Innovative Infrastructure Solutions (2024) 9:373
https://doi.org/10.1007/5s41062-024-01686-0

REVIEW q

Check for
updates

A comparative review on the structural behaviour of GFRP rebars
with conventional steel rebars in reinforced concrete columns

Anjali Kumari Pravin Kumar Pandey'® . Mostafa Dada’ - M. Longshithung Patton’ - Dibyendu Adak’

Received: 15 May 2024 / Accepted: 21 August 2024
© Springer Nature Switzerland AG 2024

Abstract

FRP reinforcement bars are advantageous in environments prone to corrosion, such as coastal areas, and in electromagneti-
cally sensitive zones. They are an appealing alternative to steel-reinforced concrete structures, which require frequent main-
tenance. Despite their benefits, the behaviour of FRP-reinforced concrete columns is complex and less explored than their
use in beams and slabs, limiting broader application. This paper aims to provide insights into the structural characteristics
of concrete columns reinforced with Fiber Reinforced Polymer (FRP) rebars, specifically GFRP bars, as alternatives to steel
bars. It examines the influence of parameters such as aspect ratio, concrete type and grade, slenderness ratio, and reinforce-
ment percentage on the strength and ductility of GFRP RCC columns under axial and eccentric loads. Design equations and
numerical methods for predicting load-carrying capacity are summarised. The literature review reveals that GFRP RCC
columns have 80-100% of the strength of steel RCC columns under concentric loading and 60—103% under eccentric load-
ing, with a higher ductility index than steel RCC columns by an average of 17.4%. For NSC and HSC columns, GFRP bars
contribute about 50% of the axial load-carrying capacity compared to steel bars. From the literature review in predicting the
design load-bearing capacity of GFRP-RCC columns, it has been found that using the modulus of elasticity to determine
the contribution of FRP longitudinal bars and employing concrete compressive strength rather than axial strain in FRP lon-
gitudinal bars contribution, yields more accurate predictions.

Keywords RCC columns - FRP bars - Longitudinal reinforcement - Compressive strength - Ductility

Introduction

In the design of structural concrete columns, strength and
ductility are crucial factors to be considered. According
to Sheikh and Uzumeri [1], these considerations can be
improved by adding longitudinal reinforcement bars around
the concrete core's perimeter and fastening these bars with
laterals like ties. Steel bars are one of the primary structural
elements utilised as reinforcing material in concrete due to
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their strong bond with concrete and superior tensile resist-
ance. However, the steel rebars corrode due to inadequate
or porous concrete cover, poor craftsmanship and harsh
weather conditions, as investigated by the authors [2—4].
Due to the various problems associated with steel rebars,
many researchers have attempted to replace them with Fiber
Reinforced Polymer (FRP) rebars. FRP rebar (such as Glass
FRP (GFRP), Carbon FRP (CFRP), and Basalt FRP (BFRP),
refer to Fig. 1) are a type of high-performance material made
by embedding continuous fibres in a resin matrix and has
very good tensile strength, light weight, corrosion resistance,
non-conductive, non-magnetic, and cost-effective when
compared to that of its steel counterpart [5-9].

Due to these advantages of FRP rebars over steel rebars,
FRP rebars have been used as reinforcement for a variety
of concrete structures, including chemical and wastewater
treatment plants, sea walls, under water structures, bridge
decks, rehabilitation, retrofitting and strengthening of struc-
tures, “soft eye” tunnelling, construction of buildings with
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Fig. 1 Grooved FRP rebars

-

(a) GFRP

electromagnetically sensitive equipment and buildings in
coastal areas [5, 9-16].

Despite the extensive research conducted on FRP as tubes
and sheets over the past two decades [17, 18], investigations
into utilising FRP rebars as structural frame elements have
only commenced within the last decade, primarily focus-
ing on beams, slabs, and some columns. Fan and Zhang
[19] were among one of the earliest to conduct experiments
on FRP-reinforced cement concrete (FRP-RCC) columns.
Due to differences in their mechanical and physical proper-
ties, such as tensile strength, compressive strength, bond
strength, and stress—strain behaviour, a direct substitution
between FRP and steel rebar may not be a viable option. As
a result, several researchers have conducted multiple experi-
ments over the past few years to determine the behavioural
similarities and differences between FRP-RCC columns and
conventional steel-reinforced concrete (steel-RCC) columns.
The present study conducts a descriptive literature review
on the structural performance of FRP reinforcement bars in
RCC columns. In addition, the study compares the benefits
and drawbacks of FRP-RCC columns to those of convention-
ally used steel-RCC columns and provides conclusions and
scope for future research in this area.

Significance of research

FRP reinforcement bars can be proven to have remarkable
benefits in construction practices in coastal areas, electro-
magnetically sensitive regions, and industries sensitive to
corrosion in structures, where steel-reinforced concrete
structures prove to have less durability and frequent main-
tenance is required. However, as observed from the litera-
ture studies, FRP is resistant to corrosion and gives a higher
tensile strength, but it is comparatively not as ductile as
steel and has less bonding strength with concrete than steel.
Although there is existing research on using FRP rebars
as substitutes for steel rebars in reinforced concrete col-
umns, the analysis and design of FRP reinforced concrete
columns are complex due to factors such as bond strength,
compressive strength, ductility, and others. The lack of
comprehensive understanding of FRP rebar-reinforced con-
crete columns is a significant limitation to their widespread
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application. Hence, it is crucial to comprehensively examine
the structural properties of FRP-RCC columns. The authors
of this review have compiled recent research on FRP rebar-
reinforced concrete columns, with a primary focus on axial
and eccentric loaded columns. This literature study's scope
is limited to analysing the effect of substituting steel longi-
tudinal bars with GFRP longitudinal bars on the structural
performance of RCC columns. The aim is to provide valu-
able insights into the structural behaviour of these columns
and the factors that affect them. The review also serves as a
guide for future research in the study of FRP-RCC columns.
The following points summarise the objectives of this lit-
erature review:

e Assessing the mechanical properties of FRP reinforce-
ment bars in relation to steel reinforcement bars in terms
of tensile strength, compressive strength, and bond
strength with concrete.

e Comparing the studies conducted on the compressive
strength and ductility of concrete columns reinforced
with GFRP rebar versus steel rebar.

e Examining the impact of crucial parameters, such as the
shape of the cross-section (circular, square, and rectangu-
lar), the type and grade of concrete, the slenderness ratio,
and the ratios of longitudinal and transverse reinforce-
ment, on the strength of GFRP-RCC columns compared
to steel-RCC columns.

e Presenting a concise overview of the existing literature
on design equations and computational methods used to
predict the load-carrying capability of GFRP-RCC col-
umns.

e Identifying potential areas for future research in analys-
ing the structural behaviour of GFRP-RCC columns.

Mechanical behaviour of FRP rebars
General introduction
This section describes an overview of the research back-

ground on FRP rebars and compares the bond strength, criti-
cal tensile and compressive strengths of FRP rebars to that



Innovative Infrastructure Solutions (2024) 9:373

Page3of28 373

of steel rebars, which will aid as a reference for subsequent
analysis on the behaviour of FRP in RCC columns. Several
authors [6-11, 14-16, 20, 21] have previously examined the
mechanical behaviour of FRP rebars.

Bond strength of FRP rebars

Table 1, presented below, provides a compilation of some
relevant scholarly works pertaining to the investigation of
bond strength between FRP and conventional steel rebars
and concrete. Figure 2 shows various bond mechanisms
adopted in the study of bond strength for FRP and steel
rebars.

It is observed from previous studies that without any sur-
face treatment for ribless FRP rebar, steel rebar shows the
highest bond strength followed by GFRP and the least in
BFRP [22, 33] and also, the bond strength is governed by
adhesion and friction [22]. However, FRPs with grooving or
ribbed surfaces showed a bond strength which is at bar with
steel rebars [15, 25-27, 32]. From the studies, it was found
that the bond strength of the grooved or ribbed FRPs can
be further improved by the use of machine and sand-coated
FRPs [20], the use of rebar-epoxy interface [23, 24, 26], and
increasing the rib height [32]. Further, the bond strength of
FRPs decreases with increasing diameters [22, 24]. Addi-
tionally, the bond between FRP and concrete significantly
influences the failure mode, post-yield stiffness, residual dis-
placement and ductility of the column. However, it does not
substantially impact the column's elastic stiffness [25-27].

Tensile strength of FRP rebars

In addition to bond strength, FRP rebars' tensile and com-
pressive strengths are crucial mechanical properties to con-
sider when designing FRP-reinforced concrete columns. The
characteristics of the current FRP systems vary substantially
depending on their unique formulation, parts, and manufac-
turing process and are direction-sensitive [15, 20]. The prop-
erties of FRP composite materials are typically discovered
by experimental testing of the FRP material and products.
Generally, FRP rebars for structural engineering applications
are made of glass, carbon, basalt, and aramid fibres since
they have higher tensile strength than traditional steel.
Figure 3 illustrates that linear elastic tensile stress—strain
behaviour is present in all FRP systems (in the direction of
the fibres) and that FRP systems do not yield. Abbood et al.
[8] discussed the mechanical properties of FRP composite
materials in terms of compressive, shear, flexural, and tensile
strength against extreme loading and environmental condi-
tions and also reported that GFRP is the cheapest composite
among other FRP materials. Figure 4 shows a typical fail-
ure of an FRP material under tension. Conventional steel
rebar under tensile load fails by the development of necking

phenomena till rupture; however, FPR's rebar fails by suc-
cessive brittle failures of the individual fibres until rupture
of the whole FRP rebar occurs (see Fig. 4).

Table 2 highlights the tensile properties of steel and FRP
rebar, representing the density (6), modulus of elasticity (E,)
and tensile strength (f,) from previous experimental studies
[8, 15, 21, 34, 35]. It can be seen from Table 2 that, except
for some CFRP rebar, FRP rebar has lower elastic moduli
than steel. Moreover, the average increase in tensile strength
of CFRP, BFRP, and GFRP rebars is six times, four times,
and three times more than that of steel rebars, respectively.

Compressive strength of FRP rebars

Conventional steel rebars show almost identical tensile and
compressive properties; however, in the case of FRPs, stud-
ies showed that the tensile and compressive properties are
quite different. As such, it becomes imperative to ascertain
the proportion of compressive strength and tensile strength
for FRP bars, particularly concerning investigating the com-
pressive strength of RCC columns. Table 3 cites some of
the research done on FRP rebars' compressive strength, spe-
cifically on GFRP rebars. In Table 3, the average value of
compressive strength (f.), tensile strength (f,), compressive
elastic modulus (E,) and tensile elastic modulus (E,) is taken
for a given diameter of rebars.

The data presented in Table 3 indicates that while the
compressive and tensile elastic modulus of GFRP rebars
remains relatively constant, the compressive strength of
these rebars is approximately 70% of the tensile strength.
One contributing factor to the reduced compressive strength
in polymers is their tendency to undergo deformation and
buckling when exposed to compressive loads. This can result
in either individual crushing or a combination of crushing
and buckling, ultimately leading to premature failure [37]
(refer to Fig. 5). In the process of tensile loading, the fibres
experience an effective force that causes them to be pulled in
the direction of their length, thereby utilising their complete
strength capacity [36] (refer to Fig. 4). During compression,
the fibres undergo transverse stresses, which can result in the
separation or weakening of the bond between the fibres and
the matrix. Consequently, this can lead to a reduction in the
compressive strength of the material.

Several factors that have been found to influence com-
pressive strength include the diameter of the bar, the slen-
derness ratio, and the method used for testing [36—40].
Previous studies have demonstrated that bars with smaller
diameters exhibit greater efficacy in withstanding com-
pressive loads when compared to bars with larger diame-
ters [36-38, 40]. Also, it was observed that larger diameter
GFRP bars necessitate a more significant load for failure
compared to smaller diameter bars. This is attributed to
the increased size of the larger bars, which results in the
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Table 1 (continued)

Result

FRP's bond mechanism

Rebar type

Source

The cross-sectional size and the surface treatment of the

SFCB on concrete

SFCB (refer Fig. 2c and d)

Zhao et. al. [28]

rebars are the parameters that affect the bond strength

The bond stiffness and strength of the grooved FRP rebars are

Steel, GFRP, CFRP, and BFRP Grooved FRP rebar’s

Reichenbach [15]

at par with those of standard steel reinforcement

Bond strength retentions of BFRP bars ranged from 54 to

Rebars in plain and steel FRP-RCC under oceanic environ-

BFRP

Taha and Alnahhal [31]

86% over a 50-year service life, depending on the type of
concrete (plain and SFRC), surrounding mean annual tem-

ment and high temperature (35 and 60 °C)

perature (5-35 °C), and degree of moisture (dry, moist, and

moisture saturated)

substantial bond strength enhancement, elevating it from less

than 2.5-30 MPa
Bond strength is the highest in steel, followed by GFRP, and

surface rib of the FRP rebar
Increasing the rib height from 0 to 0.76 mm results in a

Bond strength can be increased by increasing the height of the

Rebar's on concrete, surface characteristics, steel fibre con-
tent in concrete

BFRP, GFRP

Shan et. al. [32]

Rebars on concrete, Surface roughness, percentage of

Steel, GFRP and BFRP

Kim and Wang [33]

the lowest is in BFRP
Of the three types of reinforcement, the post-peak residual

steel fibres, silica fumes to cement content, and grade of

concrete

bond stress of steel is the least favourable

NSM-FRP near surface mounted FRP, SFCB steel FRP composite bar

release of higher energy during the failure process [37]. It
is important to note that while GFRP bars possess lower
compressive strength relative to their tensile strength, they
nonetheless demonstrate advantageous mechanical char-
acteristics (higher compressive and tensile strengths),
including a high strength-to-weight ratio and corrosion
resistance compared to steel bars with the same diameter.
Consequently, these properties render GFRP bars suitable
for diverse applications within construction and civil engi-
neering fields. Hence, all subsequent discussions of the
FRP-RCC column will be mainly based on GFRP rebar.

GFRP-RCC column
General introduction

In recent years, there has been significant progress in
research on utilising FRP rebars to reinforce compression
members in structural concrete. In regard to the experi-
mental study, a substantial number of laboratory tests were
conducted to assess the response of GFRP-RCC columns.
An overview of the descriptive literature on the structural
characteristics (compressive strength and ductility) of
GFRP-RCC columns is provided in this section.

Compressive strength

Considering the utilisation of GFRP-RCC columns in
various structural applications, several researchers have
recently undertaken investigations into the compressive
strength of GFRP-RCC columns. Tables 4 and 5 draft the
details of some significant literature done in recent years
on GFRP-RCC columns. To improve the clarity and reada-
bility of the tables, the original layout has been partitioned
into two separate tables, referred to as Tables 4 and 5.
Table 4 details the rebar type and diameter, cross-sectional
characteristics of the column, concrete type and strength,
failure modes, and factors that influence the compressive
strength of FRP-RCC columns. Tables 5 continues 4, list-
ing the compressive strength (f,,,) and ductility values for
GFRP-RCC columns compared with conventional steel-
reinforced concrete columns under concentric and various
eccentric loading conditions.

Table 4 shows that the predominant focus of recent
studies has been on GFRP-reinforced concrete columns
[37-41, 45-48], with limited investigations conducted on
BFRP-reinforced concrete columns [41-44] and CFRP-
reinforced concrete columns. This can be attributed to the
fact that GFRP is the least expensive composite among
FRP materials when compared to BFRP, CFRP, and AFRP
rebars, with CFRP being the most expensive, despite only a

@ Springer
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(a) NSM- FRP bond test specimen [24]
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Inner Steel Bar l
R ]

-
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(b) Sand-coated and Machined CFRP rebars
[20]

Fig.2 Various bond mechanisms adopted for bond strength study
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(a) Ye et al. (2021) [21]

Fig.3 Typical tensile stress—strain comparison curves of FRP rebars

slight reduction in strength of GFRP rebars relative to BFRP
and CFRP rebars [8]. Notably, there is a lack of research
on AFRP reinforced concrete columns, as AFRF rebars are
not widely used because of their low compressive strength
despite their high cost.

@ Springer
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(b) Mugahed Amran et al. (2018) [35]

The failure modes observed in FRP-RCC columns under
concentric loading are similar to those observed in con-
ventional steel-RCC columns. These failure modes include
spalling of the concrete cover and crushing of the concrete at
the mid-height of the columns [37-43, 47, 48] (refer Fig. 6).
Additionally, for Normal Strength Concrete (NSC), there is
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Fig.4 Failure of an FRP rebar
under tension, Antino et al. [36]

Table 2 Mechanical properties of rebar material

References Rebar material o (g/cm3) E, (GPa) f; (MPa) E, (FRP)/E, (steel) Ji (FRP)/f; (steel)
Amran et al. [35] Steel 7.75-8.05 200 500-500 - -
GFRP 2.11-2.70 35-51 480-1600 0.2-0.3 1-3.2
BFRP 2.15-2.70 45-59 1035-1650 0.2-0.3 2.1-3.3
AFRP 1.28-1.45 41-125 1720-2540 0.2-0.6 3.4-5.08
CFRP 1.55-1.76 120-580 1720-3690 0.6-2.9 34-74
Naser et al. [34] GFRP (13 mm dia) - 41-42 620-690 - -
CFRP (13 mm dia) 124 2070
AFRP (38 mm dia) 70.3 1448
BFRP (18 mm dia) 35.2 676
Reichenbach et al. [15] AR-Glass 2.7 76 2000 0.4 3.6
Carbon 1.73-1.96 200-500 1750-7000 1-2.4 3.2-12.7
Basalt 2.75 89 2000-4840 0.4 3.6-8.8
Steel 7.85 210 550 - -
Abbood et al. [8] CFRP 1.50-2.10 37-784 600-3920 0.2-4 1.2-5.7
GFRP 1.25-2.50 35-86 483-4580 0.2-04 1-6.6
AFRP 1.25-1.45 41-175 1720-3620 0.2-0.9 3.6-5.3
BFRP 1.90-2.10 50-65 600-1500 0.3-0.3 1.2-2.2
Steel 7.85 200 483-690 - -
Ye et al. [21] CFRP 1.89 398 2600 - -
GFRP-Electric-glass 2.6 72 1720
GFRP-Strength-glass 2.5 87 2530
AFRP 1.43 98 2205

a subsequent occurrence of bar buckling or fracture of the
FRP rebar. In contrast, High Strength Concrete (HSC) does
not result in any damage to the rebar [37, 41]. In Table 5, the
eccentricity of columns is expressed in terms of eccentricity
ratio (e/d), which is the ratio of eccentricity (e) to the width
or depth (d) of the column's cross-section along the line of
application of eccentricity. The failure of FRP-RCC columns
under eccentric loading is commonly caused by the forma-
tion of vertical cracks and the crushing of the concrete core
on the compression face, followed by the yielding of the
tensile reinforcement and tension cracking on the tension
face [38—42, 44-48] (refer Fig. 7). Furthermore, it has been

noted that GFRP bars and BFRP bars do not buckle even
after the concrete core has been crushed [41, 42].

The average compressive strength values for a particular
size of reinforcement bars of FRP-RCC columns under dif-
ferent loading conditions are calculated from the compres-
sive load values by dividing the peak compressive load from
the cross-sectional area of the columns. This is done to facil-
itate the comparison of data from different researchers and
serve as a concrete grade reference. Table 5 lists the com-
pressive strength separately for experimental and numeri-
cal conditions. The table further distinguishes between
traditional steel-RCC columns and FRP-RCC columns.

@ Springer
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Table 3 Comparison of

Refe Reb MP MP E, (GP: E. (GP EJE,
compressive and tensile strength cerence coar (mm) _ f,(MPa)  J. MPa) (GPa < (GP0) S JE:
and elastic modulus of FRP bars  Chaalla et al. [40] GFRP-12.7 683 492 40 43 072 108

GFRP-15.9 684 525 41 46 0.77 1.12
GFRP-19.1 719 577 43 41 080  0.95
Deitz et al. [39] GFRP-15 - - - - 0.5 1
Khorramian et al. [38] GFRP-13 758 559 46 45.78 0.74 1
GFRP-16 940 795 42.5 41.16 0.85 0.97
GFRP-19 690 684 46 48.89 0.99 1.06
AlAjarmeh [37] GFRP-9.5 1315 1319 62.5 70.17 1.00 1.12
GFRP-15.9 1237.4 898.6 60 60.24 0.73 1.00
GFRP-19.1 1270 890.5 60.5 60.06 0.70  0.99
D Antino et al. [36] Thermoset 1091.5 603 48.28 53.92 0.55 1.12
GFRP-10 1044 682.33 47.73 47.82 0.65 1.00
Thermoset 1206.5 746 48.20 51.55 0.62 1.07
GFRP-12 1034 535 53.57 49.41 0.52 0.92
Thermoset 1043.5 618 52.81 52.20 0.59 0.99
GFRP-16 1031.5 562 52.78 52.13 0.54 0.99
Thermoplastic 1034.5 493 52.70 48.36 0.48 0.92
GFRP-6 1067 618 52.08 50.44 0.58 0.97
Thermoplastic
GFRP-8
Thermoplastic
GFRP-10
Thermoplastic
GFRP-12
Thermoplastic
GFRP-16
Mean 0.69 1.02
cov 0.23 0.06

(a) Crushing failure (b) Buckling failure (c) Surface
[37] [37] crack [37]

Fig.5 Failure modes of FRP rebars under compression

(d) Combined crushing and
buckling failure (splitting)
[37]

(e) Rupture of
rebars [36]

Additionally, Table 5 and Fig. 8 provide information on the = aids in comprehending the relative axial strength of both

strength ratio, denoted as £, prp/frustcets
average compressive strength of FRP-RCC columns (f,,,zp)
compared to that of steel-RCC columns (f,,

usteel

@ Springer

which represents the  types of columns.

Based on the data presented in Table 5 and Fig. 8, it can

). This data  be observed that the compressive strength of GFRP-RCC
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columns is within the range of 82% to 100% of the com-
pressive strength exhibited by conventional steel-RCC col-
umns in the case of concentrically loaded columns [43—49,
53, 54]. Similarly, for eccentrically loaded columns, the
compressive strength of GFRP-RCC columns ranges from
60 to 103% of conventional steel-RCC columns [44—48,
50-54]. As depicted in Fig. 8, the strength ratio consist-
ently declines as the eccentricity ratio increases from con-
centrically loaded columns to an eccentricity ratio of 0.2.
Furthermore, for eccentricity ratios of 0.3 or higher, the
compressive strength of GFRP-RCC columns slightly sur-
passes that of steel-RCC columns. This may be attributed to
the condition that the columns fail under combined bending
and compression when the eccentricity ratio exceeds 0.3. In
this case, the steel bars yield, preventing flexural strength
development, whereas the FRP bars gain strength till their
maximum load. Thus, GFRP bars with a higher tensile
strength than steel bars, especially on the tension face of
columns under eccentric pressure, can resist load more than
their steel counterparts [52, 54]. E1 Messalami et al. [48]
added that ignoring the contribution of increased strength
due to increased ductility could underestimate the ultimate
capacities of BFRP-RCC columns by an average of 33%.
Xiong et al. [41] investigated the compressive strength of
BFRP-reinforced seawater sea-sand concrete square column.
The findings suggest that reducing tie spacing can enhance
the compressive strength of concrete and offer strong resist-
ance to corrosion caused by seawater, thereby improving
the durability of the columns. The post-peak compressive
strength of the square GFRP-RCC columns was increased by
using spiral stirrups to confine the longitudinal GFRP rebars
further, and this type of GFRP-RCC can be used in marine
engineering, according to Fang et al. [42].

Ductility

The primary purpose of considering the ductility of building
structures is to ensure that they possess a specific capacity
for energy dissipation and deformation. This characteristic
is crucial in mitigating the risk of sudden brittle damage
caused by earthquakes and strong winds. Ductility refers
to the capacity of a column to undergo plastic deforma-
tion when subjected to compressive stress until it reaches
the point of failure [44, 55]. An alternative interpretation
of ductility pertains to the amount of energy absorbed by
column specimens after reaching their maximum load [54].
The measurement of column ductility is typically quantified
using a ductility index, which can be expressed concerning
different variables, including energy absorption or dissipa-
tion, compressive deformation or shortening, and curvature
or rotation of the structures [45, 51, 54]. The ductility index

of GFRP or steel-reinforced concrete columns has been
determined using the following approaches as stated below:

e DI,-Ratio of the area under the load—displacement curve
up to 3 times yield deformation point by yield deforma-
tion point [43, 56, 57].

e DI,-Area under the load—displacement curves corre-
sponding to ultimate displacement at reinforcement rup-
ture by area corresponding to yield displacement [44, 58,
59].

e DI;-Ultimate displacement (corresponding to 0.85P,) by
Yield displacement, P, is peak load [45, 46, 48, 60-62].

e DI,-Area under the load—deflection curve up to 0.85P,
on the post-peak collapse curve by Area under the load—
deflection curve up to 0.75 P, [47, 62].

e DIs-Area under the load—deflection curve up to peak
load by Area under the load—deflection curve before load
decreases to 0.25P,, [51, 54, 63].

Based on loading conditions and rebars of a particular
size, the ductility indexes are averaged and specified sepa-
rately for traditional steel-RCC columns and FRP-RCC col-
umns in Table 5. The ductility index ratios of GFRP-RCC
columns to that of steel-RCC columns are listed in Table 5
and Fig. 9.

It is observed that for most of the cases, the ductility
index of FRP-RCC columns under any loading condition or
concrete type is higher than steel-RCC columns. From the
data available in Table 5 and Fig. 9, the average percentage
increase in ductility of FRP-RCC columns is calculated to
be 13.6%, and that of GFRP-RCC columns is 17.4% with a
maximum increase of 44.2% for BFRP-RCC columns [48]
and 35.5% for GFRP-RCC columns [43]. Numerous authors
have provided plausible rationales for the observed increase
in the ductility index. Hasan et al. [43] hypothesised that
after yielding in the first peak, the contribution for steel
rebars remains nearly the same. In contrast, GFRP's higher
tensile strength and the possibility of axial load transfor-
mation into eccentric axial load due to lateral deformation
experienced by these specimens during testing leads to more
excellent energy absorption of the GFRP-RCC column spec-
imens. Gouda et al. [44] have suggested a similar rationale,
stating that an increase in the longitudinal reinforcement
ratio and eccentricity significantly improves energy absorp-
tion ability, resulting in a higher ductility factor. Further-
more, an alternative explanation proposed by Raza et al. [45]
is that the variability in the ductility capacity of GFRP-RCC
columns can be attributed to the complex performance of
GFRP bars under compression. Similarly, EIMessalami
et al. [60] recommended the use of GFRP-RCC columns in
seismically active zones due to their higher ductility than
steel-RCC columns, claiming that GFRP-RCC columns

@ Springer
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(d) Shearing of the upper and lower
sections of columns [48] [52]

Fig. 6 Failure of GFRP-RCC columns under concentric loading

absorb more energy through their flexibility and capability
of deforming well in the post-peak collapse region.

In summary of the observations from the literature
review on the ductility of GFRP-RCC columns and
compressive strength of FRP rebars, the enhancement in
ductility exhibited by FRP-RCC columns compared to

@ Springer

(€) Horizontal tensile cracks

(f) Deformation of ligatures and longitudinal bar
buckling [53]

conventional steel-RCC can be attributed to distinct failure
mechanisms of the steel and FRP rebars. In the case of
steel rebars subjected to compressive failure, buckling of
the steel bar occurs. Conversely, in the case of FRP rebars
subjected to compressive failure, the initial loss of bond
between the fibres and matrix is followed by subsequent
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(g) Crack distribution at mid-height of column [49]

Fig.6 (continued)

buckling of individual strands or select groups of fibres.
Ultimately, this sequential buckling process culminates
in the bars' rupture, failing all fibres or groups of fibre
strands. Hence, after experiencing yielding or buckling
during the initial peak, the steel rebars exhibit a relatively
consistent contribution. In contrast, the GFRP rebars
require a longer duration due to their complex failure
mechanism when subjected to compression. Furthermore,
the higher tensile strength of GFRP bars and the possibility
of axial load transformation into eccentric axial load
due to lateral deformation experienced by RCC column
specimens during testing results in more excellent energy
absorption by GFRP-RCC column specimens. However, to
confirm this justification, additional research is necessary
to validate this finding.

Effect of key parameters on compressive
strength and ductility of GFRP-RCC columns

The concrete strength, rebar type, percentage of longi-
tudinal reinforcement, spacing of ties, eccentricity ratio,
and slenderness ratio of columns are crucial parameters
that affect the compressive strength of FRP-RCC columns
[43—-54]. These parameters can be considered in future
research experiments and analysis of FRP-RCC columns.
The subsequent section examines the impact of these fac-
tors on the strength and ductility of GFRP-RCC columns
compared to conventional steel-RCC columns based on a
comprehensive study of existing literature.

Shape of column

The strength and ductility of a column can be influenced by
the shape of its cross-section [64]. Figures 10 and 11 depict a
comparison of the strength and ductility of GFRP-RCC col-
umns to steel-RCC columns. Figure 10 displays the percent-
age strength ratio ((fpgp!fiseer) (%)) of GFRP-RCC columns
compared to steel-RCC columns for circular, square, and
rectangular cross-sectional shapes. The specimen IDs are
assigned such that the first letter ‘C’, ‘S’ and ‘R’ represent
Circular, Square and rectangular cross-sections. This is fol-
lowed by a hyphen and a number showing the value of the
eccentricity ratio, which, if denoted as ‘0’, is considered a
concentrically loaded column. Lastly, square brackets indi-
cate the literature reference number. For example, C-0 [43]
represents circular cross-section reinforced concrete col-
umns loaded concentrically and data is taken from Hasan
et al. [43].

Figure 10 demonstrates that both circular and square
GFRP-RCC columns exhibit a decrease in strength ratio
(%) as the loading eccentricity increases. However, square
columns with an eccentricity ratio of 0.6 maintain the
same strength as their steel counterparts. Contrarily, the
strength ratio of a rectangular cross-section concrete column
increases as the loading eccentricity increases. At an eccen-
tricity ratio of 0.3, it reaches almost 103% of the strength
of its steel-reinforced column counterpart [54]. In the case
of concentric loading, the shape of columns has minimal
impact on the strength ratio (%), and GFRP-RCC columns
give an average compressive strength of 89% compared to
steel-RCC columns. Figure 11 shows that regardless of the
column shape, the ductility index of GFRP-RCC columns is
on par with its steel-RCC counterpart.

Type of concrete

The type and grade of concrete are other factors that can
affect the compressive strength and ductility of FRP-RCC
columns. Figures 12 and 13 depict a comparison of the
strength and ductility of GFRP-RCC columns to steel-RCC
columns based on the type and grade of concrete. Figure 12
displays percentage strength ratio ((fegp/fseer) (%)) of GFRP-
RCC columns compared to steel-RCC columns for Ordinary
Portland cement concrete (OPC), Recycled Aggregate Con-
crete (RAC), Polypropylene macro synthetic structural fiber
concrete (PMC), Self Compacting Concrete (SCC), Light-
weight-aggregate self-consolidating concrete (LWSCC),
Normal Strength Concrete (NSC) and High Strength Con-
crete (HSC) columns. The specimen IDs are structured such
that the initial letter denotes the concrete type, followed by
a hyphen, and then the compressive strength or grade of
concrete in MPa is indicated. After the hyphen, there is a
number that represents the eccentricity ratio. If this value

@ Springer
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(a) Vertical crack on the
compression side [44]

(b) Horizontal cracks on
the tension side [44]

(c) Vertical cracks in upper and lower
regions and horizontal cracks at
mid-height [51]

(d) Slipping of GFRP rebars near the top [53]

Fig. 7 Failure of GFRP-RCC columns under eccentric loading

is '0', it suggests that the column is loaded concentrically.
Lastly, the reference number of literature from which the
data is taken is given in square brackets. For instance, SCC-
40-0.2 [51] represents self-compacting reinforced concrete
columns with a concrete grade 40 MPa, loaded eccentrically

@ Springer

(e) Global bending [54]

with an eccentricity ratio of 0.2, and data is taken from Has-
san et al. [51].

For columns subjected to axial compression, HSC
columns exhibit strength comparable to steel-RCC columns.
On the other hand, NSC columns demonstrate approximately
93% of the strength of steel-RCC columns [43]. The average
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12 percentage strength ratio of GFRP-RCC columns is ranked
§ 1 P s @ ® % in the following order: 97% for HSC, 93% for NSC, 91% for
g °f S R LWSCC, 89% for OPC, and 82% for both RAC and PMC
5 00 columns, as seen in Fig. 12. The percentage strength ratio
o of HSC, NSC, LWSCC, OPC, RAC, and PMC columns

; e % _— reinforced with GFRP longitudinal bars decreases as the
& & & o =2 eccentricity increases. HSC columns (having an eccentricity

g 8 5‘ g g 8 ratio of 0.6) and OPC concrete columns show an increase

5 0§ = TE ?ﬂ :n in percentage strength ratio with increasing eccentricity

E E 5 = g é ratio. Irrespective of the type and grade of concrete, the
Authors (years) ductility of GFRP-RCC columns is higher than steel

@Axidl We/d01 Xe/d02 Aeldo3 reinforced concrete columns except for the LWSCC type

of concrete, where the strength and ductility are almost

Fig.8 Strength ratios of GFRP versus steel-reinforced columns the same as its steel counterpart. The ductility index of
GFRP-RCC columns with OPC concrete remains constant

regardless of the eccentricity ratio [54]. Compared to their

1.6 o steel bar-reinforced NSC counterparts, GFRP bar-reinforced
% ;; o O a : n NSC column specimens have better ductility; however, the
_% 1 LI T — opposite was observed for column specimens cast with HSC
g o6 e [43].

0.4

- S S Slenderness ratio of columns

§ % § 0§ f.3-i.9 ;E As per ACI318-19 [65] and 1S456-2000 [66], if the ratio
5 % 3 T 58 8gFs s 3 =8 of the length of the column to its least lateral dimension
E E § 2 &° &° % g & 3 (L/D) is less than 12, then the column is classified as short
Aiflions (7ears) or stub column; otherwise, it is classified as long or slender
@Axidl We/d0i Xe/d0s Ae/dos columns. The L/D ratio (slenderness ratio) can be considered
as one of the factors that might influence the compressive
Fig.9 Ductility ratios of GFRP versus steel-reinforced columns strength and ductility of GFRP-RCC columns. Figures 14
and 15 display a comparison of the strength and ductility
of GFRP-RCC columns to steel-RCC columns based on
the different L/D ratios. The specimen IDs are named such
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that the first part shows the L/D ratio followed by a hyphen
and a number that indicates the eccentricity ratio, which,
if denoted as '0', is considered a concentrically loaded col-
umn. Lastly, the data's source literature reference number
is provided in square brackets. For example, L/D-4-0 [43]
represents a column with an L/D ratio of 4, which is loaded
concentrically, and data is taken from Hasan et al. [43].
For the case of columns subjected to axial compression,
with the increase in L/D ratio, the percentage strength ratio
of GFRP-RCC columns decreases. GFRP-RCC columns
have varying strengths for distinct eccentricity ratios; none-
theless, their relative strength tends to rise as the eccentric-
ity ratio increases, with the exception of cases where the
L/D ratio is greater than 8 [54]. Hassan et al. [51] examined
the compressive strength and ductility of RCC columns that

Fig. 12 Percentage strength
comparison of GFRP-RCC col-
umns based on concrete grade
and type
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were reinforced longitudinally with GFRP and steel bars and
transversely with steel spiral hoops. Additionally, certain
specimens were externally constrained using FRP tubes. It
was discovered that as the slenderness ratio increases, the
ductility and compressive strength of the steel hoops rein-
forced concrete columns and the GFRP tubes constrained
concrete column specimens decrease. Also, it can be seen
from the data provided by the author that for specimens hav-
ing GFRP longitudinal bars and transverse steel ties (G2),
there is an increase in the ductility index of GFRP rebar-
reinforced specimens with the rise in the slenderness ratio
from 4 to 8. In comparison, a decrease in the value of the
ductility index is observed for steel-reinforced column speci-
mens with an increase in the slenderness ratio from 4 to 6.
Hence, as seen in Fig. 15, the comparative ductility ratio
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(DIpgp!/DI,,,) increases, having values of 1.07, 1.21, and
1.11 for slenderness ratios 4, 6 and 8, respectively.

From the given literature, the average value of ductility
ratio (DIFRP/DIsteel) is 1.2, 1, 1.2, and 1.3 for columns
having L/D ratios of 4, 5, 6 and 8, respectively. This
demonstrates that for L/D ratios ranging from 4 to 8,
GFRP-RCC columns have superior ductility than steel RCC
columns. This rise in ductility index is only observed when
the replacement of steel longitudinal bars with GFRP as
longitudinal bars is done while keeping other parameters the
same. Based on this, the authors propose doing additional
sets of tests on columns with varying slenderness ratios in
order to arrive at a definitive conclusion.

Longitudinal reinforcement ratio

The ratio of Longitudinal reinforcement (p,%) is considered
one of the most crucial parameters that affect the compres-
sive strength and ductility of RCC columns. Figures 16 and
17 below compare the strength and ductility of GFRP-RCC
columns relative to steel-RCC columns based on the diam-
eter of the longitudinal bar and the percentage of longitu-
dinal reinforcement (p,%). The specimen IDs are kept such
that the first part shows the bar diameter and p,% value fol-
lowed by a hyphen and a number showing the eccentricity
ratio, which, if denoted as '0', is considered a concentrically
loaded column. Lastly, the reference number of literature
from which the data is taken is given in square brackets. For
example, @10-Pt-2.4%-0 [43] represents a column having
a 10 mm diameter of the longitudinal bar and 2.4% longi-
tudinal reinforcement ratio, which is loaded concentrically
during testing and data is taken from Hasan et al. [43].
Figure 16 shows that for concentric loading, the
strength of GFRP-RCC columns compared to steel-RCC

columns increases with a higher percentage of longitudi-
nal reinforcement. As the reinforcement percentage (P,)
increases from 0.96 to 2.4%, the strength ratio rises from
82 to 95%. Therefore, along with an increase in strength
capacity, as the P, increases, the comparative strength ratio
of GFRP-RCC columns to steel-RCC columns also rises,
making the strength of GFRP-RCC columns almost equal
to that of steel-RCC columns. The same cannot be said for
eccentrically loaded concrete columns, as their relative
percentage strength capacity varies, and further research
may be required in this area.

Gouda et al. [44] examined the ductility and strength
capacity of GFRP-RCC columns with varying longitudinal
reinforcement diameters and ratios (Pt). It was observed
that increasing bars for the test specimens from 8 to 12
reduced strength deterioration beyond the peak load,
which can be explained by the GFRP bars' contributions
to confinement. As the longitudinal reinforcement ratio
and eccentricity increased, the energy absorption capac-
ity improved significantly, resulting in a higher ductility
index. Furthermore, since crack width is inversely related
to the maximum spacing between bars, raising the longi-
tudinal reinforcement ratio from 2.5 to 3.8% as a func-
tion of number of bars decreased both the average crack
spacing and crack width. Hasan et al. (2023) [43] tested
NSC and HSC columns reinforced longitudinally with
steel bars (Pt=2.4%) and GFRP bars (Pt=0, 2.7, 3.2, and
4.3%). Test results show that the axial load supported by
the GFRP bar-reinforced NSC column specimens rose as
the GFRP longitudinal reinforcement ratio increased. The
contribution of GFRP bars accounted for about 50% of the
contribution of steel bars in the axial load-carrying capac-
ity of both NSC and HSC specimens.
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Transverse reinforcement

The spacing or volume of transverse reinforcement is con-
sidered another crucial parameter that affects the compres-
sive strength, ductility and confinement efficiency of RCC
columns. Elchalakani et al. [54] tested 17 rectangular GFRP
RCC and steel RCC column specimens having different
ligature spacing (from 150 to 75 mm) and concrete cover
(20 mm and 40 mm) and reported essential results. Reduc-
ing the spacing of ties from 150 to 75 mm improves the
load-carrying capacity and ductility of GFRP RCC columns.
It is recommended not to use larger tie spacing in GFRP-
RCC columns, as it can lead to local buckling of the GFRP
longitudinal bars, making their contribution to the ultimate
load capacity almost negligible. Elchalakani et al. [53] tested
GFRP GPC and OPC concrete columns under concentric

@ Springer

and eccentric axial loading having different ligature spacing
from 75 to 250 mm. It was observed that as the stirrup spac-
ing was increased, the GFRP bars in GFRP-RCC columns
experienced local buckling failure under concentric loading,
while slip failure occurred at the plastic hinge in GPC col-
umns loaded with high eccentricity. In contrast, a decrease
in the spacing of stirrups in GFRP RCC columns leads to
the occurrence of longitudinal bar rupture.

In their study, Hassan et al. (2019) [51] found that increas-
ing the volumetric ratio of the stirrups from 1.7 to 3.4%
leads to a 20% increase in the column capacity, irrespective
of the type of longitudinal reinforcement. Ali et al. [46] and
Raza et al. [45] reported that GFRP-RCC and steel-RCC
specimens showed enhanced strength as a result of reducing
the spacing between transverse reinforcement. The reduction
in pitch from 250 to 150 mm and 150 mm to 75 mm resulted
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in strength improvements of 4.7% and 5.8%, respectively,
for concentrically loaded GFRP-RCC columns. In contrast,
for concentrically loaded steel-RCC columns, the reduction
in pitch from 250 to 150 mm and 150 mm to 75 mm led to
strength improvements of 2.84% and 13.44%, respectively.

Figures 18 and 19 below compare the strength and ductil-
ity of GFRP-RCC columns relative to steel-RCC columns,
respectively, based on the diameter of the transverse bar
used and the percentage volume of transverse reinforcement.
The specimen IDs are kept such that the first part shows the
bar diameter and percentage volume of ties followed by a
hyphen and a number showing the eccentricity ratio, which,
if denoted as '0', is considered a concentrically loaded col-
umn. Lastly, the reference number of literature from which

the data is taken is given in square brackets. For example,
210-0.38%-0.1 [45] represents a column having a 10 mm
diameter of transverse bar, and 0.38% percentage volume
of transverse reinforcement, which is loaded eccentrically
during testing and data is taken from Raza et al. [45].

In the case of concentric loading, as depicted in Fig. 18,
GFRP-RCC columns exhibit a consistent percentage strength
ratio. Specifically, for any given percentage volume of ties,
GFRP-RCC columns demonstrate about 81% of the strength
of steel-RCC columns when using 10 mm diameter ties and
94% of the strength when using 6 mm diameter ties. This
shows that although increasing the confinement volume of
ties increases the strength capacity of columns, it doesn't
have much of an impact on the increase in the relative
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strength of GFRP-RCC columns compared to steel-RCC
columns. Additionally, a smaller diameter of ties (6 mm)
results in a higher relative strength value for GFRP-RCC
columns, nearly equivalent to that of steel-RCC columns.
As seen in Fig. 19, the relative ductility index of FRP-RCC
columns compared to steel-RCC columns reduces from 1.5
to 1 as the percentage volume of stirrups increases from 0.38
to 1.22%. This is because reducing the spacing of stirrups
makes the steel-RCC columns more ductile.

When subjected to eccentric loading with eccentricities
ranging from 0.1 to 0.3, GFRP-RCC columns with smaller
diameter ties (6 mm) exhibit a higher relative strength com-
pared to concentrically loaded columns. Furthermore, in
most instances, the strength of GFRP-RCC columns with
6 mm ties matches that of steel-RCC columns. Eccentric
loading does not have a significant impact on the relative
strength of GFRP-RCC columns. The comparison of the
ductility index between GFRP-RCC columns and steel-RCC
columns under eccentric loading does not reveal a substan-
tial change with an increase in the volume of ties. However,
it is observed that the ductility index of GFRP-RCC columns
is either equal to or greater than that of steel-RCC columns
in all cases.

Design equations and numerical methods
for predicting the compressive strength
of GFRP-RCC columns

The maximum axial load-carrying capacity, P, of
conventional steel bar reinforced concrete columns under
concentric axial load can be predicted using Eq. (1) [67],
where the contribution of concrete (P,) and longitudinal
bars (P,,) is considered and added together to get the
axial load-carrying capacity of columns. Over the years,

researchers have proposed various equations to predict
the maximum axial load-carrying capacity of columns
made of concrete reinforced with FRP bars [68—78]. The
contribution of the concrete to the analytically determined
axial load-carrying capacity of FRP bar-reinforced concrete
columns is consistent across all the proposed equations. In
other words, the variations in the analytically calculated
values of P, for FRP bar reinforced concrete columns can
be mainly attributed to the diverse approaches employed in
determining the contribution of the FRP longitudinal bars.

Although several researchers have proposed different
values for the contribution of GFRP bars in compression,
design codes have not offered any pertinent recommenda-
tions. The CAN/CSA S806-12 [69] standard does not take
into account the contribution of the compressive bars in both
flexural and compression members. The reason for this is
that the FRP bar's ultimate compressive strength is signifi-
cantly lower than its ultimate tensile strength. Notably, the
average compressive strength of the GFRP bars was 70%
of their tensile strength. Zadeh et al. [70] suggested that
GFRP may be substituted with a concrete area of the same
size during analysis in order to simplify the process. Hence,
the existing design standards limit the utilisation of FRP
bars in structural elements subjected to compression or in
the compression region of elements subjected to bending.
However, some research has indicated that GFRP bars, when
used as longitudinal reinforcement, accounted for around 3%
to 14% of the overall axial load supported by the GFRP-RCC
columns [43].

Due to the variations in the reported ultimate compres-
sive strength of the FRP bars and their influence on RCC
columns, it was necessary to establish design guidelines
to incorporate FRP bars as longitudinal reinforcement in
concrete compression members like concrete columns. The
ACI 440.1R-15 [71] report emphasises the necessity for
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further comprehensive investigation of concrete columns.
In this regard, experimental and analytical research studies
were undertaken to explore and comprehend the behaviour
of concrete columns reinforced longitudinally with GFRP
bars. Table 6 represents the design equations (Eqgs. 1-10)
predicted for computing the axial load-carrying capacity
of steel-RCC columns and FRP-RCC columns proposed
by various researchers over the years. According to Hasan
et al. [43], the axial load-carrying capacity of FRP-RCC
columns (Eq. 2) is underestimated when the contribution
of FRP bars is neglected. This phenomenon is more pro-
nounced in normal-strength concrete columns because
FRP bars contribute more significantly to their axial load
capacity compared to high-strength concrete columns.
Tobbi et al. [73] mentioned that unlike concrete, which
can reach its crushing strain, GFRP bars could not achieve
their ultimate strength and recommended a reduction factor
for the tensile strength of GFRP bars in relation to the
contribution of GFRP bars to the axial load-carrying capacity
of GFRP-RCC columns. Hales et al. [75], Hadi et al. [62]
and Hadhood et al. [78] (Eqs. 67 and 9) used the product
of concrete crushing strain and modulus of elasticity of
GFRP bars in the design equation of load carrying capacity
of FRP-RCC columns. Hasan et al. [72] introduced a new
design equation (Eq. 10) for determining the maximum axial
load-carrying capacity of GFRP-RCC columns under axial
compression, comparing it with equations from previous
studies [62, 73—76, 78]. It has been observed that computing
the contribution of FRP longitudinal bars using the modulus
of elasticity provides better logical predictions compared to
calculating the contribution based on the ultimate strength
of FRP bars. The reason behind this is that the elastic
modulus of FRP bars is nearly identical in both tension and
compression. Additionally, it was discovered that employing

0 12121111 1.1

Specimen ID

a concrete compressive strain-based empirical equation to
estimate the axial strain in the FRP longitudinal bars in
concrete columns yields better predictions of the role played
by the longitudinal FRP bars in the axial load supported
by the FRP-RCC columns. The design based on eccentric
compression behaviour, which involves complex moment
and shear interactions, requires a comprehensive review and
therefore, is not included in this literature review.

Currently, there is a lack of comprehensive research
on the combined response of GFRP-RCC columns under
compression, both in experimental and numerical inves-
tigations. The GFRP-RCC columns can be examined by
utilising effective numerical techniques, such as the Finite
Element Method [79], Bezier Multi-Step Method [80], and
Differential Quadrature Method [81]. Elchalakani et al. [53]
employed finite element analysis to predict the behaviour of
GFRP-reinforced geopolymer and OPC concrete columns
under both concentric and eccentric loading, validating
their findings with experimental data. The concrete was
modelled using C3D8R, which is a reduced integration of
8-noded hexahedral elements. The concrete's elastoplastic
material behaviour, as well as the decrease in strength and
stiffness after reaching the peak, were simulated using the
commonly employed concrete damage plasticity model pro-
vided by ABAQUS. Concrete is considered to exhibit lin-
ear elastic behaviour in the reversible regime and damaged
plasticity behaviour in the irreversible regime. In the case of
the GFRP bars and stirrups, their behaviour was considered
linear elastic. Various researchers used similar FEM models
to validate the load—deflection characteristics of FRP-RCC
columns [45, 82].

Additionally, researchers could employ the Bezier-based
multi-step method, which is an excellent tool for solving the
governing fourth-order complex partial differential equation

@ Springer



373 Page 24 of 28

Innovative Infrastructure Solutions (2024) 9:373

Table 6 Design equations
available in the literature for

References

Proposed design equations

Equation no

axial load carrying capacity of
reinforced concrete columns

Steel-RCC columns

ACI318-08 [67] Py =P, +P,, =085(A, —A,) +f,A, 1

FRP-RCC columns

CSA-S806 [69] Py=ayf(A, —As), a; = 0.85 - 0.0015f./ > 0.67 2

ACI318-11 [71] P, =085(1(A, — A)

Tobbi et al. [73] P, =0.85(1(A, — A;) +0.35f,A, 4

Afifi et al. [74]

Mohamed et al. [75] P, =0.85(/(A, — A;) + 0.002E,A, 5

Hales et al. [76] P, =0.385f.1(A, — A;) + 0.003E,A,, 6

Hadi et al. [62] P =085 (A, — A;) + €. EpA, 7

Maranan et al. [77] P;=09f1(A, — A;) +0.002E;A, 8

Hadhood et al. [78] Py =pif.1(A, — A;) +0.003E,A, 9
By = 0.85 — 0.0015f,7 > 0.67

Hasan et al. [43, 72] P, = O.SSfCI(Ag —Af) + € EnAs 10

P, =The proposed maximum axial load-carrying capacity

A, = The gross area of the columns

AjandA; = The total cross-sectional area of the longitudinal steel bars and longitudinal FRP bars,

respectively

A, =The gross area of concrete on the compression side

f.7 = The compressive strength of the concrete

f, = The yield strength of longitudinal steel bars

J = The ultimate tensile strength of longitudinal FRP bars

f.. = The confined concrete core strength
Ej;, = The modulus of elasticity of FRP bars

€, = The ultimate concrete strain at second peak stress

€., = The concrete axial strain at peak stress

*First peak load
**Second peak load

(PDE) in linear elastic fracture mechanics (LEFM) prob-
lems. This method can be used to solve initial value prob-
lems in one dimension and to simultaneously solve Bound-
ary Value Problems (BVPs) in orthogonal directions [80].
The authors propose doing a comprehensive investigation
to obtain the most favourable numerical analysis of the
load—deflection behaviour of GFRP-RCC columns using
multiple numerical methods.

Conclusions

In construction practices, the use of FRP rebar can provide
a more cost-effective, improved tensile strength, corrosion-
resistant, and non-conductive alternative to steel rebars. This
paper presents a comprehensive literature review on the
structural behaviour of FRP-RCC columns with a focus on
GFRP rebars. There is limited literature concerning investi-
gations into the utilisation of FRP rebar in columns in com-
parison to their employment in beams and slabs. However,
adding to the benefits of using FRP rebar, recent research
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investigations have been undertaken to enhance the under-
standing of the structural properties of FRP-RCC columns
for potential utilisation in areas such as coastal regions,
buildings susceptible to electromagnetic interference, and
environments with high levels of corrosion. The literature
review has led to several insightful conclusions.

1. FRP rebar exhibits higher tensile strength and com-
pressive strength in comparison to steel rebar, even
though the FRP rebar's compressive strength is approx-
imately 70% of its tensile strength.

2. GFRP-RCC columns outperform steel RCC columns in
terms of compressive strength, durability, and ductil-
ity under harsh environmental conditions such as cor-
rosion and freeze—thaw cycles. However, under typi-
cal standard conditions, GFRP-RCC columns exhibit
a slightly lower compressive strength and increased
ductility when subjected to normal axial or eccentric
loads.

3. The compressive strength of GFRP-RCC columns
is within the range of 82-100% and 60-103% of
the compressive strength exhibited by conventional
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10.

11.

12.

13.

steel-RCC columns in the case of concentrically
loaded columns and eccentrically loaded columns,
respectively.

Irrespective of the loading conditions or concrete type,
GFRP-RCC columns exhibit higher ductility than
steel-RCC columns. The average percentage increase
in ductility for GFRP RCC columns was 17.4%,
with a maximum gain of 35.5%. This is due to the
different failure mechanisms of steel and FRP rebars
under compression and the greater energy absorption
capacity of GFRP-RCC columns during post-peak
load.

For square and circular cross-section GFRP-RCC
columns, the percentage strength ratio (fprp/fieer)
decreases as eccentricity increases, whereas for rec-
tangular cross-section GFRP-RCC columns, this ratio
increases with increasing eccentricity.

For axially loaded GFRP-RCC columns, the average
percentage strength ratio based on the type of concrete
is ranked in the following order: 97% for HSC, 93%
for NSC, 91% for LWSCC, 89% for OPC, and 82% for
both RAC and PMC.

OPC concrete columns exhibit an increase in percent-
age strength ratio with rising eccentricity, whereas
the percentage strength ratio of HSC, NSC, LWSCC,
RAC, and PMC columns reinforced with GFRP longi-
tudinal bars decreases as eccentricity increases.

The contribution of GFRP bars accounted for about
50% of the contribution of steel bars in the axial load-
carrying capacity of both NSC and HSC specimens.
For axially loaded columns, along with an increase in
strength capacity, as the P, increases, the comparative
strength ratio of GFRP-RCC columns to steel-RCC
columns also rises, making the strength of GFRP-RCC
columns almost equal to that of steel-RCC columns.
Although increasing the confinement volume of ties
increases the strength capacity of columns, it doesn't
have much of an impact on the relative strength of axi-
ally loaded GFRP-RCC columns compared to steel-
RCC columns.

A smaller diameter of ties (6 mm) results in a higher
relative strength value for GFRP-RCC columns, nearly
equivalent to that of steel-RCC columns.

In the case of axial loading, the relative ductility index
of GFRP-RCC columns compared to steel-RCC col-
umns decreases from 1.5 to 1 as the stirrup percent-
age volume increases from 0.38 to 1.22% due to the
increased ductility of steel-RCC columns.

In predicting the design load-bearing capacity of
GFRP-RCC columns, it has been found that using the
modulus of elasticity to determine the contribution of
FRP longitudinal bars and employing concrete com-

pressive strength rather than axial strain in FRP longi-
tudinal bars yields more accurate predictions.

Future scope of research

1. A detailed comparative study of GFRP-RCC columns
and steel RCC columns could be beneficial, focusing
on parameters such as column shape, slenderness ratio,
reinforcement percentages, and concrete type.

2. Future research is needed to evaluate the performance
of hybrid steel-FRP composite bars and Large Rupture
Strain (LRS)-FRP bars as longitudinal reinforcement in
RCC columns, particularly for applications like under-
water structures or electromagnetically sensitive envi-
ronments.

3. Numerical analyses, in conjunction with experimental
tests, might be useful for validating results and providing
a basis for future parametric studies, given the broader
data range that numerical methods can offer.

4. Considering the use of compressive elastic modulus to
assess the contribution of FRP bars in FRP-RCC col-
umns, it is suggested that the compressive strength prop-
erties of FRP rebars be incorporated in experimental
analyses of FRP-RCC columns.

5. Future research can explore the higher ductility observed
in FRP rebar-reinforced concrete columns compared to
steel-rebar-reinforced columns, with attention to the
compressive and tensile behaviour of FRP rebars, their
energy absorption capacity after failure, and their com-
posite action during compression testing.

6. More detailed experimental studies are needed on the
failure of axially and eccentrically loaded FRP-rein-
forced concrete columns, focusing on the effects of com-
posite material formulation, fibre orientation, surface
treatment modifications, and epoxy characteristics on
the bond strength of FRP bars with different diameters.
Additionally, the impact of a development length and
fibre types (e.g., Carbon Nano Tubes) on bond strength
and load-bearing capacity should be studied to find the
best configurations for high-stress applications.
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