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ABSTRACT

Corrosion of steel reinforcement in concrete structures subjected to severe environments
is a big challenge and requires huge repair and maintenance costs. Glass fiber reinforced
polymer (GFRP) reinforcement with its corrosion resistance and good mechanical
properties is a promising solution to replace steel in such structures. This paper
investigates the efficiency of using GFRP bars and spirals in concrete columns instead
of conventional steel reinforcement. Five circular concrete columns of 230 mm diameter
and 1500 mm height reinforced with different types and ratios of reinforcement were
constructed and tested under concentric load. Test parameters included the type and ratio
of the longitudinal reinforcement. The results showed that the columns reinforced with
GFRP behaved in a similar way as the reference columns reinforced with steel, however,
they showed slightly lower nominal capacity. It was also found that increasing the GFRP
longitudinal reinforcement ratio enhanced the nominal capacity of the columns.

Keywords: GFRP reinforcement; Circular concrete column; Reinforcement ratio;
Concentric load

1 INTRODUCTION

Corrosion of steel reinforcement is the main reason for concrete structures deterioration
in harsh environments. In 1998, steel corrosion-related problems caused a direct cost
of $276 billion in the United States (Koch et al., 2002). Fiber Reinforced Polymers
(FRP) with their non-corrosive nature, high strength, and lightweight encouraged their
use instead of steel reinforcement in concrete structures to avoid the steel corrosion
problems (Al-Salloum et al., 2013; El-Gamal et al., 2016; El-Gamal et al., 2019).
This includes several field applications such as bridge deck slabs, parking garages and
concrete pavements (Benmokrane et al., 2007; El-Gamal et al., 2009; Thébeau et al.,
2010; Bouguerra et al., 2011; Benmokrane et al., 2008). However, most of the FRP bars
in these field applications were used in flexural members and there is a need to extend
their use in compression members such as columns as well.

In recent years, researchers started to investigate the behavior of concrete columns
reinforced with FRP (FRP-RC columns). Maranan et al. (2016) studied the behavior of
Glass FRP (GFRP) RC columns under concentric load. Circular columns with 1000 mm
height and 250 mm diameter were cast with 38 MPa geopolymer concrete and reinforced
with longitudinal GFRP bars and stirrups. The test results showed that before the spalling
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of concrete cover, the GFRP bars’ contribution in the axial capacity varied from 6.6% to
10.5% for the columns with a 2.43% reinforcement ratio. Moreover, considering stirrups
configuration, specimens with less spacing revealed more ductile failure mode and higher
confinement efficiency compared with columns reinforced with higher stirrups spacing.
Tobbi et al. (2014) explored the behavior of concrete columns reinforced with GFRP
under concentrated axial load. Rectangular columns with 350 mm cross-section and
1400 mm height were constructed with 30 MPa grade concrete. The research parameters
were longitudinal reinforcement ratio, transverse reinforcement spacing, reinforcement
material, and diameter. It was observed that modes of failure depended on the lateral
reinforcement configuration and spacing as well as the material of longitudinal bars.
Columns reinforced with GFRP failed by bar crushing or buckling and stirrups rupture
while steel-RC columns failed by excessive bar buckling. Furthermore, increasing
the reinforcement ratio increased the peak load before the activation of confinement.
The study stated that the steel-RC columns achieved higher peak loads compared to
the GFRP-RC columns with the same reinforcement ratio. Also, the axial strain of the
GFRP-RC columns was lower than the steel-RC columns by 30%. Similar conclusions
were reported by Afifi et al. (2013) where they tested circular columns with 300 mm
diameter and 1500 mm height and 42.9 MPa concrete compressive strength. The study
revealed that GFRP-RC columns with low stirrups spacing failed by either concrete
crushing or stirrups rupture. Besides, GFRP-RC columns reached an ultimate capacity
lower than steel RC columns by about 7% on average. Higher ductility and lower post-
peak strength decay were exhibited by GFRP-RC columns. The contribution of GFRP
bars in the peak load was between 5 to 10% while the contribution of steel bars was 16%
of the peak load. Tavassoli (2013) showed that GFRP-RC columns can accommodate
more axial cyclic loading than the same columns reinforced with steel. This is due to the
large buckling of steel reinforcement after the yield strain, unlike GFRP reinforcement
where it can reach larger strain values before failure. Lotfy (2010) found that increasing
the FRP longitudinal reinforcement ratio from 0.72% to 1.08% resulted in higher loading
capacity with a magnitude larger than increasing the reinforcement ratio from 1.08% to
1.45%. Castro et al. (1995) found that the FRP contribution in the ultimate capacity of
low-grade concrete columns subjected to buckling was more significant than high-grade
concrete columns.

It can be noted that previous studies concentrated on investigating the behavior
GFRP-RC columns with normal strength concrete and there is a lack of research studies
that investigate the behavior of GFRP-RC columns with low strength concrete. This is
covered in this research study where the behavior of low strength concrete GFRP-RC
columns under concentric axial load is investigated. The study parameters include the
type of reinforcement (Steel and GFRP) and the longitudinal reinforcement ratio.

2 EXPERIMENTAL WORK
2.1 Test Specimens

Five circular concrete columns of 230 mm diameter and 1500 mm height were
constructed. The specimens were divided into two groups based on each study parameter
as shown in Table 1. The first group was designed to study the effect of reinforcing
material. The S1 column was reinforced with steel bars and spirals while S2 was
reinforced with steel bars and GFRP spirals. G1 column was fully reinforced with GFRP
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bars and spirals. Group 2 columns were designed to investigate the effect of the GFRP
longitudinal reinforcement ratio. The reinforcement ratio was increased from 1.63% in
G1 to 2.17% and 3.87% in G2 and G3, respectively. The spirals spacing was fixed to 75
mm in all columns. At the top and bottom 250 mm portion, the spacing of the spirals was
reduced to 50 mm to provide more confinement at the ends and avoid premature failure.

2.2 Materials

Ready-mix concrete with an average compressive strength of 25.6 MPa and average
tensile strength of 2.3 MPa was used. GFRP bars and spirals fabricated by a company in
Dubai (Pultron Composites) were used in this study. Figure 1 shows photos of both the
GFRP longitudinal bars and spirals. The longitudinal bars and the spirals were fabricated
using two different techniques. The longitudinal bars and straight bars of the spirals were
tested in tension to obtain their mechanical properties. The tensile tests were conducted
according to ACI 440-3R guide (ACI 440, 2004) as illustrated in Figure 2. Table 2 shows
the mechanical properties of GFRP bars and spirals.

Table 1: Details of Test Specimens

Grou Specimen Longitudinal Reinforcement Spirals
p P Material Size (Ratio %) Material (size)
S1 (6S12-S75) Steel 6 012 (1.63%) Steel (¢10@75 mm)
1 S2 (6S12-G75) Steel 6 012 (1.63%) GFRP (¢10@75 mm)
G1 (6G12-G75) GFRP 6 012 (1.63%) GFRP (¢10@75 mm)
G1 (6G12-G75) GFRP 6912 (1.63%) | GFRP (¢10@75 mm)
11 G2 (8G12-G75) GFRP 8 012 (2.17%) GFRP (¢10@75 mm)
G3 (8G16-G75) GFRP 8 016 (3.87%) GFRP (¢10@75 mm)
Figure 1: GFRP reinforcement used in this study Figure 2: Tensile testing of GFRP bars
Table 2: Tensile test results for GFRP specimens
Nominal Exterior Cross- Fracture Tensile Elastic
Type of GFRP | Diameter Diameter sectional Strain Strength Modulus
(mm) (mm) area (mm?) (MPa) (GPa)
Longitudinal 12 12.8 128.6 1.8% 1191 63.3
Bar
g‘;‘gm‘dmal 16 15.9 198.56 1.8% 1102 61.2
Spirals 12 12.8 128.6 2.2% 1345 60.9
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Deformed steel bars and spirals were purchased from a local supplier in Oman. The
longitudinal bar diameter was 12 mm while the spiral stirrups diameter was 10 mm.
Tensile tests were performed on steel specimens of both diameters to obtain their yield
strength and tensile modulus. The results of the test are illustrated in Table 3.

Table 3: Tensile test results for steel bars and stirrups

Type Nominal aCrre(;ss-sectlonal Tensile Strength |Elastic Modulus
Diameter (mm) (mm?) (MPa) (GPA)

Longitudinal bars 12 113 451 209

Stirrups 10 78.5 446 210

2.3 Construction of Test Specimens

The reinforcement cages were prepared using two wooden holders to align the bars
straight in their positions inside the spirals. The spirals were stretched to the desired
spacing and then fixed with the longitudinal bars via steel binding wires. Plastic pipes
with an internal diameter of 230 mm and 1500 mm height were used as formworks.
The pipes were placed in a wooden structure designed to stabilize the columns during
construction and concrete casting as shown in Figure 3. The reinforcement cages were
placed inside the pipes and concrete cookies were used to maintain the concrete cover.
After the concrete was cast and hardened, the pipes were cut using an electrical saw to
remove them and take out the concrete columns to start the curing process for 28 days
before testing.

Figure 3: Formwork ready for concrete casting

2.4 Test Setup and Instrumentation

Several strain gauges were installed on the longitudinal and transverse reinforcement
to measure the strains in the reinforcement during testing. In addition, six strain
gauges were installed on the surface of the concrete at mid-height of the columns
in the longitudinal and hoop direction to measure concrete strains. Furthermore, a
Linear Variable Differential Transformer (LVDT) was used to measure the total axial
deformations of the columns. Two steel caps were used to confine both ends of the
columns to prevent premature failure at the ends due to high stresses. The axial loads
were applied using a 4000 kN testing machine under a displacement control of 1 mm/
min loading rate until failure. Figure 4 shows a schematic drawing of the locations of
strain gauges and the testing set-up.
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3 TEST RESULTS AND DISCUSSIONS

All tested columns experienced three different stages. The first stage starts with the
initial loading until reaching the first peak load and hairline cracks appear on the surface
of the concrete. The first peak load will be considered the nominal capacity (P ) of the
columns. The second stage starts after reaching the P until reaching the maximum
load (P, ). The third stage starts after reaching the P, _ until the total collapse of the
columns. Figure 5 shows the three stages and Table 4 summarizes the test results of all
tested columns.

Section A-A
Column cross-section

Figure 4: Instrumentation and testi

I
|

Figure 5: (a) First phase; (b) Second phase; (c) Third phase

3.1 Effect of Reinforcement Type

Test results of Group I specimens that have the same amount but different types
of reinforcement show that columns S1 (totally reinforced with steel) and column S2
(reinforced with longitudinal steel bars and GFRP spirals) had the same nominal capacity.
Columns Gl (totally reinforced with GFRP) showed about 6.7% lower nominal capacity
compared to both S1 and S2. This lower capacity can be attributed to the lower elastic
modulus of GFRP bars compared to steel bars, which results in less contribution of
the GFRP longitudinal reinforcement to the capacity of the columns. The G1 column,
however, showed almost similar maximum capacity as S1 and S2 columns. This can be
attributed to the linear behavior of the GFRP reinforcement, which continues to support
loads until reaching their ultimate strain.
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Table 4: Test results of all specimens

Reinforcement Concrete
Spec- P P A A € Strains (at P strains )
Group irllj”len (kﬁ) (k’ﬁx) (rnr?l) (Irfrr;[lla (“‘) g, * (Ssnmx:j* g Failure Mode
(D) (D) ()
I ST | 1139|1203 | 32 | 55 |2133] 2163 | 493 2465 | Buckling of Bars
S2 | 1140 | 1183 | 4.0 | 10.8 | 2666 | 2041 | 521 2769 - CC
Gl | 1063 | 1197 | 46 | 7.1 | 3066 | 4985 | 3818 2127 .
it Gl | 1063 1197 | 45 | 7.1 |3000]| 4985 | 3818 2127 Cr“];hmg_ofég“g'
G2 | 1190 | 1536 | 6.6 | 17.6 | 4400 3997 | 2001 2035 ars
G3 | 1227|1457 | 5.5 | 107 | 3666 | 3670 | 2321 2149 CC

*Values were taken corresponding to P .
** The values of ¢_ is taken at the load just before severe cracking and concrete spalling.
CC = concrete crushing

Figure 6(a) shows that column G1 exhibited lower initial axial stiffness compared
to S1 and S2, which resulted in higher axial displacement at P . In addition, it is worth
noting that the G1 column showed less ductile behavior compared to the steel-reinforced
columns. Figure 6(b) shows that the strains in the longitudinal bars of S1 and S2 were
similar up to steel yielding. The longitudinal steel bars in S1 and S2 columns yielded
at load values very close to their P (about 1140 kN). The corresponding longitudinal
strains in the bars were about 2163 and 2041 microstrain (Table 4), which are very
close to the yield strain of the steel bars. After steel yielding, columns S1 shows a slight
increase (5.6%) in the axial load while column S2 shows only a 3.7% increase in the P
compared to its P . Figure 6(b) shows also that G1 exhibited higher axial compressive
strains in the longitudinal bars compared to S1 and S2 columns. The maximum recorded
bar compressive strains at failure were about 10000 micro-strain in G1, which were
about 55% of the ultimate tensile strain of the GFRP bars.

Table 4 shows that columns S1 and S2 had almost similar strains in the spirals (493
and 521 micro-strain) at P . These strains were less than 25% of the yield strain of steel.
They were also much lower than the spirals strains recorded in G1column (3818 micro-
strain) which were only 18% of the ultimate tensile strain of the GFRP bars. This indicates
that the stirrups were not actively utilized at this stage of loading. The spirals strains in
the three columns increased significantly after exceeding the P where concrete cores
expand and dilate thus applying more tensile stresses on the transverse reinforcement. At
collapse, spirals strains of about 6500 to 6800 micro-strain were recorded in S2 and G1,
respectively. These values were twice the strains recorded in the steel spirals in S1 and
were about 30% of the ultimate strain of the GFRP reinforcement. The higher recorded
strains in the GFRP spirals accompanied by the increase in the axial load mean that the
spirals continued to confine the columns until failure.

3.2 Effect of Reinforcement Ratio

Table 4 shows that the nominal capacities of G1, G2, and G3 were 1063, 1190 and
1227 kN respectively. This indicates that increasing the longitudinal reinforcement ratio
increased the P of the columns. However, this increase was not linear. Increasing the
reinforcement ratio from 1.63% in G1 to 2.17% in G2 increased the P by 11.9% while
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increasing the ratio to 3.87% in G3 increased the P, by only 15.4% compared to G1
column and by only 3% compared to G2 column. The results of the P reveal that it is
not efficient or economical to use very high GFRP reinforcement ratios in RC columns.
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Figure 6: Effect of reinforcement type; (a) load-vertical displacement; (b) load-
compressive strains in longitudinal bars

Crushing of longitudinal bars was recorded in G1 and G2 columns while G3 failed
by concrete core crushing. This could be attributed to the larger reinforcement ratio and
the larger diameter of GFRP bars used in G3 (16 mm) compared to the 12 mm diameter
bars used in G1 and G2. Figure 7(a) shows the load-vertical displacement curves of G1,
G2, and G3. The three columns showed almost similar behavior until reaching the P of
each column. Column G2 showed the highest P, (1457 kN) among the three specimens
while specimen G1 showed the lowest P (1197 kN).

Figure 7(b) and Table 4 shows that the strains corresponding to P of each column
decreased as the reinforcement ratio increased. The strains in longitudinal bars increased
rabidly after exceeding the P . At failure, the highest longitudinal bars strains in the three
columns were recorded in the G2 column with more than 16200 micro-strain, which
were about 90% of the ultimate tensile strain of the GFRP bars. It was observed that the
G3 column showed the lowest longitudinal bars strain at P (3670 microstrain) among
all GFRP-RC columns due to its higher reinforcement ratio compared to other columns.
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Figure 7: Effect of reinforcement ratio; (a) load-vertical displacement; (b) load-
compressive strains in longitudinal bars
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4 CONCLUSION

Steel-RC columns failed by steel buckling followed by concrete crushing, while most
of the GFRP-RC columns failed by crushing of GFRP bars accompanied with concrete
crushing. The nominal capacity (P ) of the GFRP-RC column was about 6.7% lower than
the nominal capacities of the steel-RC columns whereas the maximum capacities (P, )
were almost similar. Increasing the longitudinal reinforcement ratio in the GFRP-RC
columns resulted in higher P . The steel-RC columns sustained approximately constant
load after the first peak while the axial deformations and strains increased gradually. On
the contrary, GFRP-RC columns showed a continuous increase in the load after the first
peak coupled with an increase in the axial deformations and strains until failure.
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