AL-QADISIYAH JOURNAL FOR ENGINEERING SciEnces 00 (0000) 000-000

Contents lists available at http://qu.edu.ig w;m

iraed by Golloge ot
Eugivceing Uainerdiy o AGodlsigo

|

Al-Qadisiyah Journal for Engineering Sciences

Journal homepage: https://gjes.qu.edu.iq

Structural behavior of concentrically loaded GFRP-RPC i r
columns .\

Mohamed Qassim Kadhim* ©© and Hassan Falah Hassan

Department of Civil Engineering, College of Engineering, Mustansiriyah University, Baghdad, Iraq

ARTICLEINFO ABSTRACT

mass fiber reinforced polymer (GFRP) bars has

ircular columns fully reinforced with GFRP bars and hoops
e bel of GFRP-RPC circular columns under axial load is studied with
inal reinforcement ratio, transverse reinforcement ratio, transverse

Article history:

Received 00 December 0000

Received in revised form 00 January 0000
Accepted 00 February 0000

The behavior of reinforced concrete (RC)
been the focus of several studies in previ
powder concrete (RPC) columns rej ed

Keywords:
Concrete column
Glass fiber reinforced polymer

the effect of four variable:
reinforcement i
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Reactive powder concrete and straing)and ductility. Test results indicate that the load capacity of the columns increased by ranging
Spirals from a ely 46 to 56.25% when the longitudinal reinforcement ratio increased from 1.77 to 3.55%,

Ximately 5.13 to 19.1%. Moreover, the nominal capacity of GFRP-RPC columns was compared

also inCke
a)
&'th design equations so, the results were verified.
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1. Introduction

Reinforced concrete (RC) columns carry vertical loads from the top
to bottom floors to b potential failure of columns poses a
significant risk, potentially resulting in catastrophic construction incidents
re used as piles and bridge piers because they
g, and attractive in all directions under seismic and

s and radiation facilities. Fiber-reinforced polymer (FRP)
materials are an excellent choice due to their noncorrosive, nonconductive,
and nonmagnetic properties [1]. The use of FRP as an alternative to steel in
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RC structures has become increasingly popular [3]. Among various types
of FRPs, glass FRP (GFRP) bars are commonly employed in the
construction industry, primarily because of their lower cost [3]. GFRP bars
have become more affordable due to a broader market and more
competition. GFRP bars reinforce parking garages, concrete bridges, water
tanks, and tunnels [4]. GFRPs' promising mechanical and chemical
qualities have drawn interest, so, civil engineers prefer RC with GFRP bars
for infrastructure [5,6]. Several studies on FRP bars have enhanced
international standards and design guidelines. For example, in CAN/CSA
S806-12 [7], the role of FRP bars in compression for both flexural and
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compression members' capacities was neglected. However, in CSA S807-
19 [8], their contribution is now recognized and considered as part of these
members' overall capacity. Similar to ACI 440.1R-06 [9], ACI 440.1R-15
[3] did not recommend using FRP bars as the longitudinal reinforcement in
concrete compression members. GFRP bars were recently approved in
compression members under ACI 440-22 [10] standards; however, their
contribution to compression members'’ maximum load capacity was
ignored. GFRP bars behave differently under compressive loads because
their compression strength is much lower than their tensile strength. GFRP
bars and RPC together can be used because the ACI 440.1R-15 guide [3]
states, "The greater the compressive strength of concrete, the better it will
be until the effect of FRP bar appears, where compatibility occurs between
the two materials that have high strength." In the early 1990s, RPC, a
cementitious composite, was invented in France. The first RPC bridge,
Canada's Sherbrook Bridge, was built in July 1997. RPC exhibits
exceptional mechanical and physical characteristics, including ultra-high
strength and excellent ductility. This unique form of concrete achieves
maximum density through precise particle gradients in the mix, thereby
enhancing its microstructure. That is done by utilizing fine components
with pozzolanic qualities, such as silica fume, and adjusting the chemical
properties of Portland cement to foster the formation of the strongest
hydrates [11]. The axial compression testing revealed that steel and RPC
could effectively collaborate initially. The ultimate failure mode of the
column was described as a splitting failure occurring at the column's end,
accompanied by a longitudinal crack extending toward the middle [12]. In
another study, three transverse reinforcement diameters 4, 6, and 8 mm
were employed with spacing distances of 100, 140, and 175 mm. The
significance of the transverse reinforcement diameter outweighed t|
the spacings between transverse reinforcement in the standard concre
short column. The most substantial enhancement in the ulti

is increased by increasing the stirrup ratio [14
columns subjected to concentric loading have
load capacity, ductility, confinement effici 2 eriority compared
to steel-reinforced columns. Under co @ al compression, GFRP-
reinforced high-strength concrete ( coldmnsand steel columns exhibit
similar performance. GFRP bar-r rced HS@eelumns showed superior
support for axial loads b ease in load eccentricity. The
replacement of steel reinf@rcement with an equivalent amount of GFRP
reinforcement in H e hat were subjected to concentric axial
load resulted in a[80% reguction in ductility. Nevertheless, the closely

to enhanced ductility and post-peak load-
ior, in HSC specimens reinforced with GFRP bars [15].

concrete specimens. The contribution of GFRP bars ranged from 0.72% to
6.71% at the peak load capacity of GFRP-RC specimens [16]. GFRP-
reinforced columns exhibited behavior similar to that of steel-reinforced
columns. Despite this similarity, they demonstrated a lower nominal
capacity. The increased GFRP's longitudinal reinforcement ratio has led to
an increase in the columns' nominal capacity. The increase of longitudinal
reinforcement in GFRP-RC columns increases the load capacity (P,). The
nominal capacities (P,) of GFRP-RC columns were 6.7% lower than those
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of steel-RC columns, although their maximum capacities (Pn.,) were
comparable [17]. Transversely reinforced GFRP specimens demonstrated
15% higher ductility and 12.3% lower capacity than steel reinforcement.
Adding longitudinal reinforcing bars and decreasing the GFRP spiral pitch
would increase the member's load capacity and ductility. Transverse
reinforcement lessens the load capacity gap between steel and GFRP-
reinforced columns [18]. For hollow concrete columns (HCCs) reinforced
with GFRP bars and spirals, increasing the reinforcement ratio from 1.89 to
3.79% had no significant effect on the peak load (only incrgaséd by 5 to
10%), but significantly enhanced the confinement efficienc 143to
2.23 and the ductility factor from 1.36 to 3.05 for the HC@S reihforced with
GFRP bars and spirals. The GFRP longitudindPreinfg % ontributed
to resisting the peak loads by an average of 11% he mate capacity.
The HCCs reinforced with GRFP bars per Cl%ﬂh eir solid

counterparts [19].

2. Research significance

epnoticed that there is a significant
ngth of ordinary concrete columns
. However, with RPC being a relatively
no data exists on FRP-RPC columns. The
rcular columns under axial load is studied with
les in the current study. These are the longitudinal
io, transverse reinforcement ratio, transverse
orcel configuration (hoops vs. spirals), and type of longitudinal
ent (GFRP, Steel, and Hybrid).

behavior of
the effe

3.1. Concrete

RPC used in this study contains a high content of Portland cement as the
primary cementitious material, besides silica fume as a second
supplementary cementitious component. Both the sand-cement ratio (s/c)
and the water-cement ratio (w/c) are low. The superplasticizer has been
used in an appropriate proportion to give flowable concrete. Moreover, a
superplasticizer is used, known commercially as Viscocrete-171 precast
produced by Sika company. Mixing ratios according to the study of Hassan
[20] used to get maximum compressive strength and flow of 95% according
to ASTM C109 [21] and ASTM C1437 [22], where this study depended on
previous research [9, 23]. The RPC with cement can be treated as isotopic
or transverse isotropic material and there are different techniques available
[24-25]. The RPC mix was used in the present research to cast all columns
and control specimens, as listed in Table 1. By testing concrete cylinders in
compression following ASTM C39 [26], it was possible to determine the
concrete's compressive strength. The specimens exhibited an average
compressive strength of 85 MPa. Additionally, a splitting tensile test,
following ASTM C496 [27], was conducted to obtain the tensile strength
of the concrete. The specimens exhibited an average splitting tensile
strength of 7.75 MPa.

3.2 GFRP bars

The GFRP producer Nanjing Fenghui Composite Co. Ltd. [28] evaluated
the GFRP bars in accordance with ASTM D7205 [29]. No. 3 high-modulus
(HM) GFRP bars (CAN/CSA S807-19 [8]) with a nominal diameter of 10
mm (Fig. 1) were used to reinforce the circular column specimens in the
longitudinal direction. No. 2 HM GFRP circular hoops and spirals with a
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nominal diameter of 6 mm (Fig. 2 and Fig. 3) were used to reinforce the
corresponding columns transversely.

Table 1. Properties of the RPC mix.

L)
g
~
80

o
g
~
0o

Cement
Sand
Silica
fume*
%
Silica fume

/m3

/
*Viscocrete
171 precast

%

5 0.18

(2]

900 990 25
* Percent of cement weight

N
N

The transverse reinforcement had an outer diameter of 120 mm. The hoops
had an overlap length of 60 mm. The GFRP reinforcement was produced
through the pultrusion process, wherein E-glass fibers were impregnated
with a high-durability resin. Additionally, the reinforcement featured a
sand-coated surface, augmenting the bond and facilitating force transfer
between the bars and the concrete. The mechanical properties of the
reinforcement as reported by the manufacturer are provided in Table 2.

Table 2. Mechanical propenie@einforcement *.

Ultima Modulu
Ba Nomina te . Transver
Typ . s of Weig
r | tensile - se shear
e . . Elastici  ht
siz  Diamet  strengt ¢ (g/m) strength
No. & erqmm) h (éPa) 8 (MPa)
(MPa)
B \ ’
100- 6 896 46 77.4
6
B 150
100- 10 827 46 159
10

*As providea by the manufacturer.
3.2. Steel reinforcement

In this study, deformed steel reinforcement of 10 mm diameter was
employed for longitudinal bars in both Steel and Hybrid columns. The
mechanical properties of Grade 60 steel bars utilized in this study are shown
in Table 3. The bar test results (¢10 mm) satisfy ASTM A615-5a [30]
requirements.

QJES
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‘ Limits of
specification

Properties Analysis requirement
ASTM-AB15-
5a [30]

Nominal Diameter (mm) 10 -

Yield stress, f, (MPa) 466.33 > 420

Ultimate stress, f,, (MPa) 626.33 > 550

Elongation % 9.3 9 % min

3.3. Specimen’s details

Twenty circular columns were tested under concentric axial compression
load. Eighteen were fully reinforced with GFRP bars and hoops or spirals,
and two reference columns were reinforced with longitudinal steel bars and
hybrid bars (three steel bars and three GFRP bars). Specimens were 150mm
in diameter and 1000mm tall with a 15mm concrete cover. The dimensions,
reinforcement scheme, and configuration of the tested specimens are shown
in Fig. 4. The test matrix was arranged to evaluate the influences of
longitudinal reinforcement ratios, transverse reinforcement ratios,
transverse reinforcement configuration (hoops vs. spirals), and type of
longitudinal reinforcement (GFRP, Steel, and Hybrid). The test matrix and
reinforcement details of the column specimens are summarized in Table 4.
Each specimen is identified with a two-part code.
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Figure 4. Reinforcement details and dimensions of the specimens.

S, and\H identify specimens reinforced with GFRP,

steel) bars, respectively. The second letters, H
ansverse reinforcement configuration (hoops and

The first letters,

steel, and hybrid (G
and S,
spirals).

e reinforcement. Both control specimens were reinforced
transversely with 6 mm rounded GFRP #2 hoops with a spacing of 60mm.
All specimens were designed in accordance with ACI code 440.22 [17] and
CAN/CSA S807-19 [15] specifications.

All specimens were cast vertically to simulate typical construction practices
with columns. The concrete was placed in the mold in three equal layers.
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Table 4. The test matrix and reinforcement details.

Longitudinal Reinforcement Transverse Reinforcement
Column’s designations Material No. & Size 0% Material Size (mm) Spacing (mm) 0%
type (mm) type
G4-H40 4¢10 1.77
Gl G6-H40 GFRP bars 6410 2.66 GFRP hoops ~ ¢6 40 2.48
G8-H40 8410 3.55
G4-H60 4$10 1.77
G2 G6-H60 GFRP bars 6410 2.66 GFRP hoops ~ ¢6
G8-H60 8¢10 3.55
G4-H80 4$10 1.77
G3 G6-H80 GFRP bars 6410 2.66 GFRP hoops  ¢6
G8-H80 8410 3.55
G4-5S40 4410 1.77
G4 G6-S40 GFRP bars 6410 2.66 GFRP spirals ~ ¢6
G8-S40 8¢10 3.55
G4-S60 4410 1.77
G5 G6-S60 GFRP bars 6410 2.66 GFRP spirals g 60 1.65
G8-S60 8¢10 3.55
G4-S80 4410 1.77 v
G6 G6-S80 GFRP bars 60610 2.66 GFRP spira 80 1.24
G8-S80 8¢10 3.55
S6-H60 Steel bars 60b10 x«
Reference 310 GFRP
ot L6160 GFRP & bis & 3p10 298 @ 6 60 1.65
Steel bars
steel bars
4. Test setup and instrumentation § §
7 7 ) 7 7
Four strain gauges were installed on the longitudinal a ransverse 6;%
reinforcement to measure the strains in the reinforcement duripg=testing. In <§\ ‘\< >
addition, one strain gauge was installed on the concrete suff d- ' >
height of the columns in the longitudinal direction t Urepeohncrete 4 %
strain. The location of internal instrumentation is ratel in Fig. 5.
Moreover, a linear variable differential transfofhfier was used to -/ ‘FEM
measure the columns' total axial and lateral deformatiops. The location of B ; 2;
external instrumentation is illustrated in R 0 steel caps were used ¢ qqk
to confine both ends of the columns to pfe ature failure at the ends ﬂh
due to high stresses and to permi i dary conditions. Steel caps @ = g
measuring 150 mm in internal didmfeter and 8 in thickness. The steel g S

cap is fixed on the top ot 25 mm portions of the column
specimen. The typical schématic of the steel cap configuration is shown in
Fig. 7. The axial loadsWer ed using a 3000 kN testing machine. The
load is applied progkessively in increments of 10 kN up to failure. During

formations (strains and displacements), were
and stored using a data-acquisition system (DAQ)
connecte the “computer. The typical schematic test setup for the
loaded columns is shown in Fig. 8. Also, the load cell was
used to measure the axial compression load of the specimen subjected to
press forces using the electric compressive machine. Furthermore, all
measurement instruments were connected to an electric data logger. The
strain readings were recorded using a software program (DIAdem 2022

Q4).

Transverse strain gauge Longitudinal strain gauge
locations locations
Figure. 5. The location of external instrumentation.

QJES
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_— Strain gauges on
concrete surface

e
Ik

Figure 6. The location of internal instrumentation.
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Figure 7. The typical schematic of the steel cap confi ion.
= =

Load cell 2000 kN
Lower steel plate 320°320*15 mm
Rubber 3 mm

Steel Cap

5 o]

=]

= LVDT
Steel plate fixed on concrete model
LVDT Holder

T
I

COLUMN MODEL

. =
—
=
j L Steel Cap
| H W"_ = —_— Neoprene Rubber 3 mm
]

el Lower steel plate 320°320*15 mm
y: Jack 3000 kN

|

(\
il

|
e

=k

: e8. The typical schematic test setup.
5. Experipental results and discussions
5.1. General behavior and Failure modes

The GFRP-RPC specimens reinforced with GFRP spirals showed higher
load capacity compared to GFRP-RPC specimens reinforced with GFRP
hoops. For example, specimen G8-S40 provided a load capacity of 1653.2
kN, while specimen G8-H40 had a load capacity of 1409.7 kN, indicating
an increase of 17.27% compared to its hoop-reinforced counterpart. The

load capacity of GFRP-RPC specimens reinforced with GFRP spirals was
higher than that of GFRP-RPC specimens reinforced with GFRP hoops,
ranging from 9.95% to 18%. The longitudinal reinforcement ratio affected
load capacity. An increase in longitudinal reinforcement led to an increase
in load capacity in GFRP-RPC specimens. For example, specimen G8-H40
had a load capacity 46.5% higher than specimen G4-H40, and specimen
G8-S40 had a load capacity 56.25% higher than specimen G4-S40.
Furthermore, the spacing of transverse reinforcement affected load

capacity. A decrease in transverse reinforcement spacing led increase
in load capacity in GFRP-RPC specimens. For instance, spec! 8;H80
had a load capacity 9.13% lower than specimen G8-H40, Ci G8-

S80 had a load capacity 9.61% lower than spBcimen
reference columns, specimens S6-H60 and H6-,
19.45% and 14.61% higher, respectively, ¢ red
This can be attributed to the brittle nature P bars in the GFRP-RPC
specimen compared to the ductile natyfe of the I in the Steel-RPC and
Hybrid-RPC specimens. The experifaental test results are illustrated in
Table 5. On the other hand, theftyp udinal reinforcement (GFRP,
Steel, and Hybrid), the ransverse reinforcement (Hoops and
Spirals), the longitudinal ement ratio, and the transverse
reinforcement ratio

egarding
capacities

&s observed in all specimens. In contrast to other types of
rete i ious studies, this particular concrete type used in the current
d the type of reinforcement used did not show any structural failure
icators such as cracks or crack development during loading stages.
ever, some spalling of the concrete cover occurred in some columns as
e loading progressed, which was more prominent in columns that
exhibited high ductility and high load capacity. The separation of the
concrete cover has contributed to activating the role of transverse
reinforcement in providing confinement to the concrete core. The
prominent indicator observed in all columns was the sound of
reinforcement rupturing with increasing load, occurring before reaching the
peak load. It may be interpreted as the reinforcement debonding from the
concrete and rupturing within the concrete core before the final failure
occurs. The sound intensified as the loading progressed and became more
pronounced as the peak load approached. After reaching the peak load, a
rapid decrease in load readings from the testing machine and the load cell
was observed, along with rapid and explosive deformation, leading to
sudden and unexpected failure, posing a danger to the column's integrity.
Additionally, extremely high noise was heard, with scattered and powdered
concrete parts dispersing in all directions at the moment of failure. It was
observed that all the specimens failed in their upper or mid-half region,
suggesting the effectiveness of the design and construction procedure
employed in the study. The concentric compression load induced
longitudinal strains that yielded transverse tensile strains. Following the
spalling of the concrete cover, the concrete core experienced severe
cracking and lateral expansion. Spiral reinforcement columns are
distinguished by a more efficient failure mode and higher performance
indicators compared to their hoop reinforcement counterparts. This can be
attributed to the strong confinement provided by GFRP spirals compared to
GFRP hoops, which helps maintain the integrity of longitudinal bars and
concrete core for a longer period before failure occurs.
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(G). Seventh group (Reference Specimens).

(D). Fourth group (G4)

Figure 9. Failure Mode of Column Specimens.

©5)
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In contrast, hoop columns exhibited a failure mode characterized by the
lateral movement of longitudinal bars, their rupturing, and the splitting of
the concrete core in some specimens. Also, columns with higher
reinforcement ratios showed higher failure indications than their
counterparts. In the initial stages, deformations remained within the elastic
range, but after increasing the applied load, the sound of reinforcement
cracking was heard significantly. In some columns, slight spalling of the
concrete cover occurred as the column bulged and shortened due to the
distribution of internal stresses resulting from the applied loads. The
damage to GFRP spirals was less severe than the damage to GFRP hoops,
while most of the longitudinal GFRP bars experienced rupturing.

Table 5. The experimental test results.

(G). Seventh group (Reference Specimens).The occurrence of
longitudinal bars kinking and then delaminating in columns with a high
transverse reinforcement ratio can be explained by the close spacing that
restricts the lateral movement of the bars. Furthermore, both hoops and
spirals incurred less damage as the transverse reinforcement ratio
decreased, possibly due to the even distribution of stresses despite their
failure at lower loads. Regarding the reference columns, the steel column
specimen has retained the integrity of all GFRP hoops while experiencing
buckling in all the longitudinal steel bars. On the other hand, in the hybrid
column specimen, only one hoop ruptured, and there was buc| in all of

Fig. 9.

Measured Results at Peak Load

D Load Displacement Reinforcement tribution DI

Group . (kN) (mm) Strains Conc N
specimens Strains ("“‘85
Pexp. 8, 8 €par & P, Pbar Ass

HE bar Pexp.
(kN) (mm) (mm) (ne) (ne) (kN) (%)

G4-H40 962.2 5.18 0.49 1968 255 15 26 2.7 1.83

Gl G6-H40 1189.8 2.86 1.04 2250 34 44 3.7 2.21
G8-H40 1409.7 2.52 2239 65 4.6 2.89
G4-H60 910.5 3.96 730 19 2.1 1.54

G2 G6-H60 1130.8 4,77 656 26 2.3 1.96
G8-H60 1328.3 4.30 625 33 25 2.44

G4-H80 875.4 4.48 1048 14 1.6 1.30

G3 G6-H80 999 4.08 1096 24 24 1.67
G8-H80 1280.9 3.59 1250 36 2.8 2.10
G4-S40 1058 3.32 1301 25.8 24 1.90
G4 G6-S40 1356.2 431 1106 37.1 2.7 2.39
G8-S40 1653.2 3.11 1054 42.3 2.6 3.05
G4-S60 1025 1037 27.4 2.7 1.63
G5 G6-S60 1283.5 871 35.8 2.8 2.04
G8-S60 1509 766 45.2 3.0 2.69
G4-S80 1006.3 958 25.9 2.6 1.34
G6 G6-S80 1002 38.0 3.2 1.72
G8-S80 1380 44.7 3.0 2.18
Ref S6-H60 ﬁ3 894 158 11.7 1.50
) H6-H60 1296. 571 16 1.2 1.63

* §,= axial displacement; &= la d t; D.Vrepresent the ductility index.

5.2. Load-Axial Displacement Response

-axial displacement response for all column groups is
.40 to Fig. 15. The axial displacements were measured
VDTs, as shown in Fig. 5. Additionally, the corresponding
ents to their applied loads (F,,,,) were presented in Table 5.
For the first group, the axial displacements for specimens G6-H40 and G8-
H40 were 2.17 and 1.68 mm, respectively, representing a reduction of 58.12
and 67.59 %, respectively, compared to the axial displacement of specimen
G4-H40 which is equal to 5.18 mm at the same load level (962.2 kN). For
the second group, the axial displacements for specimens G6-H60 and G8-
H60 were 3.51 and 3.38 mm, respectively, indicating a reduction of 11.25
and 14.67 %, respectively, compared to the axial displacement of specimen
G4-H60 which is equal to 3.96 mm at the same load level (910.5 kN). For

the third group, the axial displacements for specimens G6-H80 and G8-H80
were 3.02 and 1.72 mm, respectively, showing a reduction of 32.51 and
61.5 %, respectively, compared to the axial displacement of specimen G4-
H80 which is equal to 4.48 mm at the same load level (875.4 kN). For the
fourth group, the axial displacements for specimens G6-S40 and G8-S40
were 3.11 and 2.31 mm, respectively, reflecting a reduction of 6.35 and
30.36 %, respectively, compared to the axial displacement of specimen G4-
S40 which is equal to 3.32 mm at the same load level (1058 kN). For the
fifth group, the axial displacements for specimens G6-S60 and G8-S60
were 2.74 and 2.03 mm, respectively, signifies a reduction of 22.19 and
42.57 %, respectively, compared to the axial displacement of specimen G4-
S60 which is equal to 3.53 mm at the same load level (1025 kN). For the
sixth group, the axial displacements for specimens G6-S80 and G8-S80
were 3.07 and 2.74 mm, respectively, constituting a reduction of 18.89 and
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27.54 %, respectively, compared to the axial displacement of specimen G4-
S80 which is equal to 3.78 mm at the same load level (1006.3 kN). In
general, the behavior of GFRP-RPC columns exhibited ascending linear
behavior until reaching the maximum load. This was expected at this stage,
as the column behavior was primarily governed by the well-known linear
compressive properties of RPC, with a minor contribution from GFRP bars.
After reaching the maximum load, the concrete cover of all columns spalled
explosively without visible cracks, significantly reducing and sudden the
load capacity. Interestingly, it was observed that the capacity of the
columns remained almost similar after failure and crushing, with a rapid
decline in load capacity. This behavior can be attributed to the efficiency of
GFRP hoops and GFRP spirals (due to their tension) and GFRP bars (due
to rupture or buckling) and their influence on the load capacity, which will
be further discussed. Despite four hoop columns (G6-H40, G8-H40, G8-
H60, and G8-H80) showing superior stiffness compared to their spiral
counterparts, most of the spiral columns were stiffer (with lesser axial
deformations) than the hoop columns. It can be observed that the G8-H40
specimen exhibited the highest stiffness among all hoop columns, and
similarly, the G8-S40 specimen displayed the highest stiffness among all
spiral columns. This can be attributed to the fact that these two specimens
had higher reinforcement ratios (both longitudinally and transversely),
resulting in increased stiffness and reduced deformations. Reducing the
spacing of hoops and the pitches of spirals led to an increase in failure load
and a decrease in axial displacement. The increased displacement in some
spiral columns can be explained due to the additional confinement effect
leading to increased failure load and catastrophic rupturing of the spirals
compared to the hoop columns. In addition, the G4-H40 specimen exhibited
the maximum axial displacement at the peak load. This may be attributed
to the delay in the activation of confinement before reaching u
failure, where the longitudinal bars could not mitigate the development o

deformations, leading to their rupturing and splitting of the cﬂ
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Figure 10. Load-Axial displacement for G1
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Figure 14. Load-Axial displacement for G5.
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Figure 15. Load-Axial displacement for G6.
5.3. Load-Lateral Displacement Response

The typical load-lateral displacement response for all column groups is
illustrated in Fig. 16 to Fig. 21. The lateral displacements were measured
using three LVDTSs, as shown in Fig. 5. For the first group, the lateral
displacements for specimens G6-H40 and G8-H40 were 0.36 and 0.35 mm,
respectively, representing a reduction of 25.68 and 28.78 %, respecti
compared to the lateral displacement of specimen G4-H40 which is eq
to 0.49 mm at the same load level (962.2 kN). For the second group, the
lateral displacements for specimens G6-H60 and G8-H60 We
0.87 mm, respectively, indicating a reduction of 26.09 a 55 %,
respectively, compared to the lateral displacement of specifi
which is equal to 1.2 mm at the same load level (910 . Ferithe third
group, the lateral displacements for specimens,G6;H80/and &8-H80 were
1.43 and 1.25 mm, respectively, showing a redyétion o and 15.25 9%,
respectively, compared to the lateral displagemen pecimen G4-H80
which is equal to 1.48 mm at the same Ig c% 375.4 kN). For the fourth
group, the lateral displacements for spec (36-S40 and G8-S40 were

ion of 4.44 and 14.71 %,

me load level (1058 kN). For the fifth
group, the lateral displace r specimens G6-S60 and G8-S60 were
1.17 and 0.67 mm,frespectively, signifies a reduction of 40.48 and 66 %,
respectively, comp he lateral displacement of specimen G4-S60
1.97 mm at the same load level (1025 kN). For the sixth
group, th lacements for specimens G6-S80 and G8-S80 were
1.37 and 1§07 mm, respectively, constituting a reduction of 19.4 and 37.35
%, respecti , compared to the lateral displacement of specimen G4-S80
which is equal to 1.71 mm at the same load level (1006.3 kN). Based on the
results, it is evident that GFRP-RPC specimens were not subjected to
significant lateral deformations before failure, exhibiting values ranging
between 0.49 and 2.91 mm. This can be attributed to the test being
concentric and the absence of eccentricities, in addition to the specimen's
ideal positioning at the center of the testing apparatus. Furthermore, the
ultra-strength of RPC against deformations contributed to this behavior.
The linear increase in lateral deformations with increasing load can be

QJES
gnc e 2008,

explained due to the stress of hoops and spirals before fracturing due to the
bond failure between the interface of GFRP bars and RPC, resulting in
increased applied loads, which led to the expansion of the concrete core.
This bond plays a crucial role in specimen expansion and preserving the
concrete core against deformations. Furthermore, all groups (except G5)
showed an increase in lateral deformations with an increase in the
longitudinal reinforcement ratio where specimens failed under high central
loads, resulting in higher lateral dilation compared to specimens with lower
longitudinal reinforcement ratios in each group. Moreoverjatost of the
spiral specimens exhibited higher lateral deformations than their hoop

confinement to carry stresses. This resulte
of the bars and spirals, as well as furth Ccrl
showed lesser deformations comparedio the
longitudinal reinforcement rati -
bars continued to carry loads u
closely spaced hoops.

ng. G4-H40 specimens

op specimens with the same
d G4-H80) because the GFRP
arly buckling or rupturing due to

itudinal strains for specimens G6-H40 and G8-H40 were 1502 and
397 u,, respectively, representing a reduction of 23.7 and 29%,
respectively, compared to the longitudinal strain of specimen G4-H40
which is equal to 1968 u, at the same load (962.2 kN). For the second
group, the longitudinal strains for specimens G6-H60 and G8-H60 were
1243 and 1006 p,, respectively, representing a reduction of 14.7 and 31%,
respectively, compared to the longitudinal strain of specimen G4-H60
which is equal to 1457 p, at the same load (910.5 kN). For the third group,
the longitudinal strains for specimens G6-H80 and G8-H80 were 1054 and
927 u., respectively, representing a reduction of 3.96 and 15.54%,
respectively, compared to the longitudinal strain of specimen G4-H80
which is equal to 1098 g, at the same load (875.4 kN). For the fourth
group, the longitudinal strains for specimens G6-S40 and G8-S40 were
1401 and 968 u., respectively, reflecting a reduction of 28.8 and 50.81 %,
respectively, compared to the longitudinal strain of specimen G4-S40
which is equal to 1967 u, at the same load level (1058 kN). For the fifth
group, the longitudinal strains for specimens G6-S60 and G8-S60 were
1430 and 1145 ., respectively, signifies a reduction of 31.61 and 45.27
%, respectively, compared to the longitudinal strain of specimen G4-S60
which is equal to 2091 u, at the same load level (1025 kN). For the sixth
group, the longitudinal strains for specimens G6-S80 and G8-S80 were
1582 and 1077 u,, respectively, constituting a reduction of 20.1 and 45.6
%, respectively, compared to the longitudinal strain of specimen G4-S80
which is equal to 1979 u, at the same load level (1006.3 kN). All the
specimens behaved similarly until failure occurred, exhibiting a relatively
linear ascending response behavior in the load-longitudinal strain curves in
the ascending part even reaching peak load, indicating that the behavior at
this stage was primarily associated with concrete.
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Figure 21. Load-Lateral displacement for G6.
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Figure 23. Load-Longitudinal strain for G2
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Figure 26. Load-Longitudinal strain for G5.
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The peak load and the corresponding| longitt | strain varied from one

specimen to another dependin tl onfinement properties. The
compressive strain values for | specimens ranged from 1614 to
2091 p, (with an averag 1) and ranged from 1098 to 2477
u for hoop specime erage value of 1602 u.). This suggests
that the average in_of spiral specimens was higher by 15.95%

]. Thus, the spiral specimens have greater stiffness than
ns. Furthermore, the results showed that GFRP bars
their integrity and resistance to loading until the surrounding
crete was crushed and fragmented upon reaching the peak load,
resulting in a clear rupture and buckling for GFRP bars. The post-peak
curves for the load-longitudinal strain diagrams experienced a rapid drop
for most of the specimens. It is noteworthy that the compressive strain of
GFRP longitudinal bars for some specimens (G6-H40, G8-H40, and G4-
S60) exceeded the allowable strain limit of 2000 p, recommended by CSA
S807-19 [8] for calculating the nominal capacity of GFRP-reinforced
columns. As a result, these specimens experienced more significant
deterioration due to the buckling or rupture of their longitudinal, hoop, and
spiral bars, accompanied by the crushing and fragmentation of concrete at
the moment of explosive failure. Additionally, the well-confined G8-H40
specimen exhibited the highest value ( &,,-) among all specimens,
equivalentto 2477 p, or 13.78% of the ultimate tensile strain of GFRP bars
(&) reported by the manufacturer, which aligns with the recommendation
in ACI 440-22 [10], which states that "for design purposes, at peak load for
test specimens, the maximum strain in GFRP bars should not exceed 50%
of the maximum tensile strain in GFRP bars".

5.5. Transverse Reinforcement Strain (&;)

The typical relationships between the load and the transverse strains in
GFRP hoops and spirals for all column groups are shown in Fig. 28 to Fig.
33. The transverse strains were measured using two strain gauges, as shown
in Fig. 6. Additionally, the transverse strains at the peak load (&,) are
summarized in Table 5. For the first group, the transverse strains for
specimens G6-H40 and G8-H40 were 175 and 157 ., respectively,
representing a reduction of 31.2 and 38.5%, respectively, compared to the
transverse strain of specimen G4-H40 which is equal to 255 p, at the same
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load (962.2 kN). For the second group, the transverse strains for specimens
G6-H60 and G8-H60 were 82.54 and 70.5 p,, respectively, representing a
reduction of 32.7 and 42.5 %, respectively, compared to the transverse
strain of specimen G4-H60 which is equal to 123 p, at the same load (910.5
kN). For the third group, the transverse strains for specimens G6-H80 and
G8-H80 were 90.6 and 76.2 u,, respectively, representing a reduction of
18.7 and 31.64%, respectively, compared to the transverse strain of
specimen G4-H80 which is equal to 111.5 p, at the same load (875.4 kN).
For the fourth group, the transverse strains for specimens G6-S40 and G8-
S40 were 9.75 and 8.78 ., respectively, reflecting a reduction of 30.76
and 37.7 %, respectively, compared to the transverse strain of specimen G4-
S40 which is equal to 14.11 u, at the same load level (1058 kN). For the
fifth group, the transverse strains for specimens G6-S60 and G8-S60 were
9.5 and 8.83 u,, respectively, signifies a reduction of 32.6 and 37.28 %,
respectively, compared to the transverse strain of specimen G4-S60 which
is equal to 14.09 p, at the same load level (1025 kN). For the sixth group,
the transverse strains for specimens G6-S80 and G8-S80 were 11.51 and
7.73 g, respectively, constituting a reduction of 14.95 and 42.91 %,
respectively, compared to the transverse strain of specimen G4-S80 which
is equal to 13.53 p, at the same load level (1006.3 kN). The load-transverse
strain curves of hoop GFRP-RPC specimens exhibited approximately linear
ascending branches within a wide range until the peak load while the curves
of spiral GFRP-RPC specimens also showed linear ascending branches but
within a very narrow range. The tensile strains in the GFRP hoops of hoop
GFRP-RPC specimens ranged from 101 to 326 . (with an average value
of 178 u,), while the tensile strains in the GFRP spirals of spiral GFRP-
RPC specimens ranged from 10.9 to 14.1 u, (with an average value of 12.5
u.). The difference in the values of strains between the spiral and hgop
specimens can be attributed to the different behavior of the longi
GFRP bars in spirals compared to hoops. It was observed that the spiral

hoops. This can also be explained by the high confinement eff
spirals, as spirals are continuous bars in contrast to hogg
them to act as a single bar against the tensile force$
expansion of the concrete core. Additionally, theifact t
were made using RPC, known for their
providing additional transverse reinforce
peak load. The contribution of the conf
provided early on, starting from t i Of loading, as the responses
of the hoops to the tensile forcesedused ghem t@"expand early, leading to
their rupture and the separ of ncrete core in several specimens.
This is in contrast to the genfinement pressure of the spirals, which was
slightly affected by, X of the concrete core and exhibited very
slight responses to\the tensile forces, resulting in delayed expansion and
ing. the inte the concrete core.

h, contributed to
ort before reaching the
pent pressure of the hoops was

e Compressive Strains (&)

The typical relationships between the load and the compressive strain
responses of RPC for all column groups are shown in Fig. 34 to Fig. 39.
The RPC strains were measured using one strain gauge at the midheight of
the specimens, where the maximum compressive strain was anticipated, as
shown in Fig. 5. Additionally, the RPC strains at the peak load (e.) are
summarized in Table 5. For the first group, the RPC strains for specimens
G6-H40 and G8-H40 were 1168 and 1117 u,, respectively, representing a
reduction of 26.5 and 29.7 %, respectively, compared to the RPC strain of
specimen G4-H40 which is equal to 1589 yu, at the same load (962.2 kN).
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For the second group, the RPC strains for specimens G6-H60 and G8-H60
were 584 and 513 p,, respectively, representing a reduction of 28.5 and
29.7 %, respectively, compared to the RPC strain of specimen G4-H60
which is equal to 730 p, at the same load (910.5 kN). For the third group,
the RPC strains for specimens G6-H80 and G8-H80 were 985 and 889 y,,
respectively, representing a reduction of 6 and 15.2 %, respectively,
compared to the RPC strain of specimen G4-H80 which is equal to 1048 u,
at the same load (875.4 kN). For the fourth group, the RPC strains for
specimens G6-S40 and G8-S40 were 872 and 667 u. ,, respectively,

reflecting a reduction of 33 and 48.72 %, respectively, compar the RPC
strain of specimen G4-S40 which is equal to 1301 y, at th evel
(1058 kN). For the fifth group, the RPC strains for spi 6-S60 and
G8-S60 were 720 and 544 ., respectively, signifi of 30.6 and
47.6 %, respectively, compared to the RPC men G4-S60

which is equal to 1037 p, at the same load
group, the RPC strains for specimens S80%and G8-S80 were 766 and
618 u, , respectively, constituting fa redugtion of 20 and 35.47 %,
respectively, compared to the specimen G4-S80 which is
equal to 958 . at the same lo 006.3 kN). The strain values of the
RPC presented by the hog RP-RP@'specimens ranged from 625 to 2239

ith high confinement (40 mm) recorded higher
e other specimens, where the closely spaced GFRP

nt failure mode for most of the specimens, although some exhibited
localized concrete spalling before reaching the peak load. The load-
concrete strain curves for the GFRP-RPC specimens suggest that the curves
were approximately linear up to around 85% of the failure load. At this
point, there was a significant activation of lateral restraint provided by the
hoops and spirals to confine the concrete core, leading to concrete spalling
in some specimens. After reaching the peak load, the GFRP-RPC
specimens lost a significant portion of their load capacity due to sudden and
explosive concrete cover crushing. However, some specimens exhibited
ductile behavior. The confinement pressure from the activated transverse
reinforcement before the peak load contributed to the expansion of the
concrete core. Nevertheless, several specimens exhibited mild strains when
compared to other specimens, which may be attributed to greater
deformations occurring in other regions of the concrete far, where a strain
gauge is not present.

0 50 100 150 200 250 300 350 400
Transverse strain (ue)
—G4-540 G6-S40 —G8-540

Figure 28. Load-Transverse strain for G1.
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Figure 29. Load-Transverse strain for G2.
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Figure 30. Load-Transverse strain for G3.
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Figure 32. Load-Transverse strain for G5.
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Figure 33. Load-Transverse sti@in f .
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F{gure 34. Load-Cocrete strain for G1.

170

0 500 1000 1500 2000
Concrete compressive strain (ue)

—G4-H40 G6-H40 —G8-H40

2500

Figure 35. Load-Concrete strain for G2.
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Figure 36. Load-Concrete strain for G3.
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Figure 37. Load-Concrete strain for G4.
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Figure 39. Load-Concrete strain for G6.

5.7. Ductility Index (D.1.)

The ductility can be described as the capacity of a structural member to
absorb energy once the ultimate axial strength has been reached. This
capacity can be expressed in terms of several parameters, including strain,
deflection, rotation, absorbed energy, or dissipated energy of the members
[37]. The ductility index (D.l.) for all specimens can be calculated using
Equation (1) [37-39]:

D.I1= Aggs/As7s 1)
Where Ag,, represents the total are ofthe load-displa rve in the
elastic region up to the displacement (§,5) corre, 5% of the
ultimate load of the column (the area ABC), whi i total area of
the load-displacement curve up to th i aceptent ( 8g5 )

corresponding to 85% of the ultimate | cglumn in the post-peak
loading curve (the area ADE), as graphically presented in Fig. 40.

Figure 40. Graphical representation of ductility index [37].

The ductility index for all tested columns is summarized in Table 6 and
Table 7. The overall behavior of GFRP-RPC columns was initially brittle,
but this brittleness reduced as the longitudinal and transverse reinforcement
increased. The G8-S40 specimen exhibited the highest ductility value
(3.05), while the G4-H80 specimen had the lowest value (1.3).
Furthermore, groups with higher confinement (G1 and G4) using GFRP
hoops and spirals demonstrated superior ductility compared to other groups,
attributed to effective confinement of the concrete core and nearly uniform
compression by the hoops and spirals. The influence of the longitudinal
reinforcement ratio on ductility is shown in Table 6. It was found that an
increase in the longitudinal reinforcement ratio also contributed to
improving the ductility index. For example, increasing the longitudinal
reinforcement ratio from 1.77% to 3.55% for spiral GFRP-RPC specimens,
increased the ductility mean by 62.74%. Similarly, increasing the
longitudinal reinforcement ratio from 1.77% to 3.55% for hoop GFRP-RPC
specimens, led to an increase in the ductility mean by 59.3%.

The effect of the transverse reinforcement ratio on ductility is shown in
Table 7. It was found that increasing the transverse reinforcement ratio of
GFRP-RPC specimens contributes to an increase in the ductility index. For
example, when increasing the transverse reinforcement ratio of spiral
GFRP-RPC specimens from 1.24% to 2.48%, the ductility means increases
by 40.21%. Similarly, when increasing the transverse reinforcement ratio
of hoop GFRP-RPC specimens from 1.24% to 2.48%, the ductility means
increases by 36.9%. These results are consistent with what was found by
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previous studies [2, 15, 18, 19, 33, 34, 36, 40-48] regarding reinforced
concrete circular columns with GFRP bars and spirals or hoops.

Table 6. The effect of the longitudinal reinforcement ratio on ductility
index.

Measured Results at

Peak Load D.I i

Group ID _ _ A Difference

specimens Ultimate Load (kN) (’Aﬁ) (%)
875
Pexp. (kN)

G4-H40 962.2 1.83 -

Gl G6-H40 1189.8 2.21 +20.76
G8-H40 1409.7 2.89 +57.92
G4-H60 910.5 1.54 -

G2 G6-H60 1130.8 1.96 +27.27
G8-H60 1328.3 2.44 +58.44
G4-H80 875.4 1.30 -

G3 G6-H80 999 1.67 +28.46
G8-H80 1280.9 2.10 +61.53
G4-S40 1058 1.90 -

G4 G6-S40 1356.2 2.39 +25.79
G8-S40 1653.2 3.05 +60.52
G4-S60 1025 1.63 -

G5 G6-S60 1283.5 2.04 +25.15
G8-S60 1509 2.69 + 65
G4-S80 1006.3 1.34 -

G6 G6-S80 1178.8 1.72 +28.35
G8-S80 1494.2 2.18 +62.7

Ref. S6-H60 1350.8 1.50 - 2347
H6-H60 1296.1 1.63 -16.83*

* Calculated compared to the ductility of the G6-H60 specimen.

Table 7. The effect of the transverse reinforcement ratio o
index.

Measured Results at
Peak Load

ID Difference

Group specimens (%)
G4-H80 875.4 1.30 -

H80 G4-H60 910.5 1.54 18.461
G4-H40 962.2 1.83 40.769
G6-H80 999 1.67 -

H60 G6-H60 1130.8 1.96 17.365
G6-H40 1189.8 2.21 32.335
G8-H80 1280.9 2.10 -

H40 G8-H60 1328.3 2.44 16.190
G8-H40 1409.7 2.89 37.619
G4-S80 1006.3 1.34 -

S80 G4-S60 1025 1.63 21.641
G4-S40 1058 1.90 41.791
G6-S80 1178.8 1.72 -

S60 G6-S60 1283.5 2.04 18.604
G6-S40 1356.2 2.39 38.953
G8-S80 1494.2 2.18 -

S40 G8-S60 1509 2.69 23.394
G8-540 1653.2 3.05 39.908

On the other hand, regarding the configuration of the transverse
reinforcement, the spiral GFRP-RPC specimens demonstrated a more
ductile behavior when compared to their hoop counterparts, with an average
ductility index of 2.1 for all spiral specimens, while the average ductility
index for all hoop specimens was 1.99. This can be attributed to the fact
that spirals provide ideal confinement as spirals are continuous bars,
effectively containing the concrete core for a longer duration before
deformations occur, unlike the hoops which are discrete. Through the
results, it is evident that the ductility of the GFRP-RPC specimen (1.96) is
greater than that of the Steel-RPC specimen (1.5) because th RP-RPC
specimen absorbs more energy through its flexibility and abiligi to jwell
deforming in the post-peak collapse region. Furthermorgfthedlybrd-RPC
specimen exhibited less ductility (1.63) thangthe @ specimen
(1.96) but more than the Steel-RPC specimen ( einforces the
though mentioned, indicating the existence of@disi apism in the
hybrid column that contributed to its superi over the’S6-H60 specimen.
This can be attributed to the combi use FRP bars and hoops
resulting in higher ductility, leading tala longér ddration in the plastic zone.
Based on the above results, it'sdevi increasing the longitudinal
reinforcement ratio has a grea on the ductility than the transverse
reinforcement ratio.

6. Discussion

6.1. Influence'@flongitudinal reinforcement ratio

ement ratio specimens (1.77 %) failed in a brittle and
anner compared to the higher reinforcement ratio specimens
d 3.55 %). Increasing the longitudinal reinforcement ratio from
7 10 2.66 % in the GFRP-RPC hoop specimens contributed to an increase

the longitudinal reinforcement ratio from 1.77 to 3.55 % in the GFRP-RPC
hoop specimens contributed to an approximately 46 % increase in load
capacity. Additionally, increasing the longitudinal reinforcement ratio from
1.77 to 2.66 % in the GFRP-RPC spiral specimens contributed to an
increase in load capacity ranging from approximately 17.14 to 28.19 %.
Increasing the longitudinal reinforcement ratio from 1.77 to 3.55 % in the
GFRP-RPC spiral specimens contributed to an increase in load capacity
ranging from approximately 47.22 to 56.25 %. The effect of the
longitudinal reinforcement ratio on the ultimate load for hoop and spiral
specimens is illustrated in Fig. 41 and Fig. 42, respectively.

\/in load capacity ranging from approximately 14.12 to 24.2 %. Increasing

1700
1600 -
1500 4
1300 -
_ 1200 - G8 —
Z 1o ] —
& 1000 - G6 —*
= 900 —
& 800 4 G4 —
j 700
600 -
500
400
300 1
200 A
100
0 . . . .
0 0.5 1 1.5 2 2.5 3
Pe (%)

Figure 41. Effect of p; on ultimate load for hoop specimens.
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Figure 42. Effect of p; on ultimate load for spiral specimens.
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From the above rgsults,
reinforgement ratio

is evident that increasing the longitudinal
ificantly enhances load capacity. Furthermore,

when i e Jongitudinal reinforcement ratio, spiral specimens
showed r t in load capacity compared to hoop specimens. High-
reinforcement ratio specimens (3.55%) failed explosively but were
somewhat dtctile due to concrete crushing accompanied by rupturing of

GFRP bars, and these specimens’ exhibited indications of stress evolution
in the specimen during most of the test period, represented by the rupturing
sounds of longitudinal and transverse GFRP bars. The general nature of
failure in the GFRP-RPC spiral specimens was more efficient in preserving
the concrete core despite the crushing of the surrounding concrete upon
failure. In contrast, the failure of low-reinforcement ratio specimens (1.77
%) was brittle because it was predominantly controlled by the failure of
longitudinal GFRP bars, giving only minor indications before catastrophic

QJES
&nce 2008

failure, characterized by crushing of the concrete cover and rupturing of
most longitudinal GFRP bars. High-reinforcement ratio specimens
exhibited ductile and better confinement efficiency than low-reinforcement
ratio specimens. It is worth noting that high reinforcement ratios
contributed to reducing the buckling of longitudinal GFRP bars.

6.2. Influence of transverse reinforcement ratio

The low-reinforcement ratio specimens (1.24 %) failed in_a brittle and

specimens contributed to an increase in
approximately 9.91 to 19.1 %. Additignall
reinforcement ratio from 1.24 to 1.65 % in the
contributed to an increase in load.gap
8.88 %. Increasing the transvi

in the GFRP-RPC spira
capacity ranging fro
transverse reinfor

increasing the transverse
P-RPC spiral specimens

ing from approximately 1 to
rcement ratio from 1.24 to 2.48 %
ecimensContributed to an increase in load
5.13 to 15.05 %. The influence of the

®> mate loads of spiral specimens surpass those of hoop

e extent of improvement in the ultimate loads for hoop
exceeds the improvement for spiral specimens. This can be
ibuted to the fact that specimens with a reinforcement ratio of 2.48%
enhance the bond between the reinforcement and concrete. Additionally,
the higher ratio works to increase the tensile strength of the reinforcement,
allowing the specimen to stretch further before reaching failure, thereby
increasing its ability to carry additional loads. Moreover, the distribution of
forces is related to this, as additional transverse reinforcement helps
distribute the forces more effectively, reducing their concentration at
specific points, increasing load distribution, and making the specimen more
stable. The superiority of spiral specimens can be explained by the fact that
spirals have an increasing bending resistance due to their design, which
makes them a cohesive unit, preventing the concentration of forces at
specific points, and thus avoiding weak areas in the transverse
reinforcement. Additionally, this can be attributed to the increase in
effective length within the spiral specimens because it works to direct the
spirals in a twisted manner around the transverse bars, which contributes to
an increase in load capacity. The general nature of failure in the high
transverse reinforcement ratio (2.48%) GFRP-RPC spiral specimens was
more efficient in maintaining the integrity of the concrete core despite the
crushing of the surrounding concrete upon failure compared to the hoop
specimens. In contrast, failure in the low transverse reinforcement ratio
(1.24%) specimens was brittle and only exhibited slight indications before
catastrophic failure, characterized by the crushing of the concrete cover and
the rupturing of most of the transverse GFRP bars, even in cases with a high
longitudinal reinforcement ratio. The high reinforcement ratio specimens
showed better ductility and confinement efficiency compared to the low
reinforcement ratio specimens, which will be discussed in subsequent
sections. It is worth noting that high transverse reinforcement ratios
somewhat contributed to reducing the twisting of longitudinal GFRP bars.
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6.3. Influence of Transverse Reinforcement Configuration (Hoops
vs. Spirals)

GFRP-RPC specimens confined with GFRP spirals showed better ductility
and confinement efficiency as opposed to GFRP-RPC specimens confined
with GFRP hoops. This is attributed to the effective confinement of the
concrete core, which resulted in uniform pressure distribution along the
perimeter and along the specimen height. Furthermore, the difference
becomes evident after crushing the concrete cover of well-confined
specimens (G8-S40 and G8-H40). Additionally, it was observed that
specimens reinforced with GFRP spirals showed a greater load capacity
compared to those reinforced with GFRP hoops. The load capacities for
specimens G4-S40, G6-S40, and G8-S40 were 1058, 1356.2, and 1653.2
kN, respectively, representing an increase of 9.95, 13.98, and 17.27%
compared to the load capacities of specimens G4-H40, G6-H40, and G8-
H40, which are equal to 962.2, 1189.8, and 1409.7 kN, respectively. The
load capacities for specimens G4-S60, G6-S60, and G8-S60 were 1025,
1283.5, and 1509 kN, respectively, representing an increase of 12.57, 13.5,
and 13.6% compared to the load capacities of specimens G4-H60, G6-H60,
and G8-H60, which are equal to 910.5, 1130.8, and 1328.3 kN. The load
capacities for specimens G4-S80, G6-S80, and G8-S80 were 1006.3,
1178.8, and 1494.2 kN, respectively, representing an enhancement of
14.95, 18, and 16.65% as opposed to the load capacities of specimens G4-
H80, G6-H80, and G8-H80, which are equal to 875.4, 999, and 1280.9 kN.
The overall behavior of the hoop specimens was brittle upon failure, except
for specimens with high reinforcement ratios, which exhibited ductile
behavior.

6.4. Influence of Type of Longitudinal Reinforcement (GFRP,
Steel, and Hybrid)

The behavior of specimens G6-H60 (fully GFRP-reinforced), S6-H60
(fully steel-reinforced), and H6-H60 (hybrid-reinforced) were analyzed and
compared to evaluate the influence of the longitudinal reinforcement type
on the behavior of specimen under concentric loading. Each specimen was
reinforced with six bars, yielding an identical longitudinal reinforcement
ratio (p;) of 2.66%. The Steel-RPC and Hybrid-RPC specime owed an
improvement in load capacity of 19.45 % and 14.61 %, ctively
compared with the G6-HB60 specimen. The post-peak |0ad<l@s was
lower in the Steel-RPC specimen, followed bythe HY @ specimen
then the GFRP-RPC specimen. This can be/attribu 0 the high
compressive capacity for the longitudinal stegl ment that was used

in the Steel-RPC and Hybrid-RPC specim

7. Design equations of GFRP-RPC gblumns
olumns is estimated using eleven
all analytical equations with their
. For better understanding, the analytical
t model identities, represented in ACI 440-
Hasan et al. [49], AS-3600 [50], Hadhood et al.

The axial load capacity of,G
equations. The description

Description

No. The study E y

1 ACI 440-22 [10] P =asif'cAg

2 CSA S807-19 [8] f'c(Ag — Ap) + frrpAs
3 Hasan et al. [49] arf' (Ag — Ap) + ecoEpAs
4 AS-3600 [50] v = a1f'c(Ag — Ap) + frreds
5 Hadhood et al. [51] & Py = ayf'c(Ag — Ap) + frrpAs
6 Maranan et al. [36] Py = ayf'c(Ag — Ap) + frrrAs
7 Hadi et al. [52] Py = arf' (Ag — Af) + &rEpAy
8 Mohamed et al. Py =aif' (Ag = Ap) + erErAs
9 Afifi et al. [53 Py =aif' (Ag = Ap) + arfrudy
10 Tobbi et ala]5 P, = arf' (Ag — Af) + arfrudy
11 CAN/@SA 580§-12 [7] Py =ayf' (Ag— Ap)

a; =0.85
a; = 0.85; frrp = 0.002E
a, = 0.85; g, = O.OOOS(f’C)‘“
a; = 0.85; frrp = 0.0025E
a; = 0.85—0.0015f"_
frrp = 0.0035Ef
a3 = 0.9; frrp = 0.002E;
a; = 0.85; & = 0.003
a; = 0.85; & = 0.002
ay = 0.85; ay = 0.25
ay = 0.85; ay = 0.35
a; = 0.85 - 0.0015f'_ = 0.67

* £, In Hasan et al., equati@n was

The theoretical | was jcalculated for each equation, and then the

experimental load g from actual testing) was divided by the
theoreti ted from the above equations). From this ratio, three
of the impartant statistical parameters were extracted: average,

iation (SD) coefficient, and coefficient of variation (COV).
These parameters provide clear indicators of the consistency and reliability
of a specific equation compared to other equations. As is known, an
equation yielding an average close to one provides better predictions than
other equations. Furthermore, an equation yielding a high standard
deviation indicates lower reliability (dispersed values). Lastly, dispersion
decreases and accuracy increases when the coefficient of variation of an
equation is lower than that of other equations. The ratios of experimental
and theoretical load capacities of GFRP-reinforced circular concrete

QJES
@nc e 2008,

Iculated using an equation that gave good agreement with the measured experimental value proposed by Leggeron and Poulter [55].

columns are illustrated in Table 9. The results indicate that equations that
neglected the contribution of GFRP bars in calculations of the load capacity
(ACI 440-22 and CSA S806-12) yielded high COV values (18.76 for ACI
440-22 and 19.37 for CSA S806-12). Similarly, high SD values were
observed (0.177 for ACI 440-22 and 0.22 for CSA S806-12). The resulting
average was 0.94 for ACI 440-22 and 1.14 for CSA S806-12. Furthermore,
equations utilizing the tensile strength of the GFRP bars (Tobbi and Afifi)
in the load capacity calculations demonstrated lower COV and SD values
compared to equations depending on the axial strain or modulus of
elasticity of longitudinal GFRP bars (CSA S807-19, AS-3600, Hadhood,
Maranan, Hadi, and Mohamed), even compared to those considering axial
strain of GFRP bars equal to concrete strain at the peak stress (Hasan).
Generally, the optimal average was found in Hadhood equal to 1.06, while
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the remaining values ranged from 0.89 to 0.94 for ACI 440-22, CSA S807-
19, Hasan, AS-3600, Maranan, Hadi, and Mohamed. However, the
averages were lower for Afifi, and Tobbi equal to 0.88. It has been observed
that the CAN/CSA S806-12 [7] average was conservative with a safety
factor of 14%. For design purposes, it is known that designers prefer
equations with a reasonably conservative safety margin over those that
overestimate or provide exact theoretical results to ensure an adequate
safety margin in case of design flaws. Therefore, the application of
equations by Hadhood et al. [51] and CAN/CSA S806-12 [7], which have
a reasonable safety factor equal to 6 and 14%, respectively, are
recommended, while the application of other equations may slightly

increase the construction cost. However, this does not imply that equations
should not be considered. Finally, the Hadhood equation is somewhat more
widely accepted due to its possession of a reasonable safety factor
compared to all other equations. It also has the second-best COV at 17.84,
following the Afifi, and Tobbi equations with 17.11. This is despite having
the second-highest SD with a value of 0.19. In conclusion, equations that
incorporate the tensile strength of the GFRP bars in calculating the axial
load capacity of reinforced concrete columns with GFRP bars provide
relatively acceptable safety and greater reliability compared to others, with
less dispersion.

Pexp./Po

Table 9. Ratios of the experimental to theoretical axial load capacities of GFRP bar-reinforced circular con{

0 ns.
10

No. Specimens Equation number \
1 2 3 4 6 7 8 A 11

1 G4-H40 0.75 0.75 0.74 0.75 0.86 0.71 0.74 0. .72 0.72 0.90
2 G6-H40 0.93 0.93 0.91 93 .87 0.87 1.12
3 G8-H40 1.10 1.09 1.07 . 1.01 1.01 1.34
4 G4-H60 0.71 0.71 0.70 0.68 0.68 0.85
5 G6-H60 0.89 0.88 0.87 0.83 0.83 1.07
6 G8-H60 1.04 1.03 1.01 0.95 0.95 1.26
7 G4-Hs0 0.69 0.68 0.68 0.65 0.65 0.82
8 G6-H80 0.78 0.78 0.77 0.73 0.73 0.94
9 G8-H80 1.00 0.99 0.98 0.91 0.91 1.22
10 G4-840 0.83 0.83 0.82 0.79 0.79 0.99
11 G6-S40 1.06 1.06 1.04 0.99 0.99 1.28
12 G8-S40 1.29 1.28 1.26 1.18 1.18 1.57
13 G4-S60 0.80 0.80 0.79 0.77 0.77 0.96
14 G6-S60 1.01 1.00 0.98 0.94 0.94 121
15 G8-S60 1.18 117 1.15 1.08 1.08 1.44
16 G4-S80 0.79 0.78 0.78 0.75 0.75 0.94
17 G6-S80 0.92 0.92 0.90 0.86 0.86 111
18 G8-S80 117 1.16 1.07 1.07 1.42
Avg. 0.94 0.94 792 0.88 0.88 1.14
sD 0.177 0! ) 0.171 0.190 0.165 0.168 0.174 0.150 0.150 0.220
(C%O)V 18.76 8.6 18.25 18.41 17.84 18.64 18.23 18.60 17.11 17.11 19.37

8. Conclusions

Based on the results h

can be drawn:
=The GFRP-RPC behaved similarly to the Steel-RPC, and
olumns and showed linear load-strain behavior in the

ental tests, the following conclusions

or center.

= The failure mode of GFRP-RPC columns can be controlled by reducing
the spacing between hoops or spirals. The results indicate that GFRP-
RPC columns with close spacing (40 mm) failed in a somewhat ductile
manner. Conversely, columns with larger spacing (60 and 80 mm) failed
in a brittle and explosive manner.

= Most GFRP-RPC columns failed due to GFRP bar rupture followed by
concrete crushing, while Steel-RPC column specimens failed due to steel
buckling followed by concrete crushing. The failure of the Hybrid-RPC

column specimen involved a combination of GFRP bar rupture and steel
bar buckling, followed by concrete crushing. Interestingly, some columns
showed spalling of concrete before crushing of concrete.

= Increasing the longitudinal reinforcement ratio significantly enhances
load capacity. In the GFRP-RPC hoops specimens, the increase in
longitudinal reinforcement ratio from 1.77 to 3.55% increases the load
capacity by 46%, while for spirals specimens the increase ratio was from
47.22 t0 56.25%.

= Increasing the transverse reinforcement ratio significantly enhances load
capacity. For instance, an increase in transverse reinforcement ratio from
1.24 t0 2.48% in the GFRP-RPC specimens contributed to an increase in
load capacity ranging from approximately 5.13 to 19.1 %. Furthermore,
when increasing the transverse reinforcement ratio, hoop specimens
showed a high improvement in load capacity compared to spiral
specimens. For instance, an increase in transverse reinforcement ratio
from 1.24 to 2.48% in the GFRP-RPC hoop specimens contributed to an
increase in load capacity ranging from approximately 9.91 to 19.1%
while in the GFRP-RPC spirals specimens contributed to an increase in
load capacity ranging from approximately 5.13 to 15.05 %.

= Increasing the longitudinal reinforcement ratio from 1.77 to 2.66% and
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from 1.77 to 3.55%, the axial displacement decreased by 58.12% and
67.59%, respectively, and when the transverse reinforcement ratio
increased from 1.24 to 1.65% and from 1.24 to 2.48%, the axial
displacement was reduced by 17.01 and 45.96%, respectively.

= Experimental results signified that the use of GFRP spirals as transverse
reinforcement effectively confined the concrete core even after failure.

= The load capacity of the GFRP-RPC column was, on average, 16.3% and
12.8% lower than their counterparts, Steel-RPC and Hybrid-RPC.

= As the ratio of longitudinal reinforcement increased, the average load
capacity of longitudinal GFRP bars in GFRP-RPC columns also
increased. The contribution of GFRP bars ranged from 1.6% to 4.6% of
the ultimate load capacity for GFRP-RPC columns. These lower values
can be attributed to the use of RPC, which reduced the contribution of
reinforcement and increased the contribution of concrete.

=The ductility of GFRP-RPC columns confined with GFRP spirals was
higher than that of GFRP-RPC columns confined with GFRP hoops with
an average ductility index of 2.1 for all spiral specimens, while the
average ductility index for all hoop specimens was 1.99. The columns
with a smaller spacing of hoops/spirals presented higher ductility than the
columns with a larger spacing. Furthermore, it was found that an increase
in the longitudinal reinforcement ratio also contributed to improving the
ductility index.

= The results of the assessment of available code equations and researchers
have shown that the Hadhood equation provides reasonable predictions
for estimating the ultimate load capacity of circular concrete columns
reinforced with GFRP bars. Furthermore, equations that incorporate the
tensile strength of the GFRP bars in calculating the axial load capacity of
reinforced concrete columns with GFRP bars provide relati
acceptable safety and greater reliability with less dispersion compared
other equations that depend on the axial strain or modulus of,lasticity of

of GFRP bars equal to concrete strain at the peak stress.

= The evaluation of modern design equations revealed that the 807-
19 equation (which includes GFRP bar contribution) gnhd
equation (which ignores GFRP bar contributio re
and exhibited good predictive capacity. This i tes
contribution of GFRP bars when calculati
of columns would not significantly affg

=Based on the study's results, it can n
is a suitable alternative to st sp ip- columns exposed to
corrosion, the specimens ement ratio of 1.77% showed
brittle failure and failurg was siidden without warning. Therefore, we
suggest reconsideri stated in ACI 440-22 and be the
minimum reinforgément ratio is not less than 2.5%.

eglecting the
te axial capacity
yminal load capacity.
at GFRP reinforcement
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