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Abstract. This article is intended to highlight the effectiveness of longitudinal Glass
Fiber Reinforced Polymer (GFRP) bars in combination with GFRP sheets on the flexural
capacity of Reinforced Concrete (RC) columns. Seven half-scale RC columns including five
strengthened and two control unstrengthened specimens were experimentally tested under
axial and cyclic lateral loads. The strengthened columns with two different longitudinal
GFRP bar ratios were tested under three different axial load levels. The flexural strength
and ductility parameters of the specimens were calculated by obtaining their deformations
and measuring the loads from load cells. The experimental results indicate significant
increase in the flexural strength of the RC specimens. The results of this study can be
reliably utilized to enhance the flexural strength of RC columns in the regions with high
seismicity.

© 2013 Sharif University of Technology. All rights reserved.

1. Introduction

Fiber Reinforced Polymer (FRP) composite jacketing
system is an efficient technology for upgrading the
shear strength, flexural ductility and axial resistance
of Reinforced Concrete (RC) columns. FRP jacketing
system provides lateral confinement which leads to an
increase in concrete compressive strength, as well as
ultimate strain of concrete [1-3]. It also improves
the seismic resistance and energy absorption of RC
columns [4]. This confinement effect prevents the
buckling of longitudinal steel bars, restrains the lateral
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concrete expansion, and causes delay in the spalling
of cover concrete. Over the last decade, a number
of researchers have demonstrated the effectiveness of
FRP composites in improving the seismic performance
and capacity of structures [1-7]. Fiber reinforced
polymers also improve the shear strength and duc-
tility of beam-column joints. The experimental and
analytical results of external retrofitting techniques,
concerning the rehabilitation of deficient RC joints
with FRP composites, confirm the capability of these
methods in improving the strength capacity of RC
joints, relocating the plastic hinges away from the
column face and preventing the joint core brittle failure
mode [8-10].

Traditionally, the flexural capacity of RC mem-
bers has been modified by FRP sheets [1-3]. In this
technique, the vertical FRP sheets parallel to the
longitudinal steel reinforcements, anchored by steel an-
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chorages, are utilized to enhance the flexural capacity
of RC columns. In this strengthening method, FRP
sheets should be anchored to the adjacent members.
Such anchorages may cause premature rupture of FRP
sheets due to the stress concentration in anchorage
zone [3]. The use of Near-Surface Mounted (NSM)
FRP bars is an alternative strengthening approach to
enhance the flexural strength of RC structures. This
method was developed in Europe in 1950s. In 1948,
an RC bridge deck in Sweden was upgraded by steel
cages. This technique was accomplished by inserting
steel reinforcement bars into the grooves, which were
made in concrete surfaces and were filled with cement
mortar [11]. Currently, FRP bars with epoxy paste are
widely used in retrofitting RC structures [12-17].

The advantages of Near-Surface Mounted FRP
bars in comparison with externally bonded FRP com-
posites in retrofitting RC structures, to increase the
flexural capacity of RC beams, have been successfully
shown by De Lorenzis and Nanni, Yast et al., Barros
et al., Carolin et al. and El-Hacha and Rizkalla [15-
21]. An important advantage of NSM-FRP bars is
the possibility of anchoring reinforcement into the
adjacent members, as shown by Nanni et al. [22].
This technique becomes particularly attractive for the
flexural strengthening in the negative moment regions
of slabs and girders, where externally bonded FRP
composites can be subjected to severe damages due to
mechanical and environmental conditions [22]. This
technique does not need any surface preparation work,
and can be accomplished with minimal installation
time after cutting the grooves, as compared with
externally bonded FRP composites, because the use of
primer and putty is normally not necessary [23]. Barros
et al. [19] successfully used NSM composite system
to improve the seismic performance of RC columns.
Recently, Bournas and Triantafillou [24] have exper-
imentally demonstrated that the flexural resistance
and ductility of RC columns under seismic loading
can be enhanced by NSM-FRP bars in combination
with CFRP wraps. In full scale tests carried out
by Alkhrdaji et al. [23], it was concluded that using
Glass Fiber Reinforced Polymer (GFRP) bars with
higher strain and lower modulus, compared to Carbon
Fiber Reinforced Polymer (CFRP) bars, leads to higher
structural ductility in the flexural strengthening of RC
columns. Additional to the above mentioned studies,
still more experimental research work is needed to
assess the upgrading levels of the flexural capacity of
RC columns by means of longitudinal GFRP bars.

The use of Near-Surface Mounted (NSM) GFRP
bars in combination with GFRP sheets to increase
the structural ductility, while keeping the stiffness
constant, ends up with considerable enhancement in
the flexural strength of RC structures. This idea has
been the main motivation in this study. This article

presents the results of experimental investigations on
the flexural performance and capacity of RC columns,
reinforced with longitudinal GFRP bars in combination
with GFRP wraps by means of Near-Surface Mounted
technique under axial and cyclic lateral loads.

2. Experimental program

2.1. Test specimens
A total of seven square reinforced concrete columns
were tested under cyclic lateral load, while simultane-
ously being subjected to constant axial load throughout
the test. Each specimen consists of a 250 mm wide
and 900 mm long column which has been integrally
cast with a 300 mm x 400 mm X 850 mm stub. The
stub represents a discontinuity such as a beam-column
joint or a footing. The specimens were reinforced with
six longitudinal steel bars with diameter of 12 mm
(p1 = 1.08%, where p; is the ratio of longitudinal steel
reinforcement area to gross area of concrete), and were
confined with transverse steel ties with diameter of
8 mm spaced at 100 mm (p; = 1.4%, where ps is
the volumetric ratio of transverse steel reinforcement
to core concrete). The longitudinal bars in the columns
completely extended into the stub were bent with a 90°
hook, and confined with steel transverse ties spaced at
50 mm. The corners of the strengthened columns were
beveled by placing triangular wood sections inside the
forms during the cast. All of the specimens were cast in
a horizontal position. The details of the test specimens
are shown in Figure 1.

The test specimens have been given descriptive
names. FEach column is identified with an acronym,
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Figure 1. Reinforcing details of the specimens (all
dimensions are in mm).



N. Dayhim et al./Scientia Iranica, Transactions A: Civil Engineering 20 (2013) 1361-1371

where C denotes control and R indicates retrofitted
specimen. Seven half-scale RC columns consisted of
two unstrengthened specimens (named C; and Cy),
and five strengthened specimens (R; to Rs), are in-
vestigated to study the influence of NSM-GFRP bar
reinforcement ratio, pxsm, in combination with GFRP
wraps on their flexural performance and capacity.
Table 1 shows the details of the test specimens. In
the unstrengthened specimens, the specimen C; was
tested under axial and cyclic lateral loads, whereas
the specimen Cs was tested only under cyclic lateral
load. In the strengthened specimens, the specimen R
was strengthened with three layers of GFRP sheets.
The specimens R, to R5 were strengthened with two
different GFRP bar reinforcement ratios, pnsm = 0.5%
and 0.75%, mounted on two opposite sides. After the
mounting process, these specimens were confined with
three unidirectional GFRP sheets being wrapped in
a continuous manner. These specimens were tested
under three levels of axial loads and cyclic lateral
loading. The specimens C; and Rs were tested without
axial load, whereas the specimens Cy, R;, R4 and Ry
were axially loaded at 438 kN (0.2P,, where Py is the
axial load of capacity of column) and the specimen Rj
was axially loaded at 219 kN (0.1FP;). The axial load
was applied by a hydraulic jack, controlled by a load
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cell. The axial load was manually kept constant during
the cyclic lateral loading.

2.2. Material properties

The specimens were horizontally cast with four batches
of concrete, using mixed normal-weight concrete with
a slump of approximately 100 mm. Portland cement,
natural sand and round river gravel with maximum
nominal size of 12 mm were used for the mixture
designed for target strength of 35 MPa. The strength
of each RC specimen was obtained by averaging the
values obtained from three standard cylinder tests
(Table 1). The corners of the strengthened specimens
were rounded to a radius of 25 mm. All of the
specimens were tested around 60 days after curing
under the laboratory conditions; the strengthening
process, and the preparation of the specimens consist
of test set-up and instrumentations before performing
the tests.

The properties of longitudinal GFRP bars, GFRP
composite sheets and epoxy system are shown in
Table 2. Grade 400 steel was used for longitudinal and
transverse steel bars. The epoxy system is comprised
of two constituents, resin and hardener, mixed with
2:1 ratio. The epoxy system was hand-mixed, which
requires a preparation time of at least 5 min.

Table 1. Details of test specimens.

Longitudinal steel

Transverse steel

Strengthening regime

. . ’ No. of No. of
Specimen Diam. P Diam. Pe (M;’a) % longitudinal GFRP layers of
(mm) (%) (mm) (%) bars, pnsm (%) GFRP sheets
) 12 1.08(%) 8 1A(%) 345 0 Na Na
Cy 12 1.08(%) 8 1.4(%) 337 0.2 Na Na
R 12 1.08(%) 8 14(%) 329 02 Na 3
R, 12 1.08(%) 8 14(%) 361 0 4, (0.5) 3
Rs 12 1.08(%) 8 1.4(%) 347 0.1 4, (0.5) 3
Ra 12 1.08(%) 8 1.4(%) 38.7 0.2 4, (0.5) 3
Rs 12 1.08(%) 8 14(%) 365 0.2 6, (0.75) 3

Note: f!: Concrete compressive strength; P: Axial load on column; Py: Axial load of capacity of column,

(Po =0.85f.(Ag — Ast) + fy1Ast); Na: not applicable.

Table 2. Mechanical properties of steel and composite reinforcements and epoxy system.

Material Diameter Elastic modulus Yield strength Tensile strength Ultimate strain®
(mm) (GPa) (MPa) (MPa) (%)

GFRP sheet 0.33 7 - 1694 2.2

Epoxy paste - 10 - 60 -

GFRP bar 10 43 - 900 2.09

Steel bar 8; 12; 22 210 400 600 15

2; Based on tension coupon test.
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2.3. Strengthening procedure

In the strengthening process of the specimens in the
first stage, the corners of the columns were rounded
to 25 mm radius after the curing. The longitudinal
grooves with 20 mm deep and 20 mm wide, parallel to
longitudinal steel bars, were made on two opposite sides
of the specimens and were cleaned by sand blasting.
In the second stage, longitudinal GFRP bars were
mounted in these longitudinal grooves. The specimens
Ry, R; and R, were strengthened with four GFRP
bars, whereas the specimen R5 was strengthened with
six GFRP bars.

The mounting process was performed in four
steps. In the first step, the drilled holes in the stub
were filled with epoxy paste. In the second step, half
of the grooves’ depth was filled with epoxy. In the
third step, GFRP bars were mounted, and the grooves
were covered and smoothed with epoxy paste. Finally,
the height of each strengthened specimen was entirely
confined with three layers of GFRP sheets. GFRP
bars were anchored with the embedment length of
approximately 250 mm into the stub and were fixed
in the drilled holes by epoxy paste.

To confine the specimens with GFRP sheets, a
thin layer of epoxy was applied to the surfaces of
the specimens, and a unidirectional GFRP sheet was
then wrapped around the column. Subsequently, the
second layer of epoxy paste was added to the surfaces
of the first layer of GFRP wrap. This process was
repeated until confining the columns with three layers
of GFRP sheets. Finally, a layer of epoxy was applied
to the third layer of GFRP sheet. The fibers in GFRP
wraps were oriented at an angle of 90° with respect
to the longitudinal axis of column. The third layer of
GFRP sheet was extended by 100 mm to ensure the
development of full composite strength. The wrapped
columns were left at room temperature for at least 7
days before performing tests (Figure 2).

2.4. Test set-up and instrumentations

All of the specimens were tested under the condition
that cyclic lateral displacements were progressively
increased up to a large predefined inelastic deformation
level, while being simultaneously subjected to axial
load (see Figure 3). One vertical and two horizontal
hydraulic jacks were utilized to apply axial and cyclic
lateral loads, respectively. A vertical hydraulic jack
with a capacity of 1000 kN was used to apply the axial
load, measured by a load cell. In the beginning of
each test, the axial load was applied to the specimens.
Subsequently, the specimens were subjected to grad-
ually increasing lateral displacement cycles through
applying reversed cyclic lateral loads. The cyclic
lateral loads were applied through 26 loading-reloading
cycles, followed by the displacement protocol shown
in Figure 4. The cyclic lateral load was applied

Figure 2. Adopted flexural strengthening in Near-Surface
Mounted technique: a) Making grooves on two opposite
sides of the columns, drilling holes at the base level of the
columns for anchorage of GFRP bars, applying epoxy
paste and installing 2 or 3 GFRP bars on each side; b)
applying epoxy paste and leveling the surfaces; and c)
applying three layers of GFRP wraps.

by two hydraulic jacks with a capacity of 500 kN.
These hydraulic jacks were used to displace the top
of the columns to achieve a predefined displacement
level. The stubs of the specimens were fixed to the
strong floor by eight high-strength rods, prestressed by
200 kN force to prevent the sliding and the probable
overturning under large cyclic lateral loads.

A predefined lateral displacement of 825 mm
from the stub was monitored by two horizontal Linear
Variable Displacement Transducers (LVDTs). One
horizontal LVDT was installed at the base level of the
column to measure the sliding of the stub. Moreover,
the curvature of the column was calculated by mea-
suring the differences in the axial strains, using twelve
LVDTs at the opposite sides of the columns, positioned
at 30 mm, 130 mm, 230 mm, 330 mm and 430 mm from
the stub (Figure 3). The longitudinal strains in steel
and GFRP bars were measured with 60 mm long strain
gages, installed at different locations (see Figure 5).
Also, twelve 60 mm long strain gages were installed at
different locations on the third layer of GFRP sheet to
measure the lateral strain of GFRP wrap. The location
of strain gages is shown in Figure 5.

3. Experimental results and discussions

3.1. Lateral load-drift ratio curves and
ductility parameters

A number of ductility and deformability definitions
are available in the literature [25-27]. In this article,
the ductility parameters suggested by Khoury and
Sheikh [27] are adopted to evaluate the performance
of the test specimens. The failure of the column is
defined in the post-peak behavior, where the column
capacity drops to 80% of the peak load. It is desirable
to define response indices to quantify the column
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Figure 3. Test set-up; location of instrumentations (twelve vertical Linear Variable Displacement Transducers (LVDTs)
and three horizontal LVDTs) (all dimensions are in mm): a) Details and dimensions; and b) photograph.

behavior. In seismic design, the inelastic deforma-
tion is generally quantified by the member ductility
parameters. These parameters include displacement
ductility, pa, cumulative ductility ratios, Na, and work
damage indicator, W. Figure 6 shows the definition
of the member ductility parameters, ua, Na, and W.
The subscripts ¢ and 80 are added to Na and W,
respectively, to indicate the value of each parameter
up to the end of the test and until the end of the cycle
in which the shear force is dropped to approximately
80 percent of the peak load. Ductility factors and
cumulative ductility ratios describe the deformability

—

— -

Drift ratio (%)
o
<
=
<]
e

0 2 4 6 8 10 12 14 16 18 20 22 24 26
Cycle number

Figure 4. Loading procedure.

of the member, whereas damage indicators estimate
the toughness of the member. The yield displacement,
Ay, is calculated by extrapolating a straight line from
the shear force-drift ratio coordinate at 0.75V . to the
maximum shear force, V.. This procedure is shown
in Figure 7. The yield displacement, A,, used in the
tests, is the average of the values obtained from two
directions. The plots of the shear force versus drift ratio
for the unstrengthened and strengthened specimens are
shown in Figures & and 9, respectively. Moreover,
these figures show the displacement ductility factor,
1A, corresponding to twenty percent strength drop and
the average of maximum lateral load in two opposite
directions, V,.x. The related envelope curves for the
shear force-drift ratio are shown in Figure 10.

Table 3 demonstrates the test results in terms of
lateral load, corresponding to the initiation of yielding
at steel bars, V,, the yield displacement, A,, the
maximum lateral load, V,,,.«, the displacement ductility
factor, ua, the cumulative ductility ratios, Na, and the
work damage indicator, W. The compressive strain
at the extreme compression fiber, £; peak, the strain
in steel bar at tension fiber, £, pcak, and the strain in
GFRP bar at tension fiber, e¢ peak, corresponding to
peak lateral loads are shown in the table. Table 3 also
lists the failure modes corresponding to each specimen.
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Figure 6. Definition of member ductility parameters suggested by Khoury and Sheikh (1991).

An increase in the axial load from zero to 0.2F; in
the unstrengthened specimens caused a considerable
reduction in the displacement ductility, pa, from 9.3 to
3.2. Moreover, the cumulative displacement ductility
ratio showed a significant reduction from 51 to 34 for
Nago, and 22 to 3 for work damage indicator, Wy, as
a result of an increase in the axial load. The differences
were very small for the strengthened specimens.

3.2. Failure modes

At the time the specimens reached to the maximum
lateral load, approximately 5 mm wide flexural cracks
parallel to the loading direction were observed. These
cracks were along with a slight reduction in the flexural

capacity. In the unstrengthened specimens, loss of
the flexural strength was regained due to the con-
fining pressure of steel transverse ties and the strain
hardening of longitudinal steel bars. Moreover, the
loss of flexural strength in the strengthened specimens
was regained due to the confining pressure of steel
transverse ties, the strain hardening of longitudinal
steel bars and the confining pressure of GFRP wraps.
In the unstrengthened specimens, the top and bottom
cover concrete spalled off along the splitting cracks in
the subsequent cycles. The initiation of longitudinal
steel bar buckling was observed simultaneous to the
spalling of cover concrete in the plastic hinge region.
Twenty percent strength drop in the unstrengthened
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Table 3. Ductility parameters.

Specimen Vy Ay Viax (lb(N) na Naso Na: Wso Wi E€e,peak Es,peak Ef,peak Failure
(kN) (mm) (%) (%)° () (%) (%) mode
) 23 78  27,(1.5) 9.3,(10) 51 62 22 33 021 038 - Concfet‘:
crushing
Cs 51 78  59,(1.5) 32,(3) 34 62 3 16 036 05 - Concfet’ed'
crushing
Ry 54 64  62,(15) T7.7,(7) 53 75 15 35 0.6 1.3 - No failure
R» 0 122 51,(4) 35, (5) 25 40 2 7 065 15 g [Ruptureof
GFRP bar®
Rs 52 10.3 64, (4) 4.9, (7) 33 47 5 12 07 153  Lss Luptureof
GFRP bar®
S . . . Rupture of
Ry 69 103  84,(4)  54,(7) 33 4T 4 8 075 157 1.9
GFRP bar®
- . Rupture of
Rs 80 11 101, (4)  47,(7) 31 44 2 4 072 155 187
GFRP bar®

a: Initiation of yielding in steel bars occurred in cycle with drift ratio 1%;

: Drift ratio at maximum lateral load;

¢: Drift ratio demonstrating twenty percent strength drop;

: Ductile failure mode, where concrete crushing and buckling of steel bars occurred after yielding of tensile steel bar;

¢: Ductile failure mode, where rupture of GFRP bars occurred after yielding of tensile steel bar.
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Figure 7. Definition of yield displacement.

specimen 7 gradually appeared after cycle with drift
ratio 7%. Twenty percent strength drop in the un-
strengthened specimen Cs occurred in cycle with drift
ratio 3%. In the specimen R; strengthened with three
layers of GFRP sheets, strength degradation gradually
appeared. In this specimen, twenty percent strength
drop occurred in cycle with drift ratio 7% without any
rupture in GFRP sheets. In the specimens Ry to Rj
strengthened with longitudinal GFRP bars and GFRP
wraps, failure ended up with the rupture of GFRP
bars. In the specimens R3, Ry and Rj, twenty percent
strength drop appeared in cycle with drift ratio 7%,
whereas in the specimen Rs, twenty percent strength
drop occurred in cycle with drift ratio 5%. Figure 11

shows failure resulted in the rupture of longitudinal
GFRP bars in the strengthened specimens R4 and Rj.

3.3. Effect of GFRP wraps

GFRP wraps provide effective lateral restraint for lon-
gitudinal GFRP bars, prevent the possible instability of
longitudinal steel bars under compression and control
the spalling of cover concrete. In this study, the exper-
imental results in the strengthened specimens showed
noticeable displacement ductility without considerable
contribution to the flexural strength up to 5%. The
following results are also concluded:

e The confinement effect of the specimen C5 by three
layers of GFRP sheets showed 140% increase in
member ductility ratio, pa, in the specimen R;.

e The compressive strain at the extreme compression
fiber at peak load, &¢peak, in the strengthened
specimen R; was shown to be on average 70%
higher than that of the unstrengthened specimen Cs.
Moreover, e peak, in the strengthened specimens R
to Rs was shown to be on average from 80% to 110%
higher than that of the unstrengthened specimen Csy,
respectively. Consequently, GFRP wraps increase
the ultimate strain of concrete columns.

3.4. Stub effect

It is known that the maximum moment in the column
occurs at the column-stub interface. However, failure
in column is initiated at a section away from the face
of the stub. The shift in the location of the critical
section toward the neighboring sections, provided by
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Figure 9. Shear force vs. drift ratio curves in the strengthened specimens; a) Ri; b) R2; ¢) R3; d) R4 and e) Rs.
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Figure 11. Failure as a result of GFRP bar rupturing in
the strengthened columns: a) R4; and b) Rs.

50mm

Figure 12. Stub effect; sections within a distance of
approximately 50 mm from the stub remained nearly
undamaged.

the confinement effect of concrete stub, causes delay
in spreading of cracks in concrete, and reduces the
tendency of lateral expansion. Consequently, due to
the increased moment capacity of the critical section,
failure shifts to a nearby section. This effect has been
observed in the previous experimental researches [27-
31]. Figure 12 shows the most damaged regions of the
columns in the unstrengthened specimens. In these

specimens, due to the additional confinement provided
by the stub, sections within a distance of approximately
50 mm from the stub remained nearly undamaged.

3.5. Effect of longitudinal GFRP bars

The previous researches have revealed that longitu-
dinal GFRP bars can significantly enhance the flex-
ural strength of the RC columns [23-24]. In this
study, by reinforcing the unstrengthened specimen Cs
with 4 and 6 longitudinal NSM-GFRP bars (pnsm =
0.5% and 0.75%), under axial load level, 0.2P, the
maximum lateral load was upgraded by 40% in the
specimen R4 and 70% in the specimen Ry, respectively.
Furthermore, strengthening the specimen C; without
axial load and with 4 longitudinal NSM-GFRP bars
resulted in 90% increase in the maximum lateral load
in the specimen R,. These upgrading levels in the
flexural strength of the strengthened columns occured
as a result of adding longitudinal GFRP bars to the
unstrengthened specimens C7 and Cs in Near-Surface
Mounted technique.

4. Conclusions

To evaluate the performance and capacity of rein-
forced concrete columns, strengthened with longitudi-
nal NSM-GFRP bars and GFRP wraps, seven half-
scale square RC columns were tested under constant
axial and cyclic lateral loads. The following conclusions
are derived based on the experimental results:

e The confinement effect with three layers of GFRP
sheets provides noticeable displacement ductil-
ity without considerable contribution to flexu-
ral strength (maximum 5% increase in flexural
strength). Additionally, GFRP wraps provide ef-
fective lateral restraint for longitudinal steel, and
GFRP bars prevent the possible instability of lon-
gitudinal bars under compression and control the
spalling of cover concrete.

o GFRP wraps increase the strain capacity in com-
pressive concrete of the strengthened columns from
70% to 110%, with respect to the strain capac-
ity in compressive concrete of the unstrengthened
columns. Moreover, confinement with three layers of
GFRP sheets increases the member ductility ratio,
ia, up to 140% in the strengthened specimen Rj.

e The failure of the strengthened specimens (Rs to
Rs), due to the rupture of GFRP bars, indicates
that full flexural capacity develops at the base level
of the columns. In addition, this failure demon-
strates that significant bond strength is provided
by anchoring GFRP bars with embedment length
of approximately 250 mm into the stub.

e The strengthening of the specimens with GFRP bars
shows a significant increase in flexural strength of
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the RC columns. For the specimens with axial
load level, 0.2F,, by increasing NSM-GFRP bar
reinforcement ratios from pxsm = 0.5% to 0.75%,
the flexural strength was upgraded from 40% to
70%. Finally, for the specimens without axial load
by retrofitting the unstrengthened specimen with
four GFRP bars, pnsy = 0.5%, the flexural strength
was upgraded up to 90%. These upgrading levels
of the strengthened specimens reliably confirm the
efficiency of GFRP bars in Near-Surface Mounted
technique to enhance the flexural strength of RC
columns.
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