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Experimental Investigation of Circular High-Strength Concrete Columns
Reinforced with Glass Fiber-Reinforced Polymer Bars and Helices under Different
Loading Conditions

Abstract

Existing design codes and guidelines do not adequately address the design of concrete columns
reinforced with fiber-reinforced polymer (FRP) bars. Accordingly, a number of research studies
investigated the behavior of FRP bar-reinforced concrete columns. However, the previous studies were
limited to FRP bar-reinforced normal-strength concrete (NSC) columns. In this study, the behavior of glass
fiber-reinforced polymer (GFRP) bar-reinforced high-strength concrete (HSC) specimens under different
loading conditions was investigated in terms of axial load-carrying capacity, confinement efficiency of the
GFRP helices, as well as the ductility and post-peak axial load-axial deformation response. The effects of
the key parameters such as the type of the reinforcement (steel and GFRP), the pitch of the transverse
helices, and the loading condition (concentric, eccentric, and four-point loading) on the performance of
the specimens were investigated. It was observed that the GFRP bar-reinforced HSC specimen sustained
similar axial load under concentric axial compression compared to its steel counterpart, but the efficiency
of GFRP bar-reinforced HSC specimens in sustaining axial loads decreased with an increase in the axial
load eccentricity. Direct replacement of steel reinforcement by the same amount of GFRP reinforcement
in HSC specimens resulted in about 30% less ductility under concentric axial load. However, it was found
that the ductility and post-peak axial load-axial deformation behavior of the GFRP bar-reinforced HSC
specimens can be significantly improved by providing closely spaced helices.
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Abstract
Existing design codes and guidelines do not adequately address the design of concrete
columns reinforced with Fiber-Reinforced Polymer (FRP) bars. Accordingly, a number of
research studies investigated the behavior of FRP bar reinforced concrete columns. However,
the previous studies were limited to the FRP bar reinforced normal strength concrete (NSC)
columns. In this study, the behavior of Glass Fiber-Reinforced Polymer (GFRP) bar
reinforced high strength concrete (HSC) specimens under different loading conditions was
investigated in terms of axial load carrying capacity, confinement efficiency of the GFRP
helices as well as the ductility and post-peak axial load-axial deformation response. The
effects of the key parameters such as the type of the reinforcement (Steel and GFRP), the

pitch of the transverse helices and the loading condition (concentric, eccentric and four-point
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loading) on the performance of the specimens were investigated. It was observed that GFRP
bar reinforced HSC specimen sustained almost similar axial load under concentric axial
compression compared to steel counterpart, but the efficiency of GFRP bar reinforced HSC
specimens in sustaining axial loads decreased with an increase in the axial load eccentricity.
Direct replacement of steel reinforcement by the same amount of GFRP reinforcement in
HSC specimens resulted in about 30% less ductility under concentric axial load. However, it
was found that the ductility and post-peak axial load-axial deformation behavior of the GFRP
bar reinforced HSC specimens can be significantly improved by providing closely spaced

helices

Keywords: High strength concrete; Circular Columns; Glass Fiber-Reinforced polymer

(GFRP); Bars.

Introduction

Fiber-Reinforced Polymer (FRP) bars have several advantages over steel bars in reinforcing
concrete structural members. FRP bars have higher tensile strength compared to the
conventional steel bars. Also, the density of the FRP bars is about 25% of the density of steel
bars. In addition, FRP bars possess other attractive features such as corrosion resistance and
nonmagnetic and nonconductive characteristics. FRP bars have become a competitive
replacement of steel bars in reinforcing concrete structures. However, their application is still
hindered due to their sensitivity to the alkaline environment and high deformability. Recently,
a significant amount of research studies were conducted on the behavior of FRP bar
reinforced concrete flexural members. It was reported that for the same reinforcement ratio,
concrete flexural members reinforced with FRP bars experienced larger crack widths and

deflections compared to those reinforced with conventional steel bars (Nanni 1993 and
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Toutanji HA and Saafi M. 2000). However, El-Nemr et al. (2013) reported that using high
strength concrete while maintaining the axial reinforcement stiffness (EfAf) constant
contributed in improving the ultimate load carrying capacity, crack width and deflection of
the concrete flexural members reinforced with FRP bars. It was reported that FRP transverse
reinforcement contributes in improving the shear capacity of the concrete flexural members,
although the contribution of concrete to the shear capacity is lower for FRP bar reinforced
concrete members compared to steel bar reinforced concrete members (Lignola et al. 2014).
The results of the existing studies on FRP bar reinforced flexural concrete members were
adopted in establishing several standards and design guidelines such as CAN/CSA S806-12
(CSA 2012) and ACI 440.1R-15 (ACI 2015). The compressive strength of the FRP bars is
significantly lower than their tensile strength and the behavior of FRP bars differs
significantly under compressive loads. Therefore, the ACI 440.1R-06 (ACI 2006) does not
recommend reinforcing concrete compression members longitudinally with FRP bars,
whereas CAN/CSA S806-12 (CSA 2012) ignores the contribution of FRP bars in
compression for both flexural and compression members. It is noted that the ACI 440.1R-15
(ACI 2015) provides no guidelines for the use of FRP bars in reinforcing compression

members.

The ACI 440.1R-06 (ACI 2006) highlighted the need for extensive research on the use of
FRP bars in reinforcing concrete columns. Several research studies were conducted to
investigate the behavior of FRP bar reinforced concrete columns. Paramanantham (1993)
reported that GFRP longitudinal bars can only be loaded up to 30% of their ultimate strength
in compression. Alsayed et al. (1999) studied the effect of the direct replacement of steel
reinforcement with an equivalent amount of GFRP reinforcement on the load carrying

capacity of rectangular concrete columns. It was found that the direct replacement of steel
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longitudinal bars by an equivalent amount of GFRP longitudinal bars resulted in about 13%
lower load carrying capacity of columns compared to steel counterparts regardless of the type
of the transverse ties (steel or GFRP). It was also found that replacing only the steel ties by an
equivalent amount of GFRP ties resulted in about 10% lower load carrying capacity of
columns compared to steel counterparts. Choo et al. (2006) observed that neglecting the
contribution of FRP bars in the strength of concrete columns might be overly conservative.
De Luca et al. (2010) reported that concrete columns could be reinforced longitudinally with
GFRP bars. They observed that the GFRP ties did not contribute in increasing the capacity of
the GFRP longitudinal bars in sustaining applied loads. However, the GFRP ties delayed the
buckling of the GFRP longitudinal bars. Tobbi et al. (2012) reported that GFRP bars
contributed by about 10% of the total axial load carrying capacity of the columns, which is
about 2% less than the contribution of steel bars in the columns. Afifi et al. (2013) found that
the pitch of the GFRP helices influenced the ductility of the columns more than the axial load
carrying capacity. It was also found that columns reinforced transversely with smaller size
GFRP helices with shorter pitch exhibited better ductility than columns reinforced with larger
size helices with longer pitch. Mohamed et al. (2014) reported that concrete columns
reinforced with steel bars sustained about 4% and 8% higher axial load compared to columns
reinforced with CFRP and GFRP bars, respectively. It was also reported that the ductility of
GFRP bar reinforced concrete columns are greater than the ductility of the CFRP bar
reinforced concrete columns. Furthermore, it was reported that the axial load and bending
moment capacity of steel bar reinforced columns were higher than those of GFRP bar
reinforced columns. Also, the ductility of GFRP bar reinforced columns was found to be

close to the ductility of steel bar reinforced columns (Hadi et al. 2016 and Karim et al. 2016).
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The aforementioned observations were based on the test results of FRP bar reinforced
concrete columns cast with normal strength concrete having compressive strengths between
20 and 44 MPa. Therefore, such observations may not be applicable for FRP bar reinforced
columns constructed with concrete of much higher compressive strength. This is because the
behavior of the high strength concrete (HSC) fundamentally differs from the behavior of
normal strength concrete (NSC) (Cusson and Paultre 1994; Foster and Attard 1997; Razvi
and Saatcioglu 1999 and Bing et al. 2001). Hence the performance of GFRP bar reinforced
high strength concrete (GFRP-HSC) columns may significantly vary from the performance of
GFRP bar reinforced normal strength concrete (GFRP-NSC) columns in terms of the total
axial load carrying capacity, confinement efficiency of the GFRP transverse reinforcement, in

addition to the ductility and post-peak axial load-axial deformation behavior of the columns.

The available research studies on FRP bar reinforced concrete columns indicate that there is a
lack of experimental research on the FRP bar reinforced HSC columns. A comprehensive
experimental and analytical research program has been underway at the University of
Wollongong, Australia, to assess the behavior of NSC and HSC members reinforced with
different types of FRP bars under static and dynamic impact loads (Hadi et al. 2016; Karim et
al. 2016; Hadi and Youssef 2016; Goldston et al. 2016). This study investigates the behavior
of circular HSC columns reinforced longitudinally with GFRP bars and transversely with

GFRP helices under different loading conditions.

Research Objectives
This research study aims to assess the behavior of circular HSC columns reinforced with
GFRP bars and helices under concentric and eccentric axial compression as well as flexural

(four-point) loading. Also, this research study investigates the effect of the GFRP bars and
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helices on the maximum axial load carrying capacity, confinement efficiency, post-peak axial
load-axial deformation behavior, and failure modes of the HSC columns. The findings of this
study can be used to assess the feasibility of reinforcing HSC columns with FRP bars and

helices.

Experimental Program

A total of 12 circular column specimens were cast and tested at the Structural Engineering
laboratory of the University of Wollongong, Australia. All specimens were 210 mm in
diameter and 800 mm in height. The dimensions of the tested specimens were chosen to suit
the conditions and the capacity of the laboratory testing facilities. It is noted that concrete
compression members having height-to-diameter ratio equal to or greater than 2.5 are
considered as columns in Canadian Highway Bridge Design Code CAN/CSA S6-06 (CSA
2006). Moreover, concrete columns have been defined in the ACI 318-11 (ACI 2011) as
concrete members mainly used to sustain axial load with height-to-least lateral dimension
ratio greater than 3. The height-to-diameter ratio of the specimens tested in this study was
close to 4. The height of the specimens tested in this study was adequate to provide a
sufficient development length for the longitudinal reinforcing bars according to ACI 318-14

(ACI2014).

The specimens tested in this study were divided into three groups. The specimens in the first
group (Group S60) were prepared as control specimens. These specimens were reinforced
with six 12 mm longitudinal deformed steel bars (N12) and 10 mm rounded steel (R10)
helices with a pitch of 60 mm. These specimens were considered as reference specimens for
comparison with GFRP bar reinforced specimens. The longitudinal and transverse

reinforcement of the reference specimens satisfy the requirements of ACI 318-14 (ACI 2014).
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The second group (Group G60) consisted of four specimens which were reinforced
longitudinally with six #4 (nominal diameter = 12.7 mm) GFRP bars and transversely with #3
(nominal diameter = 9.5 mm) GFRP helices with a pitch of 60 mm. The specimens in this
group were designed to assess the effect of direct replacement of steel reinforcement with
GFRP reinforcement. The third group (Group G30) consisted of four specimens which were
reinforced longitudinally with six #4 (nominal diameter = 12.7 mm) GFRP bars and
transversely with #3 (nominal diameter = 9.5 mm) GFRP helices with a pitch of 30 mm. The
specimens in this group were designed to investigate the effects of GFRP transverse
reinforcement ratio on the behavior of GFRP bar reinforced HSC specimens. The first
specimen of each group was tested under concentric axial load, while the second and the third
specimens in each group were tested under 25 mm and 50 mm eccentric axial loads,
respectively. The last specimen of each group was tested under four-point loading as beam to
explore the flexural behavior of the specimen. Table 1 presents the test matrix of the

specimens. Fig. 1 shows the dimensions and the reinforcement details of the tested specimens.

The test specimens are labelled (Table 1) according to the reinforcement type, pitch of helix,
and loading condition. The letters “S” and “G” in the labels of the specimens represent the
types of reinforcement where “S” refers to steel bars and “G” refers to GFRP bars. The
number after “S” and “G” refers to the pitch of the helix. The letters “E” and “B” represent
the applied loads. The letter “E” with the number afterward represent the load eccentricity:
The EO represents concentric axial loads, E25 represents 25 mm eccentric axial load and E50
represents 50 mm eccentric axial loads. The letter “B” represents the four-point loading. For
instance, Specimen G60E?25 is reinforced with six GFRP longitudinal bars and GFRP helix

with a pitch of 60 mm and tested under 25 mm eccentric axial load.
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Material Properties

Ready mix HSC with an average 28-day compressive strength of 85 MPa supplied by a local
concrete company was used in casting all specimens on the same day. The mechanical
properties of the steel N12 deformed bars and steel R10 rounded bars were determined
according to AS 1391-2007 (AS 2007). The #4 GFRP longitudinal bars and #3 GFRP helices
used in this study were provided by V-Rod Australia (V-Rod 2012). The GFRP bars were
sand coated to improve the bond between the bars and the concrete. The cross-sectional areas
of the #3 and #4 GFRP bars were measured using the immersion test according to ISO
104061-1:2015 (ISO 2015) The ultimate tensile strength, corresponding strain, and the
modulus of elasticity of the GFRP bars were determined according to ASTM D7205-11
(ASTM 2011). The ultimate tensile strength of the GFRP bars and the modulus of elasticity
were calculated based on the cross-sectional area of the GFRP bars obtained from the

immersion test. Table 2 presents the mechanical properties of the GFRP and steel bars.

Specimen Fabrication and Testing Procedure

Polyvinyl chloride (PVC) pipes with an inner diameter of 210 mm were used, after cutting
them into lengths of 800 mm, as molds for the casting of specimens. To avoid any movement
during the pouring or vibrating the concrete, formwork fabricated from plywood was used to
hold the PVC pipes in a vertical position. Steel helices were fabricated by coiling R10 steel
bars. The GFRP helices were fabricated in a coil shape by the manufacturer (V-Rod 2012).
The steel and GFRP reinforcement cages were prepared by assembling the longitudinal bars
and the transverse helices using steel tie wires based on the reinforcement arrangement of the
specimens. The cages were then placed inside the PVC molds as shown in Fig. 2. The outer
diameter of the reinforcement helices was 170 mm and the height of each cage was 760 mm

to ensure a 20 mm concrete cover at the sides and also at the top and the bottom of the
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specimens. All specimens were cast on the same day with a batch of high strength ready mix
concrete supplied by a local concrete company. Concrete vibrators were used to remove air

voids and to ensure perfect compaction.

The Denison 5000 kN testing machine was used in testing all the specimens. Before the
testing, all column specimens were externally wrapped at the top and the bottom by two
layers of CFRP sheets with 100 mm overlap to avoid premature failure during testing. The
CFRP sheets were 0.5 mm thick and 100 mm wide. Both ends of the specimen were capped
with high strength plaster to ensure a uniform distribution of the applied loads. Each
specimen was placed vertically on the steel loading head then another steel loading head was
placed on the top of the specimen. Afterwards, the specimen was placed in the testing
machine and adjusted to ensure that the specimen was located at the center of the testing
machine. For flexural tests, four-point loading system (consists of two steel loading rigs: the
bottom and the top rigs) was used to test the specimens. Firstly, each specimen was placed
horizontally on the bottom rig then the specimen and the bottom rig were positioned
diagonally in the Denison testing machine and were adjusted to ensure that the specimen was
located at the center of the testing machine. Afterwards, the top rig was placed on the
specimen to transfer the applied loads from the testing machine to the beam specimen. Fig. 3
shows the test setup for the column and the beam specimens. The axial strain in the
longitudinal bars and the hoop strain in the helices were captured using four electrical
resistance strain gauges attached to reinforcement cages at the mid-height of each specimen.
Two of the strain gauges were attached to the reinforcing helices at two opposite sides. The
other two strain gauges were attached to two parallel longitudinal bars in a way that under
eccentric axial load or four-point loading, one bar would be subjected to compression and the

second bar would be subjected to tension. For the eccentrically loaded specimens, the lateral
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deformation was measured using a laser triangulation placed at the mid-height of the
specimen. The midspan deflection of the specimens tested as beams was also measured using
a laser triangulation fixed underneath a hole at midspan of the testing rig as shown in Fig. 3.
In addition, two linear variable differential transducers LVDTs were attached to the heads of
the testing machine parallel to each other for capturing the axial strain in the specimens (Fig.
3). The LVDTs and the laser triangulation were connected to an electrical data logger before
the tests. The data was recorded at every 2 seconds. At the beginning of the test, each
specimen was pre-loaded at a rate of 2 kN/s up to 100 kN and then unloaded to 20 kN at the
same rate to prevent any movement in the specimens at the beginning of the test. Afterwards,
displacement control loading at a rate of 0.3 mm/min was applied until the failure of the

specimen.

Experimental Results

Failure Modes

For concentrically loaded specimens, the failure in the reference Specimen S60EQ started
with buckling of the longitudinal bars. Afterwards, Specimen S60EQ experienced crushing of
concrete core followed by the rupture of steel helix. For the GFRP bar reinforced specimens,
the failure in Specimen G60EO was controlled by the buckling of longitudinal GFRP bars
followed by the rupture of GFRP helix. This failure was due to the low confinement pressure
provided by the GFRP helix. On the other hand, the failure of the well-confined Specimen
G30EO was controlled by the crushing of concrete core and the rupture of longitudinal bars
and helix. Specimen G30EQ exhibited enhanced post-peak axial load-axial deformation
behavior and higher axial deformation at failure than Specimen G60EQ. This is because the
GFRP helix in Specimen G30E(Q delayed the crack propagation and restrained the

longitudinal GFRP bars against buckling and allowed the specimen to fail progressively until

Page 10 of 38



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

271

272

273

the GFRP helix ruptured. Both steel and GFRP helices exhibited a sudden rupture. However,
the rupture of the helices in the GFRP reinforced Specimens G60EO and G30EO was more
sudden and more explosive compared to the control Specimen S60EQO due to the brittle nature
of the GFRP bars. At the final stage, after the steel and GFRP helices ruptured and the
longitudinal steel and GFRP bars buckled or ruptured, the concrete core completely crushed.
At the end of the test, an inclined failure plane was observed in the crushed reign of the tested
specimens. The inclined failure plane was due to the shear sliding of the upper and lower
parts of the tested specimens occurred after the concrete core completely crushed. Fig. 4
shows a close-up view of the buckling and rupture of the longitudinal steel and GFRP bars as
well as the rupture of steel and GFRP helices. The dashed lines represent the diagonal failure

planes, which were identified by the intersection of the ruptured helices and the buckled bars.

Due to the concentration of the stresses in the middle part of the specimen tested under
eccentric axial loads, all eccentrically loaded specimens exhibited spalling of the concrete
cover and crushing of the concrete in the compression region accompanied by cracks on the
tension face. For steel reinforced Specimens S60E25 and S60ESO0, the failure initiated by the
buckling of the longitudinal bars in the compression side and finally, rupture of the
longitudinal bars located in the tension region led to the total collapse of the specimen. On
the other hand, GFRP reinforced Specimens G60E25 and G30E25 failed by rupture of the
longitudinal bars and helices in the compression region. It was observed that all GFRP bars
located in the compression region of the Specimen G60E2S5 ruptured because the transverse
reinforcement provided was insufficient to prevent the rupture of the bars. However, due to
the efficiency of the GFRP helix of Specimen G30E25 in restraining the longitudinal bars,
only one GFRP bar located in the extreme compression region ruptured. For Specimens

G60E50 and G30ES5O0, the failure was attributed to the rupture of the helices in the
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compression side of the crushed region. In general, it was observed that specimens reinforced
with larger pitch of GFRP helix failed in a more brittle and explosive manner and presented a
faster rate of strength degradation after the peak load compared to the specimens with smaller

pitch of GFRP helix.

A close-up view of the crushed region of the beam specimens at failure has been shown in
Fig. 5. The letters “C” and “T” in Fig. 5 refer to the compression face and tension face of the
beam specimens, respectively. Initially, the specimens tested as beam (S60B, G60B and
G30B) were stiff and uncracked and with further loading, cracking occurred at midspan. The
failure of the reference Specimen S60B was attributed to the rupture of the steel bar in the
tension region. For GFRP Specimens G60B and G30B, the failure was initiated by the
crushing of the concrete in the compression region and at the last stage rupture of GFRP
helices resulted in a typical sudden failure followed by a substantial or total loss of the

strength.

Behavior of Specimens under Concentric Axial Loads

The first specimen of each group was tested under monotonic axial compression. The axial
loads and the corresponding axial deformations are listed in Table 3. Fig. 6 shows the axial
load-axial deformation behavior of the concentrically loaded specimens. There were two
main points to note in the axial load-axial deformation curves of the specimens: the first and
the second peak loads. The first peak load represents the maximum axial load sustained by
the specimens prior to the spalling of concrete cover. The second peak load represents the
maximum axial load sustained by the specimens after the concrete cover completely spalled
off (load carried by the confined core only). Specimens S60EO and G60EO did not show a

second peak load. Whereas, Specimen G30EO showed a second peak load which was higher
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than the first peak load due to the confinement pressure provided by the closely spaced GFRP

helix.

Both steel and GFRP-HSC specimens showed the same initial behavior up to the first peak
load. The ascending parts of the axial load-axial deformation behavior of the tested
specimens were almost linear up to the beginning of the concrete cover spalling. The
specimens were continuously monitored for the formation of cracks on the surface of the
concrete cover. All tested specimens exhibited similar crack patterns (crack formation) under
axial compressive loads during the test. Fig. 7 shows typical cracking patterns (crack
formation) of the test region of Specimen G60EOQ at different stages of loading during the test.
These crack patterns are very similar to the crack patterns observed in Specimens S60EO and
G30EOQ. It was observed that the surface of the concrete cover was visually free of cracks
until the specimens reached their first peak load (Figs. 7a and 7b). The maximum axial load
Pnhax carried by the reference Specimen S60E0O was 2735 kN. The maximum axial load
sustained by the Specimen G60E(Q was 2721 kN, which is only 0.5% less than the maximum
load sustained by Specimen S60EO. However, the maximum axial load carried by Specimen
G30EO was 2398 kN, which is 12% less than the maximum axial load carried by Specimen
S60EOQ. Early spalling of the concrete cover resulted in a lower strength of Specimen G30EQ
compared to the Specimens S60EO and G60EQ. It was observed that large pieces of the
concrete cover of Specimen G30EQ were separated from the core during the test which was
an indication that the concrete cover suffered a stability failure instead of a concrete crushing
failure. The stability failure of concrete cover occurred in Specimen G30EOQ due to relatively
closely spaced transverse reinforcement that resulted in the formation of a natural separation
plane between the core and the cover. This plane of separation was initiated by the brittleness

associated with the HSC. From the readings of the strain gauges, it was found that the
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contribution of the GFRP longitudinal bars was about 6.5% of the total carrying capacity of
GFRP bar reinforced HSC specimens at the first peak load. The contribution of the steel bars

was about 13.6% of the total carrying capacity of steel bar reinforced HSC specimen.

Steel and GFRP bar reinforced specimens exhibited a drop in the axial load carrying capacity
after the first peak load because of the spalling of the concrete cover. Ozbakkaloglu and
Saatcioglu (2004) reported that the drop in the axial load carrying capacity after the first peak
load is a function of the compressive strength of the concrete and the ratio between the area
of the core (A..) to the gross area (A,) of the specimen, A../A,. When the compressive
strength increases or the ratio of the areas decreases (cover thickness increases), the drop in
the axial load carrying capacity increases. For the tested specimens, the drop in the axial load
carrying capacity ranged between 9-20% of the first peak load. The lower percentage of the
drop in the axial load carrying capacity was observed in the well-confined Specimen G30EO.
After the drop in the axial load carrying capacity, Specimen G30EO sustained an axial load of
2196 kN, while Specimen G60EOQ sustained an axial load of 2186 kN (asterisk in Fig. 6). Up
to the first peak load, the lateral confinement had little or no effect on the strength of the
specimens due to relatively low lateral dilation of the concrete. However, after the concrete
cover spalled off, micro-cracking developed inside the core causing the core to dilate and
activate the lateral confining pressure by the helical reinforcement. After the first peak load,
the behavior of the tested specimens differed depending on the characteristics of the confined
concrete core. As a result of the lateral confinement pressure, the axial load-axial deformation
curve of the tested specimens gained an enhancement in the strength while the concrete cover
gradually disappeared (Fig. 7c). However, the post-peak axial load-axial deformation
behavior of Specimen G60EQ was characterized by a loss of about 50% of the total axial load

carrying capacity followed by a catastrophic failure immediately after the specimen reached
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the peak axial load. For the well confined Specimen G30EQ, it was found that the hoop strain
in the GFRP helix at the first peak load was less than 5% of the ultimate tensile strength.
However, after the cover spalled off the GFRP helix of Specimen G30EO was fully activated.
As a result of the high tensile strength of the GFRP helix and the linear elastic stress-strain
relationship of the GFRP bars, Specimen G30EQ experienced a second peak axial load higher
than the first peak axial load (Fig. 6). The axial load carried by Specimen G30EO at the
second peak was 2593 kN, which is about 8.0% higher than the first peak axial load.
Afterwards, crushing in the concrete core then buckling or rupture of the longitudinal bars or

rupture in the helices occurred and caused a total collapse of the specimens (Fig. 7d).

The ductility of the tested specimens was calculated based on the areas under the load-
deformation curves. Ductility index denoted as Is was used as an indication for the ductility
of the specimens. The ductility was obtained by dividing the area under the load-deformation
curve up to 36, to the area under the curve up to §, (Foster and Attard 1997). The 4,
represents the yield deformation corresponding to the intersection point of a horizontal line
from the first peak load of the tested specimens and an extension line between the origin
point and the point representing 0.75 times the first peak load. The load corresponding to the
yield deformation is defined as the yield load which represents the approximate limit of the
elastic behavior of the specimens (Pessiki and Peironi 1997). Specimen G60EQO exhibited
about 30% lower ductility compared to the reference Specimen S60E(Q. However, increasing
the transverse reinforcement in Specimen G30EOQ resulted in a higher ductility of about 35%
in comparison with the reference Specimens S60EO. The ductility of the concentrically

loaded specimens is reported in Table 3.
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Behavior of Specimens under Eccentric Axial Loads

A total of six specimens (the second and third specimens of each group) were tested under
eccentric axial compression. Three specimens tested under 25 mm eccentric axial
compression (S60E25, G60E25 and G30E25) and three specimens tested under 50 mm
eccentric axial compression (S60E50, G60E50 and G30ES50). In general, steel bar reinforced
HSC specimens tested under 25 mm and 50 mm eccentric axial loads showed one peak load,
which represented the maximum load carried by the specimen before the spalling of concrete
cover. Due to the high tensile strength of the GFRP helices compared to the steel helices and
the linear elastic stress-strain relationship of the GFRP helices, the GFRP bar reinforced HSC
specimens tested under 25 mm and 50 mm eccentric axial load experienced a second peak
load. However, the second peak load was lower than the first peak load due to the axial load

eccentricity.

Table 3 reports the experimental results for the specimens tested under eccentric axial load
with 25 mm eccentricity. Fig. 8a illustrates the axial load-axial deformation and axial load-
lateral deformation behavior of the specimens tested under 25 mm eccentric axial load.
Similar to the concentrically loaded specimens, the ascending parts of the axial load-axial
deformation behavior of the specimens tested under 25 mm eccentric axial load showed an
approximately linear behavior up to the peak load. It was found that at the first peak axial
load, the position of the neutral axis for the specimens tested under 25 mm eccentric axial
load was near the tension side of the tested specimens. Therefore, the cross-section of the
specimens tested under 25 mm eccentric axial load was still fully compressed and all the
longitudinal bars were under compression. The maximum load carried by the reference
Specimen S60E25 was 1771 kN. The maximum load carried by Specimen G60E25 was 1599

kN, about 10% less than the Specimen S60E25. The maximum axial load sustained by
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Specimen G30E25 was 1572 kN, which is 1.6% less than the Specimen G60E25. Despite the
premature spalling of the concrete cover for Specimen G30E25 occurred due to the stability
failure of the concrete cover, the effect of the premature concrete cover spalling on the total
axial load carrying capacity of Specimen G30E25 was not significant compared to Specimen
G30EOQ, which was tested under concentric axial load. The reason for such an insignificant
effect is attributed to the tendency of concrete cover on the compression side of Specimen
G30E25 to buckle towards the core when subjected to eccentric axial load and, hence, the

concrete cover was constrained against buckling.

After the peak load, the spalling of the concrete cover was more gradual for specimens tested
under 25 mm eccentric axial loads than for concentrically loaded specimens. Firstly, the
cover spalled off at the compression face of each specimen after the peak load. At latter
stages of loading the cracks in the concrete cover extended to the faces at the sides
accompanied by cracking at the tension face. The drop in the axial load carrying capacity of
specimens, resulting from the spalling of the concrete cover after peak load varied from 14%
to 19% of the peak load. The axial load sustained by Specimen G60E25 after the cover
spalling was 1294 kN, while Specimen G30E25 carried 1338 kN after the cover spalling.
This clearly demonstrates the effect of the lateral confinement on the strength of the concrete
core of the specimens. After the concrete cover spalled off, Specimens S60E25 and G60E25
did not exhibit an increase in the axial load carrying capacity due to the inadequately
confined concrete core which was insufficient to compensate for the loss of the concrete
cover in both specimens. The reduced pitch of the helix in Specimen G30E25 resulted in an
enhancement in the post-peak axial load-axial deformation behavior compared to Specimens
S60E25 and G60E25. Specimen G30E25 showed an increase in the axial load carrying

capacity which contributed to the compensation of about 50% of the drop in the axial load
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carrying capacity resulted from the spalling of the concrete cover. In the post-peak region, the
reference Specimen S60E25 showed a gradual decrease in the axial load carrying capacity
until failure at a corresponding axial deformation of 15.16 mm. However, Specimens
G60E25 and G30E25 sustained an almost constant axial load of about 66% and 89% of their
peak axial loads, respectively. Similar behavior was reported in Lignola et al. (2007) for
eccentrically loaded CFRP sheet confined normal strength concrete columns. Specimens
G60E25 and G30E25 continued to carry the axial load until failure at corresponding axial
deformations of 8.31 mm and 10.17 mm, respectively. This behavior reflects the efficiency of

the GFRP helices in confining HSC columns.

The test results of specimens tested under 50 mm eccentric axial load are presented in Table
3.The axial load-axial deformation behavior of specimens tested under 50 mm eccentric axial
loads is shown in Fig. 8b. The axial load-lateral deformation behavior for these specimens is
also shown in Fig. 8b. Unlike the specimens tested under concentric and 25 mm eccentric
loads, the axial load-axial deformation curves of the specimens tested under 50 mm eccentric
axial load are slightly curved in the ascending portions up to the peak load. As the
eccentricity of the axial load increased to 50 mm, the neutral axis drifted towards the middle
of the cross-section of the specimens. As a result, half of the longitudinal bars were under
tension and half of the longitudinal bars were under compression. Increasing the load
eccentricity to 50 mm also resulted in a decrease in the peak load of the specimens and an
increase in the lateral deformation at failure. The maximum axial load carried by the control
Specimen S60ES0 was 1158 kN. The axial load sustained by Specimens G60ES0 was 1023
kN, which is about 12% less than S60ES0. The total axial load carrying capacity of Specimen
G30ES50 was 958 kN. The axial load carried by Specimens G60EO, G60E25 and G60ES0 at

the first peak was 0.5, 10 and 12% less than the axial load carried by Specimens S60EO,
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S60E25, S60ES0, respectively. This indicated that the capability of GFRP bar reinforced
HSC specimens in carrying axial loads decreased as the load eccentricity increased. Also, the
drop in the axial load carrying capacity after peak load increased as the load eccentricity
increased. Specimens S60ES50 and G30ES0 exhibited a drop in the axial load carrying
capacity of about 20 and 22%, respectively, while a significant drop of 33% in the axial load
carrying capacity was experienced by Specimen G60ES0. In the post-peak region, the control
specimen showed similar behavior to the specimen tested under 25 mm eccentric axial load
(Specimen S60E25), with a gradual decrease in the sustained load up to the failure due to
helix rupture. In contrast, both Specimens G60E50 and G30ES0 exhibited a slight increase in
the axial load up to the failure. The concentrically loaded Specimens G30EQO exhibited a
second peak load, whereas Specimens G30E25 and G30ES50 showed no second peak load.
This was an indication that the efficiency of the GFRP helices in confining HSC columns

also decreased with increasing the axial load eccentricity.

As the eccentricity of the axial load increased (that is, neutral axis drifted to inside the section
of the tested specimens), it was observed that Specimens G60E25 and G60ES0 achieved
relatively greater ductility compared to the concentrically loaded Specimen G60EO due to the
tensile strength of the GFRP bars. In contrast, the ductility of the Specimens S60E25 and
S60ES0 was slightly lower than the ductility of the concentrically loaded Specimen S60EQ
even though the eccentricity of the axial load was increased. This observation could be
explained by taking into consideration the effect of the buckling of the longitudinal steel bars
which is particularly significant for specimens tested under axial loads with small
eccentricities. It was also found that reducing the pitch of the transverse reinforcement in the

GFRP Specimens G30E25 and G30ESO0 increased the ductility of these specimens by about

Page 19 of 38



472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

32 and 25% compared to the reference Specimens S60E25 and S60ES0, respectively, as

shown in Table 3.

Behavior of Specimens under Four-Point Loading

The last specimen of each group was tested as a beam under four-point loading over a clear
span (1) of 700 mm with a shear span of 233.3 mm. It is noted that the response of the beam
specimens might not be due to the pure bending, as the shear span-to-depth ratio of
specimens was less than 1.5. However, the dimensions of the specimens tested under four-
point loading were kept the same as the other specimens tested under concentric and eccentric
axial loads for uniformity and consistency. Due to the high tensile strength of the GFRP bars
and the relatively small span-to-depth ratio of the tested specimens, two layers of CFRP
sheets were applied in the shear span of Specimens G60B and G30B to avoid shear failure
and to minimize the effect of the shear-induced deflection at midspan. CFRP sheets were also
applied in the shear span of the control Specimen S60B to ensure consistent comparisons
with the GFRP reinforced specimens. It was observed that the initial branch of the load-
deflection behavior of both steel and GFRP bar reinforced specimens was approximately
linear up to the peak load. The reference Specimen S60B experienced one peak load with a
maximum load of 309 kN. Specimen G60B exhibited two peak loads, the maximum load at
the first peak was 321 kN which is about 4% higher than the maximum load of the Specimen
S60B. Beyond the first peak load, Specimen G60B showed an almost linear post-peak axial
load-axial deformation behavior and reached a second peak load due to the high tensile
strength and the elastic stress-strain relationship of the GFRP bars and GFRP helix. The
maximum load sustained by Specimen G60B at the second peak was 517 kN. Specimen
G30B exhibited similar load-deflection behavior as in Specimen G60B. However, reducing

the pitch of the GFRP helix resulted in an increase of about 9 and 23% in the first and the
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second peak loads, respectively, compared to the Specimen G60B. The GFRP bar reinforced
HSC specimens experienced an almost linear load-longitudinal bar strain relationships up to
failure regardless the pitch of the transverse GFRP helices. Similar observation was also
reported in Ali et al. (2016). The strain in the longitudinal GFRP bars and the hoop strain in
the GFRP helices measured at ultimate load indicated that the failure of the GFRP bar
reinforced HSC specimens occurred due to the rupture of the GFRP helices rather than the
rupture of GFRP bars. The ductility of Specimens G60B and G30B was higher than the
ductility of the reference Specimen S60B by about 12 and 32%, respectively. Table 4
summarizes the results of the flexural tests. The load-midspan deflection behavior of the

tested specimens tested under four-point loading is shown in Fig. 9.

Interaction Diagrams

In this study, the experimental axial load-bending moment (P- M) interaction diagrams were
plotted for Groups S60, G60 and G30. Four points were used to draw the P- M curve for each
group of specimens. Each point consists of two components: the axial load and the
corresponding bending moment. The first point on the P- M curve represents the specimen
subjected to a concentric axial load. The second and the third points represent specimens
tested under 25 and 50 mm eccentric axial load, respectively. The fourth point represents the
specimen tested under four-point loading. Most of the specimens tested in this study
(especially the specimens tested under eccentric axial loads) showed no second peak load
greater than the first peak load. Therefore, the first peak load was considered the maximum
axial load carrying capacity for the design purposes. Thus, the first peak load sustained by the
tested specimens under different loading conditions was used in establishing the P- M

interaction diagrams. It is noted that reducing the pitch of the GFRP helices did not

considerably change the P- M interaction diagrams of the GFRP-HSC specimens since the
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passive confinement provided by the GFRP helices at the first peak load was not activated

considerably. However, using the first peak load in establishing the P- M interaction
diagrams of the GFRP-HSC specimens is considered safer especially for GFRP-HSC
specimens subjected to a combination of axial compression load and bending moment
(eccentric axial load). The axial load was recorded by the testing machine. For eccentrically
loaded specimens, the bending moment, including the secondary moment was calculated by
Eq. 1. For specimens tested as beams, the value of the bending moment was calculated by Eq.

2.

M = P(e +9) (1)
- Pl
=5 2)

Where P is the first peak load and § is the corresponding lateral deformation, e is the load

eccentricity and [ is the clear span between the supports of the beam specimens.

It was observed that specimens reinforced with conventional steel bars experienced higher
axial load and moment capacity under concentric and eccentric axial loads compared to
GFRP bar reinforced specimens due to the greater elasticity modulus of the steel
reinforcement. The peak axial load-bending moment diagram of Group G30 was lower than
Group G60 under concentric and eccentric loads due to the early spalling of the concrete
cover which led to lower than anticipated axial load carrying capacity. Similar observation
was reported in Cusson and Paultre (1994) and Foster et al. (1998). GFRP specimens (G60B

and G30B) experienced higher bending moment capacity under four-point loading. Fig. 10
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shows the experimental axial load-bending moment (P- M) interaction diagrams of the

Groups S60, G60 and G30.

The analytical axial load-bending moment diagrams of the GFRP bar reinforced HSC circular
specimens were developed by using a layer-by-layer integration technique. The interaction
diagrams of the GFRP-HSC specimens were established based on the same assumptions
adopted for steel bar reinforced concrete sections: the strength of the concrete in tension is
neglected and a perfect bond exists between the concrete and the embedded GFRP bars.
Sections orthogonal to the axis of the bending are plane prior and after bending. Hence, the
strain along the cross-section of the specimen and the strain in the reinforcement layers are

proportional to the depth of the natural axis.

The cross-section of the GFRP bar reinforced HSC specimens was firstly divided into
n number of small concrete strips s; having a length of b, and a width of h/n as shown
in Fig. 11, where h is the cross-section diameter of the GFRP bar reinforced HSC specimens.
Afterwards, the concrete strain &g, at the center of each single concrete strip d.;, and the
GFRP reinforcement strain &; at the center of each reinforcement layer df; were
determined assuming a linear strain distribution along the cross-section of the specimens, as
mentioned above. The ultimate compressive strain of the concrete &, at the extreme
compression fiber of the specimen cross-section was taken equal to 0.003 according to ACI
318-14 (ACI 2014). A linear elastic stress-strain relationship was used in calculating the
stresses in each GFRP reinforcement layer fr;. Thorenfeldt et al. (1987) developed an
unconfined concrete stress-strain relationship for concrete with compressive strength ranging

between 15 to 125 MPa based on a model proposed by Popovics (1973). The stress-strain
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model proposed by Thorenfeldt et al. (1987) was used in computing the stresses in each

concrete strips f; 5. as:

fxr
fe= r—1+4 xkr 3)
SC
x=2 )

where f. and ¢, are the compressive stress and the corresponding strain of the concrete. The
f; represents the maximum compressive strength of the concrete obtained from testing
concrete cylinders and &, represents the strain in concrete when f, reaches f.. The r is the
concrete stress-strain curve fitting factor, while k is a factor that controls the slope of the
ascending and the descending parts of the concrete stress strain curve. The values of &y, 7 and

k were determined using Eq. 5 through Eq. 8 according to Collins and Mitchell (1991):

_fer
N
= <
r=0.8+ (17> (6)
For (e./gy) < 1.0,
k=10 7
For (&./¢€,) greater than 1.0
k=067+(%) =10 (8)
62/

The elastic modulus of the HSC was obtained from Eq. 9 (ACI 363-10 (ACI 2010) :
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E, = 3.32\/f! + 6.9 (in GPa) 9)

Afterwards, the stresses were integrated over the entire cross-sectional area to compute the
resultant force in each concrete strips Cs; and in each GFRP reinforcement layer Fr; and
the corresponding bending moment. For precise results, the width of the concrete strips
should be considerably small. In this study, the width of the concrete strips was taken equal to
1 mm. The approach explained above was also used in establishing the interaction diagram of
the reference steel bar reinforced HSC specimens in Group S60, assuming that the stress-

strain relationship of the steel longitudinal bars is elastic-plastic until the failure.

Since the behavior of the FRP bars under compression load is complicated, the CAN/CSA
S806-12 (CSA 2012) recommended neglecting the contribution of the FRP bars when used as
longitudinal reinforcement in concrete columns. The ACI 440.1R-15 (ACI 2015) provided no

guidelines in that regard as mentioned above. In this study, the contribution of the GFRP

longitudinal bars was taken into account when establishing the P- M interaction diagrams in
order to further investigate the effect of GFRP bars on the strength capacity of the GFRP-
HSC columns. Fig. 12 compares the analytical and the experiment P—M interaction diagrams
for the GFRP and steel bar reinforced specimens tested in this study. It was found that the
analytical results of the specimens tested under concentric and eccentric axial loads were in
good agreement with the experimental results when the contribution of the GFRP bars
located in the compression region was taken into consideration. The experimental bending
moments of the specimens tested under four-point loading were relatively greater than the
calculated bending moments. The difference between the predicted and the experimental

bending moments of the specimens tested under four-point loading was attributed to the fact
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that the response of the specimens might not be due to the pure bending, as the shear span-to-

depth ratio of the specimens was less than 1.5.

Conclusions

This research study is part of an ongoing research program at the University of Wollongong,

Australia that aims to investigate the complex mechanisms of the NSC and HSC members

reinforced with different types of FRP bars under static and dynamic impact loads. This study

reported the results of twelve HSC column specimens reinforced longitudinally with GFRP

bars and confined transversely with GFRP helices tested under concentric and eccentric axial

load as well as four-point loading. Based on the test results, the following conclusions can be

drawn:

1.

It was found that GFRP bar reinforced HSC specimen sustained similar axial load under
concentric axial compression compared to HSC specimen reinforced with the same
amount of steel reinforcement. However, the efficiency of the GFRP bar reinforced HSC
specimens in sustaining axial load decreased by about 12% for the change in the loading
condition from concentric to 50 mm eccentric axial load.

It was observed that the contribution of the GFRP longitudinal bars in the total carrying
capacity of GFRP bar reinforced HSC specimens was about half the contribution of the
steel bars in total carrying capacity of steel bar reinforced HSC specimen under
concentric axial load. It was also found that the analytical and the experimental results
were in good agreement when the load sustained by the GFRP bars located in the
compression region was taken into account.

Under axial compression, the direct replacement of steel bars with the same amount of

GFRP bars resulted in a loss of about 50% in the total axial load carrying capacity
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followed by a catastrophic failure immediately after the specimen reached the peak axial
load.

4. Group G60 specimens showed no second peak load under concentric and eccentric axial
loads. For Group G30, specimen tested under concentric axial load experienced a second
peak load greater than the first peak load. However, Group G30 specimens tested under
25 and 50 mm eccentric axial load experienced no second peak load which was an
indication that the efficiency of GFRP helices in confining HSC columns decreased with
increasing the loading eccentricity.

5. The direct replacement of the steel reinforcement by the same amount of GFRP
reinforcement resulted in about 30% reduction in the ductility of the concentrically
loaded GFRP-HSC specimen compared to the steel counterpart. However, under
eccentric axial loads it was found that the ductility of GFRP-HSC specimens was
relatively greater than the ductility of the HSC specimens reinforced with the same
amount of steel reinforcement.

6. The ductility and the post-peak axial load-axial deformation behavior of the GFRP bar
reinforced HSC specimens can be improved significantly by providing closely spaced
GFRP helices. However, GFRP bar reinforced HSC specimens may experience
premature spalling (instability failure) of the concrete cover depending on the
configuration of the transverse reinforcement and the thickness of the concrete cover.

Above conclusions are based on the experimental investigation results of 12 circular high

strength concrete specimens with 210 mm in diameter and 800 mm in height having height to

diameter ratio of 3.8. The size effect of the specimens on the experimental investigations has
not been considered. Hence, the above conclusions should be translated with cautions for

circular high strength concrete specimens with height to diameter ratio other than 3.8.
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Table 1: Test matrix

. Reinforcement  Longitudinal Transverse Load Eccentricity
Group  Specimen . :
Type reinforcement reinforcement (mm)
S60E0 0
S60E25 25
S60 S60ES0 Steel 6N12 R10@60 mm 50
S60B Four-point loading
G60EO 0
G60E25 25
G60 G60ES50 GFRP 6#4 #3@60 mm 50
G60B Four-point loading
G30EO0 0
G30E25 25
G30 G30E50 GFRP 6#4 #3@30 mm 50
G30B Four-point loading
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Table 2: Mechanical properties of GFRP and steel bars

Nominal Tensile  Strain corresponding  Elastic
Bar Type Barsize Diameter (mm?) Strength to tensile strength ~ modulus
(mm) (MPa) (mm/mm) (GPa)
NI12 12 113 550° 0.0027 200
Steel
R10 10 78.5 420° 0.0022 190
#3 1 95 1320 0.0231 57
GFRP d d
#4 14.5° 165° 1190 0.0228 52

*Measured using the immersion test.
®Yield tensile strength fy-

¢ Ultimate tensile strength ff,,.

4 Calculated based on the area of GFRP bars obtained from the immersion test.
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876

877 Table 3:Test results of specimens tested under concentric and eccentric axial load
Concentric axial load 25 mm eccentric axial load 50 mm eccentric axial load
Specimen S60E0 GO60EO0 G30E0 S60E25 G60E25 G30E25 S60E50 G60E5S0 G30ES0
Yield load (kN)* 2596 2603 2339 1728 1551 1530 1143 990 947
Corresponding axial deformation (mm) 2.7 2.9 2.6 2.7 2.5 2.5 2.8 2.4 2.3
First peak load (kN) 2735 2721 2398 1771 1599 1572 1158 1023 958
Corresponding axial deformation (mm) 2.9 3.1 2.7 2.8 2.7 2.6 2.9 2.6 2.3
Second peak load (kIN) - - 2593 - - o - o -
Corresponding axial deformation (mm) - -—-- 9.1 - - - - - -
Ductility 3.7 2.6 5.0 3.5 34 4.6 34 3.8 4.3
Normalized ductility 1.0 0.7 1.3 1.0 0.9 1.3 1.0 1.1 1.2

878  * Calculated based on Pessiki and Peironi (1997)
879
880
881
882
883

884
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885

886 Table 4: Test results of specimens tested under four-point loading
Specimen S60B G60B G30B
Yield load (kN)* 290 311 336
Corresponding midspan deformation (mm) 6.5 6.6 7.2
First peak load (kN) 309 321 350
Corresponding midspan deformation (mm) 7.5 6.8 7.6
Second peak load (kN) - 517 637
Corresponding midspan deformation (mm) o 16.9 19.6
Ductility 4.9 5.5 6.5
Normalized ductility 1.0 1.1 1.3

887  * Calculated based on Pessiki and Peironi (1997)
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902

903
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Fig. 1: Dimensions and reinforcement details of the tested specimens



a b
Fig. 2: Specimen Fabrication: (a) PVC molds and the wooden formwork; (b) steel and GFRP

cages and (c) GFRP and steel cages inside the P\VVC molds



Fig. 3: Testing of the specimens: (a) test setup of column specimens; (b) loading head setup
for concentrically loaded column specimens; (c) loading head setup for column specimens
tested under 25 mm eccentric axial load; (d) loading head setup for column specimens tested

under 50 mm eccentric axial load and (e) test setup of the beam specimens.






SG60E0 . G60E0 G30E0

Fig. 4: Failure of column specimens: (a) buckling of the longitudinal steel bars and rupture of
the steel helix; (b) buckling and rupture of longitudinal GFRP bars and (c) rupture of the

GFRP helix



S60B G60B G30B

Fig. 5: Failure modes of the beam specimens; C is the compression face and T is the tension face.
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Fig. 7: Specimen G60EO at different loading stages: (a) at the beginning of the test; (b) after

the first peak load; (c) spalling of the concrete cover and (d) after failure
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Fig. 8: Axial load-axial deformation and axial load-lateral deformation behavior of the
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deflection

Fig. 9: Load-midspan deflection behavior of the specimens tested under four-point loading
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