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Abstract

This study exemplifies the results of comprehensive experimental investigation on the behaviour of
axially loaded Reinforced Concrete (RC) rectangular columns repaired with Glass fibre Reinforced
Polymer (GFRP) Fabrics. Totally ten RC rectangular specimens were fabricated and tested under axial
compression load. Two specimens were retained as control specimen and the remaining eight
specimens were partially pre-cracked to 60% of the ultimate failure load of the control specimen and
repaired using GFRP fabrics strips. This study investigated three variables included slenderness ratio,
spacing amount and orientation, and number of plies of GFRP strips. The result of this investigation
indicates that the gain in compressive strength varied between 31.58 % and 50 %. It was also found
that the above mentioned parameters affect the ultimate compressive load capacity and modes of
failures of the repaired rectangular columns. Furthermore, the experimental result shows better
agreement with existing theoretical model.

Keywords: Glass Fibre Reinforced Polymer, Ultimate load, Confined, Strengthening.

1.INTRODUCTION

Several traditional techniques have been used for repairing reinforced concrete columns such
as concrete jackets and steel plates. The main purpose of confinement is to increase the load carrying
capacity and ductility of the reinforced concrete columns. It has some disadvantages such as increase
of dead load; increase of owns section of column which leads to increase its flexural stiffness. This
steel plate jacketing system is not a feasible technique to use in aggressive environments. Engineers
have used traditional materials such as wood, steel, and concrete to confine and improve the
structural behaviour of concrete members. Since 1980, there has been a worldwide increase in the
use of composite materials for the rehabilitation of deficient RC structures. One important
application of this composite retrofitting technology is; the use of Fibre Reinforced Polymer (FRP)
jackets to provide external confinement to RC columns when the existing internal transverse
reinforcement is inadequate (Yousef, 2006). Fibre Reinforced Polymer (FRP) is a composite material
comprises fibre in a polymer matrix. The FRP is typically applied with an epoxy resin. The epoxy
resin is used to align the fibres in proper direction and bond the wrap with the structural member.
The advantages of the FRP include high strength to weight ratio, high stiffness, corrosion resistance,
high specific strength, and durability (Raghu et al., 2001). While FRP can be used to strengthen
many different structural members such as beams, columns, slabs and chimneys. A structure
probably needs upgrading due to the increased loading and/or reduction in the load carrying
capacity, corrosion of steel reinforcement, chemical attacks, aggressive environments, construction
errors, and old design codes. For example, bridges are sometimes designed according to standard
specifications however, due to increased traffic volume; they probably need to improve the load
carrying capacity and structural performance of the structures. Recently, Fibre Reinforced Polymers
(FRP) has been used to repair and rehabilitate concrete columns, beams and slabs. This FRP
composite has many potential characteristics as compared to the use of traditional techniques. FRP
sheets have a high strength to weight ratio, very high resistance to corrosion and chemical attacks
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which makes them, unlike steel plates and concrete jackets, suitable for structures subjected to
aggressive environment. In addition, FRP sheets are easy to handle in site and do not add to the dead
load of the structure. The ACI report (1996), reported that FRP products were first used to reinforce
concrete structures in the mid 1950s however, in spite of the earlier research on the use of FRP
reinforcement in concrete, commercial application of the FRP in concrete was not recognized until
the late 1970s.

2. THEORETICAL MODELS

2.1 International Conference of Building Officials (ICBO)-1997
For rectangular sections with an aspect ratio (h/b) less than 1.5, the enhanced compressive
strength can be calculated with the following equation:

fee = Se(1+5 pr cos26) (1)
where, pr= 2tf(b;_—hh) , 0<45°

The axial load capacity enhancement due to the longitudinal fibres is
AP = Arcos20 f; (2)

where, As= cross-sectional area of the fibre sheets, fy = 0.002E¢ c0s20 < 0.75fu

A higher fibre strain may be used if the section is effectively confined.

2.2. Mander et al., (1988) Model

Mander et al. (1988) proposed a model to calculate the increase in concrete compressive
strength due to confining pressure provided by transverse reinforcement in reinforced concrete
columns. The model has been extended to the case of FRP-confined circular and square reinforced
concrete by sections several researchers (Wang and Restrepo 2001). For rectangular sections in which
the confining pressures in two orthogonal directions:

fcc = [25] azfc (3)

where a =12518 [(1+7.84 ]%.C) -1.6 ]%.c -1] (3.1a)
o =[1.4 %X -0.6( flyAX)LO.S 1{ %.C +1] (3.2b)

flx =fly-
Jix = P jx (0.005 Ep) (3.4a)
S = p iy (0.005 Ep) (3.5b)

where, Ep is the elastic modulus of the FRP jacket, 0.005 represents the transverse strain in the FRP
jacket is provided in the determination of lateral confining stresses when the nominal compressive
strength of the concrete at ultimate state is evaluated.

The reinforcement ratio p jxand p jyare defined as follows:

P ix = 2(t/ty) (3.6a)
by = 2@/t (3.7b)
where, tjis the nominal jacket thickness, tx and ty are the overall column cross-section dimensions.

2.3. BS 8110 (1997)

A rigorous approach would entail the consideration of the confinement effect of transverse steel
links; however, this is implicitly accounted for in the following formula for the axial load capacity of
the reinforced concrete column with nominal transverse links:

N = 0.67 fouAc+Asf,y (3.8)
(without safety of factor: 1.5 for concrete, 1.05 for steel)
where, As = total area of longitudinal reinforcement, A, = net area of the concrete

3. RESULTS AND DISCUSSION

This part discusses the experimental investigation of reinforced concrete rectangular columns
bonded externally with Glass Fibre Reinforced Polymer (CFRP) fabrics. However, it presents the
results of series CL (size: 100mm x 150mm x 9oomm) and series CS (size: 100mm X 150mm X
soomm). Ten rectangular columns were tested with variables included spacing of GFRP strips
(60omm, 100mm, and 140mm), orientation (0° and +£45°), layers of GFRP (1 and 2 layers or plies), and
slenderness ratio (6.0 and 3.33). It also attempts to discuss the comparison of experimental results
with existing theoretical models.
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Table 1: Result of average compressive strength of cube

. Compressive Strength (MPa)
Periods Cube 1 : Cube 2 : Cube 3 Average
7 23.30 22.50 23.50 23.10
14 28.25 26.75 26.99 27.40
28 29.99 31.00 29.01 30.00
3.1. Strength of Concrete 35
The test results of concrete 30
strength cubes at the age of 7, 14 and
28 days are shown in Table 1. Figure1 £ 251
shows the average compressive S 5 |
strength of concrete cube at various =
ages. 2 151
3.2. Ultimate Failure Load & g |
and Mode of Failure
Series CL: In control specimen >
CL1, first crack in the specimen 0 : : : : :
observed at a compressive load of 260 0 5 10 15 20 25 30
kN. As applied load increased, cracks Age (Days)

were developed in the vertical
direction at the top of the column. At
last, the top end of the specimen failed in compression at a load approximately of 380 kN. In the
precraking phase of the specimens CL2, and CL4, the observed cracking patterns of precracked
specimens were similar to the control specimen, whereas there was no crack observed in columns CL3
and CL5. After repairing, these specimens CL2, CL3, CL4 and CL5, were failed at a failure load
approximately of 560 kN, 540 kN, 500 kN, and 560 kN respectively. In the GFRP strengthened
columns, the failure was associated with concrete crushing with sudden rupture of GFP strips at the
top or bottom ends of columns. When the confinement of GFRP discrete strip fails, the concrete core
was unable to withstand the load, which corresponds to a stress significantly over compressive
strength of concrete. The rupture of the confinement thus triggers a sudden failure mechanism.
Popping noises were observed at various stages of loading which was probably due to the micro
ER TR AL cracking of the fibre strips. Besides, failure of
——— - GFRP strips was observed at or near the corner of
the specimens due to the stress concentrations. The
maximum gain achieved in specimens CL2, CL3,
CL4, and CL5 with respect to control specimen
were approximately of 48%, 42%, 32%, and 48%
respectively. It can be seen that the confinement of
reinforced rectangular columns with GFRP strip
increases the compressive strength of the column.

Figure 1. Concrete strength versus time

Figure 2(a): Crushing of concrete for control
specimen CL1

When compared with the control
specimens. Figures 2 (a) and 4(a) show the
failure patterns for control and precracked-
repaired specimens in series CL. Table 2 shows
the summary of experimental results for control
and repaired specimens in series CL.

4 .
Figure 2(b): Crushing and rupture of GFRP strip for
repaired specimen CL2
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Figuré' 2(c): Cru—sh;ng ari(iépture of FRP strip f61~_1*epaired Figure 2(d): Crushing and rupture of FRP strip for
specimen CL3 repaired specimen CL4

Series CS: Similarly, the control specimen CS1
in series 2 failed in compression at a failure load
of 360 kN. The behaviour of the precracked
specimen was similar to the control specimen.
The repaired specimen CS2 failed in GFRP
rupture with compression failure at top end of
the column at a failure load of 540 kN.
However, the specimen CS3, and CS4 attained a
failure of crushing of concrete and rupture of
GFRP wrap at an ultimate compressive load of
500 kN and 480 kN respectively. The specimen
CS5 failed in cracking in the unstrengthened
portion of concrete is near the bottom of the
column. The obtained gain in percentage of
enhancement of compressive load of the
repaired rectangular columns CS2, CS3, CS4,
and CS5 with slenderness ratio 3.33 was 50%,
Figure 2(e): Compression failure 39%3 34%, and 45% greater over the control
for repaired specimen CL5 Specimen.

Fiure 3(b): Crushing and rupture of FRP strip for
repaired specimen CS2

Figure 3(a): Crushing of concrete for control
specimen CS1
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Figure 3(c): Crushing and rupture of FRP strip
for repaired specimen CS3

Table 1 shows the external strengthening
GFRP patterns and test results of the control and
precracked-repaired specimens. Table 2 shows
the summary of experimental results for control
and repaired specimens in series CS. Figures 3
and 4(b) depicts the failure patterns of the
control and precracked-repaired specimens in
series CS

Key Observation:

Results shows that the percentage gain in
compressive load of the repaired specimens was
ranging from 32 % to 50 % greater over the
control specimens.

Crushing and l

rupture of FRP

Crushing of

Crushing and
rupture of FRP

Figure 3(e): Crushing and rupture of FRP strip
for repaired specimen CS5

Figure 3(d): Crushing and pture of FRP strip for

repaired specimen CS4

Concrete

Figure 4(a): Failure patterns for control and repaired specimens in series CL

Crushing and
rupture of FRP
strip
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Crushing and
rupture of FRP
strip

Figure 4(b: Failure patterns for control and repaired specimens in series CS

Crushing and
rupture of FRP
strip

Crushing and
rupture of FRP
strip

Table 2: Summary of experimental results for control and repaired specimens in series CL and CS

Specimen Spacing/No of Plies/ Max. Displacement* | Axial Stress Failure Increment (%)
Designation Oreintation of GFRP strips (mm) (N/mm?2) Load (kN)

CL1(C) - 3.86 25.33 380 -
CL2 (P-R) 60mm / 1No./ 0° 3.36 37.33 560 47.37

CL | CL3(P-R) 10omm / 1 No./ 0° 6.76 36.00 540 42.12
CL4 (P-R) 140mm / 1 No./ 0° 7.92 33.33 500 31.58
CL5 (P-R) 140mm / 2 No./ 0° 6.56 37.33 560 47.37
CS1(C) - 3.95 24.00 360 -
CS2 (P-R) 60mm / 1No./ 0° 5.05 36.00 540 50.00

CS | CS3(P-R) 10omm / 1 No./ 0° 5.02 33.33 500 38.89
CS4 (P-R) 140mm / 1 No./ 0° 4.47 32.00 480 33.33
CSs5 (P-R) 140mm / 1 No./ 45° 5.60 34.67 520 44.44

* Measured Maximum Displacement before failure load

3.3 Stress-Strain Profile

Figures 5 and 6 portray the axial stress versus axial strain for control and precracked-repaired
specimens in series CL and CS representing a slenderness ratio of 6 and 3.33 respectively. In Series CL,

the axial strain curves for specimens CL2

——CL1 —=—CL2 CL3 CL4 —»—CL5
40 and CL3 repaired with GFRP strips spaced
at 60 mm 100 mm were stiffer than
specimens CL4 and CL5 with strips spacing
_ %07 of 140 mm.
g
\g ——CL1 —=—CL2 CL3 CL4 —»—CL5
43 20 4
3 40
=
g
10 |
30 |
g
0 ‘ | | —<
0 200 400 600 800 é 20 -
3
Axial Strain (microstrain) =
Figure 5: Axial stress-strain curves for control £
and repaired specimens in series CL 10
Whereas, in series CS, the repaired o4
columns shows similar trend in axial strain 0 200 400 600 800 1000

curves probably due to the effect of lower
value of slenderness ratio (i.e. 3.33). It can
be seen from Figure 5, increasing the
spacing between the GFRP strips decreases

82

Axial Strain (microstrain)

Figure 6: Axial stress-strain curves for control and repaired

specimens in series CS
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the stiffness of the axial strain curve. The figures also show that the repaired columns attained higher
axial strain value than the control specimen for the same load at failure.

Fibre strain Response: Figure 7
indicates the axial load versus GFRP fibre
strain for repaired rectangular columns.
One strain gauge used in each repaired
specimen. The fibre strain was measured
by placing strain gauge in the fibre
direction of the strip at the top of the
specimen. It shows that the fibres strain
values of the repaired columns were very
minimal up to the load approximately of
20MPa, however, strain values increased
at higher rate probably due to the
formation of crack. The measured
maximum strain value of fibre was 0.008,

which is less than nominal strain value of 0.02.

3.4. Test Parameters

Axial Stress(vIFa)

——Cl2 —=— CL3 CL4 CLE —#—(S2 ——(CS3 ——CS4 ——CSE
40
-—
30 . .
J'r #
.l_.
20 "o ’}
10 /
a K T T
2000 4000 6000 4000 10000

Strain (microstrain}

Figure 7: Axial load versus strain in fibres for repaired specimens

This investigation studied three different variables; namely spacing, orientation, layer of GFRP

strips and slenderness ratio.

The purpose was not only to determine the ultimate load carrying

capacity but also to identify the most suitable wrapping pattern of the repaired rectangular columns.
3.4.1. Effects of Spacing of GFRP strips
Figures 8 and 9 illustrate the comparison of compressive load for repaired specimens with
different spacing of GFRP strip in series CL and CS respectively. From Figure 8, it can see that the
specimen CL2 repaired with spacing of 60 mm attained an enhancement of 12 % greater than

ocL2 oCL3

800

oCL4

700 -+

600 -

FAEELIELEY

500 +

FAEELEELEY
C
CE
ey
RS
ey
RS
FAEELIILEY
FAEELPELEY
C
CE

400 -

300 A

Axial Load (kN)

200 -

100

60mm 100mm 140mm

Spacing

Figure 8: Comparison of compressive load with different spacing (6omm
100mm, and 140mm) of GFRP strips for repaired specimens in series CL

B CS2 [ CS3

800

mCs4

700 +

600 +

500 +
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C
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ey
IR
ey
FAELLEELEY
FAELLEELEY
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oy

400 -

300 +

Axial Load (kN)

200 +

100 -

60mm 100mm 140mm

Spacing

Figure 9: Comparison of compressive load with different spacing (6omm
100mm, and 140mm) of GFRP strips for repaired specimens in series CS

specimen CL4 with strips spaced
at 140 mm. Similarly specimen
CL3 spaced at 100mm gained 8%
greater than the specimen CL4.

Similarly the specimens CS2
(spacing = 60 mm) and CS3
(spacing = 100 mm) attained

12.5% and 8 % greater than the
specimen CS4 with strips spaced
at 140 mm.

Key Observation:

It was found that the increasing
the spacing of strips decreases
the ultimate compressive load of
the repaired specimens.

3.4.2. Effect of Layers

of GFRP Strips

Figure 10 shows the results
of a comprehensive experimental
investigation on the behaviour of
axially  loaded  rectangular
columns  strengthened  with
different GFRP discrete strips.
From the result, specimen CL5
with two plies attained an
enhancement of 12% greater
than the specimen CL4 with
single ply. It was found that, the
confinement of columns with
GFRP wrap increased with the
increase number of layers of
GFRP discrete strips. This

behaviour is similar to the Kumutha et al., (2005) but they studied with continuous wrapping system

but not in the form of discrete strips.
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It indicates that higher percentage of compressive load could be achieved by increasing the number of

layers in the form of discrete GFRP strips.

3.4.3. Effect of orientation
of GFRP strips

Figure 11 shows the comparison of
ultimate compressive load for repaired
specimen with 0° and +45° orientations.
Specimen CS5 repaired with +45° strips
orientation attained a gain in compressive
load of approximately 7.69% greater than
the specimen CS4 orientated with 0°
strips. This confirms that the specimen
strengthened with two directions (i.e. +45°
orientation) had better and significant
effect on the strength and stiffness
behaviour of rectangular columns,

Axial Load (kN)

g CL4 (1 ply) m CL5 (2 plies)

800

700 +

600 -

500 -

400 -

300 -

200 -

100 +

Number of Plies

Figure 10: Comparison of compressive load with different
number of layers (1 and 2 plies) of GFRP strips

however, the result of Li et al., (2003) does not show any significant effect with change in orientation
because they wrapped the specimens in one direction with a orientation of 45° only.

Key Observation:

OmCS4(07)  ECS5(x45°) Results shows that specimens with +
600 45° orientation attained Dbetter
enhancement than with 0°
700 - orientation. It was also found that the
600 | orientation of +45° shows significant
S oo | re§ult becguse thg ﬁbl“e strips were
§ orientated in two directions.
€ 400 |
3 3.4.4 Effect of Slenderness Ratio
z 3009 Figure 12 shows the effect of
200 | slenderness ratio of specimens from
100 4 series CL and series CS with
slenderness ratio of 6 and 3.33,
0 respectively. The strengthened
Orientation specimens CS4 and CS2 in series CS
Figm"e 11: Comparisgn of gompressive load with the slenderness ratio of 3.33
with different fibre orientations (0° and +45°) attained an enhancement
approximately of 50% and 34%
me @cL2 ocss @cLs acs acLs greater than the specimens in series
800 CL with slenderness ratio of 6.
Key Observation:
7001 Results confirm that the column with
600 1 slenderness ratio of 3.33 contributed
ey a maximum enhancement of 50%
=1 e greater than column with slenderness
S 4007 s ratio of 6.0.
< 3001 iﬁiﬁiﬁiﬁ/ . o
< i 3.5 Theoretical Investigation
200 1 P’ The design guidelines
100 | orrree recommendations  for  columns
0 . reroen strengthened with externally bonded
100 mm 140 mm FRP  are generally b~asec! on a
Spacing confinement model, which is, based

Figure 12: Comparison of compressive load with different

on experimental tests with carry some

slenderness ratio (6.0 and 3.33) for series CL and CS limitations. Some of the proposed

equations and guidelines are

developed from the results of fully confined specimens. This research intend to such theoretical
models for columns strengthened with discrete strips. The test results obtained from experimental
work were compared with existing ICBO (1997) i.e. International Conference of Building Officials and
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Mander et al. (1998) Models. From Figure 13, it can be seen that the ICBO Model shows poor
agreement with experimental results however the Mander Model predicted better results when
compared with experimental results.

Key Observation:

Results show that the ICBO Model shows poor agreement with experimental results; however, the
Mander Model predicted better results when compared with experimental results

600
m [[-Experiment & 1CBO Mander
500 | - - Ml
w7 Z ]
= 400 | :ﬁ Z . 7 7 7 7
3 | ||E ] = =
E = = IE = =
2o |[IE BT [IE = =
100 | |[|IB = = = —
—ﬁ B IE = =
0 = = — =
CL2 CL3 CL4 CL5 CS2 CS3  Cs4 CS5

Figure 13: Comparison of experimental values with existing theoretical model

Table 4.3: Comparison experimental result with existing theoretical models

Specimen Experimental Theoretical Models
Result (kN) ICBO 9% difference Mander 9% difference

CL1 380 --- --- --- ---

CL2 560 391 43.22 459 22.00
CL3 540 391 38.11 459 17.65
CLg 500 391 27.88 459 8.93
CLs 560 391 43.22 459 22.00
CS1 360 --- --- --- ---

CS2 540 370 45.95 435 24.14
CS3 500 370 35.14 435 14.94
CS54 480 370 29.73 435 10.34
CSs5 520 367 41.69 435 19.54

4. CONCLUSIONS AND RECOMMENDATIONS

This paper was conducted to study the compressive strength of reinforced concrete rectangular

columns confined with externally bonded GFRP fabrics. This study investigated three variables
included slenderness ratio, spacing, amount and orientation, and number of plies of GFRP strips.
From the experimental and theoretical investigations, following conclusions can be drawn:

+

+

+

Experimental results show that the percentage gain in compressive load of the repaired specimens
was ranging from 32% to 50% greater over the control specimens.
It was found that increasing the spacing of strips decreases the ultimate compressive load of the
repaired specimens.
Results show that the ultimate compressive strength of the repaired specimens increased with
increase in the numbers of GFRP strip layers.
Result indicates that specimen specimens strengthened with orientation of +45° attained a gain in
compressive load of 8% greater than specimen with 0° orientation.
Results confirm that the column with slenderness ratio of 3.33 contributed a maximum
enhancement of 50% greater than column with slenderness ratio of 6.0.
The theoretical investigation shows that the ICBO (1997) model predicted conservative results,
whereas, the Mander et al., (1988) model shows relatively better agreement with the experimental
results.

Recommendations:
Experimental study is required the behavior RC columns confined with different types of FRP.
Investigation is need on in larger scale to simulate the actual repairing work for the structural
member.
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4+ Additional experimental work is essential with lower grade of concrete because most of older
structures have been constructed with lower grade of concrete.
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