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Abstract

Existing remforced concrete (RC) columas may be structunally deficient dee to vanety of reasons such as mmproper transverse
remforcement, flaws in structural design, msufficient load camying capacity, etc. Carbon'Glass fibre renfosced polymer (FRP)
confincment can be effectively used for strengthening the deficient RC columns. The effectiveness of FRP wrapping for RC columns
mamly depend upon comer radies of the speaimens 2s well as number of FRP layers used for the confinement. An attempt has been made
hereby to mvestigate the expenmental behaviour of GFRP wrapped small scale square RC columns with varying comer radi
Expenimentally evaluated behaviour of GFRP wrapped RC columns 15 compared with the performance observed for non-wrapped RC
columns IS RC columns having cross-sectional dimensions 125 mm » 125 mm and length of 1200 mm have been tested under axial
compeession. Three columns sre unwrapped and have boen designated as control speamens Three columns cach with comer radius
egquivalent to cover of 25 mm are wrapped with cac and two layers of GFRP, respectively. To avoid 2 premature rupture of the GFRP
composite, remaining six columas with corner radius of 5 mm have been wrapped with one and two layers of GFRP, respectively. GFRP
wrapped columns go under higher axial displacement m order 1o gain higher compressive strength over the coatrol column The results
showed that smoothening of the edges of square cross-section of RC columns play & significant role n delsying the rupture of the FRP
composite 2t the odges Comer radius equal to concrete cover gives better results in torms of witimate load carrymg capacity than the
comer radius less than cover for confined RC columns
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Nomenclature
r Comer radius of the square RC column
b Cross-section dimension of the square RC column

L Height of the RC column

SOR0  Control column

SIRl  Column having 5 mm comer radius strengthened using one GFRP layer
S2R1  Column having 5 mm comer radas strengthened using two GFRP layers
SIR2  Column having 25 mm comer radius strengthened using one GFRP layer
S2R2  Column having 25 mm comer radius strengthened using two GFRP layers
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1. Introduction

Over the last few years, there has been a worldwide increase in the use of composite matenals for the rehabilitation of
deficient remforced concrete (RC) structures. One important application of this composite retrofiting technology s the use
of fibre reinforced polymer (FRP) jackets or sheets 1o provide external confinement to RC columns when the capacity of
existing structure is madequate. RC columns need to be laterally confined in order to ensure large deformation under load
before failure and to provide an adequate load resistance capacity. In the case of a seismic event, energy dissipation allowed
by a well-confined concrete core can often save lives On the contrary, a poorly confined concrete column behaves in a
brittle manner, leading to sudden and catastrophic failures

Benzd et al. [1] evaluated load-carrying capacity and strains by testing square prismatic RC column strengthening with
external GFRP composites. Vanables ke number of composite layers and the corner radius for a square shape were
considered. Twenty-one prisms of size 100 x 100 x 300 mm were tested under strain control rate of loading It was
suggested that a larger radius can expand the strong constraint 2one and diminish the stress concentration. So the reduced
confining pressure in a square section due to the concentration of stresses at the comers is solved by using a square section
with comer radius. Silva [2] performed tests on axually loaded square RC columns, with and without FRP jackets Square
cross-section was divided into three groups i ¢. sharp edged comer; comer radius equal 1o 20 mm, cormer radius equal 10 38
mm. The FRP jackets were made either of CFRP or AFRP wraps and the geometry of the specimens ncluded square and
circular cross-sections. Companson of gains of axial strength and ductility were presented and aspects of the vanation of the
lateral pressure and rupture of FRP jackets were examined. The improvement of axal load capacity gamed, either from
Jackets of AFRP, or CFRP was almost equal for cylindrical columns. CFRP jacketed square column with sharp comer
evidenced neither improvement of capacity, nor ductlity. In the case of AFRP confinement there was improvement of load
capacity, but no significant improvement on ductility El-Hacha and Mashnk | 3] expenmentally evaluated the effectiveness
of steel fibre reinforced polymer (SFRP) sheets to confine small-scale plan concrete circular and square columns
Parameters were investigated including number of SFRP layers (1, 2, and 3), target concrete compressive strength (25, 30,
and 35 MPa), cross-section of the columns (circular and square), and commer radius for square columns (3, 6, 10, and 25
mm). 36 circular specimens 150 mm diameter x 300 mm height and 36 square specimens 150 mm side length x 300 mm
height were tested. Three specimens were tested without wrapping for comparnison purposes, and three specimens for each
number of layers. 12 SFRP wrapped (one layer) square specimens were tested to investigate the effect of varying the corner
mdii on the confined compressive strength. The specimens were tested under monotonic concentnce unaxial compression
load. SFRP confinement improved the performance of both circular and square specimens in terms of axial strength and
ductility; however, the improvement for square specimens wis not as promunent as that for circular specimens. Rounding
the comers of the square specimens improved the situation for square specumens and performance enhances with increasing
corner radius. Al-Salloum [4)] investigated the influence of the radius of the cross-sectional comers (edges) on the strength
of square RC columns confined with FRP laminates. 20 specimens under uniaxial compression were tested. Depending on
the selected radius of the edges, the section vaned from square 1o circular. Intermediate radu were about 16, 1/4, and 173 of
the side dimension. The sharpest square specimens had a comer radius of 5 mm to make composite application easier and 10
avoid a premature rupture of the composite. The results showed that smoothening the odges of square cross-section plays a
significant role in delaying the rupture of the FRP composite at these edges, and the efficiency of FRP confinement is
directly related to the radius of the cross-section edges

Use of externally bonded FRP composite for strengthening can be a cost effective alternative for upgrading the
performance of existing RC columns [5-10] Even though a lot of research has been directed towards circular columns,
relatively less work has been performed on square and rectangular columns, 10 examine the effects of FRP confinement on
the structural performance. However, a vast majonty of all columns in busldings are square or rectangular  Therefore, ther
strength and rehabilitation needs to be given attention to preserve the integrity of building mfrastructure. Up till now a less
amount of research has been carried out on effect of comer radius for improving performance of the confined columns. The
decision about keeping the comer radius less than cover, equal to cover or greater than cover is a critical one for the square
confined columns. With the increase in the confinement layers, the repair of RC columns becomes a costly affair. Hence,
the number of confinement layers to be added to the columns to upgrade the performance of columns is also a difficult
question to deal with while deciding the repair strategy for the columns. Therefore, an attempt has been made 1o upgrade the
performance of square RC columns by confining with GFRP wraps in the present investigation. A total of 15 RC columns
are cast and tested under axial loading. Three columns are unwrapped and have been designated as coatrol specimens. Three
columns cach with comer radius less than cover of S mm and equivalent 1o cover of 25 mm are wrapped with one and two
layers of GFRP, respectively. The effect of vanation in comner radius on the effectiveness of GFRP confinement 15 evaluated
for RC columns. The test variables included different comer radius and number of GFRP layers The pamameters 1¢
ultimate failure load, axial strain and lateral strain for RC columns are recorded | 11]
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2. Experimental programme
2 1. Test xpecimens

Notations for RC columns, dimensional details and number of wraps considered are presented in Table | GFRP was
used to confine the column specimens. Fig. | shows the cross-sections and dimensions of the column specimens tested
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2.2 Material properties

221 Concrete
Casting of all columns i conducted by using MIS grade concrete mix. Concrete mux proportion selected after mux
design i Water Cement: Sand: Coarse Aggregate, 060 1 325§, respectively. The quantities of ingredients, used in the

concrete mixes are shown in Table 2

Tabde 2 Propomon of mgredients used for congrete mus (1m’)

Ingradicuts Ouantity
Cement 20 kgm
Sand K775 kg'm'
10 mwm Jowen se2¢ aggregste S kg
20 num down wze aggregate 405 kg'm’
iy 162 kg'm'

222 GFRP sheet

The glass fiber sheels used in present investigation were unidirectional as shown in Fig 2 The properties of GFRP sheet
are presented in Table 3. The resin system used 10 bond the glass fabrics over the columns 15 an cpoxy resin made of two-
parts, resin and hardener. Fig. 2 Shows GFRP sheet in roll form and defines the direction of layers of fibers which are more
in longitudinal direction as compared to that for the transverse direction
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Table 3 GERP properties supplied by manufacturer

Fiber wesght(g'm®) Sheet wadth {mm) Faber thackness Ultimiate tensale Elastic modulus Ultimate edongatuon
(rm ) strength (MPa) (MPa) (%)
D%} SO0 0324 14(%) 74500 43

(a) (b)

Fig 2 GEFRP Sheet (a) Sheet roll and (b) Unsdirectional GERIP sheet
2.3, Casting of columny

A total of 15 square columns with a 125 mm x 125 mm cross-section and 1200 mm height with corner mdius of 0 mm, §
mm and 25 mm, respectively have been cast. Concrete is prepared in the concrete mixture machine of half cement bag
capacity. The columns are reinforced with 4 number of 8 mm diameter bars in longitudinal direction and 6 mm diameter ties
in the transverse direction spaced ot 125 mm ¢/c as small scale RC column, designed based on 1S:456 provisional [12] The
selection of 8 mm diameter main reinforcement i place of mintmum 12 mm diameter as per codal provisions is based on
avatlable testing factlines for the RC columns. In order to round of the corners of the square columns, wooden patty inserts
with the desired radius are fixed with the help of screw and cello tape at the comers of the boxes. Different types of comer
wooden patty which s fixed into the formwork before the time of casting to get the desired radius on the columns as shown

mkFig 3
T ' 0RS
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- |
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Fig 3 (a) Schematic view of formwork for column with commer madias 25 mm () Completed formwork with comer mdius patty and (¢) Formwork with
reinforcement cuge

24 GFRP wrapping

Vouds and deformities on the surface of the column specimens were filled using putty after 28 days of curing, The two-
part epoxy system (Saturant and Primer) used, consisting of resin and hardener, was thoroughly hand-mixed for at least 5
minutes before use, The GFRP Sheets were then applied directly onto the surface of the specimens providing unidirectional
lateral confinement in the hoop direction. The process of wrapping s shown in Fig, 4. Special attention was taken by the
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installers to eliminate any voids between the FRP laminates and the concrete surfaces. Overlap 1s kept 75 mm m the column
to ensure the development of tensile strength of full composite

(a) <l (d)

Fig. 4. (8) Apphcation of Primer, (b) Applicstion of seturant, (c) Application of GFRP sheet and () Afler application of GFRP sheet sad satura

2.5 Instrumentarion

Load, displacement and lateral strun for the column specimens are measured using hydraubic jack, LVDT and electrcal
strain gauge, respectively. The Model P3 Strain Indicator and recorder are used for measunng lateral strain on the column
Ihe strain gauges were mounted at multiple points at the mid-height of the columns 1o measure the strun for unconfined
and confined column specimens. The gauge length of the electrical strain gauges 15 S mm. Fig 5 shows the locations of the
transverse strain gauges, where M, C, L and R refer to positions on the side face, the centre of the comer, and the curvature
changing point on the left and right-hand sides, respectively. LVDT (linear vanable differential transducers) was mounted to
capture the vertical displacements. The wires for strain gauges and the LVDTs were attached 1o data acquisition system and
checked for readings

(a) (b)
Fig. 5 (0) Strain gouges on shurp odges spocimen (B) Stiamn gauges on comer tadis spacistaen

2.6 Test procedure

The column specimens are tested on loading frame under axial compressive loading The axial load 15 apphied through
hydraulic jack of 2000 kN capacity and the capacity of the frame s 1000 kN General arrangement of test setup s shown i
Fig, 6. All columns were capped with steel plate to ensure parallel surface and to distnbute the load umiformly in order to
reduce eccentricity. The LVDT was installed i preparation to start the test, and then the load was applied at a loading rate
equal to 10 KN This loading rate 1s kept constant up to the complete fmlure of the column specimen
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Fig 6 Schematic view of test sctup for RC column

J. Results and discussion

3.1 Axial Load

Ultimate failure load of all the columns and percentage increment of ultimate farlure load over unconfined columns are
presented in Table 4

Table 4 Experimental results for columns

Se. No Notatwon Ulumate fmbure Average sltimate & Increase of average sltimate
Load (AN) fadure load (KN) falure oad over unconfined

i SORO i 33 33

P SIiRI 400 43607 4™

L) SIRI 50 59667 o0t
570
630

4 SIR2 630 57333 K.
<40
550

5 SIR2 SO0 75667 149%
730
740

Higher load carrying capacity has been observed for all wrapped columns as compared to that of unwrapped columns
Percentage increment in ultimate farlure Joad s ranging from 47% to 149% for all wrapped columns as compared to that of
unwrapped columns. 47%, 96%, 89% and 149% increment i ultimate failure load s observed for the columns SIR1, S2R1,
SIR2 and S2R2, respectively as compared to that for column SORO. This behaviour confirms upgrading of column
performance due to provision of GFRP confinement on them. The companson of ultimate farlure load for columns confined
with single and double wrap having 5 mm and 25mm radius, respectively also 15 evident from Table 4. Ultimate failure load
for column SIR2 15 increased by 28% as compared to that for column SIRI. Simularly, 26% increase in load carrying
capacity 1s observed for column S2R2 as compared to that for column S2R1. Thus it is clearly evident from the above
comparison that higher load carrying capacity is achieved for RC columns having 25 mm corner radius as compared to RC
columns having § mm corner radius. This behaviour indicates importance of provision of comer radius equivalent to cover
for RC columns in order 10 enhance their capacity
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3.3 Failure mode and crack patterns

Failure modes for unwrapped and wrapped column specimens are presented in Fig 9 to Fig 13, respectively. Crack
propagation is visible before the crushing of the unconfined columns. GFRP wrapped columns typically failed by a fracture
of GFRP composite near the corner due to the stress concentration in those regions. Durning the loading, chicking sounds is
heard sigmifying the teaning of the FRP sheet and the cracking of the epoxy resin. The final fatlure occurred suddenly with
un explosive sound

Fig 9 shows the failure of column SORO at quarter height from top. Failure occurs between two ties which mean the lack
of confinement in that region which 1s responsible for the fatlure of the concrete

(a)° (<)

Fig 9 Fatlure mode of control column SORD

Fig 10 shows fatlure of the column SIR1. Fatlure of FRP has been observed at edges which 1s mdicative of high stress
concentration at the edges for the column. Along the compressed side near the mid height the wrinkles for the FRP confined
column are visible due to the shrinkage effect These wrinkles are representative of the debonding of the FRP which 15
anticipated to lead the column to the farlure

(a) & ()
Fig 10 Fallure mode of colurm SIRI

Fig 11 shows the failure of the column S2R1 The failure occurs at corner due to the stress concentration for the column
Fig. 11 (b), (¢) and (d) show step by step progression of rupture of FRP at the corner of the column.
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(c) (d)

(a) (b)

Fig 11 Fathure mode of Column S2R 1
Fig. 12 shows the failure of Column SIR2. Two columns failed from the mud height Fig 12(b) shows the premature

failure of the column. Fig. 12 (b), (¢) and (d) shows the shifting of rupture zone from corner to mid portion of sides for the
column, respectively

(<) (d)
Fig. 12 Failure mode of Column SIR2

Fig.13 shows the failure of the column S2R2. The column fails from the top due to premature farlure. Fig 13 (b) and (d)
shows the premature farlure of the column. The reinforcement bar for the column can also be seen m Fig 13 (d)

(a) (d)

Fig 13 Faildure mode of Column S2R2

Overall, the failure is observed in between the top end to the mid height for the majonty of the confined columns The
failure occurring near top end of the columns can be attributed to medium quality of concrete mix proportioning as well as
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the debonding of the FRP confinement. The falure of the columns occurring at the mid height may be attnbuted to the
development of the compressive stresses because of application of the axial load.

3. Conclusions

Based on the expenimental results, the following conclusions are drawn:
o The expenimental results clearly demonstrate that GFRP wrapping can enhance the structural performance of RC
columns under axial loading, in terms of both maximum strength and strain.
o Percentage increment in ultimate failure load is ranging from 47% to 149% for all confined columns as compared to
that of unconfined columns.
¢ Increasing the number of GFRP layers increases the axial compressive strengths of the columns. However, the strength
increase 15 not in linear proportion with the number of GFRP layers.

e Higher ultimate failure load capacity is achieved for the columns having corner radius of 25 mm as compared to the
columns having 5 mm comer radius which further proves the importance of the comer radius.

o The column having corner radius of 25 mm performed superior as compared to the column with comer radius of 5§ mm

o Higher strain is observed at the middle of the column and it reduces from starting of curvature to center of curvature

o Increase in axial strength and axial strain of column is observed with increase in number of GFRP layers.

To enhance overall performance of RC columns confinement with GFRP 1s strongly recommended Corner radius
equivalent to the cover plays a prominent role in increasing the axial load carrying capacity of the column. Increase in the
number of GFRP confinement layers improves the performance of the column However, use of more number of
confinement layers s recommended only looking to the viable cost benefit ratio for the overall strengthening job for the
structure,
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