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ARTICLE INFO ABSTRACT

Keywords: Glass Fibre Reinforced Polymer (GFRP) bars have emerged as an effective alternative to steel as internal re-
Beam-column connection inforcements in concrete structures. Its application in individual reinforced concrete (RC) members has been
GFRP

widely implemented. However, the use of GFRP bars for structures built in regions with high seismic activities is
very limited because of the linear elastic behaviour of this reinforcing material. The major reason contributing to
this is the lack of seismic provisions for connections in GFRP-reinforced moment-resisting frames (GFRP-RC
MRFs) in available design standards because of the limited understanding of its seismic performance. This
comprehensive review will provide a thorough understanding of the performance of GFRP-RC MRFs in seismic
regions, the challenges and the potential advantages and disadvantages. The design parameters governing the
connection response were identified and evaluated to help in the appropriate design of the connections of MRFs.
This state-of-the-art review found that the GFRP-RC beam-column sub-assemblages can reach a 4 % drift without
strength reduction, resulting in a pseudo-ductile behaviour that provides warnings of impending failure. How-
ever, at the drift allowance of 2.5 % for conventional RC structures, it was recognized that the design capacity
may not always be reached. Additionally, the GFRP-RC beam-column subassembly can demonstrate minimal
damage after earthquakes and can withstand repeated earthquake loads without requiring repair, thereby
minimizing repair costs. However, this resilience comes at the expense of ductility and energy dissipation ca-
pacity reduction. Therefore, it is advisable to prevent joint failure and employ well-over reinforced structural
elements to facilitate a more gradual failure by keeping the reinforcement’s stress of the beams well below its
capacity. Besides, incorporating replaceable external damping systems can enhance the energy dissipation ca-
pacity, especially considering the nearly elastic behaviour of GFRP-RC and their low level of damage. The study
also outlined design guidelines for beam-column connections, including joint shear strength, anchorage details,
and the column-to-beam flexural capacity ratio. This synthesis of existing literature points to the potential use of
GFRP-RC MRFs in seismic regions and highlights their shortcomings, current issues, the gaps regarding the better
understanding of GFRP-RC MRFs performance as well as guiding future research toward establishing seismic
provisions for GFRP-RC MRFs.
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1. Introduction

Beam-column joint is the most critical component in a moment-
resisting frame (MRF) that needs to be well-designed and detailed to
ensure the integrity and safety of the lateral and gravitational load-
transferring system [1,2]. Joints can be classified according to their
location as interior, exterior, and knee connection (see Fig. 1a). While
the beam and column elements can be simply designed to meet the
design requirements, the design of the joint region is more challenging
due to the complicated stress-transferring mechanism in the joint. Also,
due to the discontinuity of strains, the joint region is usually subjected to
stress concentration with much higher stress than connected members
[2]. Inadequate joint strength can cause partial and total collapse of the
MREF [3,4]. To avoid such failure, seismic provisions have been consid-
ered in international design standards for steel reinforced concrete (RC)
[5-7] including four criteria namely; strong column weak beam concept,
adequate confining reinforcement, proper anchorage, and sufficient
joint shear strength.

Proper design of the joint can be achieved by ensuring sufficient joint
shear strength, providing adequate joint shear reinforcement and proper
anchorage of beam bars. Subsequently, the connected members are ex-
pected to reach their ultimate capacity prior to the failure of the joint.
This can occur through one of two potential failure mechanisms. The
first is the weak column strong beam mechanism which involves the
development of a plastic hinge in the column before the beams. This
causes undesirable excessive sway and progressive collapse. Conversely,
with a strong column weak beam mechanism, plastic hinges are ex-
pected to be formed in the beams before the column [8]. This ductile
failure mechanism involves a uniform distribution of drift over the
structure height, as shown in Fig. 1b. The latter is commonly adopted in
the design of MRFs under lateral loads [5-7] and allows for more rota-
tion and uniform ductility demands in the components of the structures.
However, plastic hinges at the bottom of the columns are almost un-
avoidable (see Fig. 1b).

While the design standards for steel-RC ensure satisfactory perfor-
mance of the three components of MRF (beams, columns, joints) under
earthquake loads, the long-term performance of these structures can be
compromised by potential steel corrosion [9,10]. Corrosion problems
can lead to the loss of stiffness and complete failure of the structures.
Additionally, the costs of repair and maintenance due to corrosion are
significant [11], accounting for 2.5 trillion dollars annually on a global
scale, as reported in 2013 [12]. Epoxy coatings have been shown to
partially safeguard steel bars from corrosion [13,14]. Nevertheless, the

long-term degradation of epoxy coatings is unavoidable, which could
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result in more severe corrosion of the steel bars [15].

Many efforts have been made to replace steel reinforcement with
noncorrodible alternatives. In particular, fibre-reinforced polymer (FRP)
bars have garnered significant attention. FRPs are manufactured by
using fibres embedded in a resin matrix. The mechanical properties of
FRPs are mainly governed by the fibres, while the resin facilitates stress
transfer and distribution between fibres [11], [16]. Commonly used fi-
bres include carbon, aramid, basalt, and glass [16], and depending on
the type of fibre, the properties of the FRP reinforcements vary.
Regardless of types of fibre, FRP composite material offers an excellent
alternative to steel due to its benefits including high strength-to-weight
ratio, ease of installation, and good durability [17], [18].

Among various types of FRP materials, Glass Fibre Reinforced
Polymers (GFRP) are less expensive, and offer high strength, thermal
stability, and durability [19] making them more attractive to the con-
struction industry. GFRP can be used as external reinforcement to
strengthen existing buildings [20-22] or as effective internal rein-
forcement, especially in sever environmental conditions [23,24] i.e.
structures in marine environment, jetties, water bridges, waste water
treatment facilities and region with high humidity, salts or chloride
exposure. These conditions significantly accelerate the corrosion of
conventional steel reinforcement, leading to reduced service life,
increased maintenance costs, and potential structural failure. The high
strength-to-weight ratio of GFRP facilities the ease handling and place-
ment of reinforcement in these critical structures especially those
located in the harsh environments. Therefore, GFRP reinforcement offer

a high effective alternative in these applications due to these exceptional
properties, extending the service life of the structure and reduce the life
cycle maintenance cost.

The mechanical and physical properties of GFRP, such as the low
modulus of elasticity, and shear strength, as well as bond behaviour, are
significantly different from those of steel [25]. Steel reinforcement be-
haves in an elastic-plastic manner, exhibiting ductile behaviour with a
modulus of elasticity approximately three times that of GFRP. In
contrast, GFRP behaves linearly elastic up to failure, making it more
brittle compared to the ductile behaviour characteristic of steel. Due to
the low modulus of elasticity of GFRP, flexural members reinforced with
GFRP exhibit wider cracks and larger deflections than their
steel-reinforced counterparts [26]. Therefore, the design of GFRP-RC
members is normally governed by the serviceability limit state

[26-28]. It has also been reported that the lower stiffness of GFRP than
steel can potentially cause column instability problems [29]. Addition-
ally, the bond performance of GFRP reinforcement in concrete is a
critical parameter to achieve a desirable load transfer mechanism [30].
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Fig. 1. Moment resisting frame.
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Surface treatment of GFRP bars using sand coating and surface defor-
mation showed its efficiency in improving bond strength [31-33].
Owing to sufficient research on GFRP-RC elements in the last couple of
decades, the design of GFRP-RC individual elements under flexural,
axial and shear forces is now well-reflected in established standards
[34].

The flexural design philosophy of GFRP-RC elements differs from
that of steel-RC elements. Steel-RC flexural members are usually
designed as tension-controlled (under-reinforced) elements, with failure
controlled by bar yielding, whereas GFRP-RC members are commonly
designed as compression-controlled (over-reinforced) elements where
failure is initiated by concrete crushing prior to the bars’ rupture.
Compression-controlled failure is preferred over tension-controlled
failure in GFRP-RC due to the linear elastic behaviour of GFRP bars up
to tension failure [35]. The unique combination of high tensile strength
and low modulus of elasticity of GFRP bars enable GFRP-RC structures to
endure high deformations before failure, often providing warnings of
impending failure. However, as the failure is governed by bar rupture or
concrete crushing, the ductility and energy dissipation of such structures
are lower than the conventional steel-RC counterparts. Large reduction
factors of 0.55 for tension-controlled design and 0.65 for
compression-controlled design are adopted in the ACI 440.11-22 design
standard [34] to ensure the same level of reliability as in steel-RC
structures. It is worth noting that the ductility of
compression-controlled failure can be enhanced by ensuring adequate
confinement to the concrete or by using more ductile concrete materials
such as fibre-reinforced or high-performance concrete [36]. This raises
questions about the use of the constant strength reduction factor of 0.65
for all compression-controlled failure scenarios.

The existing GFRP-RC design standard ACI 440.11-22 does not
incorporate seismic design considerations [34]. Particularly under
seismic loads, the performance of MRF poses a significant challenge due
to the linear elastic behaviour of GFRP, which can adversely affect its
ductility and ability to dissipate earthquake loads. Tests of individual
elements such as columns [37], walls [38], and slabs [39] with GFRP
reinforcement under earthquake-simulated load demonstrated the
applicability of GFRP-RC to be used under seismic loads. The feasibility
of using GFRP in columns under cyclic loads has been demonstrated,
highlighting its ability to reach high deformation levels with no strength
degradation [37]. Improved cyclic performance of GFRP-RC columns
was achieved with the use of ultra-high-performance concrete [40]. The
design of MRF in seismic regions should achieve adequate ductility to
effectively dissipate seismic loads. Therefore, the feasibility of using
GFRP in MREF is questionable. Its low modulus of elasticity can result in
excessive deformation of structures under earthquake loads, subse-
quently increasing the contribution of the P-A effect. Understanding the
behaviour of GFRP-RC MRF under seismic loads is essential to ensure its
widespread application.

In the last few decades, the behaviour of GFRP-RC beam-column sub-
assemblages have garnered attention in research due to its critical
structural role [41-44]. To understand the performance of the connec-
tion to promote the applicability of GFRP-RC MRFs in seismic regions, a
comprehensive literature review study is conducted to gain insights into
the proper design of these critical regions. The general behaviour of
GFRP-RC concrete connections is discussed and compared to that of
steel-RC counterparts. The seismic performance, in terms of ductility,
stiffness, energy dissipation, and damage, is critically discussed and the
key differences with the steel-RC counterparts are highlighted. Various
parameters affecting the performance of the connection are identified,
analysed and presented in an in-depth discussion. For the completeness
of the study, the paper provides a straightforward perspective of current
issues related to seismic performance of GFRP-RC MRFs as well as
pointing out the gaps regarding the better understanding of GFRP-RC
MRFs performance and guiding the future research toward establish-
ing seismic provisions for GFRP-RC MRFs.
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2. Seismic performance comparison of MRFs reinforced with
steel and GFRP bars

Japanese researchers began investigating the feasibility of using FRP
reinforcement in RC MRFs under simulated earthquake loads [45]. Their
experimental study on multi-story MRF reinforced with aramid
fibre-reinforced polymers (AFRP) proved that MRFs FRP-RC can with-
stand seismic loads. The tests of beam-column sub-assemblages under
simulated seismic loads also confirmed that carbon fibre polymer
(CFRP) was a suitable alternative for steel reinforcement [46]. Research
on the applicability of GFRP in MRFs showed an adequate performance
in terms of strength and deformability of beam-column sub-assemblages
using longitudinal and grid GFRP transverse reinforcement (see Fig. 2a)
[47]. GFRP stirrups #13 and spaced 100 mm, in the form of two
C-channels forming rectangular stirrups, were also employed (see
Fig. 2b) [41]. It was found that such GFRP-RC beam-column
sub-assemblages can attain the design capacity and sustain cyclic loads
without degradation of the strength of the bars. Subsequent sections will
discuss the seismic performance of connections in MRFs reinforced with
GFRP and evaluate the effect of several parameters affecting its
response.

2.1. Failure mode and hysteresis behaviour

The investigations on the performance of GFRP-RC MRFs began by
evaluating the seismic response of exterior beam-column connections
with GFRP in comparison to conventional steel reinforcement [41,42].
In terms of crack development, initial cracks formed in the beam adja-
cent to the column and then increased with the application of load for
both reinforcement options. Unlike steel, where cracks in the beam
concentrated in the zone adjacent to the column (see Fig. 3a), cracks in
the GFRP extended along a larger length of the beam and almost closed
after each loading step. A virtual plastic hinge developed away from the
column, spreading over a larger area compared to the concentrated
plastic hinge observed in steel due to local yielding (see Fig. 3b) [41].

The hysteresis response of beam-column connections with GFRP and
steel reinforcement is completely different. The GFRP-RC beam-column
sub-assemblages showed a linear response with narrow hysteresis loops,
while steel-reinforced specimens exhibited wide hysteresis loops (see
Fig. 4). Up to the maximum applied drift of 5 %, the GFRP-RC specimen
showed no strength degradation. In another study, GFRP-RC beam-col-
umn sub-assemblages were able to reach a drift ratio of more than 6.5 %
[42]. Hence, the performance was deemed acceptable in terms of drift
demand. Compared to the steel-RC connection, the specimen with GFRP
exhibited larger shear deformations in the joint panel. This subsequently
increased the contribution of joint deformation to the total deformation
in the case of GFRP, adding significantly to the overall deformation of
the frame [42]. It was concluded that GFRP is suitable for use in
beam-column sub-assemblages with the ability to resist compression and
tension cycles. Therefore, such structures can be designed to satisfy both
strength and deformation requirements with the capability of sustaining
at least a 4 % drift [41].

The performance of interior beam-column sub-assemblages was also
evaluated [43] where it was shown that up to a drift ratio of 5.5 %, the
GFRP-RC specimen did not exhibit any brittle damage, indicating that
the specimens can withstand larger deformation. Further study on 3D
interior connections with lateral beams confirmed that the connections
were able to reach 8 % drift without experiencing brittle failure [44].
Although GFRP-RC beam-column sub-assemblages attained their design
capacity, the rate of load increase was slow with increasing the drift
ratio [43]. Interestingly it was found that steel-RC specimens showed a
rapid decrease in capacity after the peak load, while that in GFRP-RC
connections decreased slowly [43]. This demonstrates the
pseudo-ductile performance of GFRP-RC, highlighting its potential use
in seismic regions.

Story drift is usually controlled to prevent damage to non-structural
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(a) Grid transverse reinforcement [47]

(b) C-channels transverse reinforcement [41]

Fig. 2. Early employed GFRP in connections.
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Fig. 3. Early employed GFRP in connections [41].
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Fig. 4. Hysteresis behaviour of steel and GFRP-RC connections [42].

elements. It should be noted that, according to [48], deformable
GFRP-RC MREFs is designed to withstand a minimum drift ratio of 4 %.
However, according to [49,50], the allowable story drift for RC MRFs is
2.5 %. From the discussed results, it seems that GFRP-reinforced struc-
tures usually reach their design capacity at greater drifts. This means
that at a small level of drifts i.e., 2.5 %, the full capacity of the GFRP-RC
structure may not necessarily be reached which needs to be considered
in design. The analysis of tests on beam-column connection from
different studies indicated that at 2.5 % drift, 49-91 % of the capacity
can be achieved. A value of about 75 % of the design capacity is
considered the most probable value. Meanwhile, at 4 % drift, the
average achieved capacity was about 89 %, as shown in Fig. 5b. These
observations are significantly different from those of steel-reinforced
frames, where almost all test results for control specimens (see
Fig. 5a) achieved their design capacity prior to 2.5 % drift. Hence, it
seems that depending on the design drift and stiffness of the system, a
reduced capacity of GFRP-RC MRFs of about 75 % of the target capacity

should be considered to meet the design criteria for avoiding damage to
non-structural elements.

While GFRP material is characterised by linear elastic up to failure,
the experimental observations showed gradual failure rather than brittle
failure [44]. This is mainly due to the less brittle compression-controlled
failure of GFRP-RC elements at the farthest compression fibres with the
loss of concrete cover near the joint. It was found that even at this point
the damage remained limited to unconfined concrete cover [44].
Additionally, the effect of confinement by stirrups improved the
contribution of the core concrete, and the specimens continued to gain
higher capacity after the loss of concrete cover [44]. Although the fail-
ure of GFRP-RC may not be as ductile as steel yielding in steel-RC, there
is a level of ductility especially if the concrete is effectively confined.
This once again shows that GFRP-RC MRFs can potentially be designed
to provide a level of ductility. Especially with the use of fibre-reinforced
concrete or ultra-high-performance concrete, the
compression-controlled mechanism can be improved and accordingly,
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Fig. 5. Capacity analysis of steel and GFRP-RC connections.

partially enhance the ductility [36,40].

2.2. Reinforcement strains

Examining the reinforcement strains is essential for understanding
the behaviour of RC members. Differences were reported between strain
development in both steel and GFRP-RC connections. In comparison to
steel, where the strain of steel reinforcement suddenly increased, GFRP-
RC specimens exhibited slow growth of the strain of GFRP without a
sudden increase, resulting in lower strains compared to steel-RC [43]. As
reported by [41], the residual strains in connections subjected to large
drifts were different between steel and GFRP-RC connections. It was
reported that after 4 % drift, longitudinal GFRP reinforcement exhibited
negligible residual strain compared to the permanent plastic strains in
steel-RC connections [41]. This indicates that, during a strong earth-
quake, GFRP-RC MRF remains functional with minimal damage that
requires minimal repair due to its linear elastic behaviour. It was also
reported in [43] that the strains of the hoops at the joint core for steel
were greater than those of GFRP indicating that the joint with steel
reinforcement experienced more severe damage due to excessive plastic
deformations and hence higher joint shear forces [43]. According to
[44], a significant margin between reinforcement strain and its rupture
strain should be achieved to ensure gradual damage without brittle
failure. Hence, strains should be checked during the design of sections to
ensure a safe margin [44]. It should be noted that concrete damage can
affect the theoretical calculation of the strains by increasing the stress in
the reinforcement. However, as found in [44], the difference in strain
between measured and theoretical calculations was only about three
percent. A margin of 40 % between the capacity and expected stress was
suggested to prevent brittle rupture failure and ensure gradual failure, as
reported in [51]. Therefore, it should be checked that the stress in GFRP
reinforcement is limited to a percentage of its strength to avoid the risk
of brittle failure under earthquakes. However, more studies are required
to define the optimum considered percentage of bar strength to provide
both a safe and cost-effective design.

2.3. Residual damage

Residual damage is a critical parameter indicating the functionality
of structures after earthquake. GFRP-RC beam-column connections have
been shown to exhibit significantly lower residual displacements
compared to those of steel, increasing the functionality of the structure
after cyclic loads [43,44]. This reduction in damage has the potential to
lower post-earthquake retrofit and rehabilitation costs. On the other

hand, the yielding of steel reinforcement during cyclic loads prevents
the structure from returning to its original conditions [44], which results
in extra repair costs. This indicates that the GFRP-RC structures exhibits
stronger self-centring behaviour than steel ones due to the linear elastic
behaviour of GFRP. To investigate its behaviour after repeated loads, the
GFRP-RC connections were retested [44]. The GFRP-RC specimen was
able to reach its design capacity again and reinforcement strains was
almost the same as the values obtained in the first loading cycle [44].
However, due to existing damage from the first loading, the stiffness was
reduced, design capacity was attained at a higher drift ratio, and the
connections exhibited a linear response up to the peak load [44]. While
no decrease in lateral load was found in the first loading, the second
loading showed a decrease in lateral load after reaching the peak (see
Fig. 6) due to excessive damage [44]. This points to the potential ability
of GFRP-RC MRFs to withstand multiple earthquakes loads with mini-
mal damage, thus potentially lowering maintenance costs.

2.4. Stiffness deterioration

Stiffness deterioration is an important indicator of the cumulative
damage caused by earthquake loads. Previous studies showed that the
initial stiffness of steel-RC beam-column sub-assemblage was higher
than that of GFRP-RC ones due to the reduced modulus of elasticity [41,
52]. As reported in [53], the initial stiffness of GFRP-RC beam-column
sub-assemblages exhibited a 70 % reduction compared to the steel-RC
counterpart. However, the rate of stiffness degradation is greater in
steel-RC compared to GFRP-RC. It has also been reported that the stiff-
ness at a 4 % drift of the steel-RC specimens was 70 % of its initial
stiffness, while the degradation of the GFRP-RC ones was not significant
(see Fig. 7a) [41]. This observation is in line with another study where at
a 4 % drift ratio, the loss of stiffness was as low as 22 % of its initial
stiffness for the GFRP-RC specimens while this degradation was more
significant at about 65 % of its initial stiffness in the case of steel-RC
ones [52]. The rapid rate of stiffness deterioration in steel-RC connec-
tions is due to the excessive damage caused by plastic deformations as a
result of steel reinforcement yielding [43,54]. Since GFRP does not
exhibit any yield, the sources of stiffness degradation are mainly con-
crete cracking, cover spalling, and reinforcement slippage [55]. The
reduced initial stiffness of GFRP-RC connections was also confirmed in
[44]. However, a higher flexural reinforcement ratio was found to
control the percentage of reduction [44].

The reduced stiffness of the GFRP-RC connections results in
increased deformations, and subsequently, the effect of the secondary
moment can potentially become relatively considerable. This secondary
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moment increases the moments acting on the end of the column,
increasing the risk of column failure before the beam [44]. It was re-
ported that, the secondary moment can cause the column capacity to be
exceeded at a 4 % drift. The quantification of this increase indicated that
the secondary moment can significantly increase the moment applied to
the column by about 19 % at a 5 % drift [51]. Thus, they concluded that
the drift of GFRP-MRFRs should be limited to 4 % [51].

Different trends were reported on the global scale of the structure
(Full MRF). While the initial stiffness of steel-RC MRFs was higher than
that of GFRP-RC MRFs by around 31 %, the stiffness at around 2.2 %
drift became the same due to the higher degradation of stiffness in the
steel one, attributed to bar yielding (see Fig. 7b) [56]. In another study
focused on the seismic performance under push-over analysis of
multi-story frames, it was shown that the initial stiffness of the GFRP-RC
MRFs was less than that of steel by 21 % and 18 % for the case of five
and three-story frames, respectively [57]. On the other hand, according
to [58], it was reported that the reduced stiffness attracts lower forces
under earthquake loads with the cost of increased displacement.
Therefore, the total base shear of the structure is less due to the
increased natural period of the structures, which, in turn, reduces the
design ground acceleration [58]. Further studies are required at the
global scale of structures to further understand the stiffness degradation
of GFRP-RC MRFs under earthquakes.

2.5. Energy dissipation

The energy dissipation capacity is a critical parameter in the seismic
design of structures. Structures with higher energy dissipation capacity
can effectively dissipate the input energy from earthquakes. To compare
the energy dissipation capacity of systems, the area under hysteresis
loops is usually considered. Steel-RC connections exhibit larger loop
areas due to plastic deformations [43]. The plastic deformations due to
steel yielding, concrete inelastic deformation due to cracking and
crashing, and reinforcement slippage are the main components con-
tributes to dissipates the energy. The ductile response of steel-RC en-
hances energy dissipation during high drift, with significant
deformations and increased bar slippage after yielding [43]. Yielding of
steel is the main source of energy dissipation in steel-RC while plastic
deformations and slippage have little contribution [42]. Due to the
elastic behaviour of GFRP bars, in GFRP-RC the hysteresis loops are
generally narrower which indicating a relatively lower energy dissipa-
tion capacity. Despite GFRP being brittle, GFRP-RC connections still
possess some energy dissipation [43] primarily from inelastic concrete
deformation and concrete damage [59] as well as bar slippage [55]. The
level of concrete damage due to joint distortion, which is controlled by
the joint reinforcement details and well confinement concrete delaying
the spalling, as well as the anchorage performance affecting the
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slippage, both determine the level of dissipated energy.

A previous study reported that steel-RC beam-column sub-
assemblages dissipate overall energy four times higher than that with
GFRP reinforcement [42]. Another study reported that GFRP-RC
beam-column sub-assemblages showed a 50 % reduction in energy
dissipation compared to steel ones at the same drift ratio [43]. In a third
study, the steel-RC beam-column sub-assemblage was reported to
exhibit five times higher energy dissipation than GFRP at a drift of
2.5 %, which then increased to more than six times at 4 % drift (see
Fig. 8a) [41]. According to [44] the energy dissipation capacity of
GFRP-RC connections was enhanced by increasing the level of shear
stress applied to the joint which caused increased damage to the joint
and significant slippage. This increased level of joint shear, due to a
higher beam reinforcement ratio, improved the energy dissipation by a
greater contribution of concrete in the compression zone due to a larger
height of the compression zone [59]. This in turn increased the contri-
bution of the inelastic behaviour of concrete and led to increased
dissipated energy [52]. Additionally, when the failure mode changes
from beam balanced failure to concrete crushing failure with good
confinement to the joint by GFRP stirrups, causing the delay of spalling,
the energy dissipating capacity of GFRP-RC can be enhanced to be only
one-third of that with steel reinforcement at a drift ratio of 2.5 % [52]
compared to the five times reported in [41]. These reasons explain the
reported different levels of dissipated energy among studies. Overall,
steel-RC beam-column sub-assemblages showed higher energy dissipa-
tion capacity, between three to five times that with GFRP, depending on
the observed damage, the possibility of bar slippage of GFRP, and the
failure mode.

Tests on the global scale showed a closer difference in the dissipated
energy between steel and GFRP-RC MRFs. It was found that on average
stee]-RC MRFs had a 49 % higher energy dissipation capacity than
GFRP-RC MRFs at about 2.5 % drift [56]. This once again indicates the
much enhanced energy dissipation at the global level of structure which
was limited to half of that in steel-RC MRF compared to the previously
mentioned value of one-third of that with steel reinforcement at a drift
ratio of 2.5 % reported in [52]. This again is attributed to the larger
contribution of inelastic deformation of concrete, increased concrete
damage at different parts of the global structure, and concrete
confinement. The same study also confirmed the critical role of
confining the concrete at the joint region. A considerable increase of
50 % in the dissipated energy at 2.5 % drift was observed by confining
the joint region by transverse links compared to an identical unconfined
GFRP-RC MRF [52]. Interestingly, both steel and GFRP-RC frames were
reported to achieve the same energy dissipation when the drift ratio
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approached 4 % (see Fig. 8b) [56].. However, steel stirrups were used as
transverse reinforcement and the effect of axial load was discarded,
which could affect the damage evolution and impact the findings [56].
Regarding the use of steel stirrups, it was confirmed in another study
that the energy dissipation of GFRP-RC beam-column sub-assemblages
with GFRP stirrups is comparable to that with steel stirrups [52].
When considering the energy dissipation capacity of GFRP-RC, two
points need to be considered. Firstly, even though GFRP bars are elastic,
GFRP-RC exhibits inelastic behaviour. By improving the ductility of
concrete material, the level of energy dissipation can be increased.
Secondly, at the structural level, the overall energy dissipation of
GFRP-RC MRFs is not significantly lower than that of steel-RC MRFs and
is sometimes comparable. Further studies on these aspects are recom-
mended to better understand the energy dissipation capacity of
GFRP-RC.

2.6. Ductility

Ductility is the ability of the element to sustain inelastic de-
formations before failure without substantial loss of strength. It is a
critical aspect in MRFs which are expected to undergo inelastic de-
formations under seismic loads. Ductility can be expressed in terms of
inelastic energy absorption or deformations [60]. In the first approach,
higher inelastic energy absorption is preferred to mitigate the elastic
brittle catastrophic failure. In the latter, the structural member should
be able to undergo greater deformations along with wide cracks before
failure [60]. Due to the brittle linear elastic response of GFRP rein-
forcement, the ductility of structures reinforced with GFRP is ques-
tionable. However, research [58] claimed that due to the large
deformations of structures reinforced with GFRP, these structures can be
designed to achieve deformation capacity and acceptable deformability,
replacing the ductility of steel-RC structures.

For evaluating the ductility of GFRP-RC MRFs, attention should be
given to the inherent differences between the behaviour of steel and
GFRP. Hence, the common methods used for steel-RC may not be
applicable to GFRP-RC. The displacement ductility factor is usually used
to quantify the ductility [62] which for steel-RC is defined as the ulti-
mate displacement divided by the yield point displacement. One of the
common methods proposed by Park [61] to determine these points is
shown in Fig. 9 as an example. As shown, the ultimate displacement Ay
is considered at the point where the load is dropped by 20 %. This
assumption is valid for steel-reinforced structures since the cycle loops
are wide and stable, reasonably reflecting the dissipated energy repre-
sented by the area under the load-displacement envelope. The
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Fig. 8. Comparison of energy dissipation in steel and GFRP-RC structures.
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Fig. 9. Methods for ductility calculation for steel structures [61].

displacement at yield point Ay can be calculated either based on
equivalent elasto-plastic energy absorption concept or reduced stiffness
equivalent elasto plastic yield [61]. Since both common methods were
developed based on elasto-plastic yield, extending these methods to
GFRP is questionable since GFRP does not yield [39]. These approaches
led to obtaining higher values of displacement ductility factor when
applied to GFRP-RC columns under cyclic load [63].

Ductility definition as the ratio between ultimate deformation to the
yield deformation is not suitable for GFRP-RC members due to the lack
of yielding point. Although previous research has addressed this point
[65,66], there is no solid definition of ductility of GFRP-RC members
[60]. Different methods have been proposed to determine the ductility
of GFRP-RC structures. Due to the linear elastic behaviour of GFRP, a
real plastic hinge is not present, and virtual plastic hinges are usually
used to describe the part of the connection where large elastic de-
formations of the bars occur. A deformability-based approach known as
the J-factor was proposed, which considers the increased moment and
deformations in beams [67]. In structures with a perfect elastic response
up to failure, the J-factor represents the ratio of stored energy at failure
to that when the concrete strain reaches 0.001 [67]. Despite the satis-
factory performance of GFRP-RC in terms of deformation, most of the
energy is elastic. Because inelastic energy dissipation is an essential
property for ductility of structures, an energy-based approach was sug-
gested by [68]. In this approach, the ductility index is simply repre-
sented by the ratio between inelastic energy and total energy. Other
research [39] and [64] suggested that a virtual elastic displacement A,
can be considered as the transition between elastic and inelastic
behaviour instead of the yield displacement Ay. Under cyclic loads,
research [64] and [39] suggested that this point can be defined at the
intersection between the secant stiffness line passing through the service
load Ps and the horizontal line passing through the peak load P, (see
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Fig. 10a). While according to [38], this virtual transition point is
experimentally defined at the point where the structure starts to lose its
self-centring behaviour, which is indicated by cracks no longer closing
and not realigning during unloading with permanent deformations.
Kharal [69] claimed that this point can be obtained when the difference
of the tangential slope at the origin and at the secant slope is greater than
15 %. Because GFRP-RC connections mostly did not show any strength
degradation up to the peak load, the ultimate displacement at the peak
load was suggested to be considered as A, [64]. Another method based
on the equivalent energy elastic-plastic (EEEP) bilinear idealization
method was suggested to define the ultimate and elastic displacement
[38]. In this method, the ultimate point was estimated as the point
resulting in equal areas, as shown in Fig. 10b, with the suggestion of
limiting A, to the maximum drift ratio Acapacity of 2.5 % as the maximum
ultimate drift. Clearly, the estimation of ductility for GFRP-RC is varied
in the literature, subject to simplifications and assumptions, and lacks a
solid definition

A comparison of displacement ductility factor for both GFRP and
steel-RC connection was reported at different scales. According to the
method followed in [64], the GFRP-RC connection achieved a
displacement ductility factor greater than 2. However, it was about
72-86 % of that of steel ones, depending on the well-detailing of the
connection reinforcement [64]. In pushover analysis of GFRP-RC mul-
tistorey frames [57], it was found that the drift of the global MRF was
comparable to counterpart steel-RC MRF. In addition, the GFRP-RC
MRFs performed satisfactorily in terms of ductility and strength. How-
ever, the three-story MRFs provided higher ductility compared to the
five-story frame [57]. This indicates that the GFRP-RC MRFs satisfy
acceptable ductility.
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Fig. 10. Proposed methods for calculating the ductility of GFRP-RC structures.
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3. The balance between advantages and challenges in seismic
design of GFRP-RC structures

Adequate lateral deformation is a critical criterion for the perfor-
mance of RC structures, particularly in terms of ductility and energy
dissipation. It has been shown that, although GFRP reinforcement does
not exhibit yielding, it stands out due to its unique combination of a low
modulus of elasticity and high tensile strength compared to other FRP
materials. This enables GFRP-RC members to undergo significant de-
formations, enhancing their deformability. As demonstrated in the
previous sections, these structures achieved a minimum drift ratio of
4 %. This behaviour contrasts with CFRP-RC, which, despite its higher
tensile strength, is less capable of undergoing substantial deformations.

On the other hand, larger deformations in GFRP-RC structures pose
structural challenges. Increased joint deformations can reduce the
stiffness of the structure, potentially leading to a soft-story mechanism
and collapse, while also damaging non-structural elements. As such,
serviceability limit states become a critical design consideration for
GFRP-RC structures. Furthermore, greater lateral deformations increase
the second-order effects, particularly the P—A effect, which increases
column moments and may shift the failure mode to column failure—an
undesirable and catastrophic failure mode in MRFs. Therefore, the
design of GFRP-RC MRFs should balance the benefits of GFRP’s unique
properties while mitigating failure risks.

While story drift is usually controlled to mitigate these challenges,
the analysis of tested specimens shown in Fig. 5 indicates that when the
maximum allowable drift ratio of 2.5 % for conventional RC structures is
applied, the full capacity of GFRP-MRFs may not be realized, which
needs to be considered in design. The analysis results, as mentioned,
indicated that at 2.5 % drift, 75 % of the design capacity is considered
the most probable value. These observations are significantly different
from those of steel-reinforced frames, where almost all test results
showed that steel-RC specimens achieved their design capacity prior to
2.5 % drift. Hence, it seems that by controlling the design drift, a
reduced capacity of GFRP-RC MRFs, about 75 % of the target capacity,
should be considered to meet the design criteria for avoiding the risks of
excessive lateral deformations.

4. Parameters affecting the connection response
4.1. Influence of beam to column flexural capacity

Most design codes for steel-RC require that the column-to-beam
flexural capacity ratio should be greater than 1 to ensure the strong
column weak beam concept [5-7]. Previous studies on GFRP-RC
experimentally evaluated the influence of this ratio [44,59]. The first
study [59] examined the variation of this ratio from 1.21 to 1.92. In the
other study, the influence of the flexural ratio between 0.83 and 1.16
was evaluated [44]. A lower flexural ratio of 0.83 caused the column to
reach its capacity prior to the beam, where concrete spalling of the
column was observed [44]. Subsequently, this led to decreased lateral
stiffness, and the design capacity was not achieved. With the least beam
reinforcement ratio, the failure was mainly due to concrete cracking and
crushing at the beam, with minor cracks at the joint region due to low
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shear stress acting on the joint (see Fig. 11a) [59]. The further increase
in the beam reinforcement ratio led to more crack observations at the
joint due to higher shear forces acting on the joint region and caused
more damage [44,59]. The joint region suffered severe X-shaped cracks
due to the high introduced shear stress to the joint that led to more
spalling of concrete (see Fig. 11b) [59]. Crushing of concrete was also
observed at the column since the flexural ratio was reduced. It was re-
ported that, a higher beam reinforcement ratio can change the failure
from the beam to the undesired joint shear failure [59]. Therefore, the
beam reinforcement ratio should be limited by the joint shear capacity
as long as the strong column weak beam concept is achieved.

The beam reinforcement ratio has a double side effect. While
research [59] suggested to keep the beam reinforcement ratio as low as
0.7 % to ensure that beam-column sub-assemblages fail in beam flexure,
a lower beam reinforcement ratio is risky. This can increase the possi-
bility of bar rupture, causing a brittle and catastrophic failure [70]. The
bar rupture failure in knee connections changed to diagonal concrete
failure with an increase in the reinforcement ratio from 0.38 % and
0.86-1.29% [70]. Another study suggested providing a
well-over-reinforced beam ratio to ensure gradual failure and avoid bar
rupture [52]. It should be noted that beams are usually designed with
GFRP reinforcement between 1.5 and 2.5 times the balanced rein-
forcement to meet serviceability requirements. This range can ensure
the elimination of brittle failure [52]. As mentioned previously, sec-
ondary moments in GFRP-RC MRFs due to reduced stiffness increase the
acting moments on the column [51]. However, it was found that with
the consideration of secondary moments, the failure still occurred in the
beam in the case of a flexural ratio of 1.16 [44]. These outcomes confirm
that the suggested ratio of 1.2 for flexural ratio according to the design
codes is still applicable [5-7]. However, this conclusion was confirmed
only for an axial load ratio of 0.15 and may need further examination
under a wide range of higher column loads. The applicability of the
suggested ratio of 1.2 under higher axial loads needs to be further
examined.

4.2. Effect of concrete compressive strength

Concrete strength plays an essential role in determining the response
of GFRP-RC structures. The effect of different concrete strengths, on the
response of exterior beam-column sub-assemblages [71] and interior
beam-column sub-assemblages [43] was evaluated. It was found that the
joint shear strength and initial stiffness increased with increasing con-
crete strength [43,71]. Additionally, flexural reinforcement strains
increased with higher concrete strength, contributing to a higher shear
force at the joint region [43]. A comparison at the same level of joint
shear stress was conducted for concrete strengths of 30 MPa and 70 MPa
[72]. The mode of failure for both specimens was similar. However, with
a concrete strength of 30 MPa, the peak capacity was obtained at 4 %
drift, while it was obtained at 5 % drift in the case of 70 MPa. [72]. The
degradation of strength was observed at an earlier drift ratio in low
concrete strength than in the high strength of 70 MPa [72]. Another
study [44] theoretically investigated the effect of concrete strength
ranging from 20 to 80 MPa. It was highlighted that for GFRP-RC
beam-column sub-assemblages, the relation between the square root
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Fig. 11. Influence of beam reinforcement ratio of GFRP-RC MRF [59].
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of concrete strength and the acting joint shear stress is approximately
linear. This was different from the trend in steel-reinforced connections,
which followed a decelerating increase relation (see Fig. 12) [44].
Special types of concrete can maximize the benefits of the high
strength-to-weight ratio of GFRP. For example, an improved capacity of
25 % was obtained by replacing traditional concrete with a strength of
32 MPa in conventional steel-reinforced connections by lightweight
concrete with a strength of 42 MPa, along with GFRP bars with the same
reinforcement amount [73]. Additionally, adding steel fibres to light-
weight concrete further increased the capacity as well as improved the
deformability of connections with GFRP reinforcement [73]. However,
steel fibres do not provide corrosion-free structures as the efficiency of
steel fibres can be diminished in harsh environments [74,75].
Self-consolidating concrete can be of high efficiency due to the
congestion of reinforcement at the connection [76]. Specimen made
with self-consolidating concrete of strength 45 MPa not only showed
improved capacity but also had improved stiffness compared to concrete
with a strength of 30 MPa [76]. While special types of concrete have
shown promising benefits, studies employing ductile concrete in con-
nections of GFRP-RC MRFs like ultra-high-performance concrete
(UHPC) and engineering cementitious composite (ECC) are still needed.

4.3. Effect of joint reinforcement

Joint reinforcement is essential to achieve the joint capacity. Previ-
ous studies have demonstrated the efficiency of GFRP joint stirrups in
improving connection capacity [71,77]. As reported in [77], the inclu-
sion of joint stirrups increased the connection capacity by 17 %.
Although the progression of failure was quite similar to the connection
without stirrups, diagonal shear cracks were initiated at the joint core at
drifts of 2.5 % and 3 % without and with joint stirrups, respectively
[77]. The connection without stirrups exhibited an obvious pinching
effect, while the presence of stirrups alleviated this effect [77]. In
another study, due to the lack of seismic provisions for GFRP-RC MRFs,
the required GFRP joint stirrups were provided according to seismic
requirements for steel-RC MRFs [44]. The tested connections performed
satisfactorily up to 5 % drift without damage to the connection region,
and none of the stirrups reached their ultimate strain [44]. A numerical
study revealed a linear increase in connection capacity with increasing
the amount of joint reinforcement [78]. However, it was observed that
the performance of the connection remained unchanged when the joint
reinforcement ratio exceeded 0.6 % [78]. To further fill this gap, re-
searchers are encouraged to explicitly evaluate the effect of joint stirrups
and their spacing on joint capacity. This suggestion is aligned with
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conclusions drawn from studies on steel-RC structures, where joint
stirrups were considered as tension ties and crack control reinforcement
rather than confining reinforcement [79]. Considering this, analytical
models for steel-RC structures explicitly take into account the effect of
joint shear reinforcement [80,81]. Moreover, it has been reported that
the efficacy of joint stirrups in steel-RC structures depends on their
location, with stirrups placed in the middle working more effectively
[82].

Different forms of joint reinforcement can be utilized. For example,
the use of spiral reinforcement at the joint core resulted in no significant
damage, indicating its effective application [43]. An enhancement in the
peak load and the energy dissipation was observed with increasing the
diameter of confining spiral reinforcement [43]. In knee joints, it is
essential to provide joint reinforcement in the form of a mesh in two
directions. However, due to the manufacturing constraints of GFRP
stirrups, the construction of mesh options might be challenging. An
alternative suggestion is to use diagonal stirrups to confine the joint
region [70]. The proposed details, as shown in Fig. 13a, resulted in
achieving 7 % higher capacity than the design capacity, while the un-
confined connection achieved only 66 % of the design capacity [70].
These observations affirm the effective contribution of the inclined
reinforcement in controlling the widening of the formed shear cracks
with and without chamfers. However, the inclusion of chamfer and in-
clined reinforcement provided a stiffer and stronger connection due to
the additional contribution of concrete at the interior corner, avoiding
brittle failure [70]. The use of X-shaped reinforced with reduced hori-
zontal stirrups, as shown in Fig. 13b, led to a higher capacity of 5 % than
conventional GFRP stirrups [83]. The X-shaped reinforcement demon-
strated its ability to resist diagonal tension and control the shear cracks
at the joint region [83].

Innovative non-conventional confinement option was also proposed.
An internal FRP tube was proposed to properly confine the joint core and
mitigate the problem of reinforcement congestion caused by the stirrups
at the joint (see Fig. 13c) [77]. Diagonal cracks at the joint region
appeared at a delayed drift compared to that with conventional stirrups.
However, the connection with tubes of large thickness suffered extended
cracks outside of the joint core due to severe spalling of the concrete
cover. This led to its separation from internal concrete and subsequently
impacted the obtained capacity negatively [77]. Tubes with fibres ori-
ented at a 45-degree angle showed superior performance in terms of
controlled concrete spalling and improved capacity by 30 % with wider
hysteresis loops [77]. The improved response is attributed to the effec-
tiveness of inclined fibres at 45 degrees in restraining the opening of
shear cracks in the principal stress direction. A significant improvement
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Fig. 12. Effect of concrete strength on both steel and GFRP-RC structures [44].
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Fig. 13. Connection details for the joint region of GFRP-RC MRF.

in energy dissipation was obtained after a drift ratio of 3 %, where shear
cracks became more prominent [77].

4.4. Effect of anchorage detailing

The problem of anchorage is more critical in knee and exterior
connections than in interior connections due to the limited space to
accommodate the required anchorage length. Adequate embedded
length inside the joint region should be provided to ensure the proper
transfer of forces. Since the column size is generally small, a common
practice is to use 90-degree bent bars [7]. The poor anchorage can lead
to a sudden drop in strength, reducing the ductility of the structures
under cyclic loads [84]. Slippage of bars causes a sudden increase in the
bar stress, which in turn can lead to bar rupture. Especially with GFRP,
this becomes more critical due to the reduced strength at the bends,
which can reach 55 % of the straight bars [85]. These problems were
confirmed in knee connections tested by [70] which failed in a brittle
catastrophic manner due to bar rupture at the onset of the bend,
achieving only 64 % of the design capacity.

Different straight anchorage lengths can affect the connection’s
response. For example, the connection with straight bars of 20 times the
bar diameter (20d) failed due to slippage at an earlier drift while the
connection with a larger embedded length of 30d failed due to concrete
crushing followed by bar rupture after approaching the target capacity
[86]. Therefore, it was concluded that an anchorage length of 30d is
enough to prevent slippage failure [86]. In a subsequent study, the
anchorage length of 24d and 30d was evaluated with the aim of finding
the optimum length. It was found that the anchorage length of 24d was
adequate to prevent slippage failure [52].

Different options can be used for proper anchorage. For example,
connection with hooked bars achieved a higher capacity by 26 %
compared to that with straight bars with embedded lengths equal to 20d,
which failed due to slippage [58]. However, the full target capacity was
not achieved with the hooked bars [58]. As a second option, the use of a
beam stub to terminate the straight beam bars approximately achieved
the full design capacity with a beam failure [58]. In other studies, the
use of steel-hooked couplers for anchorage [71,87] demonstrated an
improved connection capacity. It was also reported that sand-coated
bars led to improved capacity than grooved and threaded surfaces due
to proper bond conditions [71]. Compared to steel-reinforced connec-
tions, the capacity of the connection with sand-coated surfaces was
higher by 5 %. While other bars led to a reduced capacity by 10 %
compared to steel [71]. Headed bars, on the other hand, have potential
benefits in avoiding the reduced strength at the bends and alleviating
reinforcement congestion at the joint. It was found that exterior
beam-column connections with headed bar anchorage were able to
withstand drifts of up to 4 % without strength degradation [88]. It was
also reported that in the case of deformed bar surfaces, there was a
sudden drop in strength at a drift of 4.6 % due to slippage resulting from
bearing failure at the anchorage head [88]. While sand-coated bars were
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able to resist loads up to 6 % drift.

A comparison between the response of connections with headed bars
and bent bars anchorage was carried out. As found in [88], connections
with bent bars were able to sustain larger drifts than headed bars with a
stable gradual degradation of strength. This is due to the additional
confinement added to the joint region by the bent tail. It was also found
that deformed bars achieved greater excess capacity than sand-coated
bars despite the earlier failure of deformed bars compared to
sand-coated ones [88]. Despite the difference between the two options,
both connections were able to attain the maximum capacity, demon-
strating that headed bars are comparable to bent bars [88]. In another
study [54], connections with headed bars exhibited stable behaviour
without joint damage up to a drift ratio of 4 %. Both bent bars and
headed bars connections showed the same linear behaviour up to 6 %
drift [54]. However, bent bars can prevent the movement of the bars
inside the joint and provide more favourable confinement by the tail
during reversal loading at high drifts [54]. The effect of bent bars on the
connection capacity becomes evident when the joint is subjected to high
shear stresses. Finally, it was concluded that the anchorage performance
of both headed bars and bent bars is generally the same up to a drift ratio
of 4 %.

Innovative connection detailing can further improve its perfor-
mance. In standard 90-degree hook anchorage, the tail length of the
hook should be at least 12d according to [34] to ensure proper force
transfer within the joint. It was found that the connection capacity using
a tail length of 37d was improved by 40 % compared to the case with a
tail length of 16d [83]. The results are in agreement with [89], where the
capacity of conventional steel-reinforced exterior connections depended
on the provided tail length [89]. However, the degree of enhancement of
the connection due to the tail length increase also depended on the
available column thickness [89]. While a 40 % increase in capacity was
demonstrated, the larger tail length was used along with diagonal bars
connecting the beam to the column (see Fig. 14) [83]. These additional
inclined bars alone proved to have a high contribution in improving the
steel-reinforced connection performance with the potential to reduce
the amount of connection confinement [82]. In a subsequent study [64],
the use of U-shaped bars (see Fig. 14b) for anchoring the beam bars
(beam top bars connected to bottom bars as one unit) along with the
same inclined bars at the connection corners was also compared with the
standard hook. The same level of improvement achieved with longer L
bars was also achieved with typical detailing with U-shaped anchorage
[64]. This confirms that the improvement in connection performance
may be attributed to the inclusion of additional corner bars, which can
add additional resistance to the beam longitudinal bars. Otherwise, both
U and L bars are believed to achieve the same performance. However, it
is worth mentioning that extensive research on conventional steel-RC
joints confirmed that U-shaped bars resulted in reduced capacity
compared to those with L bars [81,90,91]. Therefore, further research is
required to quantify the contribution of each tail length and additional
inclined bars.



M.H. El-Nageeb et al.

N
kﬁ- " L-bend (3-12M)
l - ~4G12
=
=1 |
| \ 300
L U-bend (2-12M)
.

14

(a) Increased tail length

Structures 71 (2025) 108109

-bend-135 bars (2-M12)

Fig. 14. Anchored bars with additional diagonal bars [83].

4.5. Effect of column axial load

Column axial load is a critical parameter that governs the response of
beam-column connections. As reported in [43], increasing the axial load
from 0.1 to 0.3 of the column axial capacity reduced both the maximum
load and deformations. The reduction in deformability reflected its
negative impact on connection ductility [43]. As the applied column
load increased from 0.1 to 0.2, the maximum load was reduced by 25 %,
and this reduction reached 41 % and 50 % with a further increase in the
applied load ratio to 0.25 and 0.3, respectively. On the other hand,
higher column loads led to improved dissipation of energy by enhancing
aggregate interlocking, while the rate of stiffness deterioration and re-
sidual deformations increased [43].

Experimental tests with higher axial loads can present challenges due
to the limited capacity of hydraulic jacks and the large size of test
specimens. Therefore, numerical investigations have investigated a wide
range of axial loads. It was also found that higher column axial load
degrades the beam-column sub-assemblage performance causing the
inability of specimens to achieve its design capacity even with good
confinement to the joint with lateral beams [92]. However, with 75 % of
the column capacity as a high axial load, the effect of joint shear stress
level was less pronounced [92]. In another study, it was concluded that
increasing the column axial load ratio from 10 % to 60 % led to a 36 %
reduction in the capacity [93]. This reduction is attributed to the
increased compression stress at the joint region, which can be further
increased by applying the beam load. This caused the beam to fail due to
reaching the concrete compressive strain in the compression area
because of the compression-controlled design. In a subsequent study,
[94], it was found that the degradation due to an axial load can be
controlled by using X-shaped reinforcement in the joint region. While
columns in real structures are subjected to different axial load levels,
such axial load effects should be considered in the design of
beam-column joints. It should be noted that such effects in GFRP-RC
beam-column sub-assemblages are different from the two-sided effects
effectively considered in predicting the joint shear strength of steel ones
[95].

4.6. Effect of joint aspect ratio

The joint aspect ratio is defined as the ratio between the beam
thickness to the column thickness. Despite its critical impact on joint
shear strength, the effect of joint aspect ratio has been studied superfi-
cially with most research was carried out on specimens with a joint
aspect ratio of 1.0 [44,59,77]. Results from [71] confirmed that the joint
shear strength was reduced with an increasing joint aspect ratio from 1.0
to 1.33. The effect of a joint aspect ratio between 0.88 and 1.4 was also
numerically investigated by changing the column thickness while
keeping the beam size unchanged [93]. The results, as shown in Fig. 15,
indicated that the maximum load decreased as the joint aspect ratio
increased. While this increase in capacity can be attributed to the
increased joint area offered by the increased column cross-section, a
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Fig. 15. Effect of joint aspect ratio on the capacity of GFRP-RC connec-
tion [93].

more comprehensive comparison can be obtained by changing the beam
size as long as the beam does not fail before the joint. A connection with
a high aspect ratio requires an increased number of stirrups to properly
confine the developed steeper strut mechanism in the joint region. This
can be more critical than in steel since GFRP stirrups have low transverse
strength and stiffness, which may affect their efficiency. Therefore,
in-depth studies are recommended to better understand the behaviour of
connections with a high aspect ratio.

4.7. Effect of the presence of floor slab

The interaction of the floor slab with the beams can change the
flexural ratio between the column and beam. The floor slab can poten-
tially increase the beam flexural capacity and, therefore, increase the
risk of column failure instead of beam failure, which contradicts the
concept of a weak beam and a strong column [96]. In addition,
neglecting the presence of the slab can lead to an underestimation of the
lateral stiffness, which, in turn, can lead to an overestimation of the
lateral deformation of GFRP-RC MRFs. Theoretically, because GFRP-RC
sections are mostly designed as compression-controlled, the effective
flange width of the slab in compression could reduce the reinforcement
ratio and change the compression failure of concrete to the undesirable
brittle rupture of the GFRP bar. This is significantly different from steel,
where the failure of steel is ductile, and the mode of failure does not
change.

Effective slab width can be estimated considering the equivalent
length of the slab that could be represented by the maximum strain in
beam reinforcement. In a previous study [96], it was found that the
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contribution of the slab to increase the capacity of interior beam-column
connection was more pronounced in steel-RC connections than in
GFRP-RC. The increase of capacity was 36 % for the steel-RC connection
compared to 10 % for GFRP-RC. Additionally, connections with a slab
exhibited more damage penetration to the joint than those without a
slab, due to reducing the ratio between beam and column flexural ca-
pacity [96]. The effective flange width for steel-RC connections was
found to be 2 times the beam depth, while it is limited to 1.2 times the
beam depth in GFRP-RC connections [96]. This is attributed to the low
modulus of elasticity causing increased deflection of the slab in the
transverse direction. Different from theoretical considerations, the re-
sults revealed that the slab in compression for GFRP-RC did not affect
the beam flexural capacity [96]. For the slab acting in tension, the
theoretical expected bending capacity was not achieved; however, an
increase in the flexural capacity was obtained. This observation was
different from the case with steel reinforcement, where the slab in ten-
sion was more pronounced in increasing the capacity, and both the slab
in tension and compression approached their theoretical design value
[96]. In the subsequent numerical modelling, it was found that the
effective slab width depends on the available width of the slab. This
trend was demonstrated in both steel-RC and GFRP-RC [96].

The effect of the slab in exterior beam-column connection differs
from interior connections due to unsymmetrical geometry. In such cases,
slab loads generate torsional cracks at the lateral beams. Similar to
interior connections, the test results on exterior connections contradict
concerns about the presence of the slab in compression, showing a minor
effect on the capacity [55]. The effective width of the slab was found to
be 0.85d and 0.5d with and without lateral beams, respectively [55]. In
terms of crack propagation, exterior connections exhibited a clear
propagation of torsional cracks in the lateral beams due to the beam
bars’ forces (see Fig. 16a) [55]. Such torsional cracks were not observed
in interior connections (see Fig. 16b) [96].

The presence of the slab significantly increased the initial stiffness of
the beam-column subassemblies. However, the degradation of stiffness
was more noticeable with the presence of a slab than in specimens
without slabs [55]. To avoid the reduction in stiffness, it was suggested
to limit the drift ratio to 3 % [55]. The presence of slab also led to a
significant improvement in the energy dissipation capacity. At a drift of
5 %, an improvement in energy dissipation by 122 % and 49 % was
obtained for specimens with slab and without lateral beams and slab
with lateral beams, respectively [55]. At a lower drift ratio of 3 %, the
improvement percentages were 145 % and 89 %, respectively. It is
worth mentioning that the energy dissipation of tested slabs with GFRP
in the first cycle was closer to a similar slab with steel reinforcement
under cyclic load [97]. Clearly, the contribution of the slab in a real
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structure should be considered to avoid the underestimated perfor-
mance of MRFs.

4.8. Effect of transverse beams

The presence of lateral beams can improve the performance of beam-
column sub-assemblages due to the better confinement they offer. As
reported in [54], connections without lateral beams showed a lower
lateral capacity compared to those with lateral beams [54]. At a drift
ratio of 6 %, connections without lateral beams suffered significant
concrete expansion at the joint area accompanied by a drop in strength
[54]. According to [55], the presence of lateral beams in exterior con-
nections resulted in wider hysteresis loops, increased stiffness and
improved capacity due to proper confinement to the joint (see Fig. 17a),
which subsequently led to more energy dissipation due to damage
occurring in a large volume of concrete. In addition, specimens without
transverse beams suffered significant penetration of the damage
compared to those with lateral beams. Moreover, the presence of lateral
beams in exterior beam-column connections improved the contribution
of the slab in tension to the moment capacity. As shown in Fig. 17b, an
increase in capacity by 30 % was observed with the presence of the slab,
compared to Fig. 17a, while the contribution of the slab was less pro-
nounced in cases without beams [55].

The size of lateral beams determines their efficiency. It was numer-
ically found that increasing the size of lateral beams improved the
connection capacity and reduced the damage at the joint, subsequently
reducing the shear stress transferred to the joint stirrups [92]. This
contribution of lateral beams was more significant in cases where the
joint was subjected to higher joint shear stress. With low shear stress,
joint expansion became insignificant, leading to less efficiency of lateral
beams in offering confinement to improve joint shear strength [92]. It
was also found that the contribution of the slab increases with increasing
the size of the transverse beams due to improving the contribution of
slab rebars [55,96].

5. Strength prediction of beam-column joint

The joint shear strength estimated based on two approaches. The first
is the strut mechanism, where the forces are transferred within the joint
through a wide strut, with the joint reinforcement acting as confining
reinforcement. The second is the truss mechanism, where the forces are
transferred through multiple struts, and the joint reinforcement func-
tions as tension ties. The strut mechanism is adopted in most steel-RC
design standards for joint shear strength is described in terms of con-

crete strength as y\/fTC [5,7]. The factor y is determined based on the

(b) Interior connection [96].

Fig. 16. Crack behaviour in transverse beams.
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Fig. 17. Effect of lateral beams [55].

level of confinement provided by lateral beams. Sufficient joint shear
reinforcement should be provided to ensure joint capacity. However,
this approach to determining the joint capacity is based on strut mech-
anisms, where the amount of joint reinforcement, joint aspect ratio, and
axial load are disregarded. On the other hand, CSA 2012 [48] does not
provide a limit to joint shear strength. Thus, higher shear forces applied
to the joint can lead to a catastrophic joint shear failure.

To determine the joint capacity, the effect of different levels of shear
stress acting on the exterior joint was investigated [72]. The joint region
was confined by stirrups according to the provisions for columns as per
CSA 2002 [98]. Three modes of failure were observed, as shown in

Fig. 18. With a low shear stress of 0.7/f., the specimen failed due to the
beam flexure. A sudden reduction in strength was observed once the
capacity was achieved due to the high stress in the bars causing slippage.
Under the other two shear stress levels, a gradual degradation of
strength was observed. The shear stress of 0.85\/ch changed the mode of
failure from beam flexural failure to simultaneous beam and joint fail-

ure. The last failure mode with shear stress of 1.04/f, was joint shear
failure with severe cracks at the joint region extending to the column
sides accompanied by the loss of concrete cover. According to their
observations, it was suggested that the joint shear strength of exterior
connections should be limited to 0.85,/f, to avoid undesired failure
modes [72].

When it comes to exterior beam-column connection with lateral

beams, the shear stress level of 0.85\/)‘75 resulted in brittle failure due to

beam bar rupture accompanied by bar slippage [54]. While the mode of

failure of specimen subjected to a shear stress of 1.1 y/f. was accom-

panied by beam and joint cracks. In a subsequent study [51], additional

specimens were tested under shear stress of 1.34/f. to examine their

ability to withstand higher shear stress ratios. The results indicated that
exterior beam-column connections were also able to maintain their ca-

pacity under shear stress of 1.3y/f. [51] when the seismic provisions for

columns are satisfied according to CSA 2017 [99]. Although the exterior
connection exhibited severe damage to the joint region, an identical
interior connection under the same joint shear stress level was intact and
exhibited more residual deformations than exterior ones with a low rate
of stiffness degradation due to the proper confinement [51]. To deter-
mine the capacity of interior beam-column connections with lateral
beams, other tests were conducted [44]. The connection was able to

resist shear stress up to 1.8 ﬁ [44]. However, the capacity of interior

connections without lateral beams still has not been covered. These
conclusions were basically developed for a specific joint aspect ratio, the
amount of joint stirrup, and axial load. This capacity can further be
affected by the ignored parameters. Such parameters were effectively
considered in the prediction of joint shear strength of steel-reinforced
structures [4,80,81]. Future studies can consider these parameters for
proposing an accurate formula to predict the joint shear capacity.

(a) Beam failure

(b) Beam and joint failure

(c) Joint failure

Fig. 18. Effect of joint shear stress on the observed mode of failure [72].
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6. Joint structural analysis and failure prediction

The highlighted portion of the frame structure in Fig. 1a between the
points of contraflexure is used for the structural analysis of the beam-
column joint. Generally, three criteria are essential for the design of
beam-column connections in RC-MRFs. However, as previously noted,
the provisions for GFRP-RC connections in existing GFRP design stan-
dards are limited or absent. This section integrates the fundamentals of
these well-known criteria, the outcomes highlighted in this study, and
the available design guidelines for GFRP-RC sections to support the
analysis and design of GFRP-RC connections.

According to ACI 352-02 [5], the first criterion for the design of
connections is that the column’s flexural capacity should be at least
20 % greater than the beam’s flexural capacity. This ensures that the
plastic hinge forms in the beam rather than in the column. The results
discussed in this study confirm that the same criterion is applicable to
GFRP-RC beam-column connections. However, as previously noted, this
ratio requires further investigation under conditions of high axial loads.
The nominal flexural capacity of columns and beams for the GFRP-RC
section M, can be determined according to the design provisions
available in design standards for GFRP-RC based on internal force
equilibrium and strain compatibility, Eq. (1).

M, = Aff,[d 3] eH)
Where d is the effective depth, a is the depth of equivalent stress block,
Ay is the tensile reinforcement area, f;  is the tensile stress in the GFRP
which is limited to the design tensile strength of GFRP f,, Eq. (2).

fu=Cifs )]
Where Cgis an environmental reduction factor, taken as 0.85 accord-
ing to ACI 440.11-22 [34]. In contrast, its value is specified as 0.7 for
concrete exposed to earth or weather and 0.8 for unexposed concrete, as
per ACI 440.1R-15 [25], AASHTO [100] and Italian CNR [101]. Other
design standards, such as Canadian CSA [48] and Japanese JSCE [102]

do not account for the environmental reduction factor and therefore
consider it equal to 1.0.
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(a) Interior connection
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The forces and moments from the beam and column are transferred
to the joint region as joint shear forces Vj,, as shown in Fig. 19. The
horizontal joint shear force Vj, can be determined according to Eq. (3)
for the interior, and Eq. (4) for the exterior connections, respectively. If
the applied joint shear force Vj, exceeds the joint shear capacity V;, a
joint shear failure governs the structure failure. Otherwise, a flexural
beam failure is expected, provided that the first design criterion is met.
The nominal joint shear capacity V, is calculated using Eq. (5). There-
fore, the second design criterion is to ensure that the applied joint shear
force Vj, is less than the joint shear capacity V, to prevent catastrophic
joint failure.

Vin =Ty + T2 = Veo 3
th =T1 — Ve 4
Vo= VnAj %)

Where T; : is the tensile force in the reinforcement at the top of the
beam, T, : Tensile force in the reinforcement at the bottom of the
beam. V., : the column shear force, v, : is the maximum allowable
joint shear stress, A; is the joint sectional area and is equal to b; x h,
where b; is the joint width and h. is the column depth in the analysis
direction.

Currently, there is no established formula in the design standard that
provides provisions for the joint shear capacity of GFRP-RC beam-col-
umn joints. However, based on this review paper and as highlighted in
the previous sections, exterior connections without lateral beams should

be limited to 0.85,/f,, exterior connections confined by lateral beams to

1.3 fc, and interior connections confined by lateral beams to 1.8 fc It
is important to note that joint shear capacity depends on the connec-
tion’s location and the presence of confining beams in standard design
guidelines for steel-RC connections. For instance, according to [5], the
joint shear strength for exterior connections without lateral beams in

steel-RC is 1.04/f,, increasing to 1.25\/f70and 1.664/f, for exterior and

interior connections confined by lateral beams, respectively. The sug-
gested values for GFRP-RC connections differ from those for

T

(b) Exterior connections

Fig. 19. Internal forces at the joint region.
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conventional steel-RC connections due to differences in behaviour.
However, the trend aligns with the outcomes of this study, where the
joint shear strength changes with changing the connection configura-
tion, highlighting the need for further research into other configura-
tions, such as interior connections without lateral beams and knee joints,
to address these gaps.

The third criterion in the design of beam-column joints is to provide
minimum confinement reinforcement in the joint region to ensure an
effective force transfer mechanism and achieve the desired design
strength. However, guidelines for this minimum reinforcement are ab-
sent in GFRP-RC standards, leaving it as an open research topic to
determine the minimum confinement required to meet the recom-
mended strength values.

7. Advancements in using GFRP in different MRFs systems

Recent research suggested techniques to improve the low-energy
dissipation of GFRP-RC MRFs. The energy due to ground motion con-
sists of potential, kinematic, damping, and hysteresis energy. The first
two components vanish once the static equilibrium of the structure is
achieved. Thus, damping and hysteresis components become crucial.
When significant inelastic deformation occurs, the hysteresis component
increases. While GFRP-RC structures exhibit a low hysteresis damping
component, these structures need to be designed with a damping
component. External damping components in the form of supplementary
rebar systems [103], inclined demountable wall systems [104],
replaceable steel fuses [105] proved its efficiency in improving the en-
ergy dissipation capacity of structures with self-centring behaviour.
Another approach to address this main drawback is the use of hybrid
systems, in which the structure can be designed with steel for post-peak
response [42]. Previous research suggested that a hybrid structural
system can be utilized at the global structure, where external MRFs are

—300—

>t

(a) Damping system with the steel plates

200
Fav vy

150
100

'
W

% -4% -3% o 1% 2% 3% 4% SYe

Beam Tip Load (kN)

Drift Ratio

(c) Response of specimens with the steel plates

Structures 71 (2025) 108109

reinforced with GFRP to prevent corrosion [54]. Steel-reinforced sys-
tems, like shear walls, can be used inside the building to improve its
energy dissipation. Hybrid reinforcement was also able to improve the
energy dissipation capacity [106]. However, both hybrid systems or
reinforcement may lead to a decline in the benefits of GFRP to eliminate
corrosion and permanent deformation, which cause difficulties in
rehabilitation due to steel yielding.

Implementing an additional damping system can be an effective
solution to enhance the dissipation of earthquake energy of GFRP-RC
MRFs. An easy-to-install damping system was proposed in [107] (see
Fig. 20a). The proposed system utilized external steel plates attached to
the beams of the MRF. The system was designed to benefit from the
absence of permanent deformation in GFRP while incorporating the
high energy dissipation capacity of steel. The steel plates were externally
attached to the beams, making them physically accessible and replace-
able after yielding while ensuring minimal damage to the main struc-
ture. The results demonstrated that the new system exhibited higher
capacity compared to a GFRP-RC one. Additionally, the initial stiffness
of the system was almost equal to a structure reinforced with steel. The
energy dissipation capacity was improved by 160 % at a 2.5 % drift
compared to the basic GFRP-RC structure. However, it was found that
the proposed system still dissipates energy less than steel-reinforced
structures [107]. The steel plates deformed significantly, and after
their removal, the structure approximately returned to its original con-
dition. Tests conducted after replacing the plates confirmed the
acceptable performance of the structure (see Fig. 20d). It should be
noted that the main objective was to improve seismic performance
rather than achieving corrosion-free structures. However, the suggested
system prevents the internal corrosion, which is difficult to access for
repair. Therefore, stainless steel components can be used to address the
issue of external corrosion, ensuring superior structural performance.

On another note, since GFRP-reinforced structures have a low
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Fig. 20. Effect of damping system on the response of GFRP-RC MRF [107].
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weight-to-strength ratio, they can be more attractive to the precast
concrete industry, maximizing benefits in terms of accelerated con-
struction under high-quality control with this durable solution. The
comparison between cast-in-place and precast connection with GFRP
demonstrated that precast beam-column sub-assemblages can perform
in a way comparable to cast-in-place one [108]. Particularly in harsh
environments where the possibility of steel corrosion is high, such as in
jetties where casting concrete in situ can be challenging,
GFRP-reinforced precast structures can find good applications. Tests on
beam-column subassemblies in MRFs of jetties subjected to cyclic loads
have recently been initiated, revealing the same drawbacks identified in
cast-in-place structures [109,110]. The guidelines for designing con-
nections of precast structures with conventional steel were found to be
unsuitable for extension to GFRP-RC structures [111]. The global
response of precast GFRP-RC MRF of jetties in terms of capacity, stiff-
ness, and energy dissipation capacity depended on the connection de-
tails [112,113]. Recently, there has been a marked increase in demand
for advanced and efficient connection details in precast construction
[109,114]. This demand arises from the need to meet accelerated con-
struction requirements while incorporating external damper systems
seamlessly for enhanced seismic performance [115,116]. Since research
on the connection of precast GFRP-RC MRFs is at an early stage, defined
drawbacks in cast-in-place MRFs, mainly due to low stiffness, ductility,
and poor energy dissipation of GFRP-RC structures, should be consid-
ered when developing connection systems. This can achieve optimum
structures in terms of durability, accelerated construction, and satis-
factory cyclic performance.

8. Conclusions

The study conducted a comprehensive review of the seismic perfor-
mance of GFRP-RC MRF. A thorough comparison was made between the
seismic performance of GFRP-RC and steel-RC beam-column sub-
assemblages, considering various aspects such as strength, ductility,
stiffness, energy dissipation, and residual damage. The analysis also
delved into the impact of critical parameters on the beam-column sub-
assemblages’ response. The use of GFRP as both longitudinal and
transverse reinforcement in MRF was revealed. In summary, the key
conclusions drawn from this investigation are:

1. The hysteresis response of GFRP-RC beam-column sub-assemblages
showed narrow hysteresis loops with the ability to reach higher
drifts without degradation. The concentrated plastic hinge due to
local yielding of steel was replaced with cracks spread along a larger
portion in GFRP-RC MRFs with the advantage to achieve its design
capacity after repeated earthquakes load while revealing its func-
tionality after earthquakes with minimal damage.

2. With achieving the strong column weak beam concept and well
confine the joint region, the GFRP-RC beam-column sub-assemblages
are able to reach the design capacity and withstand minimum drift
ratios of 4 %. This confirms that GFRP-RC MRFs can be designed to
satisfy both strength and deformation capacity with ensuring gradual
failure with some level of ductility. A value of 75 % of the design
capacity should be considered at the design drift ratio of 2.5 % that
usually adopted for RC structures.

3. Although GFRP-RC MRFs can be designed to achieve the target ca-
pacity with minimal damage, it comes with a cost on its stiffness and
energy dissipation capacity. However, brittle failure of GFRP bars
can be avoided and changed to gradual failure when implemented in
MRFs if an upper limit of reinforcement stress is considered instead
of the full capacity of the bars. This can be achieved by providing a
larger reinforcement amount.

4. While GFRP bars are elastic, GFRP-RC beam-column subassemblies
showed inelastic behaviour with some energy dissipation. However,
this dissipated energy is significantly less than those in steel-RC. On
the other hand, at the structural level, the overall energy dissipation
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of GFRP-RC MRFs is not significantly lower than that of steel-RC
MRFs and is sometimes comparable. Also, by improving the con-
crete material and design, the level of energy dissipation can be
further improved.

5. Presence of slab floor and lateral beams have a significant impact on
improving the connection performances in terms of capacity, stiff-
ness, and energy dissipation. Although the presence of lateral beams
enhanced the contribution of the slab by increasing the effective slab
width, the effective slab width in GFRP-RC was less than that of with
steel reinforcement.

6. While lateral beams and floor slabs enhance the connection perfor-
mance, higher axial loads and increased joint aspect ratio can have a
negative impact. However, among the factors influencing the
connection performance, concrete strength, the provision of joint
shear reinforcement, and adequate anchorage of the beam bars are
considered the most critical in determining joint shear strength.

7. Joint shear strength can be enhanced by the provision of joint shear
reinforcement in the form of horizontal stirrups, spirals, or x-shape
reinforcement. Exterior connections with confining stirrups were

able to resist shear stress of 0.85\/fTc and 1.3,/f, without and with
lateral beams, respectively. While interior connection with lateral

beams was able to resist shear stress of 1.8,/f,. However, the eval-

uation of the minimum required amount of reinforcement to achieve

that value is yet to be investigated.

8. For proper design of the joint region in GFRP-RC MRFs, the following
design criteria can be considered:

— Strong column weak beam should be achieved by ensuring col-
umn’s flexural capacity 20% greater than the beam’s flexural
capacity.

— Aslong as joint shear failure is avoided and a strong column-week
beam concept is adopted, a higher beam reinforcement ratio is
recommended to enhance the stiffness and energy dissipation of
GFRP-RC connections.

— Minimum straight anchorage length of 24d should be provided to
prevent slippage of beam bars. Otherwise, the 90-degree standard
hooked or headed anchorage can be effectively used.

— Joint shear stress should be limited to the maximum joint shear
capacity reported in this study. However, 75 % of the design ca-
pacity should be considered at the design drift ratio of 2.5 %
which is usually adopted for RC structures.

— Sufficient joint shear reinforcement should be provided in the
joint region to ensure the development of the joint shear capacity.

Future research

To further improve the seismic performance of GFRP-RC MRFs,
studies are encouraged to investigate the effect of better concrete
confinement and the use of fibre-reinforced concrete or ductile concrete
to improve the compression-controlled mechanism and accordingly
partially mitigate the reduced ductility and energy dissipation of GFRP-
RC members. Furthermore, the incorporation of external damping sys-
tems is encouraged to address the low energy dissipation capacity.
Further research is also encouraged to investigate the effect of joint
aspect ratio, a wide range of column axial loads, and different ar-
rangements and amounts of joint reinforcement to refine the required
amount of joint reinforcement for achieving the connection capacity.
Accurate analytical models can then be developed to predict joint shear
strength and establish minimum detailing provisions for connections to
achieve that capacity. Addressing these aspects holds the potential to aid
in establishing seismic provisions within international standards,
ensuring the proper performance of MRFs.
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