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Abstract

In in many earthquake-prone regions and countries including Mediterranean area, India, the Middle East, Southeast Asia, existing
buildings with its structural elements such as Reinforced Concrete (RC) beams and columns, which show little ductility, have
consistently exhibited poor performance during past earthquakes and consequently unavoidable earthquake damages on these
structures led to a significant loss of world cultural heritage. Therefore, appropriate strengthening techniques have to be implemented
in order to improve load carrying capacities and overall ductility. This paper summarizes experimental investigations of damaged and
undamaged RC beams. In this context, twenty-seven beams were tested under combined bending and shear. Eighteen RC beams
were damaged and then strengthened with four different methods while nine were kept undamaged. The behavior of damaged and
undamaged RC beams is discussed with emphasis on the load deflection and strain characteristics. The results indicate that the
specimens strengthened with full jacketing had slightly higher load carrying capacity than the reference beams strengthened with
other techniques. The experimental results can also be used for understanding the most convenient strengthened technique for
damaged beams. 
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1. Introduction

Worldwide ageing infrastructure which is susceptible to
seismic events has compelled the interest of many researchers to
find alternative techniques to resist seismic loads. In seismic
areas, many existing RC buildings have strengthened to enhance
earthquake resistance. There have been various strengthening
techniques in the literature. Reinforced jacketing, carbon fiber
and steel plates are mostly used as strengthening techniques. 
Collins et al. (1990) tried the repair techniques by using gum

injection for the reinforcement of the concrete beams (Collins
and Roper, 1990). The gum injected concrete beams were
detected to be supporting the fracture after the first damage more
efficiently. Hanna and Jones (1997) investigated the use of light-
weight pultruded fiberglass sheets as external reinforcement/
repairs for new or existing concrete beams. Reinforcement confi-
guration, type of adhesive and environmental effects was also
discussed. Arduni and Nanni (1997), mentioned that Fiber Re-
inforced Polimer (FRP) has showed better performance when
applied to the beam’s bending section with angles of 45-135oC.
They initiated that design capacity has increased when a damaged

beam is reinforced by using FRP. Norris et al. (1997), investi-
gated concrete beams reinforced with FRP. They established that
durability and rigidity of the structure has increased when
CFRPs adhesed perpendicular to the fractures. Diab (1998)
investigated the reinforcement of the beams empirically by using
sprayed concrete and examined nine beams in three different
series to evaluate the efficiency value of concrete beams with
concrete layers. The results obtained from the mathematical
modeling, empirical observation, and theoretical approaches were
compared. Triantafillou (1998) investigated concrete beams
strengthened with two different types of reinforcement. These
reinforcements (plates) implemented on the sliding sections of
the beams. Textiles were adhered both on all of the shear section
and scattered on the section. Plates were adhered to the bending
section of the U and L shaped beams in order to prevent the tilt of
the composite edges. The benefits of the composites adhered per-
pendicular to the fractures and difference between the scattered
and whole wrapping methods were investigated. Khalifa and
Nanni (2000), investigated experimentally the shear capacity of
the beams wrapped with CFRP. The experiments were conducted
on the six t-beams. Results were discussed. Altýn and Anýl

TECHNICAL NOTE

*Associate Professor, Vocational School, Ahi Evran University, Klrsehir 40100, Turkey (E-mail: mmonal@ahievran.edu.tr)

**Instructor, Vocational School, Istanbul Gelisim University, Istanbul 34315, Turkey (E-mail: zenginbasak@gmail.com)

***Associate Professor, Dept. of Civil Engineering, Yildiz Technical University, Istanbul 34220, Turkey (Corresponding Author, E-mail: akocak@

yildiz.edu.tr)

****Associate Professor, Dept. of Civil Engineering, Yildiz Technical University, Istanbul 34220, Turkey (E-mail: doran@yildiz.edu.tr)



An Experimental Investigation on Flexural Behavior of RC Beams Strengthened with Different Techniques

Vol. 18, No. 7 / November 2014 − 2163 −

(2001), investigated the shear capacity of the beam strengthened
with steel plates. Three different types of steel plates were used.
Five t-shaped beams produced in the laboratory were tested. The
efficiency of the reinforcement technique was estimated. Yang,
et al. (2001), examined the effect of angle rounding in FRP
reinforcements on the ultimate load capacity for the circular
columns. It was pointed out that the angle rounding has a
significant effect. Khalifa and Nanni (2002), conducted experi-
mental tests for the 17 beam samples with three different
dimensions, and CFRP with two different thicknesses. The aim
of the study was to investigate the effect of FRP on the shear
section. Wu et al. (2005), studied the behavior of FRP. They
mentioned that reinforcement with FRP had many advantages
and easy to apply. El-Ghandour (2010) investigated CFRP flexure
and shear strengthening efficiencies of RC beams strengthened
with CFRP longitudinal sheets or U-wraps. For this purpose,
half-scale beams, with different flexure and shear internal steel
ratios, were tested in three-point bending. Martinola et al. (2010)
studied strengthening of RC beams with jacket made of fiber
reinforced concrete with tensile hardening behavior. full-scale
tests on 4.55 m long beams with a 40 mm jacket which was
directly applied to the beam surface were achieved. Cho and
Kwon (2011) investigated the nonlinear load path-dependent
confinement model of FRP-confined concrete. In their study, the
strength enhancement of concrete was determined by the failure
surface of concrete in a tri-axial stress state, and its correspond-
ing peak strain was computed by the strain-enhancement factor.
Al-Rousan and Issa (2011) achieved an experimental and
analytical study on nine RC beams externally strengthened with
different number and configuration of CFRP sheets to investi-
gate the fatigue performance. Jankowiak (2012) conducted ex-
perimental and FEA study of simple supported RC beams
strengthened by means of the CFRP strips in order to evaluate
the effectiveness of strengthening at different preloading states.
As a result, preloading was an important issue of load carrying
capacity of CFRP strengthened beams and the initial state of
reinforced beams were not be overlooked in the analysis of the
effectiveness of this kind of strengthening. Colalillo and Sheikh
(2012) studied shear strength of reinforced concrete beams
under reversed cyclic loading. In their study, large-scale (400 ×
650 × 3600 mm) shear-critical RC beams were tested under
reversed cyclic loading to simulate a seismic event. The beams
contained less than design code recommended transverse steel
reinforcement for shear and were retrofitted with various FRP
wrap configurations. Sena-Cruz et al. (2012) investigated
strengthening techniques for RC beams. Fot this purpose, four-
point bending tests with RC beams were carried out under
monotonic and cyclic loading to explore the efficiency of
different techniques.
In this study, four strengthening techniques are examined ex-

perimentally Önal (2002), Önal and Tokgöz (2005), Önal et al.
(2005), Önal and Koçak (2006), Önal (2006), Koçak et al.
(2007); full and half jacketing, strengthening with steel plates
and with CFRP composites.

2. Experimental Work: Test Beams and Instru-
mentation

Experimental programs were conducted at Gazi University in
order to investigate load carrying capacities and deflections of
undamaged and damaged RC beams. Twenty-one specimens
were produced in five sets for the experimental work (Fig. 1).
The eighteen specimens for the first four sets were produced as
single-supported beams having rectangular cross-section and the
dimensions of 100 × 160 × 2200 mm (Fig. 2). Compressive
strength was 16 MPa for concrete and yield strength was 420 MPa
for steel reinforcements. Besides, the longitudinal reinforcement was
2φ12 (total area = 226 mm2), erection reinforcement was 2φ8
(total area = 100 mm2) and lateral reinforcement was φ8 (bar
area = 50 mm2) with a space of 150 mm between. For the com-
parison purposes, six reference RC beams dimensions of 100 ×
160 × 2200 mm and 160 × 260 × 2200 mm having the same rein-
forcement detail were also produced. 

2.1 Damaging Case

The loading device was used as the experiment setup. Two
support apparatus were present on top of a car that moves upon
rails. The space between these two supports was 2000 mm and
one of the supports was stable (Fig. 1). All the specimens were
damaged on the experiment set to end up with a medium damage.
The load was applied until failure. The process was continued
until ultimate deflection of 8 mm was obtained. 

Fig. 1. Experimental Set-Up

Fig. 2. Cross-section Detail of Eighteen Specimens for the First Set
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2.2 Repairing Case I

Conventional strengthening techniques such as half RC jacket-
ing, full RC jacketing and strengthening with steel plates were
used in order to investigate the behavior of the fifteen test beams
under pure bending.

2.2.1 RC Jacketing Wrapped with U-Shaped Stirrup: Half

Jacketing 

Beam surface was first roughened by notches so that the
concrete width cross-section area could be deepened with the
newly added concrete area and tensile reinforcements could be
placed to this additional area and no mechanical problem would
arise between the old and new concrete. For six RC beams
(Tables 1-2: KM41, KM42, KM43, KM51, KM52, KM53),
additional longitudinal reinforcement was 2φ12 for the first and
second set of the damaged beams while φ8/150 mm U-shaped
stirrups were placed between old stirrups (Fig. 3). Besides,
newly added concrete having 30 MPa compressive strength was
used. 

2.2.2 RC Jacketing Wrapped with a Stirrup: Full Jacketing 

Surface of the fourth and fifth set of RC beams (Tables 1-2:
KM11, KM12, KM13, KM21, KM22, KM23) were roughened
by notches. 2φ12 longitudinal reinforcement having yield strength

Table 2. Geometric and Material Properties for the Test Beams

No Serial no Test beam
Dimensions

(mm)
Total bar area

(mm2)
Volumetric

ratio

Concrete
compressive
strength (MPa)

Reinforcement

Yield strength
(MPa)

Ultimate strength
(MPa)

1

1

KM 11 100×160×2200 226 0.014 22.204 529.74 804.42

2 KM 12 100×160×2200 226 0.014 22.204 529.74 804.42

3 KM 13 100×160×2200 226 0.014 22.204 529.74 804.42

4 KM 21 100×160×2200 226 0.014 22.204 529.74 804.42

5 KM 22 100×160×2200 226 0.014 22.204 529.74 804.42

6 KM 23 100×160×2200 226 0.014 22.204 529.74 804.42

7

2

KM 31 100×160×2200 226 0.014 22.204 529.74 804.42

8 KM 32 100×160×2200 226 0.014 22.204 529.74 804.42

9 KM 33 100×160×2200 226 0.014 22.204 529.74 804.42

10

3

KM 41 100×160×2200 226 0.014 22.204 529.74 804.42

11 KM 42 100×160×2200 226 0.014 22.204 529.74 804.42

12 KM 43 100×160×2200 226 0.014 22.204 529.74 804.42

13 KM 51 100×160×2200 226 0.014 22.204 529.74 804.42

14 KM 52 100×160×2200 226 0.014 22.204 529.74 804.42

15 KM 53 100×160×2200 226 0.014 22.204 529.74 804.42

16

4

RKMk1 100×160×2200 226 0.014 22.204 529.74 804.42

17 RKMk2 100×160×2200 226 0.014 22.204 529.74 804.42

18 RKMk3 100×160×2200 226 0.014 22.204 529.74 804.42

19

5

RKMb1 160×260×2200 452 0.01 33.27 529.74 804.42

20 RKMb2 160×260×2200 452 0.01 33.27 529.74 804.42

21 RKMb3 160×260×2200 452 0.01 33.27 529.74 804.42

22

6

K101 150×250×2200 226 0.00602 36 449.3 680

23 K102 150×250×2200 226 0.00602 36 449.3 680

24 K103 150×250×2200 226 0.00602 36 449.3 680

25

7

KC101 150×250×2200 226 0.00602 36 449.3 680

26 KC102 150×250×2200 226 0.00602 36 449.3 680

27 KC103 150×250×2200 226 0.00602 36 449.3 680

Table 1. Test Beams and Strengthening Techniques

No
Serial
no

Test
beam

Cross section
(mm)

Strengthening
technique

1
2
3
4
5
6

1

KM 11
KM 12
KM 13
KM 21
KM 22
KM 23

Before strengthening:
100×160

After strengthening:
160×260

Full jacketing

7
8
9

2
KM 31
KM 32
KM 33

100×160 Steel plates

10
11
12
13
14
15

3

KM 41
KM 42
KM 43
KM 51
KM 52
KM 53

Before strengthening:
100×160 

After strengthening:
160×260

Half jacketing 

16
17
18

4
RKMk 1
RKMk 2
RKMk 3

100×160 Reference beam

19
20
21

5
RKMb 1
RKMb 2
RKMb 3

160×260 Reference beam

22
23
23

6
K101
K102
K103

150×250
Reference beam 
for strengthening 

with CFRP

24
25
26

7
KC101
KC102
KC103

150×250
Strengthening 
with CFRP
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of 420 MPa and φ8/150 mm stirrups were placed between old
stirrups and the bottom area of the beams (Fig. 4). Hence, new
and old reinforcements were welded together and the beam was
wrapped with the lateral reinforcement. The beam was then
placed in the mold and its circumference was repaired with
concrete having 30 MPa compressive strength. 

2.2.3 Strengthening with Steel Plates

The three RC beams (Tables 1-2: KM31, KM32, KM33) for
the third set was damaged. Surfaces of steel plates having
dimensions of 6 × 50 × 1200 mm, 300 MPa yield strength, 412
MPa ultimate strength and 12.7% ultimate tensile strains were
cleaned with a conic stoned spiral until all the rust was removed.
Plates were then fixed to the bottom and the two sides of the
beam with epoxy (Fig. 5). The epoxy resin was first applied to
the concrete surface, the external steel plate was then applied to
the concrete surface on the epoxies resins coating, the sheet was
rolled to squeeze the air that can be entrapped at the epoxy-sheet
interface.
The last two sets of six specimens were produced with the

dimensions of 150 × 250 × 2200 mm.
The three of these specimens were produced as reference

beams and the rest were produced to be repaired. All the beams
were made of concrete having 30 MPa compressive strength.
Yield strength for the reinforcement was 420 MPa and, 2φ12
longitudinal reinforcement, 2φ8 erection reinforcement and φ8
lateral reinforcement with a space of 200 mm between (Fig. 6).

2.3 Repairing Case II

In this repairing case, in order to investigate the behavior of the
three test beams under pure bending, CFRP composites were
used for strengthening.

2.3.1 Strengthening with CFRP

CFRP, which has 2.30 N/cm2 weight, was used for wrapping.
The mechanical properties are shown in Table 3. The three
specimens (Tables 1-2: K101, K102, K103) were strengthened
from the bottom of the beam by wrapping with CFRP. First of all
the specimens were washed with pressurized water until there
were no moving particles on the surface. CFRP was then fixed at
the bottom side of the beam with 1/3 ratio and 2 kg/m2 epoxy
(Fig. 7). Mechanical properties of CFRP are provided by the
manufacturer. 

3. Experiment Results and Evaluation

In the first set of test beams, crack width and distribution
increased under incremental loading. After each load increment,
cracks were started to move vertically to the compression zone
(Fig. 8) up to the failure. In all strengthening techniques, the
expansion and location of cracks were similar to those of re-
ference beams. Mid-span deflections were measured as 19 mm,
18.75 mm, 22 mm for KM11, KM12 and KM13 respectively.
The load-displacement curves were then plotted and compared
with the reference beams (Figs. 9-14). As can be seen in Figures
9-14, the ultimate load carrying capacities and also energy
dissipation capacities of the test beams depend greatly on the
strengthened techniques. 
The vertical displacements were measured from the center of

Fig. 3. Cross-Section Detail for Half Jacketing

Fig. 4. Cross-Section Detail for Full Jacketing

Fig. 5. Cross-Section Detail for Strengthening with Steel Plates

Fig. 6. Reference Beam

Fig. 7. RC Beam Wrapped with CFRP

Table 3. Properties of CFRP 

Weight 4.3 N/m2

Thickness 0.13 mm

Roll width 60 cm

Roll length 50m

Tensile – Failure Limit 3300 - 4500 MPa

Failure Strain 0.048
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the beam using four Linear Variable Displacement Transducers
(LVDTs). The loads were saved to data logger and the electronic
devices were also reseted every time. Load-displacement
behaviors of the beams which are damaged and then repaired by
RC jacketing are similar to the reference beams (Figs. 9, 10 and
13). Same results are obtained for the strengthening with steel
plates. However, the results are not as successful as those with
the RC jacketing (Figs. 11and 13). In Fig. 12, the mid-span
vertical displacements of the beams strengthened with CFRP are
notably decreased as compared to that of reference beams (Fig.
14). Besides, significant increases in load-bearing capacities are
obtained. Maximum bending moments (Mmax.), load-bearing
capacities (Pu) and mid-span vertical displacements (before and
after strengthening case) for beam specimens are also given in
Table 4 for comparison. 

Ductility is considered to be a paramount safety characteristic
of structures since it describes the ability of a structural element
to sustain inelastic deformation prior to collapse without signifi-
cant loss in resistance. The conventional methods of determining
the ductility of RC beams are function of the concrete failure and
yielding of the steel rebars (Oudah and El-Hacha, 2011).
Generally, in order to calculate the ductility of RC beams Eqs.
(1) and (2) can be used: 

(1)

(2)

where φu and φy bare the curvature at the ultimate and yield

µ
φu

φy

-----=

µ
∆u

∆y

-----=

Fig. 8. Crack Distribution

Fig. 9. Load-displacement Curves of Beams for Half Jacketing

Fig. 10. Load-displacement Curves of Beams for Full Jacketing

Fig. 11. Load-displacement Curves of Beams with Steel Plates

Fig. 12. Load-displacement Curves of Beams with CFRP (KC101,

KC102, KC103)

Fig. 13. Load-Displacement Curves of the Reference Beams: RKM1,

RKM2, RKM3 with Dimensions of: (a) 100 (cm)×160(cm),

(b) 160 (cm) × 260 (cm)
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moment, ∆u and ∆y are deflections at ultimate and yield loads
respectively.
In this study, ductility indexes for reference beams and strength-

ened beams with four techniques have been determined using
Eq. (2) and given in Table 5. 
As can be seen in Table 5, the optimum ductility has been

obtained for beams strengthened with full jacketing and CFRP
composites. 
From Tables 4 and 5, the increment of the ultimate load for the

RC beams strengthened with full jacketing as compared to the
reference beams having cross section of 100×160 mm is about
200% and the ductility of 151% has been achieved and the in-
crement of the ultimate load obtained by half jacketing compared
to the reference beams is about 122% and the increment in
ductility is about 68%.
Furthermore, energy dissipation capacities have also been cal-

culated and depicted in Table 6. The optimum capacity has been
obtained for beams strengthened with full jacketing and CFRP
composites.

Fig. 14. Load-Displacement Curves for Reference Beams: (a) K101,

(b) K102, (c) K103 with the Dimension of 150 (cm) × 250 (cm)

 Table 4. Experimental Values for Test Beams

Speci-
mens

Before Strengthening After Strengthening

Mmax

(Nmm)
Pu

(kN)

Mid-span
vertical
displace-

ments (mm)

Mmax

(Nmm)
Pu

(kN)

Mid-span
vertical
displace-

ments (mm)

KM 11 11000×103 22.00 19.00 27300×103 34 31

KM 12 12000×103 24.00 18.75 27850×103 33.5 28

KM 13 11000×103 22.00 22.00 26540×103 32.5 29

KM 21 10000×103 20.00 14.00 25370×103 35 26.5

KM 22 10500×103 21.00 13.90 25500×103 34.5 28.4

KM 23 11000×103 22.00 10.70 25000×103 34 27

KM 41 12000×103 24.00 19.40 23680×103 40.0 35.0

KM 42 11500×103 23.00 15.55 23550×103 39.5 28.0

KM 43 11000×103 22.00 14.80 22700×103 38.0 32.0

KM 51 11500×103 23.00 11.20 22500×103 41.0 35.5

KM 52 11500×103 23.00 22.00 21000×103 38.5 24.0

KM 53 9000×103 18.00 15.00 22800×103 42.0 31.3

KM 31 12000×103 24.00 16.00 12350×103 17 30

KM 32 10500×103 21.00 17.80 12700×103 14.5 26.5

KM 33 12500×103 25.00 19.50 11500×103 16.5 26.5

RKMk 1 9500×103 19.00 32.10 - - -

RKMk 2 10500×103 21.00 27.60 - - -

RKMk 3 10000×103 24.00 31.25 - - -

RKMb 1 - - - 27140×103 42 43

RKMb 2 - - - 26970×103 46.5 50

RKMb 3 - - - 27018×103 46 43

K101 6100×103 99.00 32.00 - - -

K102 6100×103 92.60 49.00 - - -

K103 6100×103 95.90 55.00 - - -

KC101 6100×103 94.80 40.00 6100×103 133.1 31.00

KC102 6100×103 95.40 42.00 6100×103 136.5 37.0

KC103 6100×103 94.5 50.00 6100×103 128.1 44.0

Table 5. Ductility Indexes

Specimens
∆y 

(mm)
∆u 

(mm)
µ Explanation

KM11 6.2 31.5 5.1

Half
jacketing

KM12 6.2 27.8 4.5

KM13 5.6 29.1 5.2

KM21 6.6 26.1 4.0

KM22 6.4 28.5 4.5

KM23 6.4 26.5 4.1

KM41 6.2 35.0 5.6

Full
jacketing

KM42 6.1 28.4 4.7

KM43 6.0 31.2 5.2

KM51 5.1 35.3 6.9

KM52 5.0 23.8 4.8

KM53 4.6 30.7 6.7

KM31 7.1 30.1 4.2

Steel plateKM32 7.2 26.4 3.7

KM33 7.0 26.4 3.8

KC101 12.0 31.0 2.6

CFRPKC102 11.0 37.0 3.4

KC102 13.0 61.0 4.7

RKM1b 6.9 43.1 6.2 Reference
beams

(100×160)
RKM2b 8.0 49.8 6.2

RKM3b 7.0 48.2 6.9

RKM1k 9.1 28.3 3.1 Reference
beams

(160×260)
RKM2k 8.1 32.8 4.0

RKM3k 9.0 27.9 3.1

K101 9.0 32.0 3.6 Reference
beams

(150×250)
K102 10.0 49.0 4.9

K103 12.0 57.0 4.8

KC101 12.0 31.0 2.6

CFRPKC102 11.0 37.0 3.4

KC102 13.0 61.0 4.7
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4. Conclusions

In this paper, twenty-seven RC beams were tested under com-
bined bending and shear. Damaged beams were strengthened
with different techniques and results were compared with those
obtained from the reference beams (undamaged). The following
conclusions have been reached:
1. The ultimate load for damaged RC beams has been in-
creased by a maximum of 200% for full jacketed beams, by
156% for half jacketed beams, by 19% for steel plate-
strengthened beams and by 34% for CFRP plated beams. 

2. Deflection ductility values obtained from full jacketed
beams were increased distinctly when compared to half
jacketed ones. 

3. In strengthening technique with steel plates, it was observed
that increasing the thickness of the plate was not a good
choice for ultimate load bearing capacity because of brittle
failure of the material. Moreover, it was ineffective in terms
of increasing the load carrying capacity and stiffness due to
debonding failure.

4. The specimens strengthened with full jacketing had slightly
higher load carrying capacity than the reference beams

while the specimens strengthened with CFRP sheets showed
no increase of capacity and failed by the fibers rupturing. 

5. The results indicate that the beams strengthened using
CFRP strips exhibited a higher first-cracking, and steel-
yielding as the level of vertical force increased up to a cer-
tain point. When comparing the load–displacement dia-
grams of the reference (K101, K102, K103) and strength-
ened elements (KC101, KC102, KC103), the stiffness and
the overall behavior were barely affected by loading history.
Further studies are needed to consider the effect of the per-
manent loads.

6. Tests indicated that all techniques are feasible strengthening
solutions, confirming that the retrofitting methods proposed
for the field application are consistent for limiting the crack
openings.

7. Increase in energy dissipation capacities are about 100%,
32%, 12% and 36% for full jacketing, half jacketing, steel
plates and CFRP composites respectively. 

References

Altln, S. and Anll, Ö. (2001). “Strengthening of RC beams against shear
by using epoxy bonded steel plates.” Meeting of the Structural

Mechanics Laboratory, Tubitak, Construction and En- vironmental
Technologies Research Group, Ankara, Turkey, p. 13 (in Turkish).

Al-Rousan, R. and Issa, M. (2011). “Fatigue performance of reinforced
concrete beams strengthened with CFRP sheets.” Construction and
Building Materials, Vol. 25, No. 8, pp. 3520-3529.

Arduni, M. and Nanni, A. (1997). “Parametric study of beams with
externally bonded FRP reinforcement.” ACI Structural Journal, Vol.
94, No. 5, pp. 493-501.

Cho, C. G. and Kwon, M. (2011). “Nonlinear failure prediction of concrete
composite columns by a mixed finite element formulation.”
Engineering Failure Analysis, Vol. 18, No. 7, pp. 1723-1734.

Colalillo, A. M. and Sheikh, S. A. (2012). “Seismic retrofit of shear-
critical reinforced concrete beams using CFRP.” Construction and
Building Materials, Vol. 32, pp. 99-109.

Collins, F. and Roper, H. (1990). “Laboratory investigation of shear
repair of reinforced concrete beams loaded in flexure.” ACI Materials

Journal, Vol. 87, No. 2, pp. 149-159.
Diab, Y. G. (1998). “Strengthening of RC beams by using sprayed con-

crete: Experimental approach.” Engineering Structures, Vol. 20, No.
7, pp. 631-643.

El-Ghandour, A. A. (2011). “Experimental and analytical investigation
of CFRP flexural and shear strengthening efficiencies of RC beams.”
Construction and Building Materials, Vol. 25, No. 3, pp. 1419-1429.

Hanna, S. and Jones, R. (1997). “Composite wraps for aging infrastruc-
ture: Concrete beams.” Engineering Failure Analysis, Vol. 4, No. 3,
pp. 215-225.

Jankowiak, I. (2012). “Analysis of RC beams strengthened by CFRP
strips—Experimental and FEA study.” Archives of Civil and
Mechanical Engineering, Vol. 12, No. 3, pp. 376-388.

Khalifa, A. and Nanni, A. (2000). “Improving shear capacity of existing
RC T-section beams using CFRP composites.” Cement and Concrete
Composites, Vol. 22, No. 3, pp. 165-174.

Khalifa, A. and Nanni, A. (2002). “Rehabilitation of rectangular simply
supported RC beams with shear deficiencies using CFRP composi-
tes.” Construction Building Materials, Vol. 16, No. 3, pp. 135-146.

Table 6. Energy Dissipation Capacities

Specimens
Pu
(kN)

Mid-span vertical 
displacements

(mm)

Energy dissipation 
capacity
(kNmm)

KM11 34 31 114747.74

KM12 33.5 28 109873.69

KM13 32.5 29 113207.57

KM21 35 26.5 101135.62

KM22 34.5 28.4 111074.81

KM23 34 27 101839.96

KM41 40 35 168119.79

KM42 39.5 28.0 133091.99

KM43 38.0 32.0 145486.86

KM51 41 35.5 174353.92

KM52 38.5 24 111402.98

KM53 42 31.3 154353.48

KM31 17 30 97923.54

KM32 14.5 26.5 80696.64

KM33 16.5 26.5 84870.07

RKM1b 42 43 160430.42

RKM2b 46.5 50 195658.12

RKM3b 46 43 164760.39

RKM1k 13.5 28 87021.1

RKM2k 13.6 32.5 102482.6

RKM3k 13.6 28 87251.5

K101 99.00 32.00 96921.24

K102 92.60 49.00 98246.09

K103 95.90 55.00 145434.49

KC101 133.1 31.00 133207.87

KC102 136.5 37.0 124356.06

KC102 128.1 44.0 132585.49



An Experimental Investigation on Flexural Behavior of RC Beams Strengthened with Different Techniques

Vol. 18, No. 7 / November 2014 − 2169 −

Koçak, A., Önal, M. M., and Sönmez, K. (2007). “Repairing and
strengthening methods for RC structural members.” Proceedings of
the 6th. International Conference on Fracture Mechanics of Con-

crete and Concrete Structures, Design, Assessment and Retrofitting
of RC Structures, Italy, Vol. 2, pp. 1111-1121.

Martinola, G., Meda, A., Plizzari, G. A., and Rinaldi, Z. (2010).
“Strengthening and repair of RC beams with fiber reinforced con-
crete.” Cement and Concrete Composites, Vol. 32, No. 9, pp. 731-
739.

Norris, T., Saadatmanesh, H., and Ehsani, M. R. (1997). “Shear and
flexural strengthening of R/C beams with carbon fiber sheets.”
ASCE Journal of Structural Engineering, Vol. 123, No. 7, pp. 903-
911.

Oudah, F. and El-Hacha, R. (2011). “A new ductility model of rein-
forced concrete beams strengthened using fiber reinforced polymer
reinforcement.” Composites: Part B, Vol. 43, pp. 3338-3347.

Önal, M. M. (2002). An experimental investigation of damaged beams
having rectangular cross section, PhD Thesis, Gazi University,
Ankara, Turkey (in Turkish).

Önal, M. M. (2006). Repairing and strengthening of damaged beams in
RC structures, Gazi University, Directorate of Scientific Research
Projects, Project no: 38/2004-01, Ankara, Turkey (in Turkish).

Önal, M. M. and Koçak, A. (2006). “The experimental investigation of
damaged beams repaired with reinforced jacketing.” Journal of

Engineering and Natural Sciences, Ylldlz Technical University,
Sigma, Vol. 2006, No. 1, pp. 94-107.

Önal, M. M. and Tokgöz, H. (2005). “The experimental study on re-
pairing of damaged reinforced concrete beams.” Journal of Engin-
eering and Natural Sciences, Ylldlz Technical University, Sigma,
Vol. 2005, No. 1, pp. 88-92.

Önal, M. M., Tokgöz, H., and Koçak, A. (2005). “The experimental
study of repaired beams using 3-surfaced adhesively bonded steel
plates.” Journal of Engineering and Natural Sciences, Ylldlz
Technical University, Sigma, Vol. 2005, No. 1, pp. 96-102.

Triantafillou, T. C (1998). “Shear strengthening of reinforced concrete
beams using epoxy-bonded FRP composites.” ACI Structural
Journal, Vol. 95, No. 2, pp. 107-115.

Sena-Cruz, J. M, Barros, J. A. O., Coelho, M. R. F., and Silva, L. F. F. T.
(2012). “Efficiency of different techniques in flexural strengthening
of RC beams under monotonic and fatigue loading.” Construction
and Building Materials, Vol. 29, pp. 175-182.

Wu, Z., Li, W., and Sakuma, N. (2006). “Innovative externally bonded
FRP/Concrete hybrid flexural members.” Composite Structures, Vol.
72, No. 3, pp. 289-300.

Yang, X., Nanni, A., and Chen, G. (2001). “Effect of corner radius on the
performance of externally bonded FRP reinforcement.” Non-Metallic

Reinforcement for Concrete Structures-FRPRCS-5, 16-18, pp. 197-
204.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.33333
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [300 300]
  /PageSize [2834.646 2834.646]
>> setpagedevice


