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Abstract —
Now a days all the civil engineering structures are designed earthquake resistant to
withstand the high intensity earthquakes that are occurring more frequently. But there is
a need to strengthen the already existing structures to withstand for earthquakes. Usage
of CFRP sheets is a technique to strengthen a structural member of a structure to
withstand for natural occurring calamities.
This study presents the experimental and numerical investigation on the effect of CFRP
sheets with varying angles of straps on the strength of the beam. The objective of this
work is to explore the behaviour of RC beam strengthened with CFRP sheet and straps.
Numerical analysis was carried out using software to represent the ultimate load vs
deflection and ultimate load carrying capacity of the beam.
Comparison of experimental with numerical results exhibited, that beam strengthened
with angled straps showed more effective in enhancing the deflections, failure modes and
ultimate strength of the RC beam. The strength of CFRP straps with different orientations
were analyzed and compared.

Key Words — Unidirectional carbon fiber, epoxy, load versus, deflection graph, ultimate
load carrying capacity.

1. Introduction

Deterioration of old structure and replacing it with a new structure may lead to
various disadvantages like financial, material, and labour cost, etc. Instead of
deteriorating, strengthening of structure is the best solution. Retrofitting is required in
many cases like poor construction, inferior material, unexpected loads, earthquakes,
etc. Flexural and shear strengthening arrangement remains the best method in
increasing the stiffness, ultimate strength and cracking behaviour of the RC beam [1].
Many researches have been conducted on the RC beams retrofitted with flexural and
shear strengthening by CFRP sheets through experimental and numerical analysis. The
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analysis has showed that flexural and shear strengthening of beam would avoid the
debonding failure, which provides good strength and ductility[2]. New techniques
have emerged in recent times for increasing the flexural and shear strength of beams,
Instead of bonding of CFRP externally they have made holes along the web of the
beam and inserting the FRP material into the holes and filling the holes with grout to
increasing the shear strength of the beam[3],Near surface mounted CFRP bars to
enhance the overall load carrying capacity ,moment redistribution and ductility of the
beam[4], Another anchoraging technique i.e, CFRP stitching along U-wrap is used for
shear deficient beams it is new method for shear strengthening of beam[5], Another
method for increasing the shear strength of the beam stands by using the shear
deficient beam and using two schemes one is the externally bonded near surface
mounted carbon fiber polymer u wrap strips and welded wire mesh and second
strengthening scheme is CFRP u-wraps and horizontal CFRP strips of externally
bonded to the beam[6]. Externally bonded reinforcement in groove (EBRIG) technique
is used to enhance the shear capacity of the beam in this regard, as the spacing of
stirrups increases the effective strains in the carbonfibre also increases ductility with
increases in stirrups[7]. Experimental and numerical analysis has done to investigate
the precracked and repaired beams and strengthened by CFRP sheets results indicated
that improved load vs deflection curve and as the number of CFRP layers increases
shear stresses rises[8]. A new improved anchorage technique by using steel pins,steel
clamps and the initial compression induced by the clamps were investigated and found
that steel clamps provide high strength[9]. The grade of steel plays a major role in the
debonding of the fibre as the grade of steel increases the bond efficiency of CFRP
laminates increased[10]. Combination of GFRP bars and CFRP sheets are used to
increase the flexural performance of the beam. The test results revealed that central
deflection and crack sizes are reduced considerably by increasing the number of CFRP
layers and GFRP reinforcement ratio[21]. Debonding of CFRP is one of the problem
but end self locking a technique to prevent the debonding of the CFRP from the beam,
due to this intermediate crack debonding is subsequently reduced and an increase in
the ultimate load and ductility is observed that ensuring failure of CFRP rupture or
concrete crushing regardless of debonding[22]. Researchers have done on the flexural
retrofitting of CFRP sheets bonded on the sofit of the beam. The main influence is
bonding of CFRP to the sofit of the beam. Bonding plays a major role in the
strengthening of structures. Bonding of cfrp sheets to the surface can be increased
using different methodslike by improving the surface of the structure, by grooving
method, by externally bonded reinforcement and externally bonded reinforcement on
grooves or by anchored cfrp strips. Increasing the bonding delays the debonding and
increases the ductility of the beam and also increases the ultimate load carrying
capacity.[21,29,31,37]. A few studies also conducted on the length and thickness[19],
concrete cover thickness[34] and effect of end anchorages[24] on the debonding
failure and flexural strength of the beam. Externally bonded reinforcement is a basic
strengthening technique applied for a existing damaged structure. The reason behind is
high strength to weight ratio, stiffness and load carrying capacity.
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Various parameters of this strengthening method have been investigated in the
past years. The parameters include the effects of strengthened precracked beam[20],
effect of strengthened shear failed beams[23] and also damaged concrete cover[34].
Special attention has been paid on the determination of type of resins they are rubber
modified resin, cement based resin, bio based resin for bonding the CFRP to sofit of
the beam[22,25,42].

From the above works it is clear that externally bonded carbon fiber sheets are
currently being studied for strengthening of structural components. In this study
carbon fiber is externally bonded to increase the flexural and shear strength of the
beam. The effects of inclined straps on the load carrying capacity, crack patterns of the
RC members loaded in four point bending test were specifically evaluated.

In earthquake prone area buildings get easily damaged due to high impact p,s,l
waves, so retrofitting becomes a major factor for strengthening the structure. In the
present work G+5 building is designed with different types of loadings i.e, dead load,
live load, earthquake loads and building were analyzed for a critical section. The
below figure shows the building plan of a G+5 and critical section.
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Gandla Nanabala Sreekanth, S.Balamurugan

From the critical section, beam is derived and it is consized to suit the lab conditions.
After consizing, the beam is as shown in the figure below.
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Fig:-3 Geometric dimensions of beam

2. Material Properties

A. Concrete

OPC grade53 cement confirming to IS 12269-1987 was used in the study. Fine
aggregate locally available and crushed angular coarse aggregate passing 20mm sieve
have been used. Tests are conducted on the materials as per IS standards. The mix
proportions have been calculated according to the design mix as per IS 10262-2009 in
order to achieve the 25N/mm?. Calculated mix proportions are with a W/C ratio of 0.5
with a slump of 100mm. Six cubes were casted using the mix proportions and the
results are tabulated below.

Table:1
Test results of concrete cube
Compressive strength of
concrete cube (MPa) Sample 1 Sample 2 Sample 3
Days 7 28 7 28 7 28
M25 mix(N/mm?) 18.6 32.8 20.3 34.5 19.6 33.2

B. Reinforcement

Fe500 HYSD 12mm &8mm dia bars having characteristic strength of 500 MPa
were used and three samples have been tested in universal testing machine. 12mm dia
bars used as longitudinal reinforcement and 8mm dia bars as stirrups.

C. CFRP and Epoxy

Different types of fiber reinforced polymer are available in market and carbon
fiber reinforced polymer is one of them. Carbon fiber of 230 GSM have been used in
the project and it is used as externally bonded reinforcement. Epoxy is used to bond
the cfrp to the surface of the concrete. Epoxy named Araldite has been used in this
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work. The properties of carbon fiber and araldite epoxy are supplied by the
manufacturer are summarized in Table 2&3.

Fig:-4 uni-directional carbon fiber sheet

Table:-2
Properties of carbon fiber
Thickness (mm) | Tensile strength | Elastic modulus | Cracking ductility(%) | Weight of carbon
(MPa) (GPa) fiber (g/m?)
0.112 4900 230 1.5% 230
Table:-3

Properties of epoxy

Tensile strength
(MPa)

Tensile modulus

(MPa)

Cracking ductility(%)

Elastic modulus
(MPa)

Specific gravity
(g/em?)

64

3700

34

3200

1.17

D. Specimen details

The dimensions of the beam were 150mm wide by 150 mm deep by 1000mm
long. The reinforcement consist of 12mm at top and bottom, shear reinforcement of
8mm bars as stirrups shown in fig.3. Table 3 shows the 5 RC beams strengthened with
the coupled shear and flexure in the form of sheets and straps. One beam CS was kept
without retrofitting for comparison. The rest of the beams were divided into four
categories A,B,C,D. In A series the beam was retrofitted with CFRP sheets and the
straps are inclined at 30°. In series B tde beams are retrofitted with CFRP sheets and
straps are inclined at 45°, In series C straps are inclined at 60°, and In series D straps
are perpendicular to the longitudinal direction.
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Table - 4
Series FRP provided Orientation of strap( %) Number of layers
Al,A2,A3 Sheet+Strap 30 1,23
B1, B2, B3 Sheet+Strap 45 1,2,3
ClL,C2,C3 Sheet+Strap 60 1,23
D, D2, D3 Sheet+Strap 90 1,2,3

E.  Sample preparation and test setup

The surface of the beam was cleaned and the epoxy spread on the bottom
surface of the beam and then the CFRP sheet was placed on the epoxy and it was
pressed with roller for uniformity and excess epoxy removed, next the epoxy is applied
on where the straps to be laid and the CFRP straps are spread on the epoxy applied
surface and the process is continued for the remaining layers. All the beams were
simply supported over a span of 1000mm and tested under four-point loading. The
load was applied using a hydraulic servo of 600Kn capacity with a loading of
SkN/min.

F. Testing of beams

Five beams were casted and cured for 28 days. Out of five beams, one beam
kept as control specimen and rest of the four specimens were strengthened with
unidirectional carbon fiber having thickness of 0.112mm. Universal testing machine
(UTM) is used for testing of beams. The strengthened beams are showed in the figures
5,6,7 with four point bending test which consist of beam supported on the two steel
roller bearing 150 mm from the end of the beam remaining portion is divided into
equal parts and test is conducted. The deflections of the beam were recorded.

3. Experimental Procedure

e Analysing the G+5 structure using software to find the critical section.

e Finding the physical properties of materials like aggregate, cement etc.,

e Calculation of Mix Design for Concrete.

e (Casting the beam.

e Applying CFRP Straps in different angles with 1,2,3 Layers.

e Testing the beams using Universal Testing Machine with 3 point loading to
find the deflections.

¢ By using Finite element analysis software the beam is analysed with and
without FRP straps.

e Results are compared with analytical and numerical approaches.

4. Results of Tested Beams
A. Orientation of angle at 30°:-
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Fig:-7 3 layer

Specimen A :-

The beam strengthened with one layer CFRP sheet with 30° angles during
testing showed combination of shear cracks and delamination of strap. For this beam
an ultimate load of 168.45kN and corresponding mid span deflection of 6.13mm was
achieved. It achieved strength of 90.3% greater than the control specimen.

Specimen Az :-

The beam strengthened with 2 layers CFRP sheets with 30° angle exhibited
concrete crushing at top of the beam. For this beam an ultimate load of 209.64kN and
a corresponding mid span deflection of 7.19mm. The strength achieved was 121.14%
more than the control specimen.

Specimen A3 :-

The beam strengthened with 3 layers CFRP sheets with 30° angle exhibited
concrete crushing at top of the beam. For this beam an ultimate load of 219.69kN with
a corresponding mid span deflection of 9.04mm. The strength achieved was 148.24%
more than the control specimen.

B. Orientation of angle at 45°:-

Fig:-10 3 layer

Specimen B :-
The beam strengthened with one layer CFRP sheet with 45° angles during
testing showed combination of shear cracks and delamination of strap. For this beam
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an ultimate load of 181.11kN and corresponding mid span deflection of 6.7mm was
achieved. It achieved a strength of 104.64% more than the control specimen.
Specimen B> :-

The beam strengthened with 2 layers CFRP sheets with 45° angle exhibited shear
cracks and concrete crushing at top of the beam. For this beam an ultimate load of
199.4kN and a corresponding mid span deflection of 8.76mm was recorded and the
strength achieved 125.31% more than the control specimen.

Specimen B3 :-

The beam strengthened with 3 layers CFRP sheets with 45° angle exhibited
concrete crushing at top of the beam. For this beam an ultimate load of 214.11kN with
a corresponding mid span deflection of 9.3mm. The strength achieved was 141.93%
more than the control specimen.

C. Orientation of angle at 60°:-

Fig:-13 3 layer

Specimen C; :-

The beam strengthened with one layer CFRP sheet with 60° angles showed
combination of shear cracks and delamination of strap. For this beam an ultimate load
of 190.68kN and corresponding mid span deflection of 6.78mm was achieved. It
recorded a strength of 115.46% more than the control specimen.

Specimen Cs:-

The beam strengthened with 2 layers CFRP sheets with 60° angle exhibited shear
cracks and concrete crushing at top of the beam. For this beam an ultimate load of
200.1kN and a corresponding mid span deflection of 7.98mm. The strength achieved
was 126.1% mare than the control specimen.

Specimen Cs:-

The beam strengthened with 3 layers CFRP sheets with 60° angle exhibited
concrete crushing at top of the beam. For this beam an ultimate load of 224.58kN with
a corresponding mid span deflection of 9.08mm. the strength achieved was 153.76%
more than the control specimen.

D. Orientation of angle at 90°:-
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Table No:-5
Results of the Specimens
Specimen Ifil;);d at Ultimate Ultimaj[e Ductility Shear octf) ntribution

crack(kN) load(kN) | deflection(mm) | index strength(kN) CFRP(KN)
CS 31.2 88.5 4.83 1.16 44.25 0
Ay 45.34 168.45 6.14 1.27 84.23 79.95
Ay 56.54 209.64 7.19 1.48 104.82 121.14
A3 63.46 219.69 9.04 1.87 109.845 131.19
B, 47.76 181.11 6.7 1.38 90.5 92.61
B 52.1 199.4 8.76 1.81 99.7 110.9
B3 68.91 214.11 9.3 1.92 107.05 125.61
Ci 49.47 190.68 6.78 1.40 95.35 102.18
G 53.81 200.1 7.98 1.65 100.05 111.6
G 71.2 224.58 9.08 1.87 1123 136.08
D 43.07 172.37 7.87 1.62 86.185 83.87
D, 47.53 179.82 7.17 1.48 89.91 91.32
D; 49.16 187.37 6.65 1.37 93.68 98.87

Fig:-16 3 laver

Specimen Di:- The beam strengthened with one layer CFRP sheet with 90°
angles showed combination of delamination of straps, shear cracks and concrete
crushing. For this beam an ultimate load of 172.37kN and corresponding mid span
deflection of 7.87mm was achieved. It recorded a strength of 90.64% more than the
control specimen.

Specimen Da:- The beam strengthened with 2 layers CFRP sheets with 90° angle
exhibited delamination of straps, shear cracks and concrete crushing at top of the beam.
For this beam an ultimate load of 179.82kN and a corresponding mid span deflection of
7.17mm. The strength achieved was 103.19% mare than the control specimen.

Specimen D3:- The beam strengthened with 3 layers CFRP sheets with 90°
angle exhibited concrete crushing at top of the beam. For this beam an ultimate load of
187.34kN with a corresponding mid span deflection of 6.65mm. the strength achieved
was 111.68% more than the control specimen.
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5. Finite Element Modelling

In the finite element analysis a tool named Ansys17.0 is used for nonlinear model
to analyse the retrofitted beam. The element, Solid 65 used for concrete model as it has
capable of cracking in tension, crushing in compression, plastic deformation and creep.
The important property of this solid65 element is it can handle nonlinear material
properties. Element, Link8 used for steel model in reinforced concrete. The purpose of
using this element is as it has the capability of handling plastic deformation. Solid45 was
used for 3-D modeling of adhesive. This element had features of plasticity, creep,
swelling, stress stiffening, large deflections and large strain capabilities. Solid46, the
element used for reinforced fiber polymer sheets with number of layers. CONTA174
and TARGE170 are used for bonding of CFRP to concrete. CONTA174 is generally
used for rigid-flexible and flexible-flexible contact analysis.

Properties of materials in modelling:-

A. Concrete and steel reinforcement

Linear stress strain analysis is used to model the concrete and steel
reinforcement. The properties of the materials are shown in the Table:-6. The
properties of steel much easier than the properties of concrete.

Table :-6
Properties of concrete and steel
Material Material property value
Compressive strength @28days (MPa) 31.25
Tensile strength(MPa) 2.1
Modulus of elasticity (GPa) 25
Concrete Poissons ratio 0.2
Shear coefficient for open crack 0.2
Shear coefficient for closed crack 0.8
Steel Modulus of elasticity (GPa) 210
reinforcement Poissons ratio 0.3
Ultimate stress (MPa) 500

B. CFRP sheets and Epoxy:-
The properties of these materials are given by the manufacturer and same
properties are used in the analysis. The properties are mentioned below in Table no:-7.
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Table:-7
Properties of CC and Epoxy
Material Material property Value
Elastic modulus (GPa) 230
Poissons ratio 0.3
CFRP Layer thickness(mm) 0.112
Layer number 1,2,3
Elastic modulus (MPa) 3200
Poissons ratio 0.3
Tensile strength(MPa) 30
Epoxy Layer thickness 1
Layer number 1,2,3

Beam modelling:-

Figure 17 shows the finite element model of RC beam element where solid 65
is the property defined for RC beam in Ansys software with support and loading
conditions. Longitudinal reinforcement and stirrups are shown in figl8. Discrete
method, element link180 is used in the modelling. The interface between the concrete-

epoxy-CFRP is assumed to be perfect bonding as shown in the fig.19.

ELEMENTS

i

CSFILE

Fig:-17 Full beam model with boundary and loading conditions
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Fig:- 19 Modelling of single layered CFRP sheet and epoxy
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6. Results

The comparison of experimental and numerical results of load vs deflection of
control specimen and 12 strengthened beams are showed in fig 20-25. A noticeable
agreement between experimental and numerical analysis is observed. The FE beams
are considered to be strong and slightly stiffer than real one. Because a perfect bond is
considered between the concrete and reinforcement in the FE analysis.

250
200
° 150 /  —— 30 degree
3 100 — 45 degree
50 / 60 degree
0 ,/ 90 degree

Deflection

Fig:-20 Experimental Load vs Deflection graph for 1 layer CFRP
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Fig:- 21 Numerical Load vs Deflection graph for 1 layer CFRP

Fig 20 and 21 resemblance the experimental and numerical values of specimens
A1,B1,C1,D1 out of which specimen C1 obtaied the highest load 194.42kN with a
deflection of 6.88mm
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Fig:-22 Experimental Load vs Deflection graph for 2 layer CFRP
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Fig:-23 Numerical Load vs Deflection graph for 2 layer CFRP

Fig 22 and 23 resemblance the experimental and numerical values of specimens
A2,B2,C2,D2 out of which specimen A2 obtaied the highest load 213.58kN with a
deflection of 7.19mm which is similar to the experimental values.
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Fig:-24 Experimental Load vs Deflection graph for 3 layer CFRP
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Fig:-25 Numerical Load vs Deflection graph for 3 layer CFRP

Fig 24 and 25 resemblance the experimental and numerical values of specimens
A3,B3,C3,D3 out of which specimen C3 obtaied the highest load 226.74kN with a
deflection of 9.08mm
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Fig:-26 comparison of ultimate load capacity

Retrofitting method will enhance the strength of the beam. By observing the
ultimate load carrying capacity of the control specimen and strengthened beams it is
clear that strengthened beams has more ultimate load carrying capacity, retrofitted
beam ie, strap orientation 60° with three layers beam had a strength of 224.58 kN.
The ultimate load carrying capacity of the beam increased by 153.76% when
compared to control specimen. It registered the highest load carrying capacity than the
other strengthened beams.

All the retrofitted specimen have gained a strength of more than 100% than
control specimen, except strap orientation of 30° and 90 © with 1 layer showed less
than 100% strength than control specimen . Among the four sets of strap orientations
i.e, 309,45°,60°,90° of retrofitted beams, the beam retrofitted with strap orientation of
30° with 1 layer beam exhibited the least load carrying capacity with the value of
168.45 KN, which is 90.3% greater than the ultimate load carrying capacity of control
specimen.
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7.Conclusions

The experimental and numerical results of the control specimen and four
strengthened beams in flexure and shear by CFRP sheets and straps are presented
below.

From the results of the strengthened beams the following conclusions are drawn

e The beam strengthened with flexural sheet with orientation angle of 30° with
3 layers of CFRPshowed the highest load carrying capacity than other strengthened
beams .

e From the experimental and numerical comparison,it clearly indicated that the
specimen Cs is better than the other strengthened beams

e To avoid the debonding failure of flexural sheet, utilization of straps act as
anchorages to the flexural sheet and it acts as a working technique to keep intact the
CFRP sheet to the beam.

e When compared with the control specimen the strengthened beams attains
90.3% to 153.76% of ultimate load carrying capacity respectively.

e The longitudinal sheet provided at the sofit of the beam had increased the
flexural strength of the beam due to that flexural cracks are minimised.

e The presence of CFRP inclined straps also minimised the shear cracks while
increasing the thickness.

e It was observed that the inclination of the straps upto 60° are opposite to the
shear crack formation so the holding capacity of the beam to minimise shear cracks
also increased due to the ultimate load carrying capacity of the beam had increased.

e As the straps are perpendicular the beam withstands more displacement than
the other beams but the ultimate load carrying capacity was slightly less than the other
retrofitted beams.

e It was found that wrapping of CFRP straps around the three sides of the
beam registered more effective in improving ultimate load carrying capacity, flexural
strength and deflections of the beam.

e The beams retrofitted with single layer was failed with shear cracks and
delamination of straps.

e The beams retrofitted with 3 layers had failed in concrete crushing at top of
the beam.

8.References

[1] Jiangfeng Dong, Qingyuan Wang, Zhongwei Guan,“Structural behaviour of rc beams with
external flexure and flexure-shear strengthening by frp sheets”. Composites: Part B 44 (2013)
604-612.

[2] Riyadh Al-Amery, Riadh Al-Mahaidi, “Coupled flexure-shear retrofoitting of rc beams using
cfrp straps”. Composite Structures 75 (2006) 457-464.



Experimental and Numerical investigation on the effect of CFRP straps with different orientation angles on the
strength of the beam

[3] E.Moradi, H. Naderpour, A. Kheyroddin “An experimental approach for shear strengthening
of RC beams using a proposed technique by embedded through-section FRP sheets”.
Composite Structures 238(2020) 111988.

[4] Mohammad Abdallah, Firas Al Mahmoud, Abdelouahab Khelil, julien Mercier, “ Assessment
of the flexural behaviour of Countinuous RC beams strengthened with NSM-FRP bars,
experimental and analytical study”. Composite Structures 242(2020) 112127.

[5] Riyadh Al-Amery , Riadh Al-Mahaidi , “Numerical analysis of multi-layered CFRP retrofitted
RC beams with partial interaction”. Composite Structures 75 (2006) 479-488.

[6] Abolfazl Eslamia, Alireza Moghavema, Hamid R. Shayegh, Hamid R. Ronagh, “ Effect of
FRP stitching anchors on ductile performance of shear deficient RC beams retrofitted using
FRP U-wraps” Structures 23 (2020) 407-414.

[7] Abdulrahman Albidah, Aref Abadel, Husain Abbas, Tarek Almusallam, Yousef Al-Salloum, “
Experimental and analytical study of strengthening scemes for shear deficient RC beams”.
Construction and building materials 216 (2019) 673-686.

[8] Amir Shomali, Davood Mostofinejad , Mohammad Reza Esfahani, “ Experimental and
Numerical investigation of shear performance of RC beams strengthened with FRP using
grooving method”. Journal of Building Engineering 31 (2020) 101409.

[9] Mostefa Hamrat , Farid Bouziadi , Bensaid Boulekbache , Tahar Hassaine Daouadji, Selma
Chergui, Abderahim Labed, Sofiane Amziane, “ Experimental and numerical investigation on
the deflection behaviour of pre-cracked and repaired reinforced concrete beams with fiber
reinforced polymer”. Construction and Building Materials 249(2020) 118745.

[10] Tomas Skuturna, Juozas Valivonis, “Experimental study on the effect of anchorage system

on RC beams strengthened using FRP”. Composites Part B 91 (2016) 283-290.

[11] Przemystaw Bodzak, “Flexural behaviour of concrete beams reinforced with different
grade steel and strengthened by CFRP strips”. Composites Part B 167 (2019) 411-421.

[12] Hassan Falah Hassan, Mu'taz Kadhim Medhlom, Abdullah Sinan Ahmed, Mohammed
Husein Al-Dahlaki, “ Flexural behaviour of concrete beams reinforced by GFRP bars and
strengthened by CFRP sheets”. Case Studies in Construction Materials 13 (2020) e00417.

[13] . AH. Al-Saidy, A.S. Al-Harthy , K.S. Al-Jabri , M. Abdul-Halim , N.M.Al-Shidi.
“Structural performance of corroded rc beam repaired with cfrp sheets”. Composite
Structures 92 (2010) 1931-1938.

[14] Anumol Raju, Liji Anna Mathew, “ Retrofitting of RC beam using frp”. International
Journal of Engineering Research & Technology (IJERT) , ISSN 2278-0181 VOL 2 ISSUE
1,JAN 2013.

[15] Mansoor Ahmad Bhat, Er. Gurpreet Singh, “Retrofitting of reinforced concrete beams by
using carbon fiber reinforced polymer sheets”. International Journal of Civil Engineering and
Technology (LICIET), Volume 9, Issue 9, September 2018, pp. 1782-1790.

[16] M.A.Shahawy, M.Arockiasamy, T.Beitelman and Sowrirajan, “Reinforced concrete
rectangular beams strengthened with cfrp laminates”. Composites part-B 27B (1996) 225-223.

[17] L.J. Li, Y.C. Guo, F. Liu, J.H. Bungey , “ An experimental and numerical study of the
effect of the thickness and length of cfrp on performance of repaired reinforced concrete
beam”. Construction and building materials 20 (2006) 901-909.

[18] By Marco Arduini and Antonio Nanni, “ Behaviour of prepacked Rc beams strengthened
with carbon FRP sheet”.  J. Compos. Constr. 1997.1:63-70.



Gandla Nanabala Sreekanth, S.Balamurugan

[19] [Ivano lovinella , Andrea Prota , Claudio Mazzotti , “ Influence of surface roughness on the
bond of FRP laminates to concrete”. Construction and building materials 40 (2013) 533-542.

[20] Bo Gao, Jang-Kyo Kim, Christopher K.Y. Leung, “ Experimental study on Rc beams with
frp strips bonded with rubber modified resins”. Composites Science and Technology 64
(2004) 2557-2564.

[21] M.N.S. Hadi, “ Retrofitting of shear failed reinforced concrete beams” Composite
Structures 62 (2003) 1-6.

[22] Franklin F.R Frederick, U.K. Sharma, V.K. Gupta, “ Effect of end anchorage in external
CFRP confinement on shear damaged RC beams”. Procedia Engineering 125 ( 2015 ) 953 —
958.

[23] S. Hashemi, R. Al-Mabhaidi, “ Flexural performance of CFRP textile-retrofitted Rc beams
using cement-based adhesive at high temperature”. Construction and Building Materials 28
(2012) 791-797.

[24] Huy Pham, Riadh Al-Mahaidi, “Experimental investigation into flexural retrofitting of
reinforced concrete bridge beams using FRP composites”. Composite Structure 66 (2004)
617-625.

[25] Hai Yan Zhang, Jia Yan, Venkatesh Kodur, Liang Cao, “Mechanical behaviour of concrete
beams shear strengthened with textile reinforced geopolymer motar”. Engineering Structures
196 (2019) 109348.

[26] Agqeel Ahmed. Venkatesh Kodur, “The experimental beaviour of RFP-strengtened RC
beams subjected to design fire exposure”. Engineering Structures 33(2011)2201-2211.

[27] Davood Mostofinejad, Kamyar Khozaei, “Effect of GM patterns on the durability and
debonding control of FRP sheets in RC strengthened beams”. Construction and Building
Materials 93 (2015) 110-120.

[28] Amira Adel Abdel Hamed, Khaled Farouk Omar El-kashif, Hamed Mohamed Salem,
“Flexural strengthening of preloaded reinforced concrete continuous beams: An experimental
investigation”. Alexandria Engineering Journal.

[29] Davood Mostofinejad, Amirreaz Moghaddas, “Bond efficiency of EBR and EBROG
methods in different flexural failure mechanisms of FRP strengthened RC beams”.
Construction and Building Materials 54 (2014) 605-614.

[30] T.Liu and Y.Xiao, F.ASCE, “Impact behaviour of CFRP-Strip-Wrapped RC Beam without
Strrups”. J.Compos. Constr., 2017, 21(5): 04017035.

[31] Moatasem M. Fayyadh, Hashim Abdul Razak, “Assessment of effectiveness of CFRP
repaired RC beams under different damage levels based on flexural stiffness”. Construction
and Building Materials 37 (2012) 125-134.

[32] A.H. Al-saidy, K.S. Al-jabri, “Effect of damaged concrete cover on the behaviour of
corroded concrete beams repaired with CFRP sheets”.Composite Structures 93 (2011) 1775-
1786.

[33] Omrane Benjeddou, Mongi Ben Ouezdou, Aouicha Bedday, “Damaged RC beams repaired
by bonding of CFRP laminates”. Construction and Building Materials 21 (2007) 1301-1310.

[34] M.R. Esfahani, M.R. Kianoush, A.R. Tajari, “Flexural behaviour of reinforced concrete
beams strengthened by CFRP sheets”. Engineering Structures 29 (2007) 2428-2444.

[35] Celebi Mertoglu, Ozgur Anil, Cengizhan Duruncan, “Bond behaviour of anchored CFRP
strips on the concrete surfaces”. Construction and Building Materials 123 (2016) 553-564.



Experimental and Numerical investigation on the effect of CFRP straps with different orientation angles on the
strength of the beam

[36] A.R. Khan and T. Ayub, “Role of u-shaped anchorages on the performance of rc beams
strengthened by cfrp plates”. The Second Official International Conference of International
Institute for FRP in Construction for Asia-Pacific Region.

[37] Narayan Tiadi, B.S. Tyagi, Siddgarth Jain, “Retrofitting of rc continuous beam with glass
FRP sheet”. International Researc Journal of Engineering and Technology(IRJET).

[38] M.C. Sundarraja, S. Rajamohan, “Strengthening of RC beams in shear using GFRP
inclined strips — An experimental study”. Construction and Building Materials 23 (2009) 856-
864.

[39] A.N. Nayak, A. Kumari, R.B. Swain, “Strengthening of RC Beams Using Externally
Bonded Fibre Reinforced Polymer Composites”. Structures 14 (2018) 137-152.

[40] Ciaran McSwiggan, Amir Fam, “Bio-based resins for flexural strengthening of reinforced
concrete beams with FRP sheets”. Construction and Building Materials 131 (2017) 618-629.

[41] Hee Sun Kim, Yeong Soo Shin, “Flexural behaviour of reinforced concrete (RC) beams
retrofitted with hybrid fiber reinforced polymers (FRPs) under sustaining loads”. Composite
Structures 93 (2011) 802-811.

[42] Lawrence C. Bank, Dushyant Arora, “Analysis of RC beams strengthened with
mechanically fastened FRP (MF-FRP) strips”. Composite Structure 79 (2007) 180-191.

[43] Togay Ozbakkaloglu, Ph.D and Murat Saatcioglu, Ph.D, “Tensile behaviour of FRP
Anchors in Concrete”. J.Compos. Constr. 2009.13:82-92.

[44] Tara Sen, H.N. Jagannatha Reddy, “Strengthening of RC beams in flexure using natural
jute fibre textile reinforced composite system and its comparative study with CFRP and GFRP
strengthening systems”. International Journal of Sustainable Built Enviranment (2013) 2, 41-
55.

[45] Giulio Alfano, Fiorenzo De Cicco, Ph.D and Andrea Prota, “Intermediate Debonding
Failure of RC Beams Retrofitted in Flexure with FRP: Experimental Results versus Prediction
of Codes of Practice”. J. Compos. Constr. 2012.16:185-195.

[46] Baris Yalim, Ahmet Serhat Kalayci, and Amir Mirmiran, “Performance of FRP-
Strengthened RC Beams with different Concrete Surface Profile”. J. Compos. Constr.
2008.12:626-634.

[47] Jinlong Pan, Christopher K.Y. Leung, Min LUuo, “Effect of multiple secondary cracks on
FRP debonding from the substrate of reinforced concrete beams”. Construction and Building
Materials 24 (2010) 2507-2516.

[48] Sahar S. Choobbor, Rami A. Hawileh, Adi Abu-Obeidh, Jamal A. Abdalla, “Performance
of hybrid carbon and basalt FRP sheets in strengthening concrete beams in flexure”.
Composite Structures 227 (2019) 111337.



