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EFFECT OF SPIRAL SPACING AND CONCRETE STRENGTH ON BEHAVIOR OF
GFRP-REINFORCED HOLLOW CONCRETE COLUMNS

Omar S. AlAjarmeh!, Allan C. Manalo®”, Brahim Benmokrane®, Warna Karunasena*, and
Priyan Mendis®

Abstract
Hollow concrete columns (HCCs) are one of the preferred construction systems for bridge

piers, piles, and poles because they require less material and have a high strength-to-weight
ratio. While spiral spacing and concrete compressive strength are two critical design parameters
that control HCC behavior, the deterioration of steel reinforcement is becoming an issue for
HCCs. This study explored the use of glass-fiber-reinforced-polymer (GFRP) bars as
longitudinal and lateral reinforcement in hollow concrete columns and investigated the effect
of various spiral spacing and different concrete compressive strengths (f;). Seven hollow
concrete columns with inner and outer diameters of 90 mm and 250 mm, respectively, and
reinforced with six longitudinal GFRP bars were prepared and tested. The spiral spacing was
no spirals, 50 mm, 100 mm, and 150 mm; the f. varied from 21 to 44 MPa. Test results show
that reducing the spiral spacing resulted in increased HCC uniaxial compression capacity,
ductility, and confined strength due to the high lateral confining efficiency. Increasing f;, on
the other hand, increased the axial-load capacity but reduced the ductility and confinement
efficiency due to the brittle behavior of high compressive-strength concrete. The analytical
models considering the axial-load contribution of the GFRP bars and the confined concrete

core accurately predicted the post-loading behavior of the HCCs.

Keywords: Hollow column; GFRP bar; Spiral pacing; Concrete Compressive Strength.
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INTRODUCTION

Hollow concrete columns (HCCs) are one of the preferred construction systems in civil
infrastructures—including bridge piers, ground piles, and utility poles—to minimize the
overall weight and reduce costs given the small amount of concrete in the column itself and the
underlying foundations. HCCs are also considered a practical solution to increase the strength-
to-mass ratio of structures compared to the solid concrete columns (Lignola, et al., 2007,
Kusumawardaningsih and Hadi, 2010, Hadi and Le, 2014, Lee, et al., 2015). Designing an
HCC with sufficient strength and reliable structural performance, however, requires careful
consideration of some critical parameters, including lateral-reinforcement details and concrete
compressive strength (Zahn, et al., 1990, Mo, et al., 2003, Lignola, et al., 2007, Lee, et al.,
2015, Liang, et al., 2015). Lignola, et al. (2011) stated that providing widely spaced lateral
reinforcement (greater than 400 mm) in HCCs leads to brittle failure, premature longitudinal-
bar buckling, and decreased ductility. On the other hand, Lee, et al. (2015) indicated that
reducing the lateral-reinforcement spacing from 80 mm to 40 mm increased ductility by 20%
and minimized the damage in the inner concrete core. In addition, Mo, et al. (2003) found that
increasing the concrete compressive strength from 30 MPa to 50 MPa yielded stiffer

compression resistance in HCC, but with up to a 50% reduction in deformation capacity due to
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faster crack propagation and easier concrete splitting. Based on these studies, it can be
concluded that the deformation capacity of steel-reinforced HCCs is significantly affected by
lateral-reinforcement details, while their mode of failure is associated with concrete

compressive strength.

In aggressive environments, the steel reinforcement in concrete columns is highly vulnerable to
corrosion, leading to the development of a rusted shell around the reinforcement and its
expansion of about 6 to 10 times its original volume (Verma, et al., 2014). This process initiates
hairline cracks in the concrete that progress into wide cracks, which significantly reduces the
ultimate axial capacity and leads to the brittle failure behavior of concrete columns owing to
the damage to the lateral reinforcement (Pantelides, et al., 2013). Steel corrosion costs the
Australian economy more than $13 billion per year (Cassidy, et al., 2015), while Canada and
the US spend from $50 to 100 billion on repairing deteriorated concrete structures (Tannous,
1997; Manalo, et al., 2012). This issue has motivated many researchers around the world to
investigate the use of high-strength and non-corroding reinforcement in building new concrete

structures.

Fiber-reinforced-polymer (FRP) reinforcing bars are now becoming an effective alternative in
concrete structures because of their non-corroding properties. FRP bars have also proven to be
promising as longitudinal reinforcement in concrete columns due to them having higher
strength and strain capacity than steel (Manalo, et al., 2014, Maranan, et al., 2018). In
particular, glass-FRP (GFRP) bars are considered to be the most cost-effective, non-corroding
composite reinforcing material (Benmokrane, et al., 1995). GFRP-reinforced solid concrete
columns have been successfully tested and exhibited enhanced post-loading response (the
response after spalling of the concrete cover) owing to the increased deformation capacity of
the columns and adequate confined strength because of the high tensile strength of the lateral

GFRP reinforcement (Pantelides, et al., 2013, Hadi, et al., 2016). Despite GFRP bars having
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lower elastic moduli than steel, Pantelides, et al. (2013) noted an improvement of 3% and 5%
in the confined strength and ductility, respectively, of solid concrete columns due to the
ineffectiveness of the steel reinforcement in providing confinement after yielding. Moreover,
Hadi, et al. (2016) highlighted the benefit of using GFRP reinforcement instead of steel in solid
concrete columns. Their comparison of the behavior of solid concrete columns reinforced with
6 pieces of 14.6 mm diameter longitudinal GFRP bars and other concrete columns with 6 pieces
of 12.0 mm diameter steel bars showed that the GFRP-reinforced columns had 4% higher
ductility than the steel-reinforced columns. In addition, the ductility of the GFRP-reinforced
columns was further enhanced by up to 33% when the spacing between spirals was reduced
from 60 mm to 30 mm. Similar to the case of steel-reinforced HCCs, these studies showed that
both spiral spacing and concrete compressive strength are important design parameters that
affect the behavior of solid columns reinforced with GFRP bars and spirals. It is therefore
essential to determine the effects of these design parameters on the behavior of HCCs
reinforced with GFRP bars. The significance of this work, on the other hand, lies with it
extending previous attempts by (AlAjarmeh, et al., 2019a) and (AlAjarmeh, et al., 2019b) in
investigating the effect of different inner-to-outer (i /o) diameter ratios and reinforcement ratios
(p), respectively, of HCCs with GFRP reinforcement. The test results show that creating a
hollow within the concrete columns changed their failure mode from brittle to a more ductile
and progressive mode. In addition, an increase of 22% and 74% in the confined strength and
ductility factor were observed. Moreover, they concluded that the increase in i/o ratio led to a
gradual failure and more stability in the loading history. In contrast, increasing p increased the

strength and significantly contributed to lateral confinement.

This study aimed at investigating the effectiveness of GFRP bars and spirals as internal
reinforcement in HCC:s. It focused on evaluating the effect of lateral spiral spacing and concrete

compressive strength on the failure mode, load—deformation behavior, ductility, and confined



107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

strength of hollow concrete columns. Understanding the behavior of this new construction
system will help narrow the current knowledge gap related to using GFRP bars as internal
reinforcement in concrete compressive members, and will provide additional data for
establishing design guidelines and specifications on the use of GFRP reinforcement in hollow

concrete columns.

EXPERIMENTAL PROGRAM

Materials

Reinforcement

Grade 111 #5 GFRP bars with a 15.9 mm nominal diameter (CSA, 2012), as shown in Fig. 1(a),
were used to reinforce the hollow concrete columns longitudinally. The transverse
reinforcement was Grade Ill #3 GFRP spirals with a 9.5 mm nominal bar diameter and an
inside diameter of 180 mm, as shown in Fig. 1(b). This type of transverse reinforcement was
adopted as it provides higher lateral confinement to the concrete core compared to conventional
circular hoops (Maranan, et al., 2016). The GFRP bars and spirals were manufactured by
pultruding glass fibers impregnated with vinyl-ester resin, and then coating the outer surface
with sand. Table 1 provides the physical and mechanical properties of the GFRP bars, as
reported before by Benmokrane, et al. (2017) for the same reinforcements which were
manufactured from the same production lot, denoted that the standard deviation values are
included between brackets. As recommended by CSA S806 code (CSA, 2012), the tensile

strength and modulus of elasticity of the GFRP bars were calculated using the nominal bar
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area. It should be noted that the mechanical properties in Table 1 are for straight bars and the

ultimate tensile strength of spirals was calculated based on CSA S806 code (CSA, 2012).

Concrete

Four different levels of normal-strength concrete were cast in the column samples. One mix
was a ready-mixed concrete with a maximum coarse aggregate size of 10 mm, slump of
103 mm, an average compressive strength (f,') of 26.8 MPa, and a standard deviation (SD) of
3.54 MPa. In addition, two batches of concrete were mixed in the laboratory with a maximum
aggregate size of 10 mm and slumps of 91 and 106 mm for the samples with £, of 36.8 MPa
(SD of 1.56) and 44.0 MPa (SD of 2.31), respectively. The other concrete mix was post-mixed
concrete (ready-packed dry mix) with a maximum aggregate size of 3 mm and slump of 110
mm, which gave an average f, of 21.2 MPa (SD of 3.12). The compressive strength of these
concrete batches were measured by preparing six concrete cylinders 100 mm in diameter and
200 mm in height for each concrete mix based on ASTM C31 specification (ASTM C31, 2015)
and tested on the day of column testing according to the procedures described in ASTM C39
specification (ASTM C39, 2015).

Specimen Details

Seven concrete columns fully reinforced with GFRP bars with overall dimensions of 250 mm
in diameter and 1 m in height were cast and tested. The cross-section was determined based on
the maximum capacity testing machine. On the other hand, the height-to-diameter ratio of the
samples was 4, which ensured avoiding global buckling for the column samples as reported by
Maranan, et al. (2016). All columns were longitudinally reinforced with six GFRP bars in
accordance with the reinforcement details and ratio recommended in AS3600 code (AS3600,
2011) for steel reinforcement owing to the lack of codes and standards regarding the use of
GFRP bars in compression. Consequently, the reinforcement ratio of 2.79% was similar for all

test columns, calculated by dividing the total area of the longitudinal GFRP bars (Aggp)
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(1,191 mm?) by the gross cross-sectional area of the columns (Ag) (42,704 mm?). Concrete

columns were divided into two groups to investigate the effect of spiral spacing and concrete

compressive strength:

Group A: Three columns were reinforced laterally with GFRP spirals with a spacing of
50 mm, 100 mm, and 150 mm at the middle portion of the samples (500 mm). Another
column without lateral reinforcement at the testing region (500 mm) was prepared to
evaluate the effect of the lateral reinforcement. These lengths were chosen to ensure
crushing failure in the bars with a length of 50 mm, 100 mm, and 150 mm and the bar
buckling failure in the last sample, this finding was reported by Maranan, et al. (2016)
who found that bar buckling failure occurred in bars with a length of more than 200
mm. While CSA S806 code (CSA, 2012) recommends a clear spacing between spirals
of less than 85 mm for the tested columns, the biaxial stress distribution in HCCs
compared to the triaxial stress distribution in solid concrete columns (AlAjarmeh, et
al., 2019a) requires that the most effective spiral spacing for HCCs be determined.

Group B: Four columns were cast with different concrete strengths (21.2, 26.8, 36.8,
and 44.0 MPa) and tested. These levels of compressive strength were considered
normal-strength concrete, as indicated in ACI 318-8 code (ACI, 2008). The
reinforcement details for all columns were kept the same by the reinforcement ratio of
2.79% and 100 mm spacing between lateral spirals to determine the effect of varying
concrete compressive strength. Moreover, the adopted reinforcement details resulted in
a stable load-carrying behavior and a gradual failure of the concrete core after the
spalling of the concrete cover (AlAjarmeh, et al., 2019a). Choosing different levels of
normal-strength of concrete led to significant change in the compressive behavior for

hollow concrete columns as reported by Mo, et al. (2003).
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The top and bottom 250 mm of the height of all the columns were laterally reinforced with
GFRP spirals at a closed spacing of 50 m to prevent stress-concentration failure at the column
ends. The hollow section was created by inserting a 1 mm thick PVC pipe with an external
diameter of 90 mm at the centre of the samples during casting. This resulted in a hollow
concrete column with a constant inner-to-outer diameter ratio of 0.36, which was found to
provide ductile behavior due to the progressive failure of the concrete cover, followed by
crushing of the concrete core and longitudinal bars with no spiral failure (AlAjarmeh, et al.,
2019a, AlAjarmeh, et al., 2019b). It is worth mentioning that Kusumawardaningsih and Hadi
(2010) and Hadi and Le (2014) used an almost similar inner-to-outer diameter ratio for steel-
reinforced hollow concrete columns due to precisely capture the behavior of hollowness by
using this ratio.

Figure 2 shows the typical cross-section of the columns tested, while Table 2 provides the
different volumetric ratios, spacing, and f,'. The volumetric ratios were calculated by dividing
the volume of one spiral by the concrete-core volume within one spiral pitch. Columns were
designated as either A or B to represent the specimen group, followed by the spiral spacing,
and the concrete compressive strength f.. For example, column A-100-26.8 is a GFRP-
reinforced hollow column from Group A with 100 mm spacing between lateral spirals and with
f/of 26.8 MPa. Column B-100-26.8, on the other hand, is a GFRP-reinforced hollow column
from Group B with 100 mm spacing between lateral spirals and with f,' of 26.8 MPa.

Test Setup and Instrumentation

A total of six electrical-resistance strain gauges were attached to each column to measure the
strain during testing. Two 3 mm long strain gauges were glued onto longitudinal GFRP bars at
mid-height and also two on spirals at mid-height. The last two gauges were 20 mm in length
and glued on the outer surface of concrete at the column mid height to measure the axial strain.

Figures 3(a) shows the location of the strain gauges. Steel clamps measuring 50 mm in width
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and 10 mm in thickness were used at the top and bottom of the columns, in addition to 3 mm
thick neoprene cushions were used to prevent premature cracking and ensure that failure
occurred in the test region (column mid-height). In addition, 3 mm thick neoprene cushions
were placed on the top and bottom of the columns for uniform load distribution. Moreover,
wire mesh was used to cover the specimen for safety purposes and to prevent projectile debris
upon column failure. Afterwards, the columns were tested under monotonic concentric loading
with a 2,000 kN hydraulic cylinder. The applied load was measured with a 2,000 kN load cell,
and the axial deformation was recorded with a string pot, as shown in Fig. 3(b). Throughout
testing, the load, strain, and axial deformation were recorded with the System 5000 data logger.
Failure propagation was also carefully observed and video recorded during the entire loading

regime.

BEHAVIOUR OF COLUMNS WITH VARIOUS SPIRAL SPACING

Failure Mode

Group A columns were tested under concentric compression load until failure. Lignola, et al.
(2007) indicated that the general failure for hollow concrete columns reinforced with steel bars
is controlled by bar buckling and concrete crushing with highly spaced lateral reinforcement.
The hollow concrete columns tested in our study experienced different modes of failure owing
to the GFRP bars having higher strength than the steel bars. Typically, the failure in all columns
started as vertically spreading hairline cracks appearing on the outer concrete surface at
advance loading levels. Once they appeared, the cracks propagated and widened, leading to
different spalling features of the outer concrete cover, rupturing longitudinal GFRP bars, and

damaging the concrete core, all of which are described in detail below.

e A-N/A-26.8: This column experienced explosive spalling and failing of both the

concrete cover and core, producing large concrete pieces falling from specimen mid-



225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

height. Consequently, global buckling in the longitudinal GFRP bars without
fracturing was observed, as shown in Fig. 4(a).

e A-150-26.8: Limited concrete cover spalling localized at mid-height occurred in this
column. Lateral expansion of the perimeter at mid-height was noted after concrete-
cover spalling, leading to final failure, as highlighted by rupturing of the longitudinal
GFRP bars and massive damage to the concrete core, as shown in Fig. 4(b). No damage
to the lateral spiral was observed.

e A-100-26.8: Concrete-cover spalling in this column was gradual and continued until
the entire column was affected. Lateral spirals held the concrete core and longitudinal
bars. Final failure was due to rupture in the longitudinal GFRP bars and crushing of
the concrete core at mid-height without damage to the lateral spirals, as shown in Fig.
4(c).

e A-50-26.8: Gradual overall concrete-cover spalling was observed, followed by lateral
expansion in the concrete core, which was confined by the GFRP spirals. Sequential
rupture of longitudinal GFRP bars in different locations throughout the column’s
height and concrete crushing of the concrete at the bottom occurred caused by stress
concentration, as shown in Fig. 4(d).

The different failure mechanisms after spalling of the concrete cover were due to lateral-
reinforcement spacing. The above results indicate that the hollow concrete columns with
narrower spiral spacing evidenced more progressive failure and less damage to the concrete
core than the columns with wider spacing. Lee, et al. (2015) observed similar behavior with
steel-reinforced hollow columns. This finding can be correlated to the unbraced length of the
longitudinal GFRP bars, which tried to buckle with the application of the compressive load. In
particular, the failure of the column without lateral reinforcement (A-N/A-26.8) was consistent

with that of GFRP-reinforced solid concrete columns tested by Maranan, et al. (2016). In this
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case, the concrete cover and core experienced brittle and explosive failure due to the long
unbraced length of the longitudinal GFRP bars. Narrow spiral spacing, however, stabilized the
longitudinal GFRP bars and resulted in the column’s progressive failure. For all spiral-
reinforced columns, using GFRP reinforcement delayed final failure due to its higher axial
deformation capacity compared to the steel-reinforced hollow concrete columns (Lignola, et
al., 2007, Kusumawardaningsih and Hadi, 2010).

Load-Deformation Behavior

Spiral spacing affects the load—deformation, confined strength, and ductility behavior of hollow
concrete columns reinforced with GFRP bars, as shown in Figure 5 and Table 3. As can be
seen from Figure 5, all the columns had almost linear-elastic behavior up to the spalling of the
concrete cover but with lower stiffness as the spiral spacing narrowed. Table 3 also provides
the slope of the linear-elastic portion of the load—deflection curve, where the deformation is
the axial displacement of the sample with respect to the original height of its top part. The
lower axial stiffness for columns with narrower spiral spacing is due to the weaker plane
between the outer concrete cover and the concrete core, creating a slender outer concrete shell.
The columns with closer spiral spacing, however, had more stability than those columns with
wider spiral spacing after concrete-cover spalling (post-loading behavior) owing to the better
lateral confinement provided by the lateral reinforcement. Hadi, et al. (2016), Hadi, et al.
(2017), and Maranan, et al. (2016) made similar observations. The spiral spacing also affected
the first axial peak load of the hollow columns. This first peak load (P,), denoted by the solid
black circle in Figure 5, represents the load carried by both the unconfined concrete and
longitudinal GFRP bars. The hollow concrete columns with closer spiral spacing exhibited a
higher load than the columns with wider spiral spacing. Column A-50-26.8 had the highest
load capacity, specifically 1%, 8%, and 17% higher than columns A-100-26.8, A-150-26.8,

and A-N/A-26.8, respectively. This increase in the axial-load capacity—even with the same
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cross-sectional area and longitudinal reinforcement ratio—emphasizes the positive
contribution of the lateral confinement in preventing crack propagation in the concrete. This
led to a good distribution of the tensile stress in the concrete cover, resulting in spalling along

the column height, as shown in Figure 4.

While the spalling of the concrete cover after the uniaxial peak resulted in a drop of axial load,
its level can be correlated to the spiral spacing. For the column without lateral reinforcement
(A-N/A-26.8), the load dropped significantly, and the column was unable to carry more load.
Providing spirals activated the lateral confinement at the load—deformation part after P,,, so
that columns A-50-26.8, A-100-26.8, and A-150-26.8 retained most of the applied load with
only a 1%, 10%, and 7% reduction in P,q, respectively. Karim, et al. (2016) made similar
observations. After that point, the lateral expansion of the cracking concrete was restricted by
the lateral spirals, allowing the column to continue resisting the applied load at the post-loading
stage at which point the concrete cover no longer makes a load contribution. This load-carrying
resistance was controlled by the column volumetric ratio (see Table 2), which prevented the
concrete core from crushing and the unbraced length of the longitudinal bars from buckling
and crushing. Because of the good confinement of the concrete core and longitudinal bars,
column A-50-26.8 exhibited a second peak load (P,,,) and had a confined strength 29% higher
than columns A-100-26.8 and A-150-26.8. P,;, can be traced by the cross (x) in Figure 5. Table
3 shows that columns A-100-26.8 and A-150-26.8 had almost similar maximum confined
strength values (f;.), even with different spiral spacing. f.. was calculated by dividing P,,, by
the concrete core area (A.,.) With a diameter denoted by the distance between spiral centres.
The axial strain of the GFRP bars was, however, 13% higher in column A-150-26.8 than in
column A-100-26.8, suggesting that neither a spacing of 100 mm nor 150 mm was able to
increase the confined strength of the concrete core. Moreover, the column with 50 mm spiral

spacing made the concrete core to fail more progressively than columns A-100-26.8 and A-
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150-26.8. This was due to the efficiency of the closer spirals in delaying the crack progression
in the concrete core and in reducing the unbraced length of the longitudinal GFRP bars. This
also accounts for the higher ductility of the columns with smaller spiral spacing. For instance,
column A-50-26.8 had 30% and 50% higher ductility than columns A-100-26.8 and A-150-
26.8, respectively. The ductility of the HCC was calculated as the ratio between ultimate
deformation (4,,) (represents the deformation at the failure point) to the yield deformation (4,)
(represents the deformation at the level of the uniaxial load with respect to the extended linear-
elastic line), as suggested by Cui and Sheikh (2010). In the HCCs herein, the lateral spiral
reinforcement provided nonuniform confining stress along the column height, resulting in
crack development in the concrete core at the unconfined region, i.e. between spirals,
decreasing column capacity after P,, [Figure 5]. Consequently, a narrower spiral spacing in
the tested region yielded a longer descending part and the area under the load—deformation
curve was larger than with the columns with wider spiral spacing, indicating that the column
had higher toughness. Finally, columns A-50-26.8 and A-100-26.8 recorded a 7% and 2%
higher failure load than A-150-26.8, since the closer spiral spacing protected the concrete core

from sudden failure and gave the GFRP bars a chance to withstand greater axial loads.

Load-Strain Behavior

Figure 6 shows the load versus axial strain (negative sign) in the longitudinal GFRP bars and
lateral strain (positive sign) in the spirals for Group A columns. These strain readings were
taken as the average of the strain readings at longitudinal bars and spirals where the difference
between the maximum and minimum strains did not exceed 5% of the average value. After the
axial linear-elastic load—strain response, the columns started to show a nonlinear ascending part
due to hairline cracks appearing in the concrete cover. Interestingly, the hairline cracks started
to appear at a strain of around 1,500 pe measured by the strain gauges attached to the concrete.

This value is similar to the concrete cracking limit reported by Saatcioglu and Razvi (1992).
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This observation was further verified in column A-N/A-26.8, which failed after reaching this
axial strain (e p,,) [Table 3]. In fact, the narrower the spiral spacing, the higher the ultimate
recorded axial concrete strain due to the delay in crack propagation and greater concrete-cover
stability. For instance, a strain (g p ) of 1,455 ue, 1,952 pe, 2,162 pe, and 2,524 pe was
recorded in columns A-N/A-26.8, A-150-26.8, A-100-26.8, and A-50-26.8, respectively. In the
longitudinal bars, the axial compressive-strain values at the first peak load (g, p,,) Were 1,645
ue, 3,902 ue, 2,318 ue, and 3,884 ue in columns A-N/A-26.8, A-150-26.8, A-100-26.8, and A-
50-26.8, respectively. These strain values are between 7% and 17% of the ultimate tensile strain
of the GFRP bars, suggesting that they contributed significantly to the uniaxial compression
capacity of the columns. Consequently, their contribution should not be ignored, as indicated
in the current design codes (CSA, 2012, ACI, 2015). It is also noteworthy to mention that the
GFRP spirals recorded significant lateral strain only after the column’s first peak load,
indicating that the lateral reinforcement was activated and provided confinement only after the

concrete cover spalled.

After the cover spalled (post-loading stage), the longitudinal GFRP bars continued carrying a
load, and the strain of the lateral spirals increased dramatically due to dilation of the concrete
core. It is important to note in Fig. 6 that the strains in the longitudinal GFRP bars and spirals
in columns A-100-26.8 and A-150-26.8 plateaued in the post-loading stage, unlike column A-
50-26.8 in which it continued to increase. This behavior indicates that the spiral spacing of
100 mm and 150 mm were adequate to prevent the bars from buckling but not to prevent or
delay the initiation of cracks in the concrete core (Fig. 4). From this result, it can be deduced
that effective confinement is related more to the concrete core rather than the longitudinal bars,
since GFRP bars have linear-elastic behavior up to failure. This finding also explains the
observed final failure in all hollow columns tested, in which the longitudinal GFRP bars

ruptured at a strain of 10,548 ue, 10,692 ue, and 13,539 ue in columns A-150-26.8, A-100-
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26.8, and A-50-26.8, respectively, as shown in Fig. 6. These strain levels ranged from 50.2%
to 64.5% of the ultimate tensile strain of the GFRP bars. It is interesting to note that using a
spiral spacing of 50 mm resulted in a 27% higher crushing strain of the GFRP bars than did
100 mm and 150 mm spacing. The average of these values matches the proposed average of
12,200 pe +£1,200 pe as the maximum compressive strain for GFRP bars suggested by Fillmore

and Sadeghian (2018).

Figure 6 shows that increasing the spiral spacing increased the efficiency of concrete-
core confinement and the longitudinal GFRP bars until failure. For instance, column A-150-
26.8 recorded the lowest lateral strain of 4,542 ue at failure, since the widely spaced lateral
spirals were unable to limit and delay crushing of the concrete core. On the other hand, column
A-100-26.8 recorded 12,740 ue at failure, resulting in a higher deformation capacity as can be
seen in Fig. 5, while column A-50-26.8 recorded 6,507 ue. Although column A-100-26.8 had
a higher lateral strain than column A-50-26.8, the latter had higher lateral confinement
proportional to the vertical spacing between spirals. Finally, columns with closer spiral spacing
showed higher engagement in terms of hoop stress in confining the concrete core proportional
to the vertical spacing between spirals. Consequently, this study recommends the 50 mm
spacing as lateral reinforcement for hollow concrete columns or the equivalent volumetric ratio
to get significantly enhanced strength and ductility. The hoop stress was calculated by

multiplying the spiral strain at the failure by its modulus of elasticity.

Volumetric Strain Behavior

Figure 7(a) shows the normalized first peak load for Group A columns. The normalized first
peak load was calculated by dividing P,; by the multiplication of gross cross-sectional area of
the column and characterized concrete compressive strength (f X A,). The figure shows that
the normalized first peak load (P,;) increased as the spacing between spirals narrowed. This is

an interesting result as both the concrete strength and number of bars were the same for all
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columns. This finding indicates that the lateral confinement provided by the GFRP spirals
contributed to the uniaxial compression capacity of the HCCs by preventing lateral plastic
concrete dilation after the appearance of cracks and thereby enhancing the concrete’s
compressive strength. This phenomenon can be explained by the volumetric strain (ev) or the
dilation rate of the concrete, which is defined in Eq. (1) for solid concrete columns (Mirmiran
and Shahawy, 1997).

& =&+ 2¢, Eq. (1)
where &, is the axial strain measured in the longitudinal GFRP bars and &, is the lateral strains
measured in the GFRP spirals. This formula expresses the change of volume with respect to a
unit volume in solid concrete columns loaded under a triaxial stress state. In a perfectly elastic
condition for solid columns, the conventional slope of the ascending line between volumetric
strain and axial strain is given as (1-2v) (Mohamed, et al., 2014), where v is the Poisson’s ratio
of the concrete (equal to 0.2), as shown in Fig. 7(b). In this figure, positive &, represents volume
reduction, whereas negative &y represents expansion. The curve’s deviation from the slope line
represents crack initiation until the spalling of the concrete cover at ¢,. A similar slope for
HCCs was obtained by modifying Eq. (1) by multiplying &, by 3 instead of 2 to attain a slope
of (1-2v). This means that the lateral dilation of the concrete in HCCs is lower than in solid
columns. This is because of the nonuniform distribution of biaxial stresses in HCCs, which
causes a portion of the concrete dilation to be inward, as also indicated by Cascardi, et al.
(2016) or referred to the higher stability in the concrete core due to use hollow section allowing
to show higher axial-to-lateral strain ratio as reported by Lignola, et al. (2008). Moreover,
based on the slope equation, the Poisson’s ratio for the tested columns was 0.18, which is within
the typical range for normal-strength concrete (0.15-0.22) (Mohamed, et al., 2014). According

to Fig. 7(b), the spiral spacing significantly affected concrete stability by delaying the elastic
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dilation of the concrete, as shown by the higher volumetric strain at the higher axial

compressive strain.

BEHAVIOUR OF COLUMNS WITH DIFFERENT CONCRETE STRENGTH

Failure Mode

Group B columns, which had different concrete compressive strengths (f;), exhibited different

failure modes in terms of spalling and the degree of damage of the concrete core. All, however,

failed by the rupturing of longitudinal GFRP bars with the GFRP spirals remaining intact.

Therefore, after the hairline cracks appeared on the outer concrete cover, column failure

progressed as described below.

B-100-21.2: Cracks extended at the bottom half of the column, leading to spalling of
the concrete cover. The cracks then propagated to the middle portion and the concrete
core. This resulted in crushing of the entire concrete core at mid-height, as shown in
Fig. 8(a).

B-100-26.8: Concrete-cover spalling in this column was gradual and continued until it
affected the entire height, as shown in Fig. 8(b).

B-100-36.8: Vertical cracks along the column height appeared, followed by overall
spalling of the concrete cover. Partial degradation was observed in the concrete core at
different locations, which resulted in the rupture of GFRP bars at these locations [Fig.
8(c)].

B-100-44.0: Cracks extending and propagating at the mid-bottom half of the column
height were observed, followed by splitting off of large concrete pieces at the outer
concrete cover. Slow degradation in the concrete core resulted in the rupture of two

longitudinal GFRP bars and loss of the concrete core, as shown in Fig. 8(d).
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From the above observations, it can be concluded that increasing the f. changed the failure of
HCCs reinforced with GFRP bars from ductile to brittle. This was clearly evidenced by column
B-100-44.0, which failed abruptly after the whole concrete core degraded, with limited failure
in the longitudinal bars. Consistent with Mo, et al. (2003), column B-100-44.0 showed faster
spalling of the concrete cover as flakes, compared to the other columns, which exhibited
gradual concrete spalling. More longitudinal GFRP bars ruptured in the columns with lower
f¢, which can be attributed to the GFRP bars having a greater stiffness than the concrete, so
the reinforcement carried more of the load after the concrete cover spalled. The localized
concrete spalling in column B-100-21.2 can be explained by the smaller aggregate size (3 mm),
which resulted in more micro-cracks between the concrete paste and the fine aggregate
particles, which was also reported by Cui and Sheikh (2010).

Load-Deformation Behavior

The variation in f; (21.2 to 44.0 MPa) significantly affected the load—deformation behavior,
confinement efficiency, and ductility of the tested HCCs. Figure 9 and Table 4 show that the
use of higher concrete compressive strength resulted in stiffer load—deformation behavior
because of the increase in the concrete’s elastic modulus from 21.6 GPa (f, = 21.2 MPa) to
31.2 GPa (f) = 44 MPa). Predictably, increasing the f," increased the axial-load capacity at the
first load peak (P,,) of columns B-100-26.8, B-100-36.8, and B-100-44.0, respectively, by
31.1%, 73.1%, and 107.3% compared to column B-100-21.2. The insignificant deviation
between these percentages with respect to the percentage increase of the concrete compressive
strength can be related to concrete being a nonhomogeneous material that is affected by
placing, compacting, and curing (Neville, 1995). The increase in f,, however, decreased the
contribution of the longitudinal GFRP bars owing to the increased concrete stiffness, which
was getting closer to the GFRP-bar stiffness. The contribution of longitudinal GFRP bars to

P,; of columns B-100-21.2, B-100-26.8, B-100-36.8, and B-100-44.0 was 22.1%, 11.7%,
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8.2%, and 6.9%, respectively. The axial load contribution of the GFRP bars was calculated by
multiplying bar axial strain by bar elastic modulus and total bar area divided by P,;. Cracks
that widened and extended along the outer concrete cover resulted in a load reduction after P,,4,
in which the magnitude of the drop in load capacity can be correlated to the f,. The load drop
was 15.2%, 11.5%, 10.2%, and 4.1% for columns B-100-44.0, B-100-36.8, B-100-26.8, and
B-100-21.2, respectively, which emphasizes the significant contribution of the concrete cover,
especially for the columns with higher f.. This finding is consistent with Mo, et al. (2003),
who observed a higher load drop in columns with higher f,. Addressing such an issue would
involve using lower concrete-cover area to gross area or increasing the lateral reinforcement to

mitigate the load drop after P,,, as noticed in the Group A columns.

After the load drop (after P,;), the Group B columns exhibited different post-loading behavior
until the second axial peak load (P,,,). Note that P,,, is the contribution of the confined concrete
core in addition to the longitudinal GFRP bars. Therefore, column H-100-44.0 showed higher
load-deformation capacity and recorded P,, 49.2% and 15.4% higher than columns B-100-
26.8 and B-100-36.8, respectively. This was due to the former’s higher f.. Figure 9 shows a
slightly higher stiffness after the maximum load with increasing f;, which is due to the strength
enhancement in the post-loading stage, as reported by Morales (1982). This increase was not
enough, however, to increase the confinement efficiency with respect to the unconfined
concrete strength (f,) of the columns. In fact, column B-100-44.0 showed 8.7% and 3.4%
lower confinement efficiency than columns B-100-26.8 and B-100-36.8, respectively. This
behavior can be explained by the significant load drop after the first axial peak load for the
columns with high concrete compressive strength and emphasized the CSA S806 code (CSA,

2012) recommendation of using a high volumetric ratio for high f,.
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In order to further evaluate the effect of the compressive strength of concrete for hollow
columns reinforced with GFRP bars, the confinement efficiency (C.E.) was calculated from the
ratio of confined strength (f;.) to the unconfined strength (f,) when the outer concrete surface
was free of cracks (0.85f,). The confined concrete-core strength was calculated by dividing
P,, by the concrete-core area (Agpre)- The Acore Was calculated based on the diameter
measured from the lateral spiral centers, as was also implemented by Tobbi, et al. (2014). After
P,,, the load—deformation behavior continued to deteriorate until the longitudinal GFRP bars
and concrete core recorded the final failure load (Pf) (Table 4). This strength degradation was
caused by cracks developing in the concrete core, while the longitudinal GFRP bars were still
intact and carrying the applied load. In the case of column B-100-21.2, the decrease in the slope
of the load—deformation curve was due to the concrete core crushing, as initiated by the small
aggregate size (3 mm) used and highlighted by the failure mode, leading to a wide load—
deformation curve but without enhanced peak loads. Cui and Sheikh (2010) made similar
findings, concluding that using smaller aggregate size can decrease the concrete compressive
strength but increase ductility. In contrast, CSA S806 code (CSA, 2012) states that more lateral
spirals are needed with a small aggregate size to compensate for the loss in strength capacity.
This is impractical in designing hollow concrete columns with GFRP reinforcement. On the
other hand, the columns with higher f." evidenced lower deformation capacity at failure, despite
having the same reinforcement details. To illustrate, column B-100-44.0 had a ductility factor
14.1%, 31.2%, and 33.3% lower than columns B-100-36.8, B-100-26.8, and B-100-21.2,
respectively (Table 4). This finding is related to the increased brittleness of concrete with
higher £ (Cui and Sheikh, 2010, Hadhood, et al., 2016, Hadi, et al., 2017). As a result, the
tested GFRP-reinforced HCCs with higher f,' exhibited lower structural performance than

those with lower f,' but the same construction details.
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Load-Strain Behavior

Figure 10 shows the load and axial strain (negative sign) in the longitudinal GFRP bars and
lateral strain (positive sign) in the spirals for Group B columns. As shown, the axial strain
measured in the longitudinal bars ascended linearly until P,;. The maximum measured axial
longitudinal bar strain at Pp,; (&p p,,) Was 3,308 ue, 2,318 ue, 2,151 pe, and 2,181 ue in columns
B-100-21.2, B-100-26.8, B-100-36.8, and B-100-44.0, respectively. This represents 10% to
16% of the ultimate tensile strain of the GFRP bars. Table 4 gives the ultimate recorded
concrete strain (e p,,) in columns B-100-26.8 and B-100-36.8 as 3,162 ue and 2,013 ue,
respectively, which is close to the recorded axial strain in the GFRP bars, while column H-100-
44.0 recorded a strain of only 1,604 ue, owing to early crack formation in the outer concrete
cover. Moreover, the increase of f,' reduced the spiral engagement at P,; [Table 4], since
Poisson’s ratio decreases as f, increases, as also suggested by Simmons (1955). Generally, the

strain readings (& p,,) were less than 5% of the ultimate tensile strain of the GFRP spirals at

P,q.

After the concrete-cover spalling, GFRP bars and spirals experienced an increase in strain
values, suggesting the outward deformation of the column and activation of reinforcement
confining pressure on the concrete core. At failure, the maximum axial compressive strain
measured in the longitudinal bars was 8,056 ue, 10,692 ue, 14,700 ue, and 1,0940 ue (38.4%,
50.9%, 70%, and 52.1% of tensile strain) in columns B-100-21.2, B-100-26.8, B-100-36.8, and
B-100-44.0, respectively, as can be seen in Fig. 10. Figure 10 also shows that the lateral strain
in the spirals plateaued after P,, in columns B-100-21.2, B-100-26.8, and B-100-36.8 until
reaching of 3,052 ue, 12,740 ue, and 15,883 ue. Although the spirals in column B-100-44.0
showed a strength enhancement, it was stopped early at 2,742 ue because of bar rupture.

Moreover, the low spiral strain recorded by column B-100-21.2 is related to the specimen’s



518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

failure mode, since the unconfined concrete part was gradually smashed without effective

engagement from the lateral GFRP spirals.

Volumetric Strain Behavior

The tested HCCs exhibited an increase in volumetric strain with increasing f. [Fig. (11)].
Similar to Group A columns, a lateral strain factor of 3 gives a slope of (1-2v). In general, a
negative volumetric strain was observed owing to the concrete cover spalling. An ascending
slope was then observed due to the lateral expansion of the GFRP spirals, with the slope
descending again when the concrete core failed. Interestingly, column B-100-44.0 showed no
negative volumetric strain, which means high shortening axial strain with insignificant lateral
expansion. This resulted in a volume reduction phenomenon due to the high energy stored in
the concrete and longitudinal bars ended with a massive failure in those components owing to
the lack in lateral reinforcement. In this case, more spirals are recommended to reinforce
hollow concrete columns with high £/, as indicated by CSA S806 code (CSA, 2012). This
finding is supported by the low lateral strain in Fig. 10 owing to the low lateral expansion of
the high compressive-strength concrete because of the Poisson’s ratio effect, as suggested by

Simmons (1955).

THEORETICAL PREDICTION

Design-Load Capacity

The first peak (P,,) in the load—deformation curve (Figs. 4 and 9) was considered the maximum
design capacity of the specimens. This peak represents the contribution of the gross concrete
and the longitudinal GFRP bars in compression. It should be noted that current design standards
ignore the contribution of GFRP bars (CSA, 2012, ACI, 2015) in compression members. The
concrete contribution was calculated by multiplying f, and the cross-sectional area of the
concrete (A.), excluding the bar area. A reduction factor (a,) of 0.85 for f, less than 50 MPa

was applied, as suggested by ACI 318-8 code (ACI, 2008) and AS3600 code (AS3600, 2011),
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representing the difference between full-scale reinforced-concrete columns and concrete
cylinders in terms of the strength, size, and shape. On the other hand, the GFRP bars’ load
contribution was calculated as the product of the axial strain in the longitudinal GFRP bars
(¢rrp) at P,q, the elastic modulus of the GFRP bars (Egzp), and the nominal cross-sectional
area (Aggp). It should mentioned that the axial load contribution of GFRP bars at P,,; varied
from 6.9% to 25.2%, with the higher f/ values leading to a significant reduction in this
percentage. The experimental results show that the maximum recorded axial strain of
longitudinal bars at P,; was 0.003, so this value was used in predicting the design-load capacity
(P,), as shown in Eq. (2) and Table 5. Interestingly, this strain value is consistent with the
ultimate concrete strain in compression recommended by ACI 318-14M (ACI, 2014). This
strain value is also similar to the findings of Park and Paulay (1975) and Sheikh and Uzumeri
(1980), who observed concrete-cover spalling at a strain between 0.003 and 0.004. For
comparison, the load capacity of the HCCs neglecting the contribution of the GFRP bars was

also calculated and compared with the experimental results (see Table 5).

P, =a, X f! XA, +0.003 X Epgp X Apgp Eq. (2)
Second Peak Load and Failure Point

Reinforcing the HCCs laterally with GFRP spirals resulted in the columns to exhibit post-
loading behavior as a result of lateral confinement. The spirals laterally restricted the expansion
of concrete core and limiting buckling of the longitudinal GFRP bars, allowing the columns to
keep resisting applied loads until reaching P,, and showing the maximum confined strength.
The contribution of the GFRP spirals [Fig. 12(a)] was determined by evaluating the relationship
between the confining stress (f;) [Eq. (4)], as a function of the lateral confinement stiffness
ratio (p,) [Eq. (3)], and the effective concrete-core strength (f;.) [Eq. (7 and 8) and Fig. (13)].
A confinement effectiveness factor (K.) [Fig.12(b)] was applied to account for the

discontinuity in the lateral confining stress in the concrete core at the unconfined sections
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between spirals [Eq. (6)]. Equation (4) was adopted from Karim, et al. (2016), who evaluated
the lateral confinement of the solid GFRP-reinforced columns, and Eq. (6) from Mander, et al.
(1988) to reduce the lateral-stress effectiveness caused by the discontinuous lateral
confinement. Both equations take into account the inner void. Ratio of the average recorded
spiral strain (&, p ) to the ultimate tensile strain of spirals (K,) in Eq. (4) equals to 0.39. The
influence of the lateral-stiffness ratio (p,,) on the effective concrete strength (f..) was obtained
and plotted in Fig. 13. The decreasing trend line represents the effect of ,spiral spacing [EQ.
(7)], while the increasing trend line represents the effect of increasing concrete compressive
strength [Eq. (8)]. These trends are valid for the test results of this study. The contribution of
the GFRP bars at the second peak load (¢, p,,) was measured experimentally corresponding to
an average axial strain equal to 0.0095 (Table 3 and 4). This strain value was therefore taken
as the maximum strain of the confined concrete core. This axial-strain value evidently is close
to 0.010 and 0.008, as suggested by Zahn, et al. (1990) and Hoshikuma and Priestley (2000),
respectively, for the maximum observed axial strain of the confined concrete in steel-reinforced
hollow concrete columns. The theoretical second peak load (P,,,;) can then be calculated by
adding the contribution of the confined concrete core and the GFRP bars at an axial strain
(errp2) 0f 0.0095 [Eqg. (9)]. It was observed that the GFRP bars contributed in a range of 40%
to 69% from P,, and was negatively affected by increasing f, values. The axial-load

contribution of the GFRP bars at P,, was calculated by multiplying &g p by Apgp and Eggp

and then divided the result by the corresponding P,.

Table 6 shows the comparison between the theoretical and experimental results, which are in
good agreement. Nevertheless, the P,,,; of column H-50-26.8 corresponds to 85% of the P,
due to the lower predicted axial strain of the GFRP bars compared to the experimental one.
Consequently, a more comprehensive study is required to investigate the compressive behavior

of GFRP bars with different unbraced lengths. On the other hand, P,,; of column H-100-21.2
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corresponds to 118% of the P,, due to the use of different size aggregate, which reduced the

sample’s overall strength.

_kefi
pv - fcl (3)
_ ZAthfbent
Je=5t05-bo @
foent = (0.05;—b +0.3)f, < f, (CSA, 2012) (5)
"2
K, = Aee _ (%) ot) 6
e Acc N %(Dsz_DiZ)(l_pe) ( )
fee = 4.41n(p,) + 31.3 (7)
fee = 0-57.017_1'6 (8)
Poat = feeAce + €rrp2AFRPEFRP )

where D¢ and D; are the concrete core diameter and the void diameter, respectively. S and S’
are the center-to-center distance and the clear spacing between spirals, respectively. A, is the
concrete core area with the damage effect, whereas, A, is the concrete core area excluding the

longitudinal bars area.

CONCLUSIONS

This study investigated the effect of using various lateral spiral spacing and the effect of
concrete compressive strength on the behavior of concentrically loaded hollow concrete
columns reinforced with GFRP bars. Moreover, the applicability of the existing equations for
determining the design-load capacity of GFRP-reinforced concrete members in compression
was validated, and a model was proposed to describe the post-loading behavior of the columns.

Based on the results of this study, the following conclusions can be drawn.

e The GFRP-reinforced hollow concrete columns with closer lateral spiral spacing

exhibited higher axial-load capacity than those with broader spacing owing to the early



615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

activation of confinement. Decreasing the spacing from 150 mm to 50 mm increased
the capacity by 8%. Moreover, narrowing the spiral spacing led to more progressive
failure of the concrete core and longitudinal bars.

Reducing the spiral spacing from 150 mm and 100 mm to 50 mm increased the
ductility and confined strength of the columns by 98% and 69%, respectively. This
outcome was due to the increased axial-strain capacity of the longitudinal bars with
reduced unbraced length and less extent of the unconfined concrete core between
spirals.

Using concrete with higher compressive strength increased the axial-load capacity and
stiffness of the columns by up to 107% and 70%, respectively, due to the concrete
higher elastic modulus. Column failure, however, changed from ductile to brittle.
The columns made with concrete with higher compressive strength had lower
confinement efficiency and ductility compared to the columns with lower compressive
strength. Increasing the concrete compressive strength from 21.6 MPa to 44.0 MPa
decreased the confinement efficiency and ductility by 7% and 50%, respectively, due
to the higher brittleness of concrete with higher compressive strength.

The design-load capacity of GFRP-reinforced hollow concrete columns can be
reliably predicted by considering the contribution of the concrete gross section and the
longitudinal GFRP bars at 0.003 axial strain. Herein, the contribution of the
longitudinal GFRP bars to load capacity ranged from 10% to 20%.

The second peak-load capacity of hollow concrete columns reinforced with GFRP bars
can be described well by considering the contribution of the longitudinal GFRP bars
at an ultimate axial strain of 0.0095 and the effective area of the confined concrete

core.
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748 FOOTNOTES
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Jee =

This manuscript includes the following symbols:

Effect of the concrete compressive strength factor (0.85)

Total cross-section area (mm?)

Effective core area denoted by the distance between spiral centres (mm?)
Concrete area in the section (without the area of GFRP bars) (45 — Apgp) (MM?)
Concrete core area (without the area of GFRP bars) (Acore — Argp) (MM?)

Area of the concrete core excluding the crushed concrete part due to unconfined concrete
between the spirals (mm?)
Total area of the GFRP bars (mm?)

GFRP-spiral cross-sectional area (mm?)

Confinement efficiency

Yield deformation (mm)

Ultimate deformation (mm)

Ductility factor

Bar diameter of lateral reinforcement (mm)

Diameter of the inner void (mm)

Diameter of spirals on-centres (mm)

Axial strain of GFRP bars at P,,;

Axial strain of GFRP bars at P,,,

Maximum recorded concrete strain at P,,;

Unconfined concrete strain

Maximum strain of the GFRP bars at P,,,

Axial strain of GFRP spirals at P,,;

Axial strain of GFRP spirals at P,,,

Ultimate tensile strain

Elastic modulus of GFRP bars (MPa)

Tensile strength of bent GFRP bars, ACI 400.1R-15 (ACI, 2015) (MPa) (Eg. 5)
Concrete compressive strength at the day of testing the HCCs (MPa)
Confined strength of the concrete core after concrete-cover spalling (MPa)
Unconfined concrete strength (0.85f.) (MPa)

Effective concrete strength (MPa) (Eqns. 7 and 8)

Lateral confining stress (MPa) (Eq. 4)

Ultimate tensile strength of GFRP reinforcements (MPa)

Reduction factor regarding the vertical unconfined area between spirals (Eq. 6)

The proportion of ultimate strain in GFRP spirals before failure to their ultimate tensile
strength (0.39 as an average)
First axial peak load (kN)

Theoretical design load capacity (kN)
Experimental second axial peak load (kN)
Theoretical second axial peak load (kN)
Failure load (kN)

Reinforcement ratio with respect to the total cross-section area (4,)
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p. = Effective reinforcement ratio with respect to the effective core area
p, = lateral stiffness ratio (Eq. 3)

r = Inner radius of the spiral (mm)

S = Vertical spacing of spirals on-centres (mm)
S’ = Clear vertical spacing between spirals (mm)
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771 Tables
772
773  Table 1. Properties for the GFRP reinforcement (Benmokrane, et al., 2017)

Property Test Method Sample | No.5 | No.3
. . CSA S806, Annex
5 Nominal bar diameter, mm A (CSA, 2012) 9 15.9 9.5
% Nominal bar area, mm? CSA-S806. Annex 1985 | 708
O | Actual bar’s cross-sectional area A (CSA ’2012) 9 224.4 83.8
by immersion test, mm? ’ (12) | (1.9
ASTM
Ultimate tensile strength, f,,(MPa) | D7205/D7205M- 6 (13233??) éilf)
= 06 (ASTM, 2011b) ' '
S . ASTM
c
= Modulus o‘zg:;"‘;)“c'ty’ D7205/D7205M- | 6 (610'3(; 502'45)
3 FRP 06 (ASTM, 2011hb) ' '
>= ASTM ”1 ’3
Ultimate strain, &,(%) D7205/D7205M- 6 (0'1) (0'1)
06 (ASTM, 2011hb) ' '

774
775
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Table 2. Concrete-column matrices and details

i Volumetric Ratio Spacing | Concrete Compressive Strength
Specimens
(%) (mm) (MPa)
A-N/A-26.8 0.00 N/A 26.8
A-150-26.8 1.28 150 26.8
A&B-100-26.8 1.93 100 26.8
A-50-26.8 3.84 50 26.8
B-100-21.2 1.93 100 21.2
B-100-36.8 1.93 100 36.8
B-100-44.0 1.93 100 44.0
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Table 3. Test results of group A columns

Yield Ultimate
Sample Stiffness | P,y deforgnation, P, deforAmation, P, DE. i CE. €cpny | EbPny | EbPny | EsPpy | EsPnz
y u
KN/mm kN mm kN mm kN MPa ue ue ue ue ue

A-N/A-26.8 177 1,022 7.3 - - - - - - 1,455 | 1,645 - - -
A-150-26.8 163 1,108 8.3 1,110 16.1 1,083 | 1.94 | 50.5 | 2.20 | 1,952 | 3,902 | 10,070 | 2,435 | 4,478
A-100-26.8 132 1,189 9.3 1,102 23.3 1,015 | 253 | 50.1 | 2.19 | 2,162 | 2,318 | 8,951 | 1,104 | 8,850
A-50-26.8 120 1,197 114 1,434 43.9 1,002 | 3.85 | 65.2 | 3.07 | 2,524 | 3,884 | 12,850 | 2,514 | 6,318
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Table 4. Test results of group B columns

Sample Stiffness | P,y A, P, A, P D.E. fhc CE | EcPu | €0k | EbPup | Eshu | Espu
KN/mm kN mm kN mm kN MPa ue ue ue ue ue

B-100-21.2 121 907 8.0 849 21.1 642 2.64 38.6 2.14 - 3,308 | 7,554 | 1,203 | 3,052

B-100-26.8 132 1,189 9.3 1,102 | 23.3 1,073 | 2.53 50.1 219 | 2,162 | 2,318 | 8,951 | 1,104 | 8,850

B-100-36.8 169 1570 | 95 | 1,424 | 195 | 1,309 | 2.05 | 64.7 | 2.07 | 2,013 | 2,151 | 9,509 823 | 11,856

B-100-44.0 196 1,880 9.6 1,644 | 16.9 1,481 | 1.76 74.8 2.00 | 1,604 | 2,181 | 9,143 361 2,673
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Table 5. Comparison between experimental and theoretical axial-load capacity values

Experimental

Theoretical Load (CSA,

Theoretical Load in

Column Load Capacity 2012, ACI, 2015) (kN) Proposed Model (kN)
(kN) (Error %) (Error %)
A-N/A-26.8 1,022 973 (5%) 1,160 (-12%)
A-150-26.8 1,108 973 (12%) 1,160 (-5%)
A/B-100-26.8 1,189 973 (18%) 1,160 (2%)
A-50-26.8 1,197 973 (19%) 1,160 (3%)
B-100-21.2 907 770 (15%) 962 (-6%)
B-100-36.8 1,570 1,336 (15%) 1,513 (3%)
B-100-44.0 1,880 1,597 (15%) 1,767 (6%)
Average error - 14% 2%
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793  Table 6. Comparison between the theoretical and experimental second peak load

fl fce Pz,
Column ke | mpa) | Pv | mpa) | (k) | Pzl Puz
A150-268 | 060 | 37 | 0084 | 1904 1,082 0.97
A&B-100-268 | 075 | 56 | 0157 | 214 1,124 101
A50268 | 092 | 112 | 0383 | 252 1,203 0.85
B-10021.2 | 075 | 56 | 0199 | 154 999 118
B-100-36.8 | 075 | 56 | 0115 | 366 1440 101
B-100440 | 075 | 56 | 009 | 487 1691 1.03
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(a) Longitudinal GFRP bars (b) GFRP spirals

Fig. 1. GFRP reinforcement
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Fig. 2. Typical cross section of columns and lateral spiral details
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Fig. 3. Test setup and instrumentation for the hollow concrete columns
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(a) A-N/A-26.8 (b) A-150-26.8 (c) A-100-26.8 (d) A-50-26.8

Fig. 4. The final failure of the columns in Group A
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HOLLOW CONCRETE COLUMNS”

Authors: Omar S. AlAjarmeh, Allan C. Manalo, Brahim Benmokrane,
Warna Karunasena, Priyan Mendis.

Editor’s Comments

This manuscript is to be revised. This revision should aim at addressing the
technical and editorial critiques offered in the attached three peer reviews and the
associate editor’s summary.

Authors’ Responses

The authors would like to thank the Editor for his efforts and time in reviewing
the paper. The comments will surely enhance and add to the paper. In the
following table, the authors have attempted to respect and answer the editor’s

comments.

No. Editor’s comments Authors’ responses

1 | Title: for brevity, revise as “EFFECT | This suggestion was implemented

OF SPIRAL SPACING AND in Lines 1-2.
CONCRETE STRENGTH ON
BEHAVIOR OF GFRP-
REINFORCED HOLLOW
CONCRETE COLUMNS”,

2 | L46-47: when a list of references is | This correction was implemented
presented, the order should be|in lines 45-46 and 49-50. The
chronological. The rest of the|whole manuscript was also
manuscript  must  be  checked | checked and corrected for any
accordingly as the same issue appears | errors in citing references.
elsewhere (for example, L49-50).

3 | L129 and elsewhere in the manuscript: | This correction was implemented

“ASTM C31” instead of

in lines 138-140.
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“ASTM/C31”. Use a blank space
instead of / after “ASTM”.

normal-strength concrete were used to
cast the column samples”; here the
meaning is that the strength casts the
column sample. The syntax needs to
be fixed. The same applies to
numerous other parts of the
manuscript.

4 | L599: insert “outcome” after “This”. | This correction was implemented
in line 619.

5 | L603:  “concrete” instead  of | This correction was implemented
“concrete’s”. in line 623.

6 | Eliminate the gridlines from all plots | This suggestion was implemented
(this request would be made during | in all figures in the manuscript.
manuscript production anyways).

7 | L120: “Four compressive strengths of | This correction was implemented

in line 129. The manuscript has
been proofread.

Associate Editor’s Comments

The associate editor’s recommendation is to revise the manuscript as a technical
paper. The topic is suitable for the Journal’s audience. The attached three peer
reviews offer a number of constructive technical and editorial comments. The
authors should consider all these comments as they revise the manuscript.

Authors’ Responses

The authors would like to thank the Editor for his efforts and time in reviewing
the paper. The comments will surely enhance and add to the paper. In the
following table, the authors have attempted to respect and answer the associate
editor’s comments.

No.

Editor’s comments

Authors’ responses

1

Provide your responses to the
reviewer comments in your revision
including strengthening the
introduction section highlighting the
difference in behavior between solid
and hollow columns that initiated this
research.

This suggestion was implemented.
The difference in the behavior
between solid and hollow columns
was brought out to highlight the
benefits of hollow columns (lines
93-102).




2 |L43: “utility poles” instead of | This suggestion was implemented
“electric poles”. in line 42.

3 |L51:%2011)” instead of “(Lignola et | This correction was implemented
al., 2011)”. in line 50.

4 | L60: “mode of failure” instead of | This suggestion was implemented
“failure behavior”. in line 59.

5 | L68: “Nkurunziza et al. 2005 is not | This correction was implemented
the correct reference (source) for the | in line 68.
provided information.

6 | L77: define “post-loading”. This suggestion was implemented

by defining post-loading in lines

77-78, 265, 285-286 and 338.

7 |Table 1. How the mechanical | The mechanical properties of the
properties of the spiral reinforcement | spiral reinforcement were
was obtained? calculated based on the properties

of straight bars, as per CSA-S806

(CSA, 2012). This information was

added in lines 126-127 to respond

to the reviewer’s comments.

Ref:

CSA 806 (2012). Design and construction of
building structures with fibre-
reinforced polymers, Canadian
Standards Association, CAN/CSA-
S806-12, Rexdale, ON, Canada.

8 | L126: define “post-mixed”. This suggestion was implemented

in line 135.

9 | L139: “... ratio of 2.79% was similar | This correction was implemented
for ...”. in line 149.

10 | L153: does the 100-mm spiral pitch | While CSA S806 (CSA, 2012)

satisfy  the code

requirement?

used design

recommends a clear spacing
between spirals of less than 85 mm
for the tested columns, the biaxial
stress  distribution in  HCCs
compared to the triaxial stress
distribution in solid concrete
columns (AlAjarmeh et al., 2019)
requires that the most effective
spiral spacing for HCCs be
determined. This information was
added in the revised manuscript in




lines 161-164 to answer the
reviewer’s qUery.

Ref:

CSA 806 (2012). Design and construction of
building  structures  with  fibre-
reinforced polymers, Canadian
Standards  Association, CAN/CSA-

S806-12, Rexdale, ON, Canada.

AlAjarmeh OS, Manalo AC, Benmokrane B,
Karunasena W, Mendis P, and Nguyen
KTQ (2019a). "Compressive behavior
of axially loaded circular hollow
concrete columns reinforced with
GFRP bars and spirals." Construction
and Building Materials, 194, 12-23.

AlAjarmeh, O. S., Manalo, A. C., Benmokrane,
B., Karunasena, W., and Mendis, P.
(2019b). "Axial performance of hollow
concrete columns reinf orced with
GFRP composite bars with different
reinforcement  ratios."  Composite
Structures, 213(1), 12.

11

Fig. 2: The text (sample designation)
IS written on separate lines with
different line spacing is confusing.

This correction was implemented
in Fig. 2.

12

L182: remove “electrical resistance”
or add iton L178.

This suggestion was implemented
in line 195.

13 |L248 and Fig. 5: define | This suggestion was implemented
“deformation”. in line 260-261.
14 | L289: define “second peak” and | The reviewer’s suggestion was

show it on Fig. 5.

implemented in Figs. 5 and 9, and
in lines 291.

15

Tables 3 & 4: define the different
symbols in a footnote.

This suggestion was implemented
by adding a new section that
includes all the notations used in
this manuscript (see lines 743-
745).

16

Figs. 6 & 10: Lines will not print well
in black & white.

This suggestion was implemented.
Figures 6 and 10 were revised by
changing the color of all lines to
black and white and using different
line types.

Reviewer # 1




The authors are to be commended on a job very well done. The major
contribution of this research work is validation that the design-load capacity of
GFRP-reinforced hollow concrete columns can be accurately predicted by
considering the contribution of the concrete gross section and the longitudinal
GFRP bars at 0.003 axial strain. This is an important finding for researchers and
practicing engineers. The experimental test matrix is very well thought of and the
conduct is sound and very well carried out. The data presentation and discussion
Is very well done. This is a very good manuscript and | recommend its
publication.

Authors’ Responses

The authors would like to thank Reviewer#1 for her/his comments that the works
presented in the manuscript is very well thought, the data presentation and
discussion is very well done, and that the findings from the work will provide
significant contribution of the field.

Reviewer # 2

Good Article and revision is suggested.

Authors’ Responses

The authors would like to thank the reviewer for her/his efforts and time in
reviewing the paper. His comment will surely enhance and add a strength to the
paper. In the following table, the authors have attempted to respect and answer
the reviewers’ comments.

No. Reviewer’s comments Authors’ responses

1 | Editorial and sentence formation could | This correction was implemented

be improved throughout the paper by
proper sentence formations, e.g., lines
120, 126, 128, 149 and various other
locations.

in the locations identified (see
lines 129, 136-137, 160-161 and
165-166. The whole manuscript
was checked; grammar and
language errors were corrected.

Several sentences need intelligent
interpretation and if authors explain it
with the addition of few words and
revisions the meanings will be clear.

This suggestion was implemented.
The whole manuscript was
checked; grammar and language
errors were corrected.




For example, D.F. in tables implies
ductility factor (D.F.) but the readers
have to decipher those terms though
the term may also mean deformability
factor, which is not the case here.

This suggestion was implemented
by adding a new section (lines
743-745) providing all the
notations used in the manuscript.

Some of the terms such as first peak
and second peak should be identified in
the figures for clarity.

This was addressed in the response
to comment 14 by the associate
editor.

Meaning of terms such as post-loading
behavior in Line 591 and earlier
locations is unclear and shouldn't be
left to the reader interpretation.

This was addressed in the response
to comment 6 by the associate
editor.

Eqgn. (2) is incorrect as provided and
needs correction with the signs.

This correction was implemented in
line 556.

Figures need to be identified with
locations of the beginning of
confinement activation as mentioned in
several instances within the paper.

This was addressed in the response
to comment 14 by the associate
editor. More descriptions of the
beginning of the confinement
activation were also added in lines
268-269, 281, and 286.

Terms such as first peak and second
peak load need to be identified in
figures for reader clarity.

This was addressed in the response
to comment 14 by the associate
editor..

Explanation on use of 0.003 for
longitudinal strain in FRP bars for
compressive strength calculation is not
convincing and needs better supporting
explanation.

Supporting explanation on the use
of 0.003 for longitudinal strain in
FRP bars for compressive strength
calculation was added in lines 551-
553 to clarify the concerns of the
reviewer.

10

Similar to item 10, use of 0.0095 for
secondary peak load also needs
explanation and the percentage
contribution to total compressive
strength between the strain of 0.003
and 0.0095 need to be mentioned.

The explanation on the use of
0.0095 to calculate the secondary
peak load can be found in lines 576-
578. Additional information to
support this approach was provided
in lines 583-586.

11

Lines 602 and 603 need to separately
identify the strength and stiffness
enhancement  ranges since the
statement appears to provide confusing
conclusion.

This correction was implemented in
line 623.




Reviewer # 3

This paper presents results from an experimental investigation into the effect of
spiral spacing and concrete compressive strength on the load capacity and failure
behaviour GFRP reinforced hollow concrete column test specimens. At the end
of the manuscript the use of a few existing empirical formulae for the prediction
of the failure load of the column test specimens is also presented. Despite the
paper is well-written and the key information are presented, the paper does not
contribute to an advance of the existing knowledge. The major results "reduction
of spiral spacing resulted in increase axial load capacity" and "use of high strength
concrete increased the load capacity but reduced the ductility " are well known
and previously shown by many authors, including the some authors of this paper.
The experimental arrangements and the test specimen geometries and
reinforcement details are limited to those investigated in the previously published
papers. An experimental investigation of different design parameters and column
geometries would have been a good objective for this paper. My
recommendation is that the paper should be rejected.

Authors’ Responses

The authors would like to thank the reviewer for his efforts and time in reviewing
the paper. In the following table, the authors have attempted to respect and
answer the reviewers’ comments.

No.

Reviewer’s comments

Authors’ responses

At the end of the manuscript the use
of a few existing empirical formulae
for the prediction of the failure load
of the column test specimens is also
presented. Despite the paper is well-
written and the key information are
presented, the paper does not
contribute to an advance of the
existing knowledge. The major
results "reduction of spiral spacing
resulted in increase axial load
capacity" and "use of high strength
concrete increased the load capacity
but reduced the ductility " are well
known and previously shown by
many authors, including the some
authors of this paper.

The motivation, objectives, and novelty of
the work presented in the manuscript are
highlighted in the Introduction. Many
significant new findings were discussed
and presented, which will provide a
better understanding of the behavior of
hollow concrete columns reinforced with
GFRP bars. These  significant
contributions were recognized and
commended by Reviewers 1 and 2.

While the reviewer indicated that some
existing empirical formulas were used in
this study, these formulas were developed
for steel-reinforced hollow columns and
GFRP-reinforced solid concrete
columns. The experimental work and the




data obtained from the current work
enabled the authors to determine the
applicability of these formulas and to
modify them to predict the behavior of
hollow concrete columns reinforced with
GFRP bars and spirals. These developed
and proposed new equations were
substantially different from the previous
studies and contribute new knowledge to
the field.

The experimental arrangements and
the test specimen geometries and
reinforcement details are limited to
those investigated in the previously
published papers. An experimental
investigation of different design
parameters and column geometries
would have been a good objective
for this paper.

The authors acknowledge this comment
from the reviewer. The work presented in
the current manuscript is a part of
comprehensive testing program aimed at
gaining a detailed understanding of the
effect of critical design parameters on the
compressive behavior of hollow circular
concrete columns reinforced with GFRP
bars and spirals. The results of the
significant findings from the research
that investigated the effect of cross-
sectional configurations (inner-to-outer
diameter ratio) and the different
reinforcement ratios have now Dbeen
published in Alajarmeh et al. (2019a) and
Alajarmeh et al. (2019b), respectively.
These significant findings, which are
related to the current paper, were added
in the Introduction (lines 93-102), and in
Specimen Details (lines 161-164 and
170-172) to differentiate the scope and
highlight the novelty of the current work.

References:

AlAjarmeh OS, Manalo AC, Benmokrane B, Karunasena
W, Mendis P, and Nguyen KTQ (2019a).
"Compressive behavior of axially loaded

circular hollow concrete columns reinforced
with GFRP bars and spirals." Construction and
Building Materials, 194, 12-23.

AlAjarmeh, O. S., Manalo, A. C., Benmokrane, B.,
Karunasena, W., and Mendis, P. (2019b).
"Axial performance of hollow concrete columns
reinforced with GFRP composite bars with




different reinforcement ratios." Composite
Structures, 213(1), 12.




Track Changes Version

Click here to access/download
Track Changes Version
CCENG-2684 _Revised Manuscript( RED ext only).docx


https://www.editorialmanager.com/jrncceng/download.aspx?id=219735&guid=1e322268-1c8a-4dbb-b5ee-50d529ad0b06&scheme=1

