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Abstract:

" This paper ains to evaluatc the improveinent of load earrying capacily of reinforced concrcte beains strengthened by
Carbon Fiber Reinforced Polymer (CFRP) strips, Sixicen rcinforced concrete beams with a cross section of 120x200
mm and a total length of 2300 mm, were (abricated, strengthened, and loaded up to [ailurc. The resulls showed that
the exlernally bonded CFRP sirips incrcase the [exural and shear capacitics of reinforced concrcte beams, For
cxample, the fexural capacity of strengthened beams increascd by 12-40%, while (he shear capacily increascd by
10.5-52.6%. The slilTness cnhancement varied from 10 (o 79% depending on the applicd strengthening mode. A
reduction in deflection for all strengthened beams was observed and recorded.

1. Introduction

The term strengthening means upgrading the
strength of a structure to make it capable of
resisting larger loads. Strengthening becomes
necessary when there is an increase in load
requirements, change in use, or deterioration
due to aggressive environment and harsh
atmosphere. It is also necessary to resist
impact and earthquake shocks. Many simple
technigues have been developed to strengthen

almost all kind of structures [1-4]. However,

one of the most remarkable techniques
presented 1s the wuse of non-metallic
lightweight matenals such as fiber reinforced
polymers (FRP) which appear as a
compelitive  alternative  material  [5-8].
Extensive rescarch on the use of FRP in
concrete structures started in Europe, USA
and Japan about 25 years ago. FRP plates or
fabrics provide high strength, light weight,
resistant to chemicals, good fatigue strength,
non-corrosion, and the ability to form

complex shapes.
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FRP materials arc generally elastic up to
failure and exhibit neither a yield point nor a
region of plasticity. They tend to have low
strain to {ailure (less than 3%). The resulting
arca under the stress/strain curve, which
represents the work done to [failure, is
relatively small when compared to many
metals [9]. FRP generally constructed of
high performance fibers such as carbon,
aramid or glass which are placed in a resin
matrix like epoxy or polystyrenc. By
sclecting among the many available fibers,
geometric and polymers, the mechanical
properties can be tailored for a particular
application. The carbon fiber reinflorced
polymer (CFRP) is a new and highly
" promising matcrial in structural application
because of its extraordinary mechanical
properties allowing significant increases In
strength and stiffness. Recent developments
have included carbon fibers with tensile
strength approaching up to 800 GP’a. Carbon
fibers typically have a diameter varies [rom
5 to 8 microns, which is much smaller than
humman hair [10]. Unidirectional CFRP exhibits
linear stress-strain behavior up to fallure load.
CFRP strain is much higher than typical
yield strains of steel. From the mid-1980s
through the early 1990s, Japanese, American
and Swiss investigators conducted rescarch
on the use of CFRP wrapping systems for
strengthening concrete bridge columns to
resist  collapse during seismic  events.

Altliough the material is relatively expensive,

the casc of inslallation allows signilicant
savings in Jabor and equipment cost
comparcd with conventional strengthening
methods. A cost comparison of bridge
strengthening with steel plates and CFRP
plates showed that CFRI strenglhening

offercd a 17.5 percent cost reduction [11, 12].

2. Objectives

The work presented in this paper
experimentally investigates the behavior of
the reinforced concrete beams strengthened
with externally bonded carbon fiber reinforced
polymer (CFRP) fabrics. The main objectives

of this research are:

1. To investigate the behavior of reinforced
concrete beams strengthened with externally
bonded carbon f{iber reinforced polymer
(CFRP) fabrics.

2. To clanily the failure modes of strengthened
rcinforced concrete bcams subjected to
shear and flexure.

3. To study the relationship between cross
section area of CFRP and rcinforcement

steel area.

3. Experimental Investigation

3.1 Scheme and Program

Sixteen reinforced concrete beams with
cross section of 120x200 mm depth and
total length of 2300 mm were cast and
tested. The beams were divided into four

groups, each group contains four beams.
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Two groups were strengthened against
flexural failure and were called BF1 & BF2
respectively while other groups were
strengthened against shear failure and were
called BS1 & BS2 respectively. The main
parameter of this study is focused on
investigating the effect of strengthening
ratio and mode. The wvariables include;
longitudinal reinforcement ratio (u=A,/A4.),
shear span to depth ratio (a/d), strengthening
ratio (p=Ay /A,) and strengthening mode.

Table (1) illustrates these variables.

3.2 Materials

The type of cement used was ordinary
Portland cement (ASTM Type I), with
specific weight of 3.11 and fineness of 2800
cm*gm. Siliceous aggregates with specific
weight of about 2.63 were used. The
maximum nominal aggregates size was
about 20 mm. The fineness modulus of fine
aggregates was 3.12. High grade steel with
yield strength of 400 MPa was used for
longitudinal reinforcement while mild steel
(f,=245 MPa) was used for stirrups. Carbon
fiber reinforced polymer (CFRP) was
unidirectional fabric type. This fabric was
305 mm wide, 0.13 mm thickness, and 225
gnm/m® density. According to manufacturer's
catalogue, CFRP has 3500 MPa tensile
strength, and 230 GPa tensile elastic modulus.
The elongation of CFRP at break was about
1.5%. Epoxy resin with two components

was used as adhesive material. It allows

bonding structural parts and elements, also
assures evenly distributed stress transmission
over the whole concrete surface area. The
density of mixed epoxy was 1.3 kg/liter and
the pot life was 30 minutes at 35 C°. Internal
and external electrical strain gauges (Type
KC-70-120 Al-11) were used in flexural
specimens while internal strain gauges only
were used in shear specimens. The gauge

length was 67 mm.

3.3 Concrete Mix

The concrete was mixed in a concrete drum
mixer with a capacity of 100 liters. One
cubic meter of concrete consists of 350 kg of
cement, 640 kg of fine aggregates, 1280 kg
of coarse aggregates and 165 liters of fresh
water. The constituents were mixed in dry
state for about two minutes. Mixing water
was added gradually during mixing for
about three extra minutes. The consistency
of fresh concrete was measured by
conventional slump test. The concrete was
cast in steel shutters and compacted by
vibrating table to insure full compaction.
Steel shutters were chosen to”achieve regular
dimensions, right angle corners and fair face
surfaces. Six cubes 150x150x150 mm and
two plain concrete beams 100x100%700 mm
were cast and tested to determine the
compressive strength and the modulus of
rupture of concrete for each beam specimen.
Afier 24 hours, all specimens and the sides

of steel shutters were demolded and all



C.25 M. Imam, A. Tahwia, A. Elagamy. & M. Yousef

specimens were covered with wet canvas for
seven days to tnsure full curing. The average
compressive strength was 34 MPa, while the
modulus of rupture lies in the vicinity of

3.96 MPa.

4. Strengthening Modes
4.1 Flexural Groups

Flexural groups consist of two groups as
BF1 and BF2. Group BF1 consists of four
beams with 2¢12 lower reinforcement, 2¢10
upper reinforcement, and 10¢6 /m" stirrups.
Group BF2 consists of four beams with
2016 lower reinforcement, 2¢10 upper
reinforcement, and 1046 /m’ stirrups. Fig. (1)
“showed the strengthening modes for these

beams which may be distinguished as:

*»BF1-1 was defined as control beam or
reference beam without any strengthening
system.

= BF1-2 was strengthened by external single-
flat fayer of CFRP fabrics with cross
section of 120x0.13 mm and 1500 mm
total length. The CFRP sheet was applied
on the bottom of the beam (tension face).
UU-shape anchorages were fixed at the ends
of the sheet to prevent debonding of the
longitudinal CFRP. End anchorage consist
of two layers of CFRP sheet with cross
section of 60x0.13 mm each layer with full

height of the beam.

*BF1-3 was externally strengthened same as
BF1-2 but the longitudinal CFRP sheet was
double layers instead of single layer.

*BF1-4 was externally strengthened by
single layer of longitudinal CFRP fabrics
with cross section of 240x0.13 mm. The
breadth of CFRP was selected to completely
cover the beam bottom (tension face) in
addition to 60 mm upward on each side of
the beam. End anchorages were same as in
BF1-2.

*BF2-1 was defined as control beam or
reference beam without any strengthening
system.

*BF2-2 was strengthened by external
double-flat layers of CFRP fabrics with
cross section of 110x0.13 mm and 1500
mm total length. The CFRP sheet was
applied on the bottom of the beam (tension
face). U-shape anchorages were fixed at the
ends of the sheet to prevent debonding of
the longitudinal CFRP. End anchorage
consists of two layers of CFRP sheet with
cross section of 60x0.13 mm each layer
with full height of the beam. '

*BF2-3 was externally strengthened by
single layer of longitudinal CFRP fabrics
with cross section of 220x0.13 mm. The
breadth of CFRP was selected to completely
cover the beam bottom (tension face) in
addition to 50 mm upward on each side of
the beam. End anchorages were same as in

BF1-2.
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* BF2-4 was externally strengthened same as
BF2-3 but the longitudinal CFRP sheet was

double layers instead of single layer.

4.2 Shear Groups

Shear groups consist of two groups, each
group contains four beams. The first group
was defined as BS1, while the other one was
defined as BS2. The Beams in group BSI
was reinforced with 2¢16 lower reinforcement,
2412 upper reinforcement, and 5¢6 /m’
stirrups. Whereas, Beams in group BS2 was
reinforced with 2418 lower reinforcement,
2012 upper reinforcement, and 5¢6 /m’
stirrups. Strengthening modes of beams in
shear groups are shown in Fig. (2) and can

be defined as;

»BS1-1 was defined as control or reference
beam without external strengthening,
=BS1-2 was strengthened against shear
failure. The strengthening mode consists of
three strips U-shape single layer covering
the full depth of the beam. The strip cross
section of 60x0.13 mm was applied
perpendicular to longitudinal axis of the
beam. The spacing from centerlines of the
strips to the support was 205, 365, and
525 mm respectively.
sBS1-3 was strengthened same as BSI-2
but each strip was double layers instead of
single layer.
"BS1-4 was strengthened by three vertical
side strips double layers with full depth of

the beam. Cross section of strips and
spacing same as BS1-3.

*BS2-1 was defined as control beam or
reference beam without any external
strengthening,

*BS2-2 was strengthened against shear
failure by three side strips with full depth
of the beam. The strip cross section of
60x0.13 mm was applied at 45° to
longitudinal axis of the beam. The spacing
from centerlines of the strips to the support
was 340, 500, and 660 mm respectively.

*» BS2-3 was strengthened such as BS2-2 but
strips were double layers.

*BS2-4 was strengthened by side strip
double layers with full depth of the beam.
The strip cross section of 200x0.13 mm
was applied perpendicular to longitudinal
axis of the beam at clear distance 300 mm

from each support.

5. Strengthening Procedures

The external strengthening system (CFRP
sheets and epoxy adhesives) was performed
as follows:

1. Preparation of concrete surface by grinding
disk. Loose particles and dust have been
removed by vacuum cleaner. The concrete
surface has been dried by hot air blower.

2. The surface was leveled and structural
corners had been rounded to a radius of 10
mm by diamond grinding disk.

3. Epoxy resin was mixed separately, then,
component B was added to component A

using special spatula.
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4. Stir with an electric mixer for about 3
minutes until all the colors streaks
disappeared, then the whole mix was
poured into clean container and stir again
for about extra one minute at a low speed
to keep air entertainment at a minimum.

5 The mixed resin was applied to the
prepared concrete surface by brush in a rate
of 1.2 kg/m® according to manufacturer's
recommendations.

6. Carbon fiber fabrics was placed onto the
epoxy coating and squeezed with plastic
roller.

7. The second layer of fabrics was applied
within twenty minutes using epoxy resin
with average dosage of 0.6 kg/m* according

to manufacturer's recommendations.

6. Test Procedure

All specimens were tested as simple beams
with clear span of 2000 mm using a four-
point loading system. The concentrated load
was applied on steel distribution beam used
to generate the two concentrated load on
each specimen. The load was applied by
means of a hydraulic reversed pump. This
load was monotonically increased from zero
up to failure load. The beams in flexural
groups (BF1, and BF2) were tested with
shear span to effective depth ratio (a/d) =
455, while beams in shear group (BS1, and
BS2) were tested with (a/d) = 3.33 and 2.42

respectively. In  flexural groups, each

specimen was supplied with internal
electrical-strain gauge before casting. The
strain gauge was fixed at the midpoint of the
longitudinal bottom bar, while external
strain pauge was fixed on CFRP at its
midspan. In shear groups, each specimen
was supplied with internal eclectic strain
gauge only. It was fixed at the bottom of one
stirrup faraway 25 cm from support. Both
internal and external electric strain gauges
were connected to digital strain instrument.
The strain was measured in longitudinal
reinforcement and CFRP at different loading
stages. Deflection was also recorded at
different loading stages by the use of three
mechanical dial gauges which were applied
at midspan and under each loading point as

shown in Fig. (3)

7. Test Results

7.1 Flexural Strengthening

The failure load and failure mechanism of
beams with flexural strengthening are
summarized in Table (2). The enhancement
ratios of the ultimate load for each beam are
also shown in Table (2). For beams with
light reinforcement ratio (u=1.1%), the
enhancement of the load carrying capacity
varied from 20 to 40 % depending on the
strengthening mode and ratio. The
corresponding enhancement in the beams
with heavy reinforcement ratio (u=1.97%),

ranged from 12 to 31.6% depending also on



Mansoura Engineering Journal, (MEJ), Vol. 29, No. 3. September 2004. C. 28

the strengthening ratio and mode. This
means that, the enhancement percentage of
light reinforced beams is higher than that of
heavy reinforced beams. On the other hand,
strengthening ratio has a significant effect in
improving the loading capacity. For example,
the load carrying capacity increased from 20
to 36% when the strengthening ratio was
doubled (BFi-2 and BFI-3). At the same
time, when double U-shape strengthening
was used, the loading capacity of BF2-4
increased with 31.6% compared to 16% for
beam BF2-3 strengthened with single U-
shape mode. At a given strengthening ratio,
the beam strengthened with single U-shape
Jayer (BF1-4) exhibited loading enhancement
of about 40% compared to 36% for beam
with double-flat bottom layers (BF1-3).
Meanwhile, the results of beam BF2-2, and
BF2-3 indicated that, the use of single U-
shape layer is more efficient than the use of
double-flat layers. On the other hand, the
loading capacity increased with about 16
and 31.6% when single and double U-shape
were used respectively. However, selection
of U-shape modes (single layer or double
layers) prevented the flexural cracks allover
the span during the stages of loading as
observed during the test of beams BFI-4,
BF2-3 and BF2-4. Failure shapes of these

beams are shown in Fig. (4).

The immediate deflection of a beam depends
mainly on the case of loading, span, restraints,
section geometry and material properties.
The applied load versus midspan immediate
deflection for beams subjected to flexure
were nearly similar for all beams at the early
stages of loading. The strengthened beams
showed less deflection than that of the
control beams as shown in Figs. (5), and (6).
The deflection under the loadings point was
recorded elsewhere [13] The stiffness is
defined as the load capacity of a section at a
given deflection. In this study, the deflection
was chosen to be 1/400 of the clear span, i.e.
5 mm [14]. This deflection approximately
occurred at about 60% from the failure load
of the control beams. The stiffness
enhancement of flexural beams can be

shown in Fig. (7).

In beams with light reinforcement ratio
(1=1.1%), the enhancement of beam
stiffness was significantly higher than that of
beams with heavy reinforcement (u=1.97%).
On average, stiffness enhancement of beams
BF1-2, BFI-3, and BF1-4 was about 46.8 %,
while in beams BF2-2, BF2-3, and BF2-4
the average enhancement was about 18.2%.
For beams without strengthening, stiffness
changed from 27 to 44 kN when the
longitudinal reinforcement ratio changed
from 1.1 to 1.97% respectively. It is worth
noting that, at a given strengthening ratio,

stiffness increased significantly when the
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shape of strengthening changed from flat
layer (BF1-3) to U-shape layer (BF1-4).
However, insignificant increase of stiffness
(from 16 to 18%) was observed when
strengthening shape changed from flat layer
(BF2-2) to U-shape layer (BF2-3) in beams

with higher longitudinal reinforcement.

7.2 Shear Strengthening

The failure load and failure mechanism of
beams in shear group are summarized in
Table (3). The enhancement of load capacity
of each beam can also be shown in the same
table. The enhancement of the load carrying
capacity depends mainly upon the shear
span to depth ratio (a/d) and strengthening
modes and ratios. For the beams with
a/d=3.33 the enhancement ratio varied from
13.3 to 24.40%, while for the beams with
a/d=2.42 the enhancement ratio varied from
10.5 to 52.6%. This identically clarified that,
the smaller a/d is the higher enhancement
ratio. Strengthening mode and number of
layers have a significant effect in improving
the load capacity. For example, using U-
shape single layer and double layers improved
the load capacity up to 13.3% and 24.4%
respectively as comparison between BS1-2,
BS1-3. This means that, the enhancement
ratio was approximately doubled when U-
shape single layer changed to U-shape double
layers. Also the effect of double layers had
significant effect as comparisons between

BS2-2, BS2-3. For a given strengthening

modes (number and cross section of fayers),
the load capacity was affected by the
spacing of the Jayers. For example BS2-3
and BS2-4 had the same layers and cross
section but the spacing was different. This
spacing had significant effect on the load
capacity enhancement (526 and 10.5%
respectively) i.e., the spacing of layers had
significant effect on the enhancement ratio
as mentioned above. The shapes of failure

of some beams in shear group are shown in

Fig. (8).

The immediate midspan-deflection of beams
in shear group was recorded as shown in
Figs.(9), (10). The strengthening ratio and
stiffness enhancement of shear beams are
shown in Table (4). The stiffness
enhancement varied from 7.3 up to 27.3%
depending mainly on the number of layers
and strengthening mode. The stiffness
slightly increased in shear group compared
to flexural group ie., the enhancement
percentage in flexural group varied from
13.6 up to 66.6%, while in shear group, the
enhancement varied from 7.3 up to 27.3%.
The stiffness enhancement depends mainly
on the shear span to depth ratio (a/d) i.e., the
smaller a/d is the higher stiffness ratio,
where in the group BSI (a/d = 3.33), the
stiffness ratio varied from 7.3 up to 18.87%
and in the group BS2 (a/d = 2.42) the

stiffness ratio varied from 7.3 up to 27.3%.
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8. Conclusions

The most notable conclusions from this

study are given as follows:

1

(]

Significant  enhancement of flexural
strength is obtained in lightly reinforced
beams (p=1.1%). For more heawvily
reinforced beams (u=197%) flexural

strength enhancement is less.

. In the Strengthened beams with light

reinforcement (L=1.1%), the enhancement
of the load carrying capacity varted from
165 to 40 % depending on the
strengthening ratio and mode. In the
beams with heavy reinforcement ratio
(1=1.97%), the enhancement ratio ranged
from 12 to 31.6%. This means that the
higher the reinforcement ratio, the less
the enhancement of the load carrying
capacity due to strengthening with CFRP.

Strengthening ratio has a significant
elfect in improving the loading capacity.
For example, the load carrying capacity
increased form 16.5 to 36 % when the
strengthening ratio (p=Ay /4;) changed
from 7 to 14 % (BF1-2 and BF1-3).

At a given p, the strengthening U-shape
double layers exlubited loading enhancement
of about 40% compared to 36% for
strengthening with flat double layers
(BF1-4 and BF1-3).

The stiffness of the strengthened beams
with light reinforcement ratio (p=1.1%)
was significantly higher than that of the
beams with heavy reinforcement ratio
(u=1.97%). On average, the stillness
enhancement of beams BF1-2, BF1-3 and

BI'1-4 was about 42.6 %, while in beams
BF2-2, BF2-3 and BF2-4 the average

enhancement was about 21 %.

. It 15 worth noting that, at a giving

strengthening ratio, the stiffness increased
significantly when the strengthening
mode c¢hanged from flat layers (BF1-3) to
U-shape layers (BF1-4).

. The enhancement of shear strength

depends mainly on the shear span to
depth ratio (a/d), strengthening modes
and ratios. For beams with a/d = 3.33, the
enhancement ratio varied from 13.3 to
24 4%, while for the beams with a/d =
2.42, the enhancement varied from 10.5
to 52.6%. This means that, the smaller

a/d is the higher enhancement ratio.

. The mode of strengthening against shear

failure and the number of layers has a
significant effect in improving the load
capacity. For example, U-shape mode
single layer and double layers mode
improved the load capacity from 13.3 to
24 .4 % respectively (BS1-2 and BS1-3).

. For a given strengthening mode (number

of layers and cross section), the loading
capacity was affected by the spacing of
the layers. The spacing had significant
effect varied from 105 to 52.6% as
comparison between BS2-4 and BS2-3

10. The stiffness slightly increased in shear

group compared to flexural group. The
enhancement in flexural group wvaried
from 16 to 60 % compared to 9 to 36.4%
in shear group. This means that the
mode of shear strengthening has slightly

enhancement in stiffness.
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Table (1) Variables of Test Program.

Mode GI;?p ?&Z{n H= j—z% p= %% a/d Strengthening modes
i en BF1-1; 1.10 0.0 4.55 | Reference (without strengthening)
2 BF1-2, 1.10 7.0 4.55 | Single flat layer
£=4 I BF1-3] 1.10 14.0 4.55 | Double flat layers
g BF1-4| 1.10 14.0 4.55 | U-shape single layer
& BF2-1f 197 0.0 4.55 | Reference (without strengthening)
7 1 BF2-2) 1.97 7.0 4,55 | Double flat layers
g Br2-3; 197 7.0 4.55 | U-shape single layer
= BF2-4| 1.97 14.0 4.55 | U-shape double layers
i BSI-11 197 - 3.33 | Reference (without strengthening)
o 1 BS1-2) 1.97 - 3.33 | Threc vertical U shape strips single layer
‘g BS1-3) 1.97 - 3.33 | Three vertical U shape strips double layers
TED BS1-4] 197 - 3.33 | Three vertical side strips double layers
;_-5, BS2-1| 2.12 - 2.42 | Reference (without strengthening)
pc BS2-2| 212 - 2.42 | Three inclined side strips single layer
3 v BS2-31 2.12 - 2.42 | Three inclined side strips double layers
@ BS2-41 2.12 - 2.42 | One vertical side strip double layers
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Fig (1) Strengthening Modes of Beams in Flexural Groups.
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Fig (2) Strengthening Modes of Beams in Shear Groups.
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Fig. (3) Test Setup.

Table (2) Failure Load and Failure Mechanism of Beams in Flexural Groups.

Beam Strengthening Cracking | Failure Load Failure Mechanism
Number Mode Load kN | Load kN |Enhancement
BF1-1 | Control beam 30 50 Control Yielding of tension steel
followed by concrete crushing.
BFI-2 | Single flat layer 35 60 20% fo‘ﬂfféng;fé;‘g’:u?fﬂ&
Tension steel yielding followed by
BF1-3 Double flat layers 40 68 36% rupture of CFRP and concrete
cover.
Crushing of concrete in compression
BF1-4 | U-shape single layer 55 70 40% zone associated with steel yielding
and CFRP rupture at midspan
Yielding of tension steel
BF2-1 Control beam 45 76 Control P .
ollowed by concrete crushing.
Crushing of concrete in
BF2-2 Double flat layers 60 &5 12% compression zone and debonding of
CFRP sheet and concrete cover.
Crushing of concrete in
BF2-3 | U-shape single laver 75 88 16% compression zone with yielding of
steel and CFRP rupture at midspan.
Crushing of concrete with steel
BF2-4 | U-shape double layers 80 100 31.6% vielding and CFRP rupture at

midspan .
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Fig. (4) Failure Illustrations of Different Beams in Flexural Groups.
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Fig.(5) Load-Deflection Relationship of Beams in Flexural Group (BF1).
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Fig (6) Load-Deflection Relationship of Beams in Fiexural Group (BF2).
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Fig. (7) Stiffness Enhancement of Beams with Flexural Srengthening.

Table (3) Failure Load and Failure Mechanism of Beams in Shear Group.

doublc layers

Heam . . . Failure Load
Kok Strengthening Mode Failure Mechanism Load kN Enhancement
B51-1 Referedae .(W'thom Shear failure 90.0 Control
B strengthening)
BS1-2 Three vertical U-shape Crushing .of concrete in 102.0 13.3%
single layer compression zone -
B8S 13 Three vertical U-shape Crushing _of concrete 112.0 24 4%,
double layers compression zone
BS |4 | Three vertical side strips Crushing ‘ofconcrete in 105.0 16.6%
| double layers COMPIEssion zone
Bs2- | Reference (without Shear failure 95.0 Control
| | strengthening)
psp-p | |hreeinclinedsidestips | gpoc frjure 125.0 31.6%
) single layer
BS2-3 I'hrec inclined side strips | Crushing Iofconcrc—:te in 1450 52 6%
double layers compression zone
Bs2-4 | One vertical side strip Shear failure 1050 10.5%
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Fig. (8) Failure Illustrations of Different Beams in Shear Groups.
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Fig.(9) Load—Deflection Relationship of Beams in Shear Group (BST).
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Fig (10) Load-Deflection Relationship of Beams in Shear Group (BS2).
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Table (4) Stiffness Enhancement due to Shear Strengthening.

Beam f a Failure Load at A=5mm | Stiffness
Number d Load kN kN Enhancement %
BS1-1 3.33 90.0 53 Control Beam
BS1-2 333 102.0 63 18 87
BS1-3 333 112.0 62 16.9
BS1-4 3.33 105.0 56 57
BS2-1 242 95.0 35 Control Beam
BS2-2 2.42 125.0 60 9

BS2-3 242 1450 70 273
BS2-4 242 | 1050 | 59 | 73
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