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Abstract -

The RC structures are subjected to several loads under adverse
environmental conditions, which may cause the structures to
deteriorate before their designed service life. In such
circumstances, dismantling and rebuilding the structure is a
time-consuming and costly operation. As a result, in order to
increase the serviceability of the RC structure and satisfy
design criteria, the structures are reinforced with CFRP
composites. The current experimental effort attempts to study
the flexural behavior of pre-loaded Reinforced concrete T-
beams strengthened with CFRP strips under NSM Technique
with different orientation of CFRP strips i.e., horizontal and
vertical. In comparison with control beams, the working and
ultimate loads of T-beams strengthened with NSMLV and
NSMLH technique enhanced by up to 23.69% and 25.43%
respectively. The load deflection behavior and failure
mechanisms of all reinforced and control T-beams are also
investigated. The percentage of quantity of CFRP laminates
used in NSMLH technique was almost double than that in the
NSMLYV technique. Hence the NSMLV technique is more
economically then NSMLH technique. The deflection at the
failure load in the NSMLV reinforced beams was more than
two to three times that at the working load, indicating that the
requisite level of deflection ductility was reached.

Key Words: Reinforced concrete, T-Beams, CFRP Laminate,
Flexural Strengthening, NSM, Experimental.

1. INTRODUCTION

Strengthening and retrofitting of existing and damaged
reinforced concrete (RC) buildings has emerged as a critical
construction activity in order to meet new design standards and
strength specifications. Structures must be able to sustain a
variety of loads under adverse environmental circumstances
such as heavy traffic, intense explosions, debris flow, and a
severely corrosive atmosphere. As a result, reinforcing RC
structures is necessary to fulfill the appropriate required
strength and to extend serviceability of the structures.

External reinforcement, Ferro cement and jacketing using
steel plates and post tensioning or Surface treatments are
prevalent procedures in the construction sector. Retrofitting or
strengthening undamaged and damaged structures with Fiber
Reinforced Polymer (FRP) composites, particularly Carbon
FRP, has become popular in recent years due to their superior
properties such as lightweight with high strength and stiffness,
non-corrosiveness, high longitudinal tensile, higher durability,
electromagnetic neutrality, lower transmissibility, ease of
handling and ability to be implemented quickly with no or few
skilled labors.

Near Surface Mounted Technique (NSM): The NSM approach
involves inserting FRP strips into grooves, and installing at the
stress zone of RC beam concrete cover. Epoxy resin is typical
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glue used to attach Carbon fiber reinforced polymer (CFRP) to
the concrete surface. As an alternative to the external bonding
(EB) approach, the NSM technique was created. Because both
sides of the Carbon FRP strip are linked to the concrete
substrate, it considerably increases the binding between CFRP-
concrete and CFRP-epoxy. Carbon FRP reinforcements of
various cross sections, such as circular, square, rectangular bars,
and strips, are employed in the NSM-FRP strengthening
procedure. The rehabilitation of deteriorated structures
by using Near Surface Mounted CFRP Composites is gaining
popularity in the construction sector owing to its high
strength, optimum durability and compatibility with concrete
structures during application.

Objectives

The objectives of the current thesis are as listed below:

1. To study the flexural behavior of pre-loaded RC T-beams
reinforced with Carbon fiber reinforced polymer utilizing a
Near Surface Mounted method.

2. To investigate the effectiveness of reinforced T beams
utilizing CFRP laminate in different orientations using the
NSM approach i.e, horizontal and vertical.

3. To determine the working load, ultimate load, and
deflections under working load of all strengthened and control
beams.

4. To evaluate the change in load-deflection behavior of all
strengthened and control beams.

5. To observe the debonding failure of CFRP strips in all
reinforced RC T-beams.

Methodology
The experimental-methodology used for the thesis has been
presented below:

Procurement of materials

Basic material testing and Mix Design — Control beams-2

Casting of RC T-beams 6- no's

» NSMLV CFRP-2

Curing of beams for 28 days
.. NSMLHCFRP-2

Pre loading of T-beams

Strengthening of T-beams using
CFRP laminates

Testing of T-beams under two-point
loading

Results and discussion

Conclusion
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2. SPECIMEN DETAILS
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Fig.1 Reinforcement detailing of T-beam

All cross-sectional dimensions of the T- beam were taken as
shown in fig.1. The longitudinal tension reinforcement for all
T-beams consists of two 12mm diameter steel bars and four
8mm diameter hanger bars in the T-beam flange. There were
also 8mm diameter two-legged the vertical stirrups at 200mm
c/c along the span. Six T-beams had a clear span of L=2000mm,
and Grade of concrete is M20.The formwork and reinforcement
cage reinforced concrete T-beam is shown in fig2.

(b) (c)

(d)
Fig.2 (a)(b) Formwork of T-Beam, (c)(d) Reinforcement cage
of T-Beam
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3. MATERIALS

Three 150 x 150 x 150 mm concrete cubes were cast to test the
compressive strength of concrete after seven, fourteen and
twenty-eight days. The 28 days compressive strength of
concrete was 24 Mpa. The water-cement ratio was 0.5 with a
slump of 75mm. Tensile steel reinforcement for the T-beam
was 12mm diameter while vertical stirrups and compression
reinforcement were composed of 8mm diameter of HYSD Fe-
550 grade bars.

The mentioned data were provided by the manufacturer. CFRP
laminate of 1.4 mm thickness, independent of any hazardous
contaminants, chemicals, salts, or any detrimental millimeter
thickness, with tensile strength 2600 MPa and elasticity
modulus 170 GPa, was utilized to reinforce T-beams.

The mentioned data were provided by the manufacturer. The
laminates were bonded with concrete using Epoxy Nitobond
PC40. The mix of Nitobond PC40 base and hardener epoxy
results as adhesive in fig3. The colour of base is off white and
hardener is black. We employed an epoxy resin with a
compressive strength after 24 hours is > 60N/mm 2 and after 7
days is > 75N/mm2.The specific gravity is range from 1.8 to
1.9and the pot life is 30 min at 400 C.

Fig.3 CFRP laminate and Epoxy Nitobond PC40

4. EXPERIMENTAL PROGRAM

Strengthening of beams

The RC T-beams were strengthened after curing for a period of
twenty-eight days. CFRP laminates are used to strengthen 4 T-
beams, out of which two were NSM with horizontal orientation
of CFRP laminate and two were NSM with vertical orientation
of CFRP laminates. The different strengthening configurations
are shown in the Fig4.

VE-8X15mm .'m’;&m
NSMLV CFRP - 1500 X 14 X 12mm ——NSVLH CFRP- 1500 X 50 X1 4 mm
CONTROL BEAM NSMLV BEAM NSMLH BEAM

Fig.4 Strengthening Configurations

RC T beam strengthening with Near Surface Mounted
Laminate in Vertical Orientation (NSMLV):

Concrete surface preparation using a machine grinder, two
grooves of length 1500mm (length), 6mm (width), 18mm
(depth) were formed on the cover section of the concrete
bottom surface. The dust particles were removed using a
blower and then cleaned with a brush to prepare the surface for
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reinforcement. CFRP laminates were cut to a length of 1.5 m
using a reciprocating saw with a fine-tooth blade or a grinder.
The epoxy adhesive was injected into grooves to a depth of 4
mm. The laminates were positioned vertically inside the
grooves. Before the epoxy adhesive set, the leftover grooves
were covered with epoxy adhesive. The epoxy adhesive was
filled in all gaps between the laminate and the groove with
attention. The surface was cured for 7 days after strengthening
before being tested. Fig5 depicts the whole technique used in
the NSMLV.

(e)
Fig.5 (a) Groove Cutting(b) Finished Grooves (6x18mm) (c)
Laminate Cutting (d) Adhesive preparation (e) Application of
adhesive
RC T beam strengthening with Near Surface Mounted
Laminate in Horizontal Orientation (NSMLH)
Concrete surface preparation for strengthening T beam bottom
surface was marked with the dimensions required for cutting
the groove. The designated area was cut vertically using a fine-
tooth blade or grinder, and then chipped with a chisel to create
a groove 1500mm in length, 70mm in breadth, and 10mm in
depth. The groove bottom surface should be even, with no
undulations, gaps, or other irregularities. As a consequence,
with a machine grinder, the bottom surface of the groove was
ground. To prepare the surface for strengthening, the dust and
chipped particles were wiped away after grinding. Carbon FRP
laminates with a thickness of 1.4mm was cut to a length of
1500mm and a width of 50mm.The epoxy adhesive was
carefully mixed in a 3:1 ratio of base and hardener until it
became grey. The epoxy was placed into the groove to a level
of 4mm before the laminate was put on top of it. The remaining
section of the groove was filled with epoxy before it hardened.
The epoxy was cured for at least 7 days after the laminate was
applied for strengthening before testing. The NSMLH
Technique is seen in Fig6.
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4]
Fig.6 (a) Groove Cutting (b) Concrete chipping (c) Finished
grooves (70x10mm) (d)Laminate Cutting (e¢) Adhesive
preparation (f) Application of adhesive

Test setup and data acquisition

All the six specimens were tested in the below arrangement,
two specimens unstrengthen and four were strengthened with
CFRP. The load is applied in gradual increment of 2 KN; the
corresponding deflections in the dial gauge reading are
recorded at each of these stages. When the load is applied on
beams the corresponding load at which first crack appears is
called cracking load, further the beams are loaded until failure
which corresponds to ultimate load. As discussed, earlier dial
gauge readings are recorded at three points namely at 1/3, 1/2
and 2/3 of effective length from the one end of support for each
increment in loads. The test data recorded of the RC T-beams
under two-point loading test are interpreted and discussed in
detail further.

Fig.7 Test setup
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5. RESULTS AND DISCUSSIONS

Behavior of Control T-Beams

Control Beam-1 (CB-1)

The beam was tested with the load being gradually increased in
an increment of 2KN. First crack appeared in the web of the T-
beam under the load of 76KN with deflection 1.07mm. The
working load was observed at 120KN with deflection 2.94mm.
The reversal of the proving ring needle signaled the beam's
failure under the load of 166KN, which is the ultimate load of
the beam. Fig8 represents the crack pattern of the CB-1.the
graphical representation of Load vs Deflection Curve of CB-1
is provided in Fig9.

Fig.8 Crack pattern observed in CB-1

LOAD VS DEFLECTION CURVE -CB1

1] 1 5 6 7

3 4
Deflection in mm

Fig.9 Load vs Deflection Curve of CB-1

Control Beam-2 (CB-2)

The beam was tested with the load being gradually increased in
an increment of 2KN. First crack appeared in the web of the T-
beam under the load of 90KN with deflection 1.54mm. The
working load was observed at 126KN with deflection 3.7mm.
The reversal of the proving ring needle signaled the beam's
failure under the load of 180KN, which is the ultimate load of
the beam. Fig10 represents the crack pattern of the CB-2.the
graphical representation of Load vs Deflection Curve of CB-2
is provided in Fig11.

Fig.10 Crack pattern observed in CB-2
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LOAD VS DEFLECTION CURVE - CB2

Loadin KN
o B 8288

o 1 2 3 4 5 6 7 8 9 10
Deflection in mm

Fig.11 Load vs Deflection Curve of CB-2

PRELOADING

Two-point loading test was done for preloading the T beams.
The four beams which have to strengthen with NSM technique
using CFRP strips are preloaded with 64% of the ultimate load.
Ultimate load of 173KN was obtained with reference to control
beams testing. So, the beams are preloaded with the load of
110KN.

Behavior of Strengthened T-Beams

Near Surface Mounted in vertical
laminate (NSMLV-1)

The beams which were preloaded were being tested after
strengthened with CFRP laminates. First crack appeared in the
web of the T-beam under the load of 36KN with deflection
0.93mm. The working load was observed at 138KN with
deflection 4.01mm. The reversal of the proving ring needle
signaled the beam's failure under the load of 208KN, which is
the ultimate load of the beam. Figl2 represents the crack
pattern of the NSMLV-1.the graphical representation of Load
vs Deflection Curve of NSMLV-1is provided in Fig13.

orientation of

Fig.12 Crack pattern observed in NSMLV-1

LOAD VS DEFLECTION CURVE -NSMLV1
220

Load in KN

[} 1 2 3 4 5 6 7 8 o 10 11 12
Deflectonin mm

Fig.13 Load vs Deflection Curve of NSMLV-1

Near Surface Mounted in Vertical Orientation of
Laminate (NSMLV-2)

The beams which were preloaded were being tested after
strengthened with CFRP laminates. First crack appeared in the
web of the T-beam under the load of 32KN with deflection
0.85mm. The working load was observed at 146KN
with deflection 4.82mm. The reversal of the proving ring
needle signaled the beam's failure under the load of 220KN,

which is the ultimate load of the beam. Figl4 represents the
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crack pattern of the NSMLV-2.the graphical representation of
Load vs Deflection Curve of NSMLV-2 is provided in Figl5.

ﬁ observed in NSMLV-2

i.14 Crack pattef
8.0

LOAD VS DEFLECTION CURVE - NSMLV2

Load in KN

240
220
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o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Deflection in mm

Fig.15 Load vs Deflection Curve of NSMLV-2

Near Surface Mounted Laminate in Horizontal Orientation
(NSMLH-1)

The beams which were preloaded were being tested after
strengthened with CFRP laminates. First crack appeared in the
web of the T-beam under the load of 30KN with deflection
0.41mm. The working load was observed at 144KN

with deflection 3.65mm. The reversal of the proving ring
needle signaled the beam's failure under the load of 216KN,
which is the ultimate load of the beam. Figl6 represents the
crack pattern of the NSMLH-1.the graphical representation of
Load vs Deflection Curve of NSMLH-1 is provided in Figl7.

LOAD VS DEFLECTION CURVE - NSMLH1

Load in KN

240
220
200
180
160
140
120
100
80
60
40
20
o

Deflection in mm

Fig.17 Load vs Deflection Curve of NSMLH-1
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Near Surface Mounted Laminate in Horizontal Orientation
(NSMLH-2)

The beams which were preloaded were being tested after
strengthened with CFRP laminates. First crack appeared in the
web of the T-beam under the load of 30KN with deflection
0.54mm. The working load was observed at 146KN

with deflection 3.11mm. The reversal of the proving ring
needle signaled the beam's failure under the load of 218KN,
which is the ultimate load of the beam. Fig18 represents the
crack pattern of the NSMLH-2.the graphical representation of
Load vs Deflection Curve of NSMLH-2 is provided in Fig19.

Pes - i : :
Fig.18 Crack pattern observed in NSMLH-2

LOAD VS DEFLECTION CURVE - NSMLH2

240
220
200
180
160
140

= 120

2 100

- 80

20

Deflection in mm

Fig.19 Load vs Deflection Curve of CB-1

COMPARATIVE STUDY ON THE BEHAVIOUR OF
CONTROL AND STRENGTHENED T-BEAMS
Combined Load vs Deflection curve for the Control Beams and
Strengthened T-beams using NSMLV Technique and NSMLH
Technique is shown in fig20 and fig21.As demonstrated in
below graphs, all strengthened beams behaved similar to the
control beam up to cracking load. Following the cracking load,
from Tablel it is clear that the working and ultimate loads for
both NSMLV and NSMLH beams increased as compared to the
control beams, with percentage increases of 23.69% and
25.43%, respectively can be seen. From Table2 the deflection
at the failure load in the NSMLYV reinforced beams was more
than two to three times at the working load; where as in
NSMLH is more than two times at the working load indicating
that the requisite level of deflection ductility was reached.
Furthermore, the deflections of the NSMLV beams at ultimate
load were larger than those of the NSMLH and control beams,
showing that the required level of ductility was attained. From
Table2 we can say all of the beam’s deflections under working
loads met the IS 456:2000 standard of span/250 =8. Fig.22
shows average working load of control and strengthened T-
beams and Fig.23 shows average ultimate load of control and
strengthened t-beams
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COMBINED LOAD VS DEFLECTION CURVE-

CB VS NSMLV
240
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——CB1 ——CB2 NSMLV1 ———NSMLV2

Fig.20 Combined Load vs Deflection Curve for the Control
Beams and Strengthened T-beams using NSMLV Technique

COMBINED LOAD VS DEFLECTION CURVE-
CB VS NSMLH

240
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Load in KN
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Fig.21 Combined Load vs Deflection Curve for the Control
Beams and Strengthened T-beams using NSMLH Technique

Table-1 Loads of Control and Strengthened T-Beams

AVERAGE WORKING LOAD

150

144.66
145 142.67
140
E 135
= 130
T 125
S
- 120
115
110
NSMLV B NSMLH B

Beam Designation

Fig.22 Average Working Load of Control and Strengthened
T-Beams

AVERAGE ULTIMATE LOAD

250

200
150
100
50
0

NSMLV B NSMLHB
Beam Designation

Load in KN

Fig.23 Average Ultimate Load of Control and Strengthened
T-Beams

Oolncrease FAILURE MODES OF RC T-BEAMS
Beam o AvgPw o AVIPU | are to STRENGTHENED BY NSMLV TECHNIQUE
designation g\l IEVN (KN) ll(JN (KN) ) From the experimental investigation it was observed that, the
(KN) - (KN) (KN) CB (%) specimen NSMLV1 and NSMLV2 was failed due to widening
CB-1 76 | 120 166 of cracks and spalling of the concrete cover which is shown
CB-2 9 | 126 | 123 180 173 | fig24(a)(b). After the failure, the beam bottom portion was
mgmgi gg ﬁg'g 142 67 ggg 14 s3609 | ©Xamined in order to identify whether the laminate has ruptured
NSMHB-1 30 [ 142 : 516 : there was no rupture of laminate found.
NSMHB-2 30 | 1453 | 14466 | 218 217 25.43
=3
Table-2 Deflections of Control and Strengthened T-Beams
Beam Avg Avg Requirement
designation Acr AW AW Au Au as per
(mm)  |((mm)  (mm) [(mm) [(mm) -
15456:2000 g < :
CB-1 1.07 [2.94 59 @) (b)
3.32 5.45 Aw<8 Fig.24(a)(b) Failure Modes of Strengthened Beams under
CB-2 154 3.7 5 NSMLV Technique
NSMVB-1 093 Aol 05 FAILURE MODES OF RC T-BEAMS
4.415 8 |12.965 AW<8 STRENGTHENED BY NSMLH TECHNIQUE
NSMVB-2 0.85 [4.82 14.81 The strengthened beams using NSMLH1 Technique failed due
to concrete cover separation which was initiated at the end of
NSMHB-1 041 1365 338 765 2 335 AW<8 CFRP laminate shown in fig 25(a). In case of NSMLH2 the
NSMHB-2 054 B11 ' 702 | beam failed due to debonding of laminate with epoxy which
further led to concrete cover separation shown in fig 25(b).
© 2022, I[JSREM | www.ijsrem.com DOI: 10.55041/IJSREM16843 [ Page 6
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Fig.25(a)(b) Failure Modes of Strengthened Beams under

NSMLH Technique

6. CONCLUSION

In comparison to the control beams, the working and
ultimate loads of T-beams strengthened using NSMLV
technique with CFRP enhanced by up to 23.69%.

In comparison to the control beams, the working and
ultimate loads of T-beams strengthened using NSMLH
technique with CFRP enhanced by up to 25.43%.

The beams strengthened with NSMLH CFRP failed by end
cover separation along with the laminate, which occurred
at single the ends of laminate, while the NSMLV beams
failed by concrete cover separation which occurred due to
widening of cracks at flexure zone.

The percentage of quantity of CFRP laminates and epoxy
adhesive used in NSMLH technique was almost double
than that in the NSMLV technique. Hence the NSMLV
technique is more economically then NSMLH technique.
The deflection at the failure load in the NSMLYV reinforced
beams was more than two to three times that at the working
load, indicating that the requisite level of deflection
ductility was reached.

As a result, both the NSMLV and NSMLH procedures
employing CFRP are shown to be successful in increasing
the flexural strength of RC T-beams, however the NSMLV
technique is more effective than the NSMLH technique
due to its higher strength.
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