p=() <5
'
. 1
i d
= — <0.7 I =—
Jrca 02( ) 2 115
e W y= L3; y,,= 1.1,y =105

The summary of Vigmax and Vpmae values for the previously discussed
guidelines/standards are shown in Tables 5.1 and 5.2. respectively. The
nominal maximum FRP shear resistance is calculated by setting all safety

factors (i.e. materials factors or strength reduction factors) equal to I.

Table 5.1: The values of Vi ma based on the guidelines/standards

V fimax (KN)
Stand ards/guidelmes . ) ; Specmens with strmups Specmens with stmups
peiiegs wBinh dhmups spacing s ; = 0.6d spacings ; = 0.375d

ACI 318-08 (2008) 68.9 45.4 31.3
Ewrocode 2-2004 96.6 72.0 57.3
CNR-DT200 (2004) 123.3 98.8 84.0
AS 3600 (2001) 73.3 514 38.2
JSCE (2007) 862 62.6 484
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Table 5.2: The values of I, ma. based on the guidelines/standards

V o max (KN)
Standards/guidelmes - - Specmmens with strrups Specmens with strmups
e LS A spacng s ; = 0.6d spacmg s ; = 0.375d

~ACI 318-08 (2008) 91.9 60.5 41.7
Eurocode 2-2004 1449 116.6 99.7
CNR-DT200 (2004) 197.3 169.1 152.1
AS 3600 (2001) 104.7 734 54.5
JSCE (2007) 129.7 102.4 86.0

5.5. Comparative analysis for specimen’s strengthened with EB-CFRP
system

A comparative analysis between the analytical and experimental results
concerning the contribution of the EB-CFRP reinforcement to shear resistance
is presented and discussed in this section.

5.5.1. Accuracy of international guidelines/standards

Predictions of international guidelines/standards for the contribution of the EB-
CFRP reinforcement to shear resistance are given in Table 5.3. The ratios of
predicted to experimental EB-CFRP shear resistance are given in Table 5.4.
The analytical predictions are also plotted versus the experimental values of the
non-damaged. pre-cracked. and pre-failed specimens in Figures S.1. 5.2, and

5.3. respectively.
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Table 5.3: Guidelines/predictions or EB-CIFRP shear resistance

Damage state prior to ik Exp. Analytical Results (34, ) kN Analytical Results (V) kN*
il Specinmen
ctrohitt
el Vyep | ACT440 | fib TG 9.3 | CNR-DT200 | 18 305 | JSCE 2001 | aCi490 | ib7G 9.3 | cnrprao0 | me30s | Jsce 2000
ND-NS-EB 120 | 239 35.6 24.9 17.3 ; 15.2 219 17.3 12.1 g
ND-SI-EB 208 | 239 35.6 249 17.3 : 15.2 219 17.3 12.1 :
ND-$2-EB 160 | 239 35.6 24.9 17.3 ; 15.2 219 17.3 12.1 :
No Damage
ND-NS-EB+MA | 440 | 313 56.3 34.1 52.0 85.8 223 375 247 36.4 60.3
ND-SI-EB+MA | 392 | 313 56.3 341 52.0 85.8 223 375 24.7 36.4 60.3
ND-S2-EB+MA | 392 | 313 56.3 34.1 52.0 85.8 223 37.5 24.7 36.4 484
DI-SI-EB 120 | 239 35.6 249 17.3 : 15.2 219 17.3 12.1 «
Pre-cracked S
DI-SI-EB+MA 304 | 313 56.3 34.1 52.0 85.8 223 37.5 24.7 36.4 60.3
D2-SI-EB 0.0 | 239 35.6 249 173 a 15.2 219 17.3 12.1 -
(D2-S2-EB 00 | 239 356 249 17.3 ; 15.2 219 173 | 121 :
Feptakd D2-S1-EB+MA 470 | 313 56.3 34.1 52.0 85.8 223 37.5 247 | 364 60.3
N2-52-EB+MA 28} 313 56.3 34.1 52.0 85.8 223 37.5 24.7 | 364 484"

"V,,, = nominal FRP shear resistance (without reduction/safety factors)

hV,(,= design FRP shear resistance (with reduction/safety tactors)

* Vumax Was adopted
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Table 5.4: Comparison between the experimental values and guidelines/standards predictions (EB-CFRP system)

Damage state prior to

Ratio ( F, l'[,.,,.)

Ravo ( Vg /Fpep)

g Specnen
s ne Acrd40 | fin1G 93 | oNrpr200 | HB30s | usce 2000 | acran | fin1G 93 | enr-0T200 | 1B 305 | JSCE 2001
ND-NS-EB 199 2.97 2.08 1.44 - 127 183 144 101 -
ND-SI-EB s 171 120 0.83 : 0.73 105 0.83 0.58 .
ND-S2-EB 149 2.23 1.56 1.08 - 0.95 137 108 0.76 .
No Damage :
ND-NS-EB+MA 0.71 128 0.78 118 1.95 0.51 0.85 0.56 0.83 1.37
ND-SI-EB+MA 0.80 144 0.87 133 2.19 0.57 0.96 0.63 093 154
ND-S2-EB+MA 0.80 I 44 087 133 2.19 0.57 0.96 0.63 0.93 124
breaacked | RA-SIEB 199 2.97 2.08 144 - 127 183 14 101 -
DI-SI-EB+MA 103 I 85 112 171 282 0.73 123 0.81 120 1.98
D2-SI-EB N.A N.A N.A N.A N.A N.A N.A N.A N.A N.A
y D2-S2-EB N.A N.A N.A NA NA NA N.A N.A N.A N.A
[resfaged D2-S1-EB+MA 0.67 120 0.73 T 183 047 0.80 0.52 077 128
2-S2-EB+MA 1.48 2.67 162 2.46 4.07 1.06 1.78 1.17 1.72 2.29

“I7, = nominal F RP shear resistance (without reduction/safety factors)

hl'ﬁ,= design FRP shear resistance (with reduction/safety factors)




5.5.1.1 Non-damaged specimens

Specimens strengthened by EB-CFRP withour MEA

In the absence of stirrups, all international guidelines/standards, except HB 305,
provided non-conservative predictions for the nominal and design EB-CFRP
shear resistances when the EB-CFRP system was used without MEA. This is
possibly because of the rapid propagation and widening of shear cracks which
promoted early debonding of the EB-CFRP. This indicates that a limited
amount of internal steel stirrups is needed to restrict widening and extension of
shear cracks so that the EB-CFRP system can contribute to the shear resistance.
The HB 305 overestimated the nominal shear resistance of specimen ND-NS-
EB but provided accurate prediction for its design shear resistance. In the
presence of stirrups, all international guidelines/standards, except HB 305,
overestimated the nominal shear resistance of the EB-CFRP without MEA. The
error in predicting Vg increased as the amount of the internal stirrups increased.
When safety factors were adopted to calculate the design shear resistance, Vg,
all guidelines/standards except. fib TG 9.3, provided a conservative/reasonable
prediction for the design shear strength.

Specimens strengthened by EB-CFRP with MEA:

Predictions of the ACI 440 and CNR-DT 200 for the nominal EB-CFRP shear
resistance, Vs, of the non-damaged specimens strengthened by the EB-CFRP
with MEA were conservative whereas the fih TG 9.3 and the HB 305
overestimated the nominal EB-CFRP shear resistance. All international
guidelines/standards, except JSCE. provided conservative predictions for the
EB-CFRP design shear resistance, V. of the non-damaged specimens

strengthened by the EB-CFRP with MEA. The fib TG 9.3 and the HB 305
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tended to provide more accurate predictions for ¥z compared with predictions

of the ACI 440 and CNR-DT 200.
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Figure 5.1: Comparison between experimental results of the non-damaged
specimens and predictions of international guidelines/standards for EB-CRP
system; (@) Vym vS. Vyexp , (b) Vg vs. Viexp
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5.5.1.2 Pre-cracked specimens

Specimens strengthened by EB-CFRP without MEA:

All international guidelines/standards, except HB 305, provided non-
conservative predictions for both nominal and design EB-CFRP shear
resistances when the EB-CFRP system was used in retrofitting pre-cracked
specimens without MEA. The HB 305 overestimated the nominal EB-CFRP
shear resistance of specimen DI-SI1-EB but the design shear resistance F was
almost identical to the experimental value.

Specimens strengthened by EB-CFRP with MEA:

The ACI 440 and CNR-DT 200 provided reasonable and conservative
predictions for the nominal and design shear strengths of the pre-cracked
specimen DI-SI-EB+MA, respectively.  All other guidelines/standards
overestimated both the nominal and design shear strengths of the pre-cracked
specimen DI-SI-EB+MA.

5.5.1.3 Pre-failed specimens

Specimens strengthened by EB-CFRP without MEA:

The EB-CFRP without MEA did not provide any extra shear resistance when
used in retrofitting pre-failed specimens, and hence all design equations were
not valid. This means that equations of the international guidelines/standards
should not be used to predict the shear resistance of the EB-CFRP system
without proper end anchors.

Specimens strengthened by EB-CFRP with MEA:

For the pre-failed specimens strengthened by EB-CFRP with MEA, the
accuracy of the international guidelines/standards was dependent of the amount

of internal stirrups. For specimen D2-SI-EB+MA with limited amount of
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internal stirrups: the ACl 440 and CNR-DT 200 provided a conservative
prediction for the nominal shear resistance. the fib TG 9.3 and CNR-DT 200
slightly overestimated the nominal shear resistance by 20 and 11%.
respectively. and the JSCE significantly overestimated the shear resistance by
83%. All guidelines/standards. except JSCE. provided a conservative prediction
for the design shear strength of specimen D2-SI-EB+MA. The JSCE
overestimated the design shear strength of specimen D2-S1-EB+MA by 28%.
For specimen D2-S2-EB+MA with a considerable amount of stirrups. all
international guidelines/standards overestimated the nominal and also the
design shear resistance. Nevertheless. the design shear resistance of specimen
D2-S2-EB+MA predicted by the ACI 440 was only 6% higher than the

experimental value.
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Figure 5.2: Comparison between experimental results of the pre-cracked

specimens and predictions of international guidelines/standards for EB-CFRP
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5.5.2 Accuracy of recent analytical models published in the literature

The nominal EB-CFRP shear resistance, 17, predicted by models introduced by

Mofidi and Chaallal (2011) and Chen and Teng (2013) are given in Table 5.5.

Table S.5: Predictions of analytical models for nominal EB-CFRP shear resistance

Exp. Anahtcalresults. V4, (kN)
D Gy R o Mofidi and Chaallal (201 1)
retro s
fitng o Wehow K, Wehk Chen and Teng (2013)
ND-NS-EB 12 3190 337 25.42
No Damage ND-SI1-EB 208 19.03 20.1 2262
ND-S2-EB 16 16.16 /%) 21.22
Pre-cracked DI-S!1-EB 12 19.03 20.12 2262
D2-S1-EB 0 19.03 20.12 22.62
Pre-faded
D2-S2-EB 0 16.16 17.09 21.22

The ratios of predicted to experimental EB-CFRP shear resistance are given in

Table 5.6. The analytical predictions are also plotted versus the experimental

values of the non-damaged, pre-cracked. and pre-failed specimens in Figure 5.4

(a). (b). and (c), respectively. It should be noted that these two models are valid

only for U-wraps configurations.

Table 5.6: Comparison between experimental values and predictions

of analytical models (EB-CFRP)

Ratio V' /¥ e, (KN)
Damage state pror to Mofidi and Chaallal (2011)
[ Spectmen
Chenand T 2013
Wehout K, With K, TRREERERTT D
ND-NS-EB 2.66 2 81 212
No Dammage ND-S1-EB 0.92 0.97 1.09
ND-S2-EB 101 1.07 1:33
Pre-cracked D!-S1-EB 1.59 1.68 1.89 a
D2-S1-EB N.A N.A N.A
et D2-S2-EB NA N.A NA
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5.5.2.1 Non-damaged specimens

In the absence of stirrups, the two models overestimated the nominal EB-CFRP
shear resistance. This confirms previous findings that a minimum amount of
internal steel stirrups is needed to restrict widening and extension of shear
cracks so that the EB-CFRP system without MEA can contribute to the shear
resistance. For the specimens with internal steel stirrups, the model by Mofidi
and Chaallal (2011) provided accurate predictions for the nominal EB-CFRP
shear resistance. The predicted results were within 8% error band. Considering
the effect of strip-width-spacing ratio in the analysis represented by the
coefficient ks slightly increased the predicted EB-CFRP shear resistance. The
model by Chen and Teng (2013) provided reasonable prediction for the
nominal EB-CFRP shear resistance for specimen ND-SI|-EB with the lower
amount of stirrups whereas it overestimated the nominal EB-CFRP shear
resistance for specimen ND-S2-EB with the higher amount of stirrups. It should
be noted that for the specimens with internal stirrups, predictions of both
models indicated that the contribution of the EB-CFRP to shear resistance
decreased as the amount of internal steel stirrups increased. This trend is in
good agreement with experimental results of specimens ND-SI-EB and ND-

S2-EB.

5.5.2.2 Pre-cracked specimens

The two models significantly overestimated the nominal shear resistance of the
pre-cracked specimen DI-SI-EB. This demonstrates that the available
analytical models for the U-wraps configurations are not valid for pre-cracked

specimens.
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5.5.2.3 Pre-failed specimens

Experimental results demonstrated that the EB-CFRP system without MEA did
not provide any extra shear resistance when used in retrofitting pre-failed
specimens. This indicates that the available analytical models are not valid for
pre-failed specimens strengthened with the U-wraps configurations without

MEA.

5.6 Comparative analysis for specimens strengthened with ETD-GFRP
system

A comparison between the predicted and experimental contribution of the
ETD-GFRP reinforcement to shear resistance is demonstrated in Table 5.7. In
this model, two sets of bond parameters were adopted. A set of bond
parameters is based on results of Mofidi et. Al. (2012) for ETD-CFRP rebars
(sand-coated) and the other set is based on results of De Lorenzis (2004) for
NSM-GFRP rebars. The effect of inclusion the factor ks = 0.6 in the analysis for
the specimens containing internal steel stirrups as suggested by Mofidi et al.

(2012) has been investigated.

5.6.1 Accuracy of Mofidi et al. (2012) analytical model

The model’s predictions were very sensitive to the bond parameters
implemented in the analysis. Predictions of the model considering the bond
parameters by De Lorenzis (2004) were two times the model’s predictions
when the bond parameters by Mofidi et al. (2012) were adopted. More

discussion on the accuracy and validity of the model is given herein.

5.6.1.1 Non-damaged specimens

The model gave conservative predictions for the nominal ETD-GFRP shear
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resistance of the non-damaged specimens even when the factor k; was not
considered in the analysis, and regardless of the bond parameters used. The
inclusion of the factor &, = 0.6 in the analysis significantly underestimated the
contribution of the ETD-GFRP to shear resistance. When the bond parameters
by De Lorenzis (2004) were adopted without considering the factor ;. better

correlation between the predicted and experimental results was recorded.

5.6.1.2 Pre-cracked specimens

The model significantly overestimated the contribution of the ETD-GFRP to
shear resistance of the pre-cracked specimen DI-SI-ETD. When the bond
parameters by Mofidi et al. (2012) were adopted considering the factor ;= 0.6,
a better correlation between the predicted and experimental results was
recorded. This means that to obtain a reasonable prediction for the nominal
EDT-GFRP shear resistance in a pre-cracked specimen, it is recommended to
adopt the conservative bond parameters by Mofidi et al. (2012) and include the

safety factor of k&, = 0.6 in the analysis.

5.6.1.3 Pre-failed specimens

The model significantly overestimated the nominal ETD-GFRP shear resistance
of the pre-failed specimen D2-S1-ETD with the lower amount of stirrups
regardless of the bond parameters adopted in the analysis. Nevertheless, the
model provided conservative or reasonable prediction for the nominal ETD-
GFRP shear resistance of the pre-failed specimen D2-S2-ETD with the higher
amount of stirrups. For this specimen, the model tended to provide more
reasonable predictions for the nominal ETD-GFRP shear resistance when the

bond parameters by De Lorenzis (2004) were adopted. Adopting the bond
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parameters by Mofidi et al. (2012) resulted in very conservative predictions for
the nominal shear resistance of specimen‘ D2-S2-ETD with the higher amount

of stirrups.
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Table 5.7: Analytical and experimental values of ETD-GFRP shear resistance

E'TD-GFRP shear resstance

Raty

Bond paranxters by
Monhdiet al (2012)

Bond paranxters by
e Lorenzs (2004)

Bond parameters by Motidi

Bond paramcters by e

Expermental V V ctal (2012) Lorenas (2004)
I)anmlgc state prior to Brucincn ¥ o (kN) (kN) VoV geup VoV jeup
retrofittmg kN)
Parameters 7, =84.,5,=0.08,a =0.09 Parameters i t,, =9.5,5,=02,a =03
without k , withk , without & with k without k | with k , without k withk ,
ol ND-NS-ETD 384 19.2 19.2 37.3 37.3 0.50 0.50 097 0.97
No Damage ND-S1-ETD 44.0 19.2 1165 373 22.4 0.44 0.26 0.85 0.51
ND-S2-ETD 36.0 19.2 11.5 373 22.4 0.53 032 - 1.04 0.62
Pre-cracked DI-S1-E1D 12.0 19.2 11.5 3.3 22.4 - 1.60 0.96 311 1.87
3 o et D2-S1-ETD 7.8 19.2 115 373 224 247 1.48 478 287
[52-S2-ETD 34.2 19.2 11:5 28] 22.4 0.56 0.34 1.09 0.65




CHAPTER 6: CONCLUSIONS AND

RECOMMENDATIONS

6.1 General
The viability of using composites in retrofitting shear-deficient RC T-girders with
different amounts of internal steel stirrups has been investigated in this research
work. The beams were retrofitted using either EB-CFRP system, with or without a
MA, or ETD-GFRP system. Prior to retrofitting. the beams were undamaged. pre-
cracked, or pre-failed. The study comprised experimental testing and analytical
investigations. The main conclusions of the work along with recommendations for
practical applications and future studies are summarized herein.
6.2. Conclusions
6.2.1. Conclusions of the experimental work
Based on the experimental results, the following conclusions are drawn:
e In the absence of internal stirrups, the EB-CFRP system without MA
increased the shear resistance of the non-damaged specimen by 17% only.
The inclusion of MA in the EB-CFRP system increased the shear strength
gain to 64%. The shear strength gain provided by the ETD-GFRP system,
56%, was comparable to that provided by the EB-CFRP system with MA.
e For the non-damaged specimens with lower amount of stirrups, s; = 0.6d,
shear strengths gains of 19. 36, and 40% were recorded for the specimens
strengthened with EB-CFRP solely, EB-CFRP with MA, and ETD-GFRP
systems, respectively.
e The shear strength gain for the non-damaged specimens decreased as the

amount of stirrups increased. For the specimens strengthened using EB-
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CFRP without MA. EB-CFRP with MA. and ETD-GFRP systems.
decreasing the stirrups spacing from 0.6d to 0.375d resulted in
approximately 32. 11, and 25% reductions in the shear strength gain.

e The presence of shear damage prior to retrofitting significantly reduced the
strengthening effectiveness. For the pre-cracked specimens with the lower
amount of stirrups. only 11. 27. 11% shear strength gains were recorded
after retrofitting with the EB-CFRP solely. EB-CFRP with MA, and ETD-
GFRP systems. respectively.

e The EB-CFRP system without MA was not successful in restoring the
shear resistance of the pre-failed specimens where no shear strength gain
was recorded regardless of the amount of stirrups. The EB-CFRP system
with MA and the ETD-GFRP system were capable of restoring the shear
resistance of the pre-failed specimens. The shear resistances of the pre-
failed specimens with the lower and higher amounts of stirrups retrofitted
by the EB-CFRP system with MA were even 40 and | 1%. higher than the
original shear strengths recorded prior to retrofitting, respectively.

e The ETD-GFRP system restored 97% of the original shear resistance of
the pre-failed specimen with the lower amount of stirrups. For the pre-
failed specimen with the higher amount of stirrups the ETD-GFRP system
fully restored and also upgraded the original shear resistance by
approximately 1 1%.

6.2.2. Conclusions of the analytical investigation
Based on the analytical investigation. the following conclusions are drawn:
e For the non-damaged specimens, all international guidelines/standards

tended to provide non-conservative predictions for the nominal EB-CFRP
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shear resistance when the EB-CFRP system was used without MA. A
limited amount of internal steel stirrups is needed to restrict widening and
extension of shear cracks so that the EB-CFRP system without MA can
contribute to the shear resistance. The error in predicting Vg, increased as
the amount of the internal stirrups increased. When safety factors were
adopted to calculate the design shear resistance. Vg o all
guidelines/standards except.  fib TG IR provided a
conservative/reasonable prediction for the design shear strength of the EB-
CFRP system without MA. For the non-damaged specimens strengthened
by the EB-CFRP with MA. all international guidelines/standards. except
JSCE. provided conservative predictions for the EB-CFRP design shear
resistance. Vg The ACI 440 and CNR-DT 200 tended to provide a more
conservative prediction for Vy than the fib TG 9.3 and the HB 305.

For the pre-cracked specimens strengthened by the EB-CFRP without MA.
the international guidelines/standards equations tended to overestimate
both the nominal and design EB-CFRP shear resistances. For the pre-
cracked specimens strengthened by EB-CFRP with MA, the ACI 440 and
CNR-DT 200 provided reasonable/conservative predictions for the
nominal and design shear strengths. All other guidelines/standards
overestimated the nominal and design shear strengths of the pre-cracked
specimen even in the presence of the MA.

The EB-CFRP without MA did not provide any extra shear resistance
when used in retrofitting pre-failed specimens, and hence all design

equations were not valid.
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For the pre-failed specimen with the lower amount of stirrups strengthened
by EB-CFRP with MA, the ACI 440 and CNR-DT 200 provided a
conservative prediction for the nominal shear resistance, the fib TG 9.3
and CNR-DT 200 slightly overestimated the nominal shear resistance by
20 and 11%, respectively. and the JSCE significantly overestimated the
shear resistance by 83%. All guidelines/standards, except JSCE, provided
a conservative prediction for the design shear strength of the pre-failed
specimen with the lower amount of stirrups strengthened by EB-CFRP
with MA.

For the pre-failed specimen with the higher amount of stirrups
strengthened by EB-CFRP with MA, all international guidelines/standards
overestimated the nominal and also the design shear resistance.

In the absence of stirrups, the two models by Mofidi and Chaallal (2011)
and Chen and Teng (2013) overestimated the nominal EB-CFRP shear
resistance of the non-damaged specimens. For the specimens with internal
steel stirrups, the model by Mofidi and Chaallal (2011) provided accurate
predictions for the nominal EB-CFRP shear resistance. The predicted
results were within 8% error band. The model by Chen and Teng (2013)
provided a reasonable prediction for the nominal EB-CFRP shear
resistance in the presence of a limited amount of stirrups but overestimated
the nominal EB-CFRP shear resistance in the presence of a considerable
amount of stirrups. The two models significantly overestimated the
nominal shear resistance of the pre-cracked specimen. These analytical
models were not valid for pre-failed specimens strengthened with the U-

wraps configurations without MA.
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The model by Mofidi et al. (2012) for prediction of the nominal EDT-
GFRP shear resistance is very sensitive to the bond parameters
implemented in the analysis. Predictions of the model considering the
bond parameters by De Lorenzis (2004) were two times the model's
predictions when the bond parameters by Mofidi et al. (2012) were
adopted. The model gave conservative predictions for the nominal ETD-
GFRP shear resistance of the non-damaged specimens regardless of the
bond parameters used.

For the pre-cracked specimen, model by Mofidi et al. (2012) tended to
overestimate the nominal EDT-GFRP shear resistance. To obtain a
reasonable prediction for the nominal EDT-GFRP shear resistance in a
pre-cracked specimen, it is recommended to adopt the conservative bond
parameters by Mofidi et al. (2012) and include the safety factor of k, = 0.6
in the analysis.

The model by Mofidi et al. (2012) significantly overestimated the nominal
ETD-GFRP shear resistance of the pre-failed specimen with the limited
amount of stirrups regardless of the bond parameters adopted in the
analysis. In the presence of a considerable amount of stirrups, the model
provided. however, a conservative or reasonable prediction for the

nominal ETD-GFRP shear resistance of the pre-failed specimen.

6.3. Recommendations for practical applications
Based on results of the present research, the following recommendations can be
made for successful applications of composites in retrofitting shear-deficient RC

T-girders.
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For RC T-girders without initial shear damage, the ETD-GFRP is
considered the most efficient strengthening system followed by the EB-
CFRP system with MA then the EB-CFRP without MA. The EB-CFRP
system without MA provides a marginal increase in shear resistance.

For pre-cracked and pre-failed RC T-girders with a limited amount of
stirrups, the EB-CFRP with MA is considered the most efficient system
followed by the ETD-GFRP system. It is not recommended to use the EB-
CFRP system without MA in retrofitting pre-cracked or pre-failed RC T-
girders regardless of the amount of internal steel stirrups because no shear
strength gain will be obtained.

For pre-failed RC T-girders with considerable amount of stirrups, the
ETD-GFRP system is considered the most efficient retrofitting solution
followed by the EB-CFRP with MA. The EB-CFRP system without MA is
not recommended for retrofitting pre-failed RC T-girders. even in the
presence of a considerable amount of internal stirrups.

The ETD-GFRP system should be used with caution to ensure that steel
reinforcement will not be damaged during drilling of holes for the
installation of the ETD-GFRP rebars. For pre-cracked and pre-failed RC
T-girders. particularly those with a limited amount of stirrups, installation
of the ETD-GFRP system could aggravate the existing concrete damage.
In such cases. it is recommended to repair existing shear cracks using

epoxy-injection technique prior to installation of the ETD-GFRP system.
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6.4. Recommendations for future studies

Findings of this research work provided insights into the effectiveness of using
EB-CFRP and ETD-GFRP systems in retrofitting shear-deficient RC T-girders.
More research is needed to enrich the literature and support development of
design guidelines and standards on the subject. The following are
recommendations for future studies in this field:

e Study the effect of fire and elevated temperatures on shear response of RC
T-girders strengthened with composites.

e Study the shear response of pre-damaged then strengthened RC girders
when epoxy-injection is used for repair of shear cracks, rather than surface
crack sealing. prior to installation of the composite system.

e Study the bond behavior of ETD-FRP rebars in concrete.

e Study the effect of concrete section size and amount/type of ETD-FRP
reinforcement on shear response on RC girders.

e Develop finite element (FE) models for the RC girders tested in the
present study. The FE models. when verified. can be used as a numerical
platform for performance prediction of RC girders strengthened with

composite-based systems.
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APPENDIX A: STRAIN RESPONSE OF FRP

Plots of the load versus FRP strain relationships are provided in this appendix.
Each CFRP sheet or GFRP rebar was instrumented by a strain gauge. The symbol
(S.G 1) refers to the strain gauge nearest to the support point whereas (S.G 2)
refers to the strain gauge nearest to the load point.
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APPENDIX B: STRAIN RESPONSE OF
STIRRUPS

Plots of the load versus stirrup strain relationships are provided in this appendix.
For the specimens with the lower amount of stirrups. the middle three stirrups in
the shear span were instrumented by strain gauges. The symbols (S.G 1) and (S.G
3) refer to the strain gauge nearest to the support and load points. respectively. For
the specimens with the higher amount of stirrups. the middle four stirrups in the
shear span were instrumented by strain gauges. The symbols (S.G 1) and (S.G 4)

refer to the strain gauge nearest to the support and load points. respectively.
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Figure B.24: Load vs. stirrup strain for D2-S2-EB+MA after retrofitting
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Figure B.25: Load vs. stirrup strain for D2-S2-ETD before retrofitting
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Figure B.26: Load vs. stirrup strain for D2-S2-ETD after retrofitting
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