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Abstract

In our country many of the existing reinforced concrete structures are in need of repair or reconstruction, rehabilitation, because
of deterioration due to various factors like corrosion, lack of detailing, failure of bonding between beam-column joints, increase
in service loads, improper design and unexpected external lateral loads such as wind or seismic forces acting on a structure,
environment and accident events etc., leading to cracking, spalling, loss of strength, deflection, etc. Strengthening of existing
reinforced concrete structures is necessary to obtain an expected life span and achieve specific requirements. The need for
efficient rehabilitation and strengthening techniques of existing concrete structures has resulted in research and development of
composite strengthening systems. Recent experimental and analytical research have demonstrated that the use of composite
materials for retrofitting existing structural components is more cost-effective and requires less effort and time than the
traditional means. Fiber Reinforced Polymer (FRP) composite has been accepted in the construction industry as a capable
substitute for repairing and strengthening of RCC structures. The superior properties of (FRP) polymer composite materials like
high corrosion resistance, high strength, high stiffness, excellent fatigue performance and good resistance to chemical attack etc.,
has motivated the researchers and practicing engineers to use the polymer composites in the field of rehabilitation of structures.
During past two decades, much research has been carried out on shear and flexural strengthening of reinforced concrete beams
using different types of fiber reinforced polymers and adhesives. A detailed Literature review based on the previous experimental
and analytical research on retrofitting of reinforced concrete beams is presented. Proposed method of strengthening the RC beam
is decided based on the previous experimental and analytical research. Behaviors of retrofitted reinforced concrete beams with
externally bonded CFRP with various types of resins (Epoxy, Orthophthalic Resin (GP), ISO resin) after initial load (60 %
control beam) is investigated. Static load responses of all the beams under two point load method had evaluated in terms of
flexural strength, crack observation, compositeness between CFRP fabric and concrete, and the associated failure modes.
Keywords: Fiber Reinforced Polymer (FRP), CFRP fabric, reinforced concrete structures

l. INTRODUCTION

Concrete is the most widely used man-made construction material in world. It is obtained by mixing cementing materials, water
and aggregates, and sometimes admixtures is required proportions. Concrete has high compressive strength, low cost and
abundant raw material, but its tensile strength is very low. Reinforced concrete, which is concrete with steel bars embedded in it.
Concrete is an affordable material, which is extensively used throughout in the infrastructure of nation’s construction, industry,
transportation, defense, utility, and residential sector. The flexibility and mould ability of this material, its high compressive
strength, and the discovery of the reinforcing and prestressing techniques which helped to make up for its low tensile strength
have contributed largely to its widespread use.

Reinforced concrete structures often have to face modification and improvement of their performance during their service life.
In such circumstances there are two possible solutions. The first is replacement and the other is retrofitting. Full structure
replacement might have determinate disadvantages such as high costs for material and labour, a stronger environmental impact
and inconvenience due to interruption of the function of the structure e.g. traffic problems. So if possible, it is often better to
repair or upgrade the structure by retrofitting. Retrofitting methods is shown in figure 2.1.1. In recent years repair and retrofit of
existing structures such as buildings, bridges, etc., have been quite prevalent among the most important challenges in Civil
Engineering.

Il. METHODOLOGY AND EXPERIMENTAL PROGRAM

This study is mainly material collection, material testing, mix design casting of cubes At last the final stage the, compressive
strength, tensile strength and flexural strength tests were conducted.
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Table - 2.1
Trial Unit Cement Fine Coarse aggregate | Coarse aggregate Chemical Water Water-
number aggregate (20 mm) (12 mm) admixture (litre) cement ratio
1 Kg/m® 438.1 747 583.8 213.4 0 202.5 0.45
1 Volume 1 171 1.95 0.49
radio

A. Selection of Retrofitting Method and Material

Reinforcement corrosion and structural deterioration in reinforced concrete (RC) structures are common and prompted many
researchers to seek alternative materials and rehabilitation techniques. While many solutions have been investigated over the past
decades, there is always a demand to search for use of new technologies and materials to upgrade the deficient structures.
Retrofitting of existing structural components is more cost-effective and requires less effort and time than the traditional means.
Beam being an important element in the framework of a structure, it should be strengthened to maintain the stability. Traditional
retrofitting techniques that use steel and cementations materials do not always offer the most appropriate solutions.

Retrofitting of flexural concrete elements are traditionally accomplished by externally bonding steel plates to concrete.
Although this technique has proved to be effective in increasing strength and stiffness of reinforced concrete elements, it has the
disadvantages of being susceptible to corrosion and difficult to install.

Techniques for strengthening of RC beams have involved the use of external epoxy-bonded steel plates. It has been demonstrated
experimentally that flexural strength of a structural member can increase by about 15% with this technique. Steel bonding
technique is simple, cost-effective and efficient.

FRP can be convenient compared to steel for a number of reasons. [1] Experimental and Analytical Investigation on the
Structural Behavior of Steel Plate and CFRP laminate Flexurally strengthened Reinforced Concrete beams. J. Applied Sci. 23(8),
4383-4389.] The superior properties of polymer composite materials like high corrosion resistance, high strength, high stiffness,
excellent fatigue performance and good resistance to chemical attack etc., has motivated the researchers and practicing engineers
to use the polymer composites in the field of rehabilitation of structures. They can be formed on site into complicated shapes and
can also be easily cut to length on site.

Retrofitting with fiber-reinforced polymers (FRP) to strengthen and repair damaged structures is a relatively new technique.
Extensive researches are going on in the areas of application of FRP in concrete structures for its effectiveness in enhancing
structural performance both in terms of strength and ductility. Retrofitting with fiber-reinforced polymers (FRP) may provide
technically superior alternative to the traditional techniques in many situations.

FRPC are available in the form of rods, grids, sheets/plates and winding strands. Carbon Fiber Composites are the most
frequently used system in previous research and retrofitting field applications. This material has superior properties which
include very high tensile strength accompanied with a reasonable modulus of elasticity (almost equals that of steel).The
technique of strengthening reinforced concrete structures by externally bonded CFRP fabric was started in 1980s and has since
attracted researchers around the world .

Strengthening with externally bonded CFRP fabric has shown to be applicable to many kinds of structures. Currently, this
method has been applied to strengthen such structures as column, beams, walls, slabs, etc. However, these FRPC and CFRP
strengthened beams could lose some of their ductility due to the brittleness of FRPC and CFRP plates. [2]. Abdelhady Hosny,
Hamdy Shaheen, Amr Abdelrahman & Tamer Elafandy, (2006) Performance of reinforced concrete beams strengthened by
hybrid FRP laminates. Cement & Concrete Composites, 28(9), 906-913.

| Polymer composites |

|
| Reinforcement |

| Thermoplasticl | Thermosetting |
| Aramid | | Carbon fibresl | Glass fibres | |Ceramic| | Metal
|
Low/High strength
Carbon fibres | E-G|aSS| |S—GIaSS|

Fig. 2.1.1: Types of composites
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B. Fibre Reinforced Polymer (FRP) Composites
Fibre reinforced polymer (FRP) composites consist of high strength fibres embedded in a matrix of polymer resin, fillers, and
additives as shown in Figure 2.2.1.types of FRP composites is shown in figure 2.2.1.

Matrix

Fibre
Fig. 2.2.1: A schematic diagram showing a typical unidirectional FRP plate

C. Obijectives and Scope of Project
This paper presents an experimental study on retrofitting of reinforced concrete beams with externally bonded CFRP with
various types of resins (Epoxy, Orthophthalic Resin (GP), ISO resin).

The objective of this study is to investigate the flexural behavior of beams after retrofitting over an effective span of 1000 mm.
The beams are designed as under-reinforced concrete beams used as control specimen. The beams are strengthened with
externally bonded CFRP fabric in single layer which are parallel to beam axis at the bottom and sides (U shape) after initial load
(60%) and are tested until failure.

Investigate the load-displacement response of control beams.

Investigate the load-displacement response of the externally bonded CFRP strengthened beams. Static load responses of all the
beams under two point load method are evaluated in terms of flexural strength, crack observation, compositeness between CFRP
fabric and concrete, and the associated failure modes. Comparisons are made between the controlled beam and retrofitted beam
experimental results.

D. Basic Characteristics and Advantages Of Frp Composites
— High corrosion resistance,

— High strength,

—  Light Weight

— High stiffness,

—  Excellent fatigue performance

— Good damping resistance

— Good resistance to chemical attack
— High strength to weight ratio

— Design Flexibility

—  Electromagnetic transparency

E. Problems of Strengthening RC Beams

The study indicates that researchers have used FRP plane laminates at different number of layers. The failure of FRPC
strengthened beams occurred due to de-bonding of laminates from concrete surface, de-bonding between FRP laminates,
concrete crushing, and cover separation as shown in figure 2.5.1. In those cases, the beams failed by premature failure which
means, beams failed under the initial load. Also it has been noticed that, failure due to de-bonding of laminates occurs for beams
retrofitted only at the bottom. [3]Strengthening Reinforced Concrete Beams Using Fiber Reinforced Polymer (FRP) Laminates.
ACI Structural J. 96(5), 865-871.
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Fig. 2.5.1: Failure modes in beam retrofitted in flexure.

F. Proposed Method of Strengthening the RC Beam

To overcome the problem discussed in above, in the proposed work, FRP laminates will be provided with full length of the beam
to take into account shear and bending. To avoid premature failure, FRP sheet is provided at bottom and are extended to the sides
also (U shape).

~— RCC BCAM — CFRP WRAPPING

f T e
: =™ Ix

I 1000 mm i } }
50 50

Fig. 2.6.1: A schematic diagram showing a typical beam retrofitting.

G. Materials
The materials used for the concrete are given below and their properties are also discussed in this chapter.

Cement

Fine aggregates
Coarse aggregates
Water
Reinforcement
FRP composite
CFRP Sheets
Resin
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H. Concrete Mix Design
The desired properties of concrete can be obtained by using the ingredients in a certain proportion and determining the relative
amount of material is known as mix design. Thus mix design is defined for producing the concrete of desired properties as
economically as possible.

The object of mix design is to decide the proportions of materials, which will produce concrete having the required desirable
properties. The mix proportions should be selected in such a way that the resulting concrete is of desired workability while fresh
and it could be placed and compacted easily for the intended purpose. Concrete mix design as per Indian code 1S-10262:2009
details are as shown below in

. Test Specimens

Table - 2.9.1 Cube test specimen details are as shown below
Sl.no | Cube ID Description Grade | W/c ratio
C7 Control specimen | M20 0.45
C8 Control specimen | M20 0.45
C9 Control specimen | M20 0.45
C10 CFRP wrapping M20 0.45
Cl1 CFRP wrapping M20 0.45
C12 CFRP wrapping M20 0.45

oW IN|EF

J. Characterization and Testing of Materials
The following tests were done in the Project work.

Tests on Cement Tests on fine aggregate (Sand) Test on Coarse aggregate:
Cement Consistency Test Specific Gravity Specific Gravity
Setting Time Tests Fineness Modulus Fineness Modulus

Specific Gravity Test Moisture content of fine aggregate | Moisture content of fine aggregate

I11.EXPERIMENTAL PROGRAM

The Experimental program consisting of testing of materials, casting and testing of beams, using M20 grade of concrete and Fe
415 (TMT) grade steel. Portland pozzalana cement, natural river sand and the crushed aggregates of 10 mm and 20 mm
maximum sizes are used.

The test program to be presents an experimental study on retrofitting of reinforced concrete beams with externally bonded
CFRP with various types of resins (Epoxy, Orthophthalic Resin (GP), ISO resin). The objective of this study is to investigate the
flexural behavior of beams after retrofitting over an effective span of 1000 mm, size 100 mm x 150 mm. The beams designed as
under-reinforced concrete beams used as control specimen. [4]. Sundarraja, M.C., Rajamohan, S., Bhaskar, D. (2008). Shear
Strengthening of RC beams using GFRP Vertical Strips — An Experimental Study. J. Reinforced Plastics Comp., 27(14), 1477-
1495. The beams had strengthened with externally bonded CFRP fabric in single layer which are parallel to beam axis at the
bottom and sides (U shape) and tested until failure. Static load responses of all the beams under two point load method had
evaluated in terms of flexural strength, crack observation, compositeness between CFRP fabric and concrete, and the associated
failure modes. Comparisons made between the controlled beam and retrofitted beam experimental results.

Table - 3.1
Beam specimen detail
SL.NO BI;:SM DESCRIPTION 'IEIEYEE LOCATION FIBER ORIENTATION RESIN | NOS

1 CB1 CONTROL BEAM 1
B3 CB2 CONTROL BEAM 1
B4 RB1 RETROFITED BEAM WITH SINGLE BOTTOM+2 PARALLEL TO BEAM AXIS Gp 1

CFRP LAYER SIDES (LENGTH)

RETROFITED BEAM WITH SINGLE BOTTOM+2 PARALLEL TO BEAM AXIS

B5 RB2 CFRP LAYER SIDES (LENGTH) EPOXY 1
B6 RB3 RETROFITED BEAM WITH SINGLE BOTTOM+2 PARALLEL TO BEAM AXIS 1SO 1

CFRP LAYER SIDES (LENGTH)

A. Reinforcement Details of Beam

The beams designed as under-reinforced concrete beams and span of beam was 1000 mm, width 100 mm, depth 150 mm.
—  Top longitudinal main bars: 2 nos 8 mm dia

— Bottom longitudinal main bars: 2 nos 8 mm dia

—  Stirrups: 2 legged 6 mm dia stirrups at 200 mm C/C.
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Fig. 3.1.1: Diagram showing a typical beam reinforcement details.

B. Retrofitting of Beam with Epoxy Resin
The beam surface was first made rough and cleaned to remove any dust particles. The epoxy resin was mixed with hardener as
per manufacture’s instruction (Resin: Hardener ratio 1:0.50) in a plastic container.

After uniform mixing the beam surface was applied with one coat of the mixed solution of epoxy resin. The fibre sheet was
cut to required size. Then the properly CFRP sheet was placed over the surface and another coating of the resin mix was applied
and then the specimen was left to dry for 24 hours, before testing.

C. Retrofitting Of Beam with Orthophthalic Resin (GP)

The beam surface was first made rough and cleaned to remove any dust particles. The Orthophthalic resin was mixed with
accelerator and catalyst as per manufacture’s instruction (Orthophthalic Resin: Accelerator: Catalist ratio 1:0.20:0.20) in a plastic
container.After uniform mixing the beam surface was applied with one coat of the mixed solution of Orthophthalic resin. [5].
Yasmeen, T.0O., Heyden, S., Dahlblom, O., Abu-Farsakh, G., Yahia, A.-J. (2011). Retrofitting of reinforced concrete beams
using composite laminates. Construction and Building Materials, 25(2), 591-597.The fibre sheet was cut to required size. Then
the properly CFRP sheet was placed over the surface and another coating of the resin mix was applied and then the specimen was
left to dry for 4 hours, before testing.

D. Retrofitting of beam with 1SO Resin
The beam surface was first made rough and cleaned to remove any dust particles. The ISO resin was mixed with accelerator and
catalyst as per manufacture’s instruction (ISO Resin: Accelerator: Catalist ratio 1:0.20:0.20) in a plastic container.

After uniform mixing the beam surface was applied with one coat of the mixed solution of 1SO resin. The fibre sheet was cut
to required size. Then the properly CFRP sheet was placed over the surface and another coating of the resin mix was applied and
then the specimen was left to dry for 4 hours, before testing.

E. Test Setup
The beam specimen setup was shown in the figure.

Applied load
(P)

Steel I-sec
Angle Meter

e ]

R()Ilu Support

Angle Meter

»Dial Gauge

Ls 333.34
= 1000 -

Schematic drawing showing the general flexural test setup for beam Specimens (Units: mm).

Fig. 3.5.1: Diagram showing a typical beam test setup details.
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F. Testing Procedure

—  The beam specimen was placed on the loading frame as shown in figure. All the beams were tested under two-point loading
condition.

—  The static load was applied by using screw jack and to record the load precisely, proving ring was used.

—  The beam was gradually loaded by increasing the load level such as 0, 1.5, 3.0, 4.5 KN, etc. up to the maximum load. At
each load deflections was noted.

— The beam was loaded up to failure and the values of load at first crack and ultimate failure stage and crack pattern were
noted. The crack were marked by different colors show clearly the failure patterns of beam.

IV.RESULTS AND DISCUSSION

A. Summary of Experimental Result
Behaviour of control cubes and retrofitted cubes,
Behaviour of control beams and retrofitted beams are tabulated as below tables.

B. Behaviour of Control Cubes and Retrofitted Cubes
Table - 4.2.1 Compressive Strength Test Results

Load at Compressive Bze of
. Grade of Areaof | Wi of . ) ) Sharop
Cube id failore m sitength in ConcTete
COnCTEDR SpeCiman Cuba in mmm
EN Micqg.mm in days
7 22500 B480 | 500.70 2225 68
Ca W20 22500 B350 | 49623 2205 64 28
ca 22500 8665 454.17 20.63 Gl
Ayg 487.03 21.65 Gl
Comp.Strength for M20
22.50
22.00
é 21.50
=
= 21.00
=
g 20.50 B Comp.Strength
—
20.00
19.50
c7 Cc8 c9
Cube specimen

Fig. 4.2.1: Chart No: 4.2.1 Control cube Compressive Strength for 28 Days

Table - 4.2.2
Compressive Strength Test Results for control and retrofitted cubes.
Load at Comprassive Agzeof
Grade of
Cube id Wic ratio failare in sirength in comcTete in
Concrets
EM Nisg mm days
CONTROL (C7.,C3.09 M20 0.45 437.03 21.65
CLO IS0 M0 0.45 250.00 37.78
Cl1 G M0 0.45 1000.00 4444 28
C12 EPOXY M0 0.45 G50.00 2339
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Comp.Strength for M20
50
é 40
£ 30
<=
20
g B Comp.Strength
]
10
0
CONTROL C10150 Cl11GP C12 EPOXY
Cube specimen

Fig. 4.2.2: Chart No: 4.2.2 Control and retrofitted cubes Compressive Strength for 28 Days

C. Behaviour of Control Beams and Retrofitted Beams
1) Model Calculations for Flexural Strength:

Ultimate moment =WL/6

Flexural Strength =M/2
Ductility Index = Au/ Ay
Energy Index _ area upto to Au

" area upto to Ay

Total Energy Absorption

Capacity = Area up to Au
W is the load in KN.
M is the ultimate moment in KNMM
Z is the section modulus in mm3
Ay is the yield deflection in mm
Au is the ultimate deflection in mm
Table - 4.3.1
Control Specimens of RC Beam Test Results
Chbl
Pov.ring Load in kn Deflection dial Deflection in
Slno Remarks
reading (c2x5x0.15) gauge reading mum {c420.01)
1 0 0.0 0 0.00
2 ) 15 10 0.19
3 4 3.0 3s 035
) G a5 57 057
5 ] 6.0 7o 079
& 10 75 102 1.02
7 12 0.0 130 130
8 14 10.5 158 1.58
o 16 12.0 206 206
10 18 135 230 230
11 20 15.0 259 250 Initial crack
12 27 165 206 206
13 24 18.0 327 327
14 26 195 357 357
15 28 21.0 301 301
16 30 225 416 116
17 32 240 348 148
18 34 255 478 478
19 36 27.0 509 5.00
20 38 285 572 572
21 40 30.0 738 738 max load
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50 |
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0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
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Fig. 4.3.1: Chart No: 4.3.1 Load vs Deflection curve for control RC Beam.
B3 LOAD VS DEFLECTION CURVE
30.0
25.0 >

N
o
o

s

LOAD INKN
5
o
X

—o—def
10.0
5.0 .
|
0.0 '
0.00 1.00 2.00 300 400 500 6.00 7.00 8.00
DEFLECTION IN MM
Fig. 4.3.2: Chart No: 4.3.2 Load vs Deflection curve for control RC Beam.
B4 LOAD VS DEFLECTION CURVE
60.0
50.0
40.0
- ot
=
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= 30.0
=L
=} —t—def
20.0
10.0
» |
0.0 1
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 8.00
DEFLECTION IN MM

Fig. 4.3.3: Chart No 4.3.3 Load vs Deflection curve for Retrofitted RC Beam B4 GP.
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B5 LOAD VS DEFLECTION CURVE
60.0
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[‘__'—4
40.0
= f
<
=
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=] —tp— def
20.0
10.0
0.0
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Fig. 4.3.4: Chart No 4.3.4 Load vs Deflection curve for Retrofitted RC Beam B5 EPOXY.

LOAD Vs DEFLECTION CURVE FOR CB1, CB2, B4 GP, B5S
Epoxy, B6 ISO
60
50
S
40 %YXX—/
= —e—CB1
é 20
=} —=—CB2
—
20 B4 GP
——B5
10 Epoxy
——B6
ISO
o
0 5 10 15 20
DEFLECTION in MM

Fig. 4.3.5: Chart No 4.3.5 Load vs Deflection curve for control beams and Retrofitted RC Beams.

Table - 4.3.2
Control Beam Specimen and Retrofitted RC Beam Specimen Test Results.
B5
51. No Test Results UNIT CB1 B3 B4 GP B6 ISO
EPOXY

Initial Crack Load KN 15 15 39 3o 345
Ultimate Load KN 24 255 49 50 52.50 43.50
Ultimate Load %% 9412 10588 70.59

3 Max Deflection m T.38 88 10 23 10
4 Ultimate Moment EKMNM 4 425 825 8.75 7.25
5 Flexural Strength NN 10.66 11.33 22 2333 1933
& Initial Stiffness EMNMNM 7.5 ] 7.5 6.25 7.42

7 Ductility Index 219 3.03 1.61 2 86 1.9
8 Energy Index 3.88 6.89 2.02 5.39 2.82

Total Energy Absorption
9 . EMNMM 116.25 196.5 303 453 364.5
Capacity
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Max.Deflection
25
E 20
§ 15
% 10 m Max.Deflection
a
0
B4 GP BS EPOXY B6 1SO
Specimen type
Fig. 4.3.6: Chart No 4.3.6 Max. Deflection for Control and Retrofitted RC Beam
ULTIMATE LOAD
60
E 50
£ 40
k]
2 30
2
E 20 m Ultimate Load
E 10
0
B4 GP 85 EPOXY B6 I1SO
Specimen type
Fig. 4.3.7: Chart No 4.3.7 Ultimate Load for Control and Retrofitted RC Beam.
Table - 4.3.3
Wrapping Cost of Retrofitted RC Beam Specimen
Area of Noof Wrapping Wrapping
Slno | Beam specimen details ) )
wrapping specimen rate total cost
M Rs/ M Rs.
1 CFRP-GP 0275 1 2767 761
2 CFRP-EPOXY 0275 1 3017 830
3 CFRP-IS0 0275 1 2067 816
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COST COMPARISON
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Fig. 4.3.8: Chart No 4.3.8 Wrapping Cost comparisons for Retrofitted RC Beam.
V. SUMMARY AND CONCLUSIONS

A. General

— A detailed Literature review based on the previous experimental and analytical research is presented. Also, the general
Failure modes in retrofitted beam in flexure are presented from the literature review.

— Proposed method of strengthening the RC beam is decided based on the previous experimental and analytical research.

— Behaviors of retrofitted reinforced concrete beams with externally bonded CFRP with various types of resins (Epoxy,
Orthophthalic Resin (GP), ISO resin) after initial load (60 % control beam) had investigated.

—  The load-displacement response of control beams had investigated

—  The load-displacement response of the externally bonded CFRP strengthened beams had investigated.

— Static load responses of all the beams under two point load method had evaluated in terms of flexural strength, crack
observation, compositeness between CFRP fabric and concrete, and the associated failure modes.

—  Comparisons had made between the controlled beam and retrofitted beam experimental results.

—  The deflections of the beams are minimized due to full wrapping technique around all the four sides of the beam.

—  The flexural strength and ultimate load capacity of the beams improved due to external strengthening of beams.
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