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Abstract- Experimental investigations on the flexural and
shear  behaviour of RC beams strengthened using
continuous glass fiber reinforced polymer (GFRP) sheets are
carried out. Externally reinforced concrete beams with epoxy-
bonded GFRP sheets were tested to failure using a
symmetrical two point concentrated static loading system.
Two sets of beams were casted for this experimental test
program. In SET | three beams weak in flexure were casted,
out of which one is controlled beam and other two beams were
strengthened using continuous glass fiber reinforced polymer
(GFRP) sheets in flexure. In SET Il three beams weak in shear
were casted, out of which one is the controlled beam and other
two beams were strengthened using continuous glass fiber
reinforced polymer (GFRP) sheets in shear. The strengthening
of the beams is done with different amount and configuration
of GFRP sheets.

Experimental data on load, deflection and failure modes of
each of the beams were obtained. The detail procedure and
application of GFRP sheets for strengthening of RC beams is
also included. The effect of number of GFRP layers and its
orientation on ultimate load carrying capacity and failure
mode of the beams are investigated.

Keywords- GFRP; flexure; shear; strengthened; symmetrical
two point concentrated static loading system.

. INTRODUCTION

The rehabilitation of infrastructures is not new, and various
projects have been carried our around the world over the past
two decades. One of the techniques used to strengthen existing
reinforced members involves external bonding of steel plates
by means of two-component epoxy adhesives. It is possible to
improve the mechanical performance of a member. The wide
use of this method for various structures, including building
and brides, has demonstrated its efficiency and its
convenience. In spite of this fact, the plate bonding technique
presents some disadvantages due to the use of steel as
strengthening material. The principal drawbacks of steel are
its high weight which causes difficulties in handling the plates
on site and its vulnerability against corrosive environments.
Moreover, steel plates have limited delivery lengths and,
therefore, they require joints.

Il. RELATED STUDY

In this report three beams were tested for flexure, controlled
beam and other two beams were casted and strengthened by
applying GFRP on two beams in flexure mode. Further study
continues by testing more number of beams includes various
kinds of fiber materials. A further study includes the
strengthening of beam is done by different amount and
different configurations of GFRP sheets provided. The various
concrete mix proportions and also cross sectional dimensions
of the beam and analysis also consider for further study.
Strengthening of the beam is also depends on matrix materials
like epoxy resin (adhesives). The matrix materials have
mechanical properties such as strength, shear and
compression. So we have a scope for further study that by
using different kind of matrix materials to strengthen the
reinforced concrete beams.

1l. METHODOLOGY AND TASTING
Two sets of beams were casted for this experimental test
program. In SET | three beam (F1, F2 and F3) weak in flexure
were casted using same grade of concrete and reinforcement
detailing. In SET Il there beams (S1, S2 and S3) weak in shear
casted using same grade of concrete and reinforcement
detailing. The dimensions of all the specimens are identical.
The cross sectional dimensions of the both the set of beams is
150 mm by 150 mm and length is 700 mm. in SET | beams 2,
10 mm ¢ bars are provided as the main longitudinal
reinforcement and 6 mm ¢ bars as stirrups at a spacing of 100
mm center to center where as in SET Il beams 3, 10mm ¢ bars
are provided as the main longitudinal reinforcement and
without any stirrups.
A. ERFORMANCE BASED OBJECTIVE
An objective of performance based objective targets like the
flexural behavior of reinforces concrete beams. To study the
effect of GFRP strengthening on ultimate load carrying
capacity and failure pattern of reinforced concrete beams.
Another objective is based on the shear behavior of reinforced
concrete beams. To study the effect of GFRP strengthening on
the shear behavior of reinforce concrete beams.

TESTING:

The flexural and shear strength of a section depends on the
controlling failure mode. The following flexural and shear
failure modes should be investigated for an FRP strengthened
section.
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e Crushing of the concrete in compression before yielding
of the reinforcing steel

e Yielding of the steel in tension followed by rupture of the
FRP laminate

e Yielding of the steel in tension followed by concrete
crushing

— 1

Figfi? Application of epoxy and hardener on the beam

A member of failure modes have been observed in the
experiments of RC beams strengthened in flexure and shear by
GFRPs. These include flexure failure; shear failure, flexural
failure due to GFRP rupture and crushing of concrete at the
top. Rupture of the FRP laminate is assumed to occur if the
strain in the FRP reaches its design rupture strain before the
concrete reaches its maximum usable strain cover delimitation
or FRP debonding can occur if the force in the FRP cannot be
sustained by substrate. The GFRP strengthened beam and the
control beams were tested to find out their ultimate load
carrying capacity. It was found that the control beams F1 and
S1 failed in flexure and shear showing that the beams were
deficient in flexure and shear respectively. In SET | beams F2
failed due to fracture of GFRP sheet in two pieces and then
flexure-shear failure of the beam took place. Beam F3 failed
due to delamination of the GFRP sheet after that fracture of
GFRP sheet took place and then flexure- shear failure of the
beam. In SET1 beams F2 and F3, GFRP rupture and flexural
shear kind of failure was prominent when strengthening was
done using both the wrapping schemes. In SET Il beams S2
and S3 failed due to flexural failure and crushing of concrete
on the top of the beam. The SET Il beams S2 and S3
developed major flexural cracks at the ultimate loads. In SET
Il beams S2 and S3 the flexural kind of failure was prominent
when strengthening was done using both the wrapping
schemes.
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Type of | Beam | Load at | Ultimate | Nature of
S.No | beam desig | initial load (KN) | failure
nation | crack
(KN)
F1 30 62 Flexural
failure
Beams | F2 34 94 GFRP
weak in rupture +
flexure | F3 Not 97 flexure-shear
(SET-1) visible failure
GFRP
rupture +
flexure-shear
failure
Sl 33 82 Shear failure
Flexural
Beams | S2 37 96 failure +
weak in crushing  of
flexure | S3 39 98 concrete
(SET- Flexural
)] failure +
crushing  of
concrete

Table 3.1 Ultimate load and nature of failure for SET-1
and SET-11 beams

IV. RESULTS AND DESCUSSIONS

The mid span deflection of each beam was compared with that
of their respective control beams. Also the load deflection
behavior was compared between two wrapping schemes
having the same reinforcement it was noted that the behavior
of the flexure and shear deficient beams when bonded with
GFRP sheets were better than their corresponding control
beams The graphs comparing the mid span deflection of
flexure and shear deficient beams and their corresponding
control beams are shown. The use of GFRP sheet had effect in
delaying the growth of crack formation. In SET-1 when both
the wrapping schemes were considered it was found that the
beam F3 with GFRP sheet up to the neutral axis along with the
soffit had a better load deflection behavior when compared to
the beam F2 with GFRP sheet only at the soffit of the beam
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Load vs Deflection Curve
for Beams F1, F2, F3
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Load vs. Deflection Curve for Beams F1, F2, F3

From the load and deflection of data of SET-I beams F1, F2,
F3 load vs. deflection curve is plotted for all three beams.
From this load vs. deflection curve, it is clear that beam F1 has
lower ultimate load carrying capacity compared to beams F2
and F3. Beam F1 had also undergone higher deflection
compared to beams F2 and F3 al the same load. Beam F2 had
higher ultimate load carrying capacity compared to controlled
beam F1 but lower than beam F3. Beam F3 had higher
ultimate load carrying capacity compared to the beams F1 and
F2. Both the beams F2 and F3 had undergone almost same
deflection up to 60 KN load. After 60 KN load beam F3 had
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undergone same deflection as beam F3 is highest. Beam F2
had undergone higher deflection than beam F1.

Load vs Deflection
Curve for Beams S1,
S2,S3
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Load vs Deflection Curves for Beam S1, S2, S3

From the load and deflection of SET Il beams S1, S2, S3, load
vs. deflection curve is plotted for all the three beams. From the
load vs. deflection curve, it is clear that beam S1 has lower
ultimate load carrying capacity compared to beams S2 and S3.
Beam S1 had also undergone higher deflection compared to
beams S2 and S3 at the same load. Beam S2 had higher
ultimate load carrying capacity compared to the controlled
beam S1 but lower than beam S3. Beam S3 had higher
ultimate load carrying capacity compared to the beams S1 and
S2. Both the beams S2 and S3 had undergone almost same
deflection up to 70 KN load. After 70 KN load beam S3 had
undergone same deflection as the beam S2 but at a higher load
compared to beam S2. The deflection undergone by beam S3
is higher. Beam S2 had undergone higher deflection than
beam S1.

B.LOADS AT INITIAL CRACK

Two point loading was done on both SET | and SET Il beams
and at the each increment of the load, deflection and crack
development were observed.

Load at Initial Crack of SET | beams

to the neutral axis
of the beam

40 :
35 > g .
30 @ Set I Beams Details
g w 9 F1 : Conrol Beam
_E 25 E F2 : Strengthen only
g 5 o at the soffit of
- @‘ the beam
5 @ F3 : Strengthen at
10 : the soffit and up
2
-4
F3

F1 F2

Set | Beams

Load at initial crack of beams F1, F2, and F3
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Under two point static loading of SET | beams, at each
increment of load, deflection and crack development were
observed. In beam F1 initiation of the crack takes place at a
load of 30 KN which is lower than beam F2 in which crack
initiation started at 34 KN. The crack initiation of beam F3
was not visible due to application of GFRP sheet up to the
neutral axis of the beam. The cracks were only visible after a
load of 80 KN.

Load at Initial Crack of SET Il beams
a0

39

38
a7
37
Set I Beams Details
38 S1 : Control Beams
s S2 : Strengthen only
at the sides of the
3a beam in shear zone
33 S3 : Strengthen by U-
33 “Wrapping of the beam
in the shear zone
32
31
30
s1 s2 sa
Set il Beams

Load at initial crack of beams S1, S2, and S3

Load in KN

Under two point static loading of SET Il beams, at each
increment of load, deflection and crack development were
observed. In beam S1 initiation of the crack takes place at a
load of 33 KN which is lower than beam F2 in which crack
initiation started at 37 KN and further lower than of beam F3
in which crack initiation started at 39 KN. There was not
much difference in load for crack initiation in beam S2 and
S3.

C.ULTIMATE LOAD CARRYING CAPACITY

The load carrying capacity of the control beams and the
strengthen beams were found out and is shown. The control
beams were loaded up to their ultimate loads. It was noted that
of all the beams, the strengthen beams F2, F3 and S2, S3 had
the higher load carrying capacity compared to the controlled
beams F1 and S1. An important character to be noticed about
the usage of GFRP sheets is the high ductile behavior of the
beams. The shear failure being sudden can lead to huge
damage to the structure. But the ductile behavior obtained by
the use of GFRP can give us enough warning before the
ultimate failure. The use of FRP can delay the initial cracks
and further development of the cracks in the beam.

Ultimate Load of Set I Beams

120

04

Set I Beams Details
F1 : Control Beam

F2 : Strengthen only at
the soffit of the beam

F3 : Strengthen at the
soffit and upto the neutral
axis of the beam

Load in KN
E

F1 F2 F3

Set 1 Beams

Ultimate load of beams F1, F2, and F3
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SET | beams F1, F2, F3 were loaded under two point static
loading. As the load was increased incrementally development
of cracks takes place and ultimately the beam failed. The
ultimate load of F1 beam was 62 KN which is lower than F2
beam which carried an ultimate load of 94 KN and further
lower than F3 beam which carried an ultimate load of 97 KN.

Ultimate Load at Set II Beams

100 a8

96

SET II Beams Details

£ S1 : Control Beam
£ s $2 : Strengthen only at
3 82 the sides of the beam in
shear zone
Ly §3 : Strengthen by U-

wrapping of the beam in
the shear zone

Setl Beams

Ultimate load of beams S1, S2, and S3

SET Il beams S1, S2, S3 were loaded under two point static
loading. As the load was increased incrementally development
of cracks takes place and ultimately the beam failed. The
ultimate load of S1 beam was 82 KN which is lower than S2
beam which carried an ultimate load of 96 KN and further
lower than S3 beam which carried an ultimate load of 98 KN.

D.CRACK PATTERN

The crack patterns at collapse for the tested beams of SET |
and SET Il are shown in fig. 5.13 to 5.18. In SET | the
controlled beam F1 exhibited widely spaced and lesser
number of cracks compared to strengthened beams F2 and F3.
The strengthened beams F2 and F3 have also shown cracks at
relatively the close spacing. This shows the enhanced concrete
confinement due to the GFRP strengthening. This composite
action has resulted in shifting of failure mode from flexural
failure (steel yielding) in case of controlled beam F2 to
peeling to GFRP sheet in case of strengthened beams F2 and
F3. THE DEBONDING of GFRP sheet has taken place due to
flexure-shear cracks by giving cracking sound. A crack
normally initiates in the vertical direction and as the load
increases it moves in inclined directions due to the combined
effect of shear and flexure. If the load is increased further,
cracks propagate to top and the beam splits. This type of
failure is called flexure-shear failure.

The SET Il beam S1 the shear cracks started at the center of
short shear span. As the load increased, to widen and
propagated towards the location of loading. The cracking
patterns show that the angle of critical inclined crack with the
horizontal crack axis is about 450. For strengthened reinforced
concrete beams S2 and S3, the members of vertical cracks
were increased compared to controlled beam S1.
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V. CONCLUSION

In this experimental investigation the flexural and shear
behavior of reinforced concrete beams strengthened by
GFRP sheets are studied. Two sets of reinforced concrete
(RC) beams, in SET I three weak in flexure and in SET Il
three beams weak in shear were casted and tested. From
the test results and calculated strength values, the
following conclusions are drawn:

A) SET | Beams (F1, F2, F3)

Initial flexural cracks appear at a higher load by
strengthening the beam at soffit. The ultimate load
carrying capacity of the strengthen beam F2 is 33% more
than the controlled beam F1.

Load at initial cracks is further increased by strengthening
the beam at the soffit as well as on the two sides of the
beam up to the neutral axis from the soffit. The ultimate
load carrying capacity of the strengthen beam F3 is 43 %
more than the controlled beam F1 and 7 % more than the
strengthen beam F2.

Analytical analysis is also carried out to find the ultimate
moment carrying capacity and compared with the
experimental results. It was found that analytical analysis
predicts lower value than the experimental findings.
When the beam is not strengthen, it failed in flexure but
after strengthening the beam in flexure, then flexure-shear
failure of the beam takes place which is more dangerous
than the flexure failure of the beam as it does not give
much warning before failure. Therefore it s
recommended to check the shear strength of the beam and
carry out shear strengthening along with flexural
strengthening if required.

Flexural strengthening up to the axis of the beam increase
the ultimate load carrying capacity, but the cracks
developed were not visible up to higher load. Due to
invisibility of the initial cracks, it gives less warning
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compared to the beams strengthen only at the soffits of
the beam.

By strengthening up to neutral axis of the beam, increase
in the ultimate load carrying capacity of the is not
significant and cost involvement is almost three times
compared to the beam strengthen by GFRP sheet the
soffit only.

B) SET Il Beams (S1, S2, S3)

The control beam S1 failed in shear as it was made
initially weak in shear.

The initial cracks in the strengthen beams S2 and S3
appears at higher load compared to the un-strengthen
beam S1.

After strengthening the shear zone of the beam the initial
cracks appears at the flexural zone of the beam and the
crack widens and propagation towards the neutral axis
with increase of the load. The final failure which indicates
that the GFRP sheets increase the shear strength of the
beam. The ultimate load carrying capacity of the
strengthen beam S1 is 31 % more than the controlled
beam S1.

When the beam is strengthen by U-wrapping in the shear
zone, the ultimate load carrying capacity is increased by
48 % compared to the control beam S1 and by 13 %
compared the beam S2 strengthen by bonding the GFRP
sheets on the vertical sides alone in the shear zone of the
beam.

When the beam is strengthen in shear, then only flexural
failure takes place which gives sufficient warning
compared to the brittle shear failure which is catastrophic
failure of beams.

The bonding between GFRP sheet and the concrete is
intact up to the failure of the beam which clearly indicates
the composite action due to GFRP sheet.

Restoring or upgrading the shear strength of beams using
GFRP sheet can result in increased shear strength and
stiffness with no visible shear cracks. Restoring the shear
strength of beams using GFRP is a highly effective
technique.
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