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Abstract: This paper presents experimental and theoretical assessments of the structural behavior of
circular steel fiber-reinforced concrete (SFRC) columns reinforced with glass fiber-reinforced polymer
(GFRP) bars subjected to a concentric axial compressive load. Laboratory experiments were planned
to evaluate and compare the effect of different design parameters on the structural behavior of column
specimens based on experiments and finite element (FE) analysis. The experimental variables were
(i) concrete types, i.e., conventional concrete (CC) and fiber-reinforced concrete (FC), (ii) longitudinal
reinforcement types, i.e., steel and GFRP bars, and (iii) transverse rebar configurations, i.e., tied
and spiral with different pitches. Sixteen column specimens were fabricated and categorized into
four groups with respect to rebar configurations and concrete types. The results showed that the
failure modes and cracking patterns of those four column groups were comparable, particularly
in the pre-peak branches of load-deflection curves. Even though the average ultimate load of the
columns with longitudinal GFRP bars was 17.9% less than that with longitudinal steel bars, the
ductility index (DI) was 10.2% greater than their counterpart on average. The addition of steel fibers
(SF) to concrete increased the axial peak load by up to 3.1% and the DI by up to 6.6% compared to
their counterpart CC columns without SFs. The DI of specimens was increased by higher volumetric
ratios (up to 12%) and spiral types (up to 5.5%). The concrete damage plastic (CDP) model for FC
columns was updated in the finite element software ABAQUS 6.14. Finally, a new simple equation
was theoretically proposed to predict the axial capacity of specimens by considering the inclusion of
longitudinal GFRP rebars, volumetric ratio, and steel spiral /hoop ties. Good agreement between the
proposed model predictions and the experimental /numerical results was observed.

Keywords: circular concrete column; GFRP rebar; axial compressive load; ductility index; numerical
analysis; concrete damage plastic model; proposed equation

1. Introduction

Reinforced concrete (RC) members under axial loading, for example, building columns,
bridge piers, and piles, are used to convey compression forces, which are the most critical
members of a structure [1]. A fiber-reinforced polymer (FRP) rebar is considered a com-
petitive choice for reinforced columns subjected to flexure/shear/fatigue loads due to its
physical and mechanical properties, as well as its corrosion. For those reasons, GFRP rebars
can be suitable for reinforcing concrete structures subjected to harsh environments, such as
coastal and sea zones [2].

In recent years, many investigations have been conducted on different applications
of FRP rebars for RC under different loadings, such as fatigue loads [3]. Nevertheless,
the axial compression behavior of FRP-RC elements has not yet been fully understood [4].
ACIT 440.1R-15 and CSA S806-12 postulated that using GFRP rebars in compression mem-
bers (such as concrete columns) does not significantly contribute to the structural capacity.
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No Australian standard was available on GFRP rebar-reinforced concrete. Also, the code
of China technical GB50608-2010 only had provisions for designing FRP rebar-reinforced
flexural concrete elements [5-8]. Previous research studies presented that GFRP rebar’s
contribution to the total structural capacity of columns was from 3 to 14% [1,9-16] as com-
pared to 6 to 19% when carbon fiber-reinforced polymer (CFRP) rebars were used [4,17,18]
and 12 to 16% when steel rebars were applied [1,14-18]. Some researchers reported that
the contribution-to-capacity of FRP rebars in RC columns loaded eccentrically should be
ignored [19-21], while others portrayed that their contributions were considerable [22-25].
For instance, Hadhood et al. found an average contribution of 27% of the column’s ca-
pacity [10]. Guérin et al. suggested that GFRP rebars in short RC columns contributed to
carrying eccentric loads by 3, 5, and 13% with an eccentricity of 10, 20, and 40%, respec-
tively [23]. Few research studies reported that increasing a longitudinal reinforcement ratio
improves the ductility of axially loaded GFRP-RC and CFRP-RC columns [1,18]. Trans-
verse rebars with a closer pitch provide more confinement to the core of an RC column
and forbid the longitudinal rebars from buckling [1,18,19,26,27]. Moreover, GFRP-high
strength concrete (HSC) specimens had further ductility than steel-HSC specimens under
eccentric loading [26]. FRP transverse rebars displayed a more noticeable effect on ductility,
which was improved by 57 to 208% as the pitch of the spiral rebars decreased from 120 to
40 mm [1,18]. The provisions and requirements are to be comparable for transverse FRP
and steel rebars [3,7,8], while they should be justified because of the FRP bar’s lower elastic-
ity modulus than the steel bar’s elasticity modulus [28]. Other research studies claimed that
the confinement of CFRP/GFRP spirals further affected the ductility of columns compared
to CFRP/GFRP ties [4,18,29].

There is a lack of a robust full-range axial load-strain model for FRP-RC columns, which is
fundamental for the design and advanced analysis of FRP-RC structures. Yu-Yi et al. proposed
a model for GFRP-RC columns with a circular cross-section made of conventional concrete
(CC), which provided satisfactory predictions of the axial load-strain curves of these
columns [30]. Saffarian et al. presented a new approach to different types of concrete, and
the damage function can calculate concrete behavior for the plastic damage model [31].
Mehmet et al. proposed a finite element model based on compressive strength, tensile
strength, and steel fiber (SF) ratio and obtained a methodology to predict crack patterns
and failure modes of SFRC corbels [32].

The effect of concrete types on FRP-RC columns is reportedly different. FRP-HSC
columns displayed slightly lower load-carrying capacities than steel-HSC columns under
low to moderate eccentric loading [11,26,33]. These columns showed further capacities than
steel-HSC columns at a large load eccentricity, where the eccentricity-to-diameter ratio (e/d)
is 65.6%, indicating the FRP rebar’s ability to provide higher strains in high-eccentricity
loading conditions [11]. Steel fiber reinforced concrete (SFRC) is the most practical and
valuable in crack control, providing more crack resistance and ductility capacity [34,35].
The volume fraction of fiber (V) played an essential role in the compressive load capacity
of SFRC. The small Vy was effective in crack control, but non-significant for the compressive
load capacity of columns; however, 0.5-1.5% Vy enhanced the compressive load capacity
by 4-19% [36]. Wang et al. reported that 1% V offered better technical benefits than
other V¢ [37]. In addition, the length-to-diameter ratio of fibers (I/d) positively affected the
compressive load capacity of SFRC [38]. On the other hand, when V; exceeded a specific
threshold, it caused a negative result in the compressive load capacity [39]. Bayramov
et al. found that if //d falls in the range of 55 to 65, the compressive load capacity of SFRC
increases for all fiber contents [40]. Several other studies concluded that using hybrid fibers,
such as steel and polyvinyl alcohol fibers, improved the ultimate load, confinement, and
ductility of concrete columns reinforced with GFRP rebars [33,41,42].

As indicated from the above summary, little research has introduced solutions to
compensate for the lower compressive strength of GFRP-RC columns compared to steel-RC
columns [24,43,44]. Given the background, this study assesses the structural behavior and
response of circular concrete columns strengthened with longitudinal GFRP and transverse
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steel rebars under axial compressive loading. SFs were added to concrete to enhance
columns’ ductility and axial capacity. A total of 16 specimens were fabricated based on
the parameters of the conventional and modern materials and various configurations.
Test results were compared with different theoretical equations presented in the literature.
Finally, a new theoretical equation was proposed, considering axial GFRP rebars as lon-
gitudinal reinforcement and steel bars as transverse reinforcement with different spiral
and hoop spacing. A modified concrete damage plastic (CDP) model for fiber-reinforced
concrete (FC) columns was also proposed. This study will deepen the understanding of the
structural behavior and viability of GFRP-RC columns, such as ultimate axial compressive
load, ductility index (DI), and load-deflection curves.

2. Materials and Methods
2.1. Materials
2.1.1. Concrete

This study used ASTM C150 [45] Type II Portland cement and crushed coarse aggregate
with a maximum size of 10 mm to produce CC and FC. Hooked-end SFs were used to
improve the ductility of column specimens, as shown in Figure 1. Table 1 presents the
physical and mechanical properties of the SFs used. Plastit®SPC218 (Capco; Mashhad,
Iran) was used as a superplasticizer for FC to obtain homogeneous concrete mixtures.
The water-to-cement ratio (w/c) was 0.45 for both CC and FC mixtures, as shown in
Table 2. Slump values measured as per ASTM C143 [46] were 90 mm and 75 mm for
CC and FC, respectively. Three parallel standard cylinders (150 mm diameter x 300 mm
height) were fabricated for each batch of CC and FC. Each specimen was loaded at 0.28
MPa/s according to ASTM C39 [47] to obtain average strength at 28 days. The compressive
strength obtained for CC and FC were 32.4 and 35.4 MPa, with standard deviations of
2.14 and 2.54 MPa, respectively.

Figure 1. Hooked-end steel fibers.

Table 1. Physical and mechanical properties of steel fibers.

Length Diameter Area Tensile Elongation Elasticity
(mm) (mm) (mm?) Strength %) Modulus
(MPa) (GPa)
50 0.8 0.5026 758 4 200
Table 2. Mixture design of CC and FC.
Steel .
Concrete Cement Sand Gravel Water Fibers * Superplasticizer
Type (kg/m®) (kg/m?3) (kg/m®) (kg/m®) (kg/m®) (kg/m?)
CcC 449.8 894.4 825.6 202.5 - -
FC 449.8 894.4 825.6 202.5 23.75 3.6

* Note: Fibers were added to the mixture as an additional material and were not considered for volumetric design.



Buildings 2024, 14, 988

4 of 25

2.1.2. Reinforcement

Steel and GFRP rebars with a diameter of 9.5 mm were used as longitudinal reinforce-
ment. Steel bars with a diameter of 6.4 mm were used as transverse reinforcement of a
circular column section. The GFRP rebars were made of E-glass fibers (85% of the volume)
impregnated in thermosetting polyester resin, fillers, and additives. Table 3 summarizes
the physical and mechanical properties of the steel and GFRP rebars used.

Table 3. Physical and mechanical properties of the steel and GFRP rebars.

Material Diameter Area Tensile Elastic TenS}le Type of
Tyvoe (mm) (mm?) Strength Modulus Strain Reinforcement
yp (MPa) (GPa) (%)
GFRP 9.5 70.85 943.1 50 3.0 Longitudinal
Steel 9.5 70.90 372.3 200 0.25 Longitudinal
Steel 6.4 32.15 262.2 200 0.15 Transverse

2.2. Specimen Fabrication

Sixteen circular columns were prepared in four different groups: Group I—four GFRP-
reinforced conventional concrete (GRCC) specimens, Group II—four GFRP-reinforced fiber
concrete (GRFC) columns, Group III—four steel-reinforced conventional concrete (SRCC)
columns, and Group IV—four steel-reinforced fiber concrete (SRFC) columns. All the
columns were configured laterally by steel rebars in the shape of ties (hoops) or spirals
with 40 and 75 mm pitches. Table 4 shows the details of the test specimens. Each column
was labeled with letters and numbers. The first letter, G or S, denotes the material type
of the longitudinal rebars: GFRP or steel, respectively. The second letter, C or F, stands
for the concrete type: conventional or fiber-reinforced concrete, respectively. The third
letter, T or P, represents the transversal reinforcement type, tied or spiral, respectively. The
number denotes the pitch of the transversal reinforcement in millimeters. These columns
were tested to evaluate the effects of steel fiber, longitudinal rebar, confinement type, and
transverse pitch on the structural response under a concentric loading condition. All the
circular column specimens were produced in 150 mm (diameter) x 600 mm (height). The
concrete cover was 25 mm. Figures 2 and 3 illustrate the details of the column configuration
with spirals and ties (75 mm pitch) and the cross-section of the columns, respectively. The
spirals/hoops were designed to prevent the elastic buckling of longitudinal GFRP bars and
the inelastic buckling of longitudinal steel bars [48]. Figure 4 shows all the reinforcement
layouts considered in this study.

Table 4. Specimen details.

Longitudinal Rebar Transverse Rebar

o0 s o0
Group  Specimen Type of Type of 3 _ - » g I 8 _ o * E 5 X
ID Label Rebars Concrete 2 E ° g - 2 g 5 g v @ ES
g E c 2 £ 8 = E ] E o s £ .8
< ] o = ] > & o =
S A AR S R -

& S &
GC-T75 75 Tied 1.71
GroupI  GC-P75 . 75 Spiral 1.71
(GRCC)  GC-T40 Plain 9.5 6 2.67 6.4 40 Tied 3.22
-P4 4 iral 22

GC-P40 GERP 0 Spira 3
GF-T75 75 Tied 1.71
Group Il  GF-P75 . 75 Spiral 1.71
(GRFC)  GF-T40 Fiber 95 6 2.67 6.4 40 Tied 3.22

GF-P40

40 Spiral 3.22
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Table 4. Cont.

Longitudinal Rebar Transverse Rebar
en k= &0
Group  Specimen Type of Type of 3 _ - » g : 3 _ e « E g X
ID Label Rebars Concrete g g ° s 53 2 g 5 g v g 573
g = e .2 g g s g [ £ .8
82 Z & £ % s E sk =8 £ %
o) é‘ ~ ) 2 6 é <4
Group SC-T75 75 Tied 1.71
SC-P75 . 75 Spiral 1.71
(S[I{I(ch) SC-T40 Plain 9.5 6 2.67 6.4 40 Tied 3.2
SC-P40 40 Spiral 3.22
Steel
Group SE-T75 75 Tied 1.71
SE-P75 . 75 Spiral 1.71
(sII{\EC) SE-T40 Fiber 9.5 6 2.67 6.4 40 Tied 322
SE-P40 40 Spiral 3.22

2.3. Test Setup and Instrumentation

The instrumentation included three stain gauges (PFL-20-11, TML; Tokyo, Japan)
mounted at the mid-length of the longitudinal GFRP or steel bars. A data logger recorded
the strain of the longitudinal bars. Before loading, the top and bottom surfaces of the
column were capped with a sulfur compound to apply uniformly distributed loading to
the cross-section, as shown in Figure 5. Subsequently, the columns were loaded at a rate
of 10 kN/s using a compression tester with a 5000 kN capacity, given the dimensions of
the specimen [47]. The lower hydraulic jaw of the testing machine was movable, while
the upper one was fixed. Specimens were loaded with a concentric compressive load,
as displayed in Figure 6. Two linear variable displacement transducers (LVDTs) were
mounted on both sides of the column to monitor the concentric compressive deformation.
The concentric load and corresponding column deformation were recorded using a data
acquisition system.

. 150 rara 2 150 ram
é" 1r§ r'y
2, 2| 2 ¢64mn@75mm
E.__ I e g \Spirals/Hoops
s 3 N
bt 1 o T
! 2 o 695 mm
et R R M i E Longitudial
& 4o rebars
* g
® :
L v ' 1
l’ l . 100mm
v v :
C CcC C 150 e
X L2
s M 25w
Elewation Section C-C

Figure 2. Configuration of specimens reinforced with spirals and hoops.
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Figure 3. Reinforcements inside PVC formwork.
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Sulphur
material

Figure 5. Sulfur capping process.
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Loading
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Figure 6. Column test setup.

3. Results and Discussion
3.1. Failure Modes

Figure 7 illustrates the modes and cracking patterns of the columns after failure under
axial loading. Up to 85% of the ultimate axial load, all the columns behaved relatively
linearly. There was no observation of cracking in the concrete cover up to this point,
and the confinement effect of lateral rebars was passive. When the axial load increased
above 85% of the ultimate value, tight vertical cracks occurred in the concrete cover, and
the crack width became wider as the load increased. After reaching the ultimate axial
compressive load (Py), the axial strain increased at a higher rate. At this phase, the concrete
cover was spalled, and the confinement effect due to lateral rebars became activated as the
longitudinal rebars yielded for both SRCC and SRFC columns. After achieving up to 75%
of the ultimate axial load in the post-peak branches, the transverse steels gained maximum
strength. The four groups of columns showed similar processes and modes of failure. The
column failure mainly occurred in the upper half region. The longitudinal GFRP bars were
fractured in GC-T75, GC-P75, GF-T75, and GF-P75 columns, while the longitudinal steel
bars experienced buckling in SC-T75, SC-P75, SF-T75, and SF-P75 columns. The dominant
failure modes were the lateral reinforcement rupture and concrete core crushing (GC-T40,
GC-P40, GF-T40, GF-P40, SC-T40, SC-P40, SF-T40, and SF-P40).

N

LETa W

Figure 7. Axially loaded columns after testing with their failure modes: (a) GRCC columns, (b) GRFC
columns, (¢) SRCC columns, and (d) SRFC columns.
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3.2. Load-Strain Curves of Reinforcement

Figure 8a,b illustrates the load-strain curves of the longitudinal GFRP and steel rebars
embedded in the column specimens under compressive axial loading, respectively. The
results show that the first branches of load-strain curves were nearly linear, up to almost 85%
of f!. The second branch of the curves occurred with the initiation of longitudinal cracks
and concrete cover spalling. At this phase, the embedded longitudinal steel bars yielded,
and the column’s axial stiffness gradually decreased, presenting a softening response.
Based on the observations, the strain of the concrete and longitudinal GFRP/steel bars
displayed the same behavior up to 0.25% (2500 &), which is related to the initiation of
concrete crushing, as revealed in previous research [4]. The average axial strain of the
longitudinal GFRP bars embedded in the GRCC and GRFC columns at the peak load was
6215 e and 7835 pe, respectively, whereas that of the longitudinal steel bars in the SRCC
and SRFC columns at the peak load was 1597 pe and 1724 ue, respectively. At 85% of
the peak load, the steel bar strain was significantly less than the GFRP bar strain due to
the higher modulus of steel than GFRP. The steeper slope of the pre-peak branch of the
load-strain curves of steel bars was apparent compared with that of the pre-peak branch of
the load-strain curves of GFRP bars. All the four column groups displayed similar failure
modes. The failure patterns of the longitudinal GFRP bars were interlaminar degradation
in the columns having spirals/hoops with a pitch of 75 mm (GC-T75, GC-P75, GF-T75, and
GF-P75). Similarly, the longitudinal steel bars were yielded because of buckling failure
(SC-T75, SC-P75, SE-T75, and SF-P75). Also, the reduction of the confinement of concrete by
the transverse steel bars due to the increased loading and their yielding caused a decrease
in the slope of the second branch of the load-strain curve.

700

Load (kN)

|

500 I

|

— [ =
GC-T75 gmo ‘ — SC-T75
GC-P75 = SCPE
GC-T40 S300 SC-T40
GC-P40 = SC-P40
GF-T75 200 | i
GF-P75 Ny _
SF-P75
CEI0 100 J SF-T40
GF-P40 ! < Ba
0
5 N
Strain (ue) 4‘20, Strain (ue)

Figure 8. Load-strain curves of (a) longitudinal GFRP bars (Groups I and II columns) and (b) longitu-
dinal steel bars (Groups III and IV columns).

3.3. Ultimate Axial Load and Deformation
3.3.1. Effect of Longitudinal Bars

Table 5 shows the results of the axial compression test measured using strain gauges
and LVDTs. The ultimate compressive loads and corresponding deformations of the SRCC
columns were higher than those of the GRCC columns. Similarly, the SRFC specimens
exhibited higher ultimate compressive load and corresponding deformation than their
GREFC counterparts. The SRCC specimens, on average, obtained 19.5% further ultimate
loads and 10% higher corresponding deformations compared with the GRCC specimens.
Also, the SRFC columns, on average, gained 16.4% higher ultimate loads and 3.5% further
corresponding deformations compared with the GRFC columns. As a result, the ultimate
compression loads and corresponding deformations of the SRCC and SRFC specimens were
obtained at an average of 18% and 6.8%, respectively, further compared with the GRCC and
GREFC specimens. In other words, the column Groups I and I, on average, achieved the
ultimate compressive loads by values of 477.77 kN and 520.08 kN, respectively, which were
less than their counterpart groups, indicating that the longitudinal GFRP bars contributed
less to the axial compressive loads compared with the longitudinal steel bars. Also, it
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showed that the decrease in the pitch of lateral rebars increased the axial compressive
load of columns. On the other hand, the columns having a pitch of 40 mm, on average,
displayed a 10% higher axial compressive load and a 30% further corresponding deflection
compared with their counterparts with a pitch of 75 mm.

Table 5. Axial compression test results.

Column ID P, (kN) Deflection at P, (mm) €long (L1€) Ductility Index
GC-T75 445.6 3.364 4317 4.1
GC-P75 478.5 3.775 5096 42
GC-T40 487.1 4.088 7427 45
GC-P40 499.9 4221 8020 4.8
GF-T75 476.7 3.461 4557 43
GF-P75 509.8 4.353 5949 4.6
GF-T40 542.2 5.342 9883 5.0
GF-P40 551.6 5.522 10,952 5.2
SC-T75 500.5 3.593 1258 3.7
SC-P75 577.1 4.023 1475 4.0
SC-T40 592.1 4.384 1681 41
SC-P40 616.7 5.043 1975 45
SE-T75 569.2 3.648 1295 3.9
SF-P75 587.4 4478 1642 42
SF-T40 605.3 5.473 1961 4.3
SF-P40 659.1 5.704 1996 45

Note: gjoq is the strain measured at P,

3.3.2. Effect of Steel Fibers

As shown in Figure 9, adding SFs increased the axial compressive load and correspond-
ing deformation of the columns. For example, the GF-T75 specimen carried an axial load
of 476.7 kN, 6.98% higher than its counterpart; its corresponding deflection was 3.46 mm,
2.97% greater than the GC-T75 specimen. Furthermore, the GRFC specimens, on average,
gained 8.8% higher ultimate load and 19.9% higher corresponding deformation compared
to the GRCC specimens. Also, the SRFC columns gained 6.2% higher ultimate load and
12.7% further corresponding deformation compared to the SRCC columns. Consequently,
on average, groups Il and IV achieved 7% more ultimate axial compression load and 16.3%
higher corresponding deformation than their counterpart groups I and III. The ultimate
axial compressive load of the SRCC and SRFC specimens ranged from 500.5 to 659.1 kN,
while those of the GRCC and GRFC columns ranged from 445.6 to 551.6 kN. Among the
specimens, the SF-P40 had the highest axial load capacity of 659.1 kN, whereas the GC-T75
exhibited the lowest axial load capacity of 445.6 kN. As anticipated, the FC columns were
longitudinally reinforced with steel bars, and more transverse reinforcement (a spiral layout
with a shorter pitch) carried more axial compressive load until failure. In comparison, the
CC columns longitudinally reinforced with GFRP bars and a lesser volume of transverse
reinforcement (a tied layout with a longer pitch) exhibited the lowest axial compressive load.

800

700 \Y) 1]
~
2 600
€ e (I])
'g 500 P — P —N
o o—
= 400 (M
B ~8— GRCC columns
“ 300
= GRFC columns
200 SRCC columns
100 SRFC columns

0

Figure 9. Axial compressive loads of Group I, II, III, and IV columns.
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3.4. Axial Ductility Index
3.4.1. Effect of Longitudinal Bars

The member’s energy absorption capacity after reaching maximum axial compression
load is defined as “ductility” [42]. In this study, two different formulas, i.e., Equation (1)
proposed in [43,49] and Equation (2), were used to determine the DI of the columns made
of CC and FC, respectively:

Agso,

DI = 1)
Agse,
Al

DI = 7% )

75%

where A7z, and A’7sy, are the areas under load-deflection curves up to 75% of the P, and
P, for CC and FC, respectively, which are related to the corresponding deformations 759,
and 6’759, at the axial compression loads P75, and P’,759, in the elastic ranges, also, Agso,
and A’gso, are the areas of under load-deflection curves up to 85% of the P, and P’,, for CC
and FC, respectively, which are related to the corresponding deformations dgse, and ¢’gse,
at the axial compression loads P, g59, and P’;g59, in the post-peak regions of the curves. The
axial DIs of all the columns are presented in Figure 10, which were calculated based on the
axial load-deflection curves of the four column groups.

The results showed that the DIs of GRCC columns (GC-T75, GC-P75, GC-T40, and
GC-P40) were higher than their SRCC counterparts (SC-T75, SC-P75, SC-T40, and SC-P40)
by an average of 7.4%, which agreed well with the result of a previous study [43]; for
instance, the DIs of GC-P75 and SC-P75 were found to be 4.21 and 3.97, respectively.
Similarly, the DIs of GRFC specimens (GF-T75, GF-P75, GF-T40, and GF-P40) were higher
in the order of 12.9% than their SRFC counterparts (SF-T75, SE-P75, SF-T40, and SF-P40).
In addition, the DI of GF-P75 (4.57) was 0.4 higher than that of SF-P75 (4.17). Overall,
longitudinal GFRP rebars were found to further contribute to obtaining higher ductility
than longitudinal steel bars. Additionally, as the pitch of spiral or tied rebars decreased,
the DI of the columns increased because of the well-confined GFRP and steel rebars and
transversal confinement of the concrete core, which helped absorb more energy.

3.4.2. Effect of Steel Fibers

Steel fibers have high tensile strength and proven crack-bridging potential. Such
characteristics of the steel fiber can be used to alter the brittle behavior of concrete under
stresses to a more ductile behavior. Steel fiber-reinforced concrete was also proven to be
much more ductile than normal concrete under axial loads [31,34]. Adding SFs enhanced
the post-peak behavior (i.e., more softening branches) of the load-deflection curves, which
coincided well with the findings of former studies [50,51]. It is also noted in Figure 10
that the concrete columns with SFs attained greater Dls than their CC counterparts. More
specifically, the GRFC columns (GF-T75, GF-P75, GF-T40, and GF-P40) showed 9.2% higher
DIs than the GRCC columns (GC-T75, GC-P75, GC-T40, and GC-P40). Similarly, the SRFC
specimens (SF-T75, SF-P75, SF-T40, and SF-P40) obtained 4% further DIs than the SRCC
columns (SC-T75, SC-P75, SC-T40, and SC-P40). Based on the findings, it is clear that using
longitudinal GFRP rebars with a narrower transverse bar pitch and adding SFs in concrete
improves axial DIs of columns.
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Figure 10. Axial DIs of Group I, Group II, Group III, and Group IV columns.

4. Numerical Analysis
4.1. Modeling Details

A numerical analysis was conducted to assess how the behavior of axially loaded
concrete columns is influenced by longitudinal GFRP and steel rebars, types of concrete,
and configurations of transverse reinforcement. ABAQUS finite element (FE) software
package was used to conduct a nonlinear 3D finite element analysis of the concrete columns.
The interaction between the longitudinal GFRP/steel bars and concrete was simulated
using the “embedded region” constraint, as depicted in Figure 11a. The concrete section
was modeled with 3D solid elements, and the longitudinal bars were represented using
deformable 3D truss elements. The concrete was modeled with C3D8R elements, while
T3D2H elements were employed for the reinforcements [52-54]. All elements were meshed
with a 25 mm grid, as shown in Figure 11b. The CDP and modified CDP models were
utilized to identify damage patterns in the CC and FC, respectively. The longitudinal GFRP
bars were considered to be linear elastic. The column’s bottom was fully restrained, while
the column’s top was free to move along the longitudinal axis. To prevent the discontinuity
of stress and strain distributions and ensure accurate predictions, a sensitivity analysis
of the load-deflection curve of the control model was performed for different mesh sizes.
Mesh sizes of 20, 25, 30, and 40 mm were considered, and 25 mm provided the best fitting
between the test results and FE predictions. Displacement control was applied by gradually
displacing the column top by 8 mm along the longitudinal axis, equivalent to the load rate
of 10 kN/s adopted in the experimental program. Discrete rigid plates were modeled for
the top and bottom surfaces of the column to apply uniform displacement. The contact
between the plate and column was modeled using the “tie” constraint. A Poisson’s ratio
of 0.2 was used [55]. The modulus of elasticity was determined using 4734 v L [56],
where f/=32.4 and 35.9 MPa for CC and FC, respectively. The nonlinear and irreversible
damaging behavior of concrete was simulated using the CDP and modified CDP models
for CC and FC, respectively, considering the isotropic compressive/tensile plasticity and
isotropic damage plasticity [53,57].
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Figure 11. FE modeling of columns: (a) geometric presentations of reinforcements and concrete and
(b) mesh presentations.

4.2. Simulation of Reinforcements

The simulation of all rebars in the columns was conducted using 3D truss elements and
the embedded region constraint in the software. Various characteristics of GFRP rebars and
steel rebars are outlined in Table 3. The Poisson’s ratio was 0.3 for steel rebars [58,59] and
0.25 for GFRP bars [60]. The simulation of the rebar’s compression behavior until failure
was defined as linear elastic for GFRP bars [58,60] and elastoplastic for steel rebars [55,61].
The concentric compressive strength of GFRP rebar (f) was considered to be half of its
tension ultimate strength (fg,) [62]. Stress-strain curves illustrating the behavior of steel and
GFRP rebars under tensile loadings are provided in Figure 12.

1000

750
500 0.01E,
S

F’Stress (MPa)
®

~—— Steel rebar
~——— GFRP rebar

-1000

Strain ()
Figure 12. Stress—strain curves of reinforcements under tensile loading.

4.3. Plasticity Behavior of CC and FC

The CDP and modified CDP models identified several key parameters for conven-
tional concrete and fiber-reinforced concrete, respectively. These parameters include the
plastic potential eccentricity of concrete (e, eif ), the shape factor of the yielding surface
in the deviatoric plane (K., Kif ), the viscosity parameter (y, and ‘uif ), the dilation angle
(We, l/J(s;f ), and the ratio of compressive stress in the biaxial state to that in the uniaxial state

(Tbo/ Oco, 025 / (ng ) for CC and FC, respectively. The parameters ¢, and eif were set to a

default value of 0.1 [52], while the values of K, and Kif ranged between 0.64 and 0.80 [63].
For CC, a favorable strength prediction is achieved under low hydrostatic stresses with a
Kc value of 0.67, and under high hydrostatic stresses, an acceptable prediction is obtained
with a Kc value of 0.70. Based on the provided information, the values of 0.69 and 0.70
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were selected for CC and FC, respectively [52,55]. The parameters o,/0¢o and azg / UZJ;
were assigned values of 1.16 and 1.40 for CC and FC, respectively [52].

The flow rule is governed by the parameter ., which is a crucial factor for simulating
concrete in ABAQUS. This parameter represents the plastic volumetric strains of CC, which

are less for FC due to the effective matrix and confining mechanism. Both ¢, and tpif
denote the concrete’s plastic volumetric strains, which fell within between 31° and 42°.
Notably, it was observed that the . [64] of CC was higher than the l[Jif of SFRC due to
the influence of the flow rule [42]. The parameters y. and ‘uf;f were determined to achieve
satisfactory agreement with test properties, resulting in values of 0.009 and 0.0068 for CC
and FC, respectively.

4.4. Compressive Behavior of CC and FC

To represent the nonlinear deformation of concrete, total strain (¢) was defined by
Equation (3), based on the elastic-plastic theory and encompassing parameters for concrete
elastic strain (¢,) and plastic strain (ey):

€= €+ €pl 3)

The nonlinear behavior of concrete was characterized by the plastic strain induced
by compression and tension damage. Therefore, an accurate simulation of plasticity and
damage to the concrete had to be performed. As the stiffness of concrete degraded, strain
in concrete increased, leading to the growth of concrete strain and the evolution of concrete
damage, defined by elastic strain (¢,) and plastic strain (¢,) [52]. The simulation of con-
crete’s nonlinear behavior was facilitated by the CDP model in the software, incorporating
parameters such as axial compressive damage (d.) and axial tensile damage (d;). The
relationship between stress and strain for concrete under compression, as illustrated in
Figure 13, can be expressed by Equation (4):

Oc = (1 - dc)Eo(Sc - Egl) 4)

where E, denotes the elastic modulus of CC and FC, calculated according to ACI 318-95 [56],

g and efl represent the compressive strain and the compressive plastic strain for CC and
FC, respectively. The parameter d. was identified by Equation (5), proposed by Wang and
Chen [65]:

1

= S =) ©)

de
where . is the control parameter for the rate of concrete damage evolution in compression
(0.1). For CC [66], "5y, is the concrete inelastic strain normalized in compression and is
equal to € /¢l ¢l is the strain corresponding to the concrete ultimate inelastic strain in
compression by an amount of 0.033 for CC [66]. mif is the modified parameter of m, in
compression for FC, based on the physical properties of SF [65], as given by Equation (6):

mif = Mg (1 + amlx\sf> (6)

where Ag¢ = Vs (I/d) is the SF reinforcing index, with Vi and I/ dgs representing the
volume percentage and aspect ratio (length/diameter) of the SF, respectively. Additionally,
the coefficient of a,,1 is determined based on the characteristic of SF, with a specified value
of 0.452 [65].
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Figure 13. Compressive stress—strain curve adopted in this study.

4.5. Tensile Behavior of CC and FC

Several models proposed in the literature [61,67,68] describe the tensile stress-strain
behavior of CC and FC, presenting suggested models that include hardening and/or
softening branches of strains. The hardening branch characterizes pre-peak behavior, while
the post-peak behavior is depicted by the softening branch during plastic flow [69]. It
is noteworthy that incorporating SF into concrete enhances ductility and influences the
post-peak behavior of concretes, resulting in higher tensile strength for FC compared to CC.
The stress-strain behavior of CC/FC under tension is generally represented by Equation (7),
as shown in Figure 14.

o= (1—4dy)E, (st — sfl) (7)

where ¢ and &/ ! denote the tensile strain and the plastic of the tensile strain for CC and FC,
respectively. The parameter d; was defined using Equation (8), proposed by Wang and Chen [65]:

1

_ ck
= S ™ =D ®)

dy
where parameter m; is the controlling the parameter for the rate of concrete damage

evolution in tension stresses and has a value of 0.05. For CC [66], ei,knorm is the concrete
ck

inelastic strain normalized in tension stresses and is equal to e5* /¢S5, where 5k is the strain
corresponding to the concrete ultimate inelastic strain in tension stresses by an amount of
0.0033 for CC [66]. mff is the modified parameter of the m; in tension stresses for FC, as
given by Equation (9).

mi = mi (14 auoley ) ©

where the coefficient of a,,» is derived based on the characteristic of SF in tension with
a value of 0.628 [52]. Figure 15 illustrates the CDP and modified CDP model of the
four columns from each group.

LAt
/,Ifif?f)fg,‘(‘Eo{

v
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Figure 14. Tensile concrete stress—strain curve adopted in this study.
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Figure 15. The CDP and modified CDP model predictions for (a) GC-T40, (b) GF-T40, (c) SC-T40, and
(d) SF-T75.

4.6. Comparative Study of Experimental and FE Results

The comparison of the experimental and FE results for the maximum compressive
load and the corresponding deflection of the columns is presented in Table 6. Subsequently,
the results of all columns based on the main four groups and their averages were analyzed.
The average errors of the axial compression load were 1.09%, 2.57%, 0.71%, and 1.79% for
GRCC, GRFC, SRCC, and SRFC columns, respectively. Additionally, the discrepancy of
the corresponding deflection with the axial compressive ultimate load was, on average,
2.44%,1.77%, 0.91%, and 1.77% for GRCC, GRFC, SRCC, and SRFC columns, respectively.
The higher discrepancies were observed in the GRFC and SRFC columns for the axial
compression load, suggesting a potential need for further research on accurate modeling of
the FC parameters. Most FE results were higher than experimental results in the axial load
and corresponding deflection, possibly due to the geometric and implementation imperfec-
tions during the manufacturing process of the specimens, which were not considered in
the simulation. This includes small fluctuations in the dimensions of PVC formwork for
concretes. The FE simulation of the GF-T75 column displayed a maximum discrepancy of
6.65%, while the FE of SC-T40 presented a minimum discrepancy of 1.15% for the axial
compression load. The FE simulation revealed a maximum discrepancy of 5.99% for the
SC-P75 specimen. Additionally, the FE analysis of SF-T40 exhibited a minimum discrepancy
of 1.66% for the corresponding deflection in axial compression load. Figure 16 provides the
comparison of experimental and FE results for the axial maximum compression load.



Buildings 2024, 14, 988 16 of 25

Table 6. Results of the experimental and FE analysis of the ultimate axial load and deflection.

Experimental Results FEM Results
Specimens Deflecti - Difference in Difference in
P, (kN) eflection at P, (kN) Deflection at P, (%) Deflection at P,, (%)
P, (mm) P, (mm)
GC-T75 445.6 3.364 427.6 3.261 —4.04 —3.06
GC-P75 478.5 3.775 485.3 3.930 142 411
GC-T40 487.1 4.088 501.2 4.251 2.90 3.99
GC-P40 499.9 4.221 520.3 4421 4.08 4.74
GF-T75 476.7 3.461 508.4 3.627 6.65 4.80
GF-P75 509.8 4.353 482.7 4.125 —5.32 —5.24
GF-T40 542.2 5.342 556.3 5.455 2.60 2.12
GF-P40 551.6 5.522 586.5 5.821 6.33 5.41
SC-T75 500.5 3.593 511.6 3.653 2.22 1.68
SC-P75 577.1 4.023 541.8 3.782 —6.12 —5.99
SC-T40 592.1 4.384 585.3 4.256 —1.15 —2.92
SC-P40 616.7 5.043 630.2 5.223 2.19 3.57
SF-T75 569.2 3.648 597.8 3.850 5.02 5.54
SF-P75 587.4 4.478 552.6 4.244 —5.92 —5.23
SF-T40 605.3 5.473 615.3 5.564 1.65 1.66
SF-P40 659.1 5.704 701.4 5.996 6.42 5.12

The load-deflection curves of all columns, measured from experiments and predicted
by FE analysis, are depicted in Figures 17-20. These curves illustrate that the proposed FEM
accurately predicts the load-deflection behavior of columns in elastic regions, as observed
in GC-T75, GC-P75, GC-T40, GF-T40, and SF-T75 specimens. Additionally, they reveal
discrepancies in the post-peak branches of columns such as GF-T75, GF-T40, SC-P40, and
SF-P40 columns. The deviations presented by the FE results in the post-peak branches may
be attributed to the definition of GFRP bar degradation, FC damage mechanisms, or the
interaction between them. Further research on these matters can enhance the accuracy
of the results. However, the overall agreement of load-deflection curves for specimens
was deemed acceptable with the suggested numerical method. The simulation of crack
patterns in ABAQUS can accurately represent positive principal plastic strains, as the cracks’
direction is perpendicular to these strains in CC and FC [54,70,71].
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Figure 16. Comparison of experimental and FE results of the ultimate axial load.
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Figure 17. Load-deflection curves of columns measured from experiments and predicted from FE analysis
for group I (GRCC): (a) GC-T75 column, (b) GC-P75 column, (¢) GC-T40 column, and (d) GC-P40 column.
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Figure 18. Load-deflection curves of columns measured from experiments and predicted from FE analysis
for group II (GRFC): (a) GF-T75 column, (b) GF-P75 column, (c) GF-T40 column, and (d) GF-P40 column.
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Figure 19. Load-deflection curves of columns measured from experiments and predicted from FE analysis
for group III (SRCC): (a) SC-T75 column, (b) SC-P75 column, (c) SC-T40 column, and (d) SC-P40 column.
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Figure 20. Measured and predicted load-deflection curves for Group IV (SRFC): (a) SF-T75 column,
(b) SE-P75 column, (c¢) SF-T40 column, and (d) SF-P40 column.

Consequently, the failure mode shapes and cracking patterns of the four groups in
this study were portrayed based on these strains. In the initial stage, the cover spalling of
CC and FC, albeit with a delay, commenced along the yielding of rebars. Due to the closer
modulus of elastic GFRP rebars with CC and FC, assuming a perfect bond between them
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appeared effective compared to the steel reinforcement and concretes. Therefore, favorable
interactions were observed in the composite section between the GFRP rebars with CC and FC.

5. Theoretical Equation
5.1. Axial Load of Columns in the Literature

As stated previously, some studies, such as Hadhood et al. [10,72], proposed the
columns’ nominal axial load with FRP longitudinal rebars as Equation (10), in which FRP
rebars’ contribution to the load of the columns is neglected.

Ppred = lxlfc/(Ag - Af) (10)

where P, is the nominal load corresponding to the first peak load, «; is the reduction
factor, which is 0.85, f{ is the compressive strength of concrete, A, is the area of the
concrete’s gross section, and A f is the area of FRP longitudinal reinforcement. Some
researchers proposed various philosophies to consider the contribution of the FRP bars
to the FRP-RC column’s capacities. Some of them suggested equations to determine a
reduction factor for the low axial compression load of GFRP rebars in columns compression
capacities, as presented by Afifi et al. [1] and Tobbi et al. [73] in Equation (11):

Pyred = a1fe (Ag - Af) +apfrudAs (11)
where ay is the ratio of the axial compressive strength to the tensile strength of GFRP rebars,
which is 0.35, ff, is the GFRP rebar’s tensile strength. The nominal axial compression load
of the columns was calculated to be 24% higher than the compression load of GFRP-RC
columns obtained in this test on average. Some other researchers proposed the contribution
of GFRP bars based on the compressive strain of concrete [72]. In this approach, suggested
equations adopted the GFRP bar’s strains to calculate their contribution to the load of
GFRP-RC columns. Maranan et al. [29,72] presented Equation (12):

Ppred = taf!( Ag — Af ) +0.002E5, Ay (12)
where &5 is the reduction factor, which is 0.9, and E ft is the tensile modulus of elasticity of
GFRP bars. According to the strain compatibility between the concrete and GFRP bar, the
rebar strain was equal to the ultimate concrete strain, which varied between 0.2 and 0.35% [72].

5.2. Proposed Equation for Axial Compressive Load

Some researchers suggested equations to predict the GFRP-RC column’s axial compres-
sive load without considering the confinement effect of transversal
reinforcements [1,4,17,74-77]; some others proposed only equations considering lateral
confinements of FRP bars as lateral reinforcements [74,75]. Generally, the lateral confine-
ment of the spiral/hoop is activated after the spalling of the concrete cover, increasing the
DI and axial compression load of columns. In the elastic region of the column’s stress-strain
curve and before the concrete cover spalling, the confinement of transversal rebars is ineffec-
tive due to their low axial strain; then, it is activated at higher axial strain [42]. The dilation
of the concrete core is delayed by restraining the lateral pressure by the spiral and hoop,
which enhances the ductility and axial compression load of the columns. In conclusion,
the lateral confinement effect of the transversal reinforcement should be considered in RC
columns’ axial load calculations. According to ACI 318-14 (18.12.7.5), the transversal steel
reinforcement ratio by considering the length of spirals/hoops of the wrapped circular
section is given in Equation (13):

oy = 0.45f! <Ag _1> (13)
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where p; is the transversal steel reinforcement ratio, fys is the yield stress of spiral /hoop
reinforcement, and Ao is the section area of the concrete core of the RC column based on
a diameter measured out-to-out of spiral and hoop rebar.

Figure 21 shows the effect of the confinement due to steel spirals. The lateral pressure
(f») developed due to the lateral steel spirals can be presented in Equations (14) and (15):

Zasfys
= 14
f2 D.S (14)
Pes = zpsfysAcore (15)

where f; is the applied lateral pressure, as is the cross-sectional area of lateral rebar, D,
is the core diameter, and S is the pitch of the spiral. P is the tolerable axial load due to
transversal steel reinforcement in concrete columns.

concrele core

o

spiral

Figure 21. Lateral confinement of the concrete due to steel spiral rebar (left) and one pith of spiral
rebar (right).

The applied lateral pressure due to hoop rebars is calculated by the same process [78].
The other materials that tolerate the axial compressive load in the GFRP-RC columns are
concrete and longitudinal rebars; their terms are:

Pee = D‘lfC/Ag (16)

P.; = 0.0035Ef; + Ay (17)

where P, is the tolerable axial load due to concrete compressive strength in concrete
columns, and P is the tolerable axial load due to GFRP longitudinal rebars in concrete
columns. The predicted total axial load of the concrete column can be calculated as follows:

Ppred = Pec + Pes + Pog (18)

A new equation was proposed to compute the axial compressive load or capacity of
the GFRP-RC columns, as represented by Equation (19). The analyzed general regression
and curve fitting of the test results were used in MATLAB to achieve the best compatibility
for the studied GRCC and GRFC columns. This equation is presented for hybrid reinforced
columns after the spalling of the concrete cover. These columns are embedded with GFRP
rebar as a longitudinal rebar and steel rebar as a transversal reinforcement.

Ppred = (Am A f) (1 fL + 2Kaps fys) + 0.0035E ;A (19)

where k; is the effectiveness factor of spiral and hoop rebars obtained in tests by 1 and 0.95,
respectively, fys is the steel’s yielding stress of spiral/hoop reinforcement, and f/ is the
compressive strength of CC and FC.

According to the test results, the column’s compressive capacity depended on the pri-
ority of effectivity, including the compressive strength of concrete and pitches and the type
of transversal reinforcements. It should be noted that the effect of SF was macroscopically
considered in the compressive strength of concrete, i.e., fi was 32.4 MPa and 35.9 MPa for
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CC and FC, respectively. The other significant parameter in the proposed equation was the
transversal steel reinforcement ratio. As shown in Table 7, the ultimate compressive loads
of GC-T40 and GC-P40 were obtained by Equation (19) further to the compressive loads of
their counterpart columns, i.e., GC-T75 and GC-P75. On the other hand, Equations (3)-(5)
were predicted by constant values of 474 kN, 676.2 kN, and 546 kN, respectively. As can be
seen, different types and pitches of the lateral rebars were almost neutral parameters on
the compressive strength of concrete columns for these equations.

Table 7. Experimental, numerical, and predicted results of the axial compressive load for GRCC and

GRFC columns.
Pprea(kN) Pexp/Ppred Puum!Pprea
Specimen Pexp(n) Prm (i) Equation Equation Equation Equation Equation Equation Equation Equation Equation Equation Equation Equation

(19) (10) (1) (12) (19) (10) 11 (12) (19) (10) 1n 12)
GC-T75 445.6 427.6 420.7 474.0 676.2 546.0 1.06 0.94 0.66 0.81 1.02 0.90 0.63 0.78
GC-P75 478.5 485.5 425.0 474.0 676.2 546.0 112 1.01 0.71 0.88 1.14 1.02 0.72 0.88
GC-T40 487.1 501.2 491.8 474.0 676.2 546.0 0.99 1.03 0.72 0.89 1.02 1.05 0.74 0.92
GC-P40 499.9 520.3 499.9 474.0 676.2 546.0 1.00 1.05 0.74 0.92 1.04 1.10 0.77 0.95
GE-T75 476.7 508.4 449.1 571.6 727.5 600.0 1.06 0.83 0.65 0.79 1.14 0.89 0.70 0.85
GF-P75 509.8 482.7 453.4 571.6 727.5 600.0 1.12 0.89 0.70 0.85 1.06 0.85 0.66 0.81
GF-T40 5422 556.3 520.3 571.6 727.5 600.0 1.04 0.95 0.75 0.90 1.06 0.97 0.76 0.93
GF-P40 551.6 586.5 528.3 571.6 727.5 600.0 1.04 0.96 0.76 0.92 111 1.03 0.81 0.98

GRCC = glass reinforced conventional concrete, GRFC = glass reinforced fiber concrete, Equation (12) is the
proposed equation., Equation (3) is Hadhood’s equation, Equation (4) is Tobbi’s equation., and Equation (5) is
Maranan’s equation.

The lateral rebar strain was low in the elastic region, while the concrete cover was
spalling in concrete columns. The lateral steel strain increased by continuing loading in
the nonelastic region, while the concrete cover region (Ag—Acore) did not contribute to
enduring the compressive loading anymore. In other words, when lateral rebars were
activated, the spalling of concrete cover had already occurred; thus, Acore Was used instead
of Ag in the theoretical proposed equation. Other equations were not considered, either
the lateral confinement effect of transversal reinforcement or the spalling of concrete cover.
As a result, the proposed equation had the best adaptability and lowest differences with
experimental results.

As shown in Table 7, the proposed Equation (12) has an average error of 5%, and
other relationships (relationships 3, 4, and 5) have an average error of 20% compared to the
experimental results. On the other hand, the average error of the proposed relationship
was 7%, and the average error of others’ relationships was 18% compared to the numerical
analysis results. This shows that the proposed relationship is numerically and analytically
superior to the equations of others.

6. Conclusions and Recommendations

This study investigated the compression behavior of circular GFRP-RC columns and
compared them with steel-RC columns. A total of 16 short-scale columns were provided
to study the effect of four parameters: longitudinal rebar types (GFRP and steel), concrete
types (FC and CC), lateral rebar volumetric ratios, and configurations of lateral reinforce-
ment (spiral and hoop). Based on the experimental, numerical, and theoretical results
obtained in this study, the following conclusions can be drawn:

1.  The SRCC and SRFC columns, on average, achieved 19.5% and 16.4% higher peak
loads than their counterpart groups (GRCC and GRFC). These indicate that GFRP
rebars had a lower contribution in the axial load-carrying of columns than steel rebars.

2. DIs of GRCC and GRFC columns were higher (up to 7.4% and 12.9%) than their
counterpart columns (SRCC and SRFC), indicating that the columns reinforced by
GFRP rebars were more ductile than columns reinforced by steel rebars.

3. Adding steel fibers into concrete columns (GRFC and SRFC) increased peak loads
by 8.8% and 6.2% compared with columns with conventional concrete (GRCC and
SRCC). Furthermore, SFs attained increases of 9.2% and 4% in DIs of GRFC and
SRFC columns as compared with their counterpart columns (GRCC and SRCC). The
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improvement of the post-peak behavior (the softening branch) of the load-deflection
curve raised the DIs of these columns.

4.  The modified CDP model of GRFC and SRFC specimens had slight discrepancies with
experimental results, with an average difference of 2.57% and 1.79% for peak loads
and average discrepancies of 2.52% and 4.4% for the corresponding deflections at
peak loads. Also, FE predictions were compatible with the experimental results for
load-deflection curves and failure modes.

5. According to the proposed theoretical equation, columns having a pitch of 40 mm
displayed an average of 15% higher ultimate loads than that obtained counterpart
columns with a pitch of 75 mm, as well as columns with spirals obtained, on aver-
age, 1.5% further peak loads than counterpart columns with hoops. This equation
performed well over the test measurements of investigated compression columns
by considering the axial involvement of GFRP longitudinal rebars, steel-spiral/hoop
rebar, and reinforcement volumetric ratio. The comparative investigations accredit
the applicability of the proposed theoretical equation for GRCC and GRFC columns.

The proposed equation (Equation (12)) was compared with similar equations
(Equations (3)—(5)). The discrepancy from the experimental results was 20% on average for
the similar equations and 5% for the proposed equation. Furthermore, based on the modi-
fied CDP model results, these average discrepancies for the proposed and similar equations
were 7% and 18%, respectively. Therefore, both theoretical and numerical methods verified
the superiority of the proposed equation over similar equations.

This study assessed the structural behavior of circular SFRC-RC columns reinforced
with GFRP bars. The experimental and numerical results demonstrated that conventional
structures/members, such as bridge piers, can potentially be replaced with new concrete
and reinforcing materials while expecting better mechanical properties and durability
under different environmental conditions and loadings.
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