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Abstract. The susceptibility of steel reinforcement to corrosion undermines the durability
of reinforced concrete (RC) elements in aggressive environments. Glass Fiber Reinforced
Polymer (GFRP) bars, with superior corrosion resistance and strength-to-weight efficiency,
emerge as an optimal substitute. Yet, their cyclic seismic performance remains
insufficiently examined. This research investigates the hysteretic behavior of squat GFRP-
RC shear walls, hybrid GFRP-steel, and traditional steel bars. Six full-scale wall
specimens—two GFRP-reinforced, two hybrid GFRP-steel, and two steel-reinforced
controls—underwent quasi-static cyclic lateral loading. Hybrid GFRP-steel walls
demonstrated hysteretic stability with negligible residual drift, augmented by boundary
elements which significantly bolstered lateral strength and mitigated residual deformations.
Furthermore, these walls surpassed their GFRP-only counterparts in energy dissipation
efficacy and deformation adaptability, underscoring their advanced seismic resilience in
corrosive settings and the critical structural role of boundary elements. This study provides
pivotal experimental insights, advocating the integration of GFRP as a viable replacement
for steel reinforcement in seismic design, particularly in contexts where corrosion resistance
is paramount.

Keywords: Reinforced concrete, Seismic performance, Cyclic in-plane test, RC squat
shear wall, Glass Fibre-Reinforced Polymer (GFRP) bars

1 Introduction

The seismic performance RC shear walls has become a critical focus in earthquake engineering, given
their essential role in resisting lateral loads and preserving structural integrity under seismic stress. As
primary lateral-load-resisting components in seismic-resistant structures, RC shear walls substantially
contribute to lateral stiffness, strength, and resilience, particularly in regions of high seismic activity
[1]. Within the spectrum of shear wall designs, squat shear walls—characterized by low height-to-length
ratios—are extensively used in low-rise buildings, industrial facilities, and bridge substructures where
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architectural or operational constraints limit height [2-4]. While squat walls offer substantial lateral
stiffness, their low aspect ratios render them vulnerable to shear-dominated failure mechanisms under
cyclic loads, common during seismic events [5,6]. Addressing these vulnerabilities, particularly
regarding shear capacity and failure modes, is essential to optimizing their seismic performance.

Traditionally, steel reinforcement has been the preferred choice for RC shear walls in earthquake-
resistant design due to its well-documented ductility, energy dissipation capabilities, and robustness
under cyclic loading [7,8]. However, steel's inherent susceptibility to corrosion—exacerbated in
environments with moisture, chloride exposure, or other corrosive agents—compromises long-term
durability and incurs substantial repair costs, impacting both structural safety and lifecycle costs [9-12].
In response, GFRP bars have emerged as a promising alternative, offering excellent corrosion
resistance, a high strength-to-weight ratio, and durability in harsh environments, such as marine and
coastal areas where steel would deteriorate rapidly [13]. Although GFRP's linear-elastic behavior
presents challenges with regard to ductility, it also introduces potential advantages in seismic
applications, including self-centering and reduced residual deformations post-event [14-20].

Despite these advantages, the seismic behavior of GFRP-reinforced shear walls—especially squat
configurations—remains underexplored, as GFRP’s unique mechanical properties diverge from those
of steel. Its lack of yielding, coupled with linear-elastic characteristics, necessitates a reassessment of
its seismic performance, as existing design provisions for steel-reinforced systems inadequately address
GFRP-specific behaviors and could yield unreliable or unsafe predictions [21,22]. Studies suggest that
while GFRP-reinforced RC walls achieve satisfactory drift capacities and stable hysteretic responses,
their energy dissipation and post-cracking stiffness fall below those of steel-reinforced walls
[8,19,23,24]. Furthermore, incorporating boundary elements is crucial in GFRP-reinforced systems to
enhance shear strength, particularly for mitigating shear-dominated failures such as diagonal tension
and shear-compression [3, 25].

Seismic performance in squat shear walls is governed by complex interactions among design
parameters, including aspect ratio (a;), reinforcement configuration, boundary elements, and axial load
ratios. Low aspect ratios yield high shear strengths but can limit ductility, making walls susceptible to
brittle, shear-dominated failure under seismic stress [3]. The configuration of web reinforcement is key
in controlling crack propagation, enhancing post-cracking stiffness, and delaying shear failure [20,26].
Boundary elements, which confine compression zones, improve shear capacity by bolstering concrete
strength and modifying the strut geometry, especially under higher axial loads [27,28]. Understanding
these interactions is critical to optimizing squat shear walls reinforced with GFRP, whose cyclic
response diverges notably from steel.

Addressing these challenges, this study expands the current knowledge on the seismic response of
GFRP-reinforced squat shear walls. Through an experimental program on six full-scale RC squat shear
walls—reinforced with steel, GFRP, or hybrid systems—this research highlight the implications of
reinforcement type, vertical reinforcement ratios, and boundary elements on key seismic performance
metrics, including strength, stiffness degradation, and failure mechanisms under reversed cyclic
loading. This study delivers a comparative evaluation of steel and GFRP reinforcement systems,
providing acumen into the distinct strengths and constraints of each approach. The findings offer
foundational guidance for the development of robust design provisions tailored to GFRP-reinforced
shear walls, with important implications for improving the durability and resilience of RC structures in
seismically active regions.

2 Material And Methods

This study investigates the in-plane cyclic behaviour of RC squat shear walls reinforced with hybrid
GFRP/steel systems, juxtaposed with walls reinforced exclusively with either conventional steel or
GFRP bars. The experimental investigation encompasses testing six full-scale RC squat shear wall,
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categorized based on reinforcement configurations. Two principal configurations are analyzed: walls
featuring distributed vertical reinforcement across the web and walls incorporating boundary elements
with vertical reinforcement concentrated at the extremities. Each specimen was tested under quasi-static
reversed cyclic lateral loading to simulate seismic forces, and their structural response was assessed
with reference to strength, stiffness degradation, ductility, and failure mechanisms.

With ag of 1.2, all specimens were designed to meet the seismic-force resisting system (SFRS)
requirements stipulated in ACI 318 [29] and ECP 203 [30]. Two specimen categories were defined:
Category A (SW1, SGWI1, GW1) with uniformly distributed vertical reinforcement, and Category B
(SW2, SGW2, GW2) incorporating boundary elements to increase end wall reinforcement. This
categorization enabled a focused assessment of the influence of boundary elements on the shear
behavior of GFRP-RC walls, particularly in mitigating shear-induced failures. Table 1 outlines the
reinforcement details, while Fig. 1 and 2 present the corresponding wall configurations.

Table 1. Geometrical properties and reinforcement details of tested walls

Dimensions Vertical reinforcement Horizontal reinforcement
Wall Ly l, ty h,, . py (%) . o
mm mm m m No. & size p(‘{)/;_)qt pV@ZSRP pV(_OZ) cal No. & size (%)
SW1 - 12T12+2x3T12a 0.90 - 0.90 T8b@ 167 mm 0.40
SGW1 - 26F3c +2x3T12 0.20 1.04 1.24 T8@ 167 mm 0.40
GW1 - 24F3+2x8F3 - 1.60 1.60 F3@ 100 mm 1.20
1500 150 1800
SW2 250 8T12+2x6T12 1.01 - 1.01 T8@ 167 mm 0.40
SGW2 250 20F3 +2x6T12 0.60 0.80 1.40 T8@ 167 mm 0.40
GW2 250 20F3+2x14F3 - 1.92 1.92 F3@ 100 mm 1.20

Note: *Steel bars dj, = 12mm; PSteel bars d,, = 8mm; °*GFRP bars No. 3.; [, Wall length; [, Boundary zone length; t,, Wall thickness;
h,, Wall height; p,_crrp Vertical/longitudinal GFRP reinforcement ratio; py_g; Vertical/longitudinal steel reinforcement ratio; py _otar
Total vertical/longitudinal reinforcement ratio; py horizontal reinforcement ratio.

All walls specimen measured 1800 mm in height, 1500 mm in length, and 150 mm in thickness—
dimensions representative of typical squat shear wall geometries in practice. For Category B walls,
boundary elements measuring 250 mm in length were added. All specimens were anchored to a RC
footing measuring 2500 mm (length), 500 mm (width), and 500 mm (depth). Designed as an RC rigid
foundation, the footing, heavily reinforced with 18M Grade 60 steel bars, provided anchorage for the
longitudinal reinforcement, minimized base deformations, reducing excessive cracking and premature
base failures to ensure unaltered cyclic load responses.

To prevent out-of-plane displacements and ensure stability under inelastic deformations, double-layer
vertical reinforcement was adopted for all tested to ensure stability under inelastic deformations,
following guidelines by Paulay and Priestley [2] and El-Azizy et al. [31]. Wall designs adhered to the
provisions of ECP 203 [30] and ACI 318 [29] for steel reinforced walls, besides ECP 208 [32] and ACI
440 [33] for GFRP-reinforced walls, ensuring that the specimens would develop shear failure prior to
flexural failure. This design consideration allowed for an in-depth investigation of shear behavior.

A consistent normal-weight concrete mix with a targeted compressive strength (f,,,) of 30MPa was
utilized for all specimens. Key mix proportions included a 0.4 water-to-cement ratio, with water and
cement contents of 160 kg/m? and 400 kg/m?, respectively. The aggregate content was 1700 kg/m?, with
a nominal maximum size of 10mm. Compressive strength for every specimen was assessed through
pre-test cylinder testing, conducted one day prior to loading; detailed results are presented in Table 2.
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Fig. 1. Concrete dimensions and Reinforcement configuration details for all tested walls (dimensions in mm)
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The average concrete tensile strength (f,.-) and elasticity modulus (E) were computed using the

relations E = 4400\/E and f. = 0.6,/ f, in line with ECP 203 [30]. Consistent concrete properties
across all specimens ensured comparability of results.

For reinforcement, steel-RC walls (SW1 and SW2) utilized grade 400/600 steel bars for
vertical/longitudinal reinforcement and Grade 240/360 steel bars for horizontal/transverse
reinforcement. Hybrid-RC walls (SGW1 and SGW2) incorporated longitudinal bars with grade 400/600
in the boundary elements. GFRP-RC walls (GW1 and GW2) employed, for both longitudinal and
transverse reinforcement, sand-coated high-modulus GFRP bars. Transverse reinforcement comprised
#3 GFRP bars, spaced at 100mm. U-shaped 8 mm steel stirrups were placed at the ends to prevent
bending failures in the GFRP bars. Vertical web reinforcement was configured to meet target
reinforcement ratio, as detailed in Table 1. GFRP bar mechanical properties were validated following
ASTM-D7205 [34] and are summarized in Table 2. The GFRP bars used for reinforcement were
manufactured with a fiber volume fraction (FVF) of 70%, as provided by the manufacturer. This high
FVF is critical for achieving the desired mechanical properties, including a tensile strength (ff,,) of 880
MPa and an elastic modulus (E¢) of 53.4 GPa (Table 2). The sand-coated surface of the bars ensured
adequate bond performance with the surrounding concrete, crucial for maintaining shear transfer across
cracks.
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Fig. 2. Reinforcement configuration of steel, hybrid GFRP-steel, and GFRP reinforced walls

A servo-controlled hydraulic actuator, featuring a £250 mm stroke and a £1300 kN capacity, was
employed to impose the lateral quasi-static cyclic loading. This actuator, fixed to a rigid reaction frame,
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was coupled with a top RC cap beam, facilitating uniform load transfer across the tested specimens (Fig.
3a). The applied loading protocol, shown in Fig. 3b, comprised two fully-reversed lateral displacement
cycles to emulate seismic loading conditions. A comprehensive instrumentation array, including
LVDTs, was deployed for the measurement of key response parameters, including axial deformations,
lateral displacements, base sliding, and concrete strains.

Table 2. Material properties of employed concrete and reinforcements systems

Concrete (C30) W/C (%) Cement (Kg/m3) E.(GPa) fou(MPa) C.O.V. (%)
04 400 24.1 32.4 5.5
d,(mm) As(mm?) E,(GPa) fy(MPa) £, (%)
Steel bars 8 50.3 200 240 0.2
12 113 400 '
GFRP bars #3 d,, (mm) Ar(mm?) E;(GPa) fru(MPa) & (%)
9.53 71.33 53.4 880 2.0
a) Hydraulic actuator
(1300 kN, +/- 250mm) |
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Fig. 3. Test setup layout (a) and displacement-controlled loading protocol (b)

3 Results and discussions

Reversed cyclic lateral loading tests yielded key insights into the role of reinforcement (type and ratio),
along with the inclusion of boundary zones, influenced their overall seismic performance. This section
presents a detailed analysis of the experimental outcomes, focusing on damage propagation, crack
patterns, in-plane lateral resistance, displacement capacity, hysteresis response, stiffness degradation,
fundamental period shifts, and ductility. Comparative appraisal of the different reinforcement
configurations—steel, GFRP, and hybrid systems—elucidates the critical role of these key design
parameters in defining the response of GFRP-RC squat walls during seismic events.

3.1 Backbone curves

The backbone curves, derived from the load-displacement and moment-rotation responses, offer
essential insights into the cyclic response of the tested walls. As depicted in Fig. 4, in the pre-cracking
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phase, all walls displayed similar initial slopes, reflecting the elastic performance of concrete and
reinforcement. However, with increasing loads, distinct differences in stiffness emerged, predominantly
influenced by the type and configuration of reinforcement used.

Vertical loads enhance the shear resistance of reinforced concrete squat walls by increasing the
compression in the diagonal struts formed within the wall under cyclic lateral loads. This axial
compression delays the initiation of diagonal tension cracks and mitigates their propagation, thereby
improving the overall seismic performance of the walls. However, excessive axial loads could lead to
premature crushing of the concrete or buckling of the longitudinal reinforcement. For all tested walls,
the applied vertical load ratios were designed to reflect realistic conditions, ensuring that the failure
mechanisms observed were representative of practical seismic scenarios.

Steel-RC walls exhibited higher stiffness in the initial stages of loading, attributable to the superior
elastic modulus of steel. Following steel yielding, a pronounced stiffness reduction occurred, reflecting
ductile behaviour that facilitated substantial energy absorption along with progressive stiffness
degradation—aligning with anticipated seismic response characteristics of steel-RC systems. In
contrast, GFRP-RC walls showed lower initial stiffness due to GFRP’s lower elastic modulus. However,
the linear-elastic nature of GFRP contributed to consistent stiffness retention throughout the loading
progress, as the material continued to strain-harden without yielding, a response documented in prior
researches [28, 35].

Hybrid-RC walls demonstrated intermediate stiffness characteristics, benefiting from the ductility of
steel and the elastic resilience of GFRP. This combination provided enhanced and slower stiffness
degradation compared to GFRP-only walls, aligning with research on hybrid reinforcement systems
[8,13,23,24].

The inclusion of boundary confinement significantly influenced seismic response. In SW2 and GW2,
boundary elements delayed concrete crushing, increasing peak load and deformation capacity before
failure. For GFRP walls, boundary elements mitigated the brittle nature of GFRP, enhancing strength
and deformation capacity, underscoring their importance in seismic design.
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Fig. 4. Envelope curves of test walls: a) moment-rotation envelope curves, and b) normalized load-displacement
envelope curves

3.2 Damage propagation and plastic hinge formation

Damage progression and plastic hinge formation were significantly dictated by the reinforcement set
and the incorporation of boundary confinement. Fig. 5 and Fig. 6 delineate the final crack topology and
characteristic failure modes for the tested walls with uniform reinforcement (Group A) and those with



Mohamed Saad et al./ Engineering Research Journal (2025) 184(2)

C140

boundary elements (Group B). This section offers a rigorous analysis of crack propagation, failure
mechanisms, and plastic hinge development, elucidating the contribution of different reinforcement
types—steel, GFRP, and hybrid systems—on the seismic performance of the walls.
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Fig. 5. Crack patterns and damage observed at failure of walls SW1, SGW1 and GW1
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Fig. 6. Crack patterns and damage observed at failure of walls SW2, SGW2 and GW2

Steel-Reinforced Walls

Steel-RC walls demonstrated typical flexural-shear cracking behaviors commonly observed in RC
structures subjected to cyclic loading. Vertical splitting cracks nucleated at the walls' compression ends
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when concrete strain reached approximately 0.003 to 0.0035. Diagonal cracks formed near the wall
toes, propagating upward toward the compression zone and steepening under increased lateral loads. As
drift levels rose to 0.14% in SW1 and 0.18% in SW2, additional shear cracks developed near the upper
regions of the walls, with SW2 displaying steeper crack angles stemming from the confining effects of
boundary confinement. These boundary elements significantly influenced the width and inclination of
the cracks near the wall edges, delaying severe damage and restricting crack propagation within the
compression zone. As the loading increased, concrete spalling intensified, particularly near the base,
where longitudinal bar buckling was observed. Plastic hinge formation was localized at the base,
facilitated by the inelastic elongation capacity of the reinforcement steel, resulting in concentrated
plastic deformation. This ductile response is characteristic of steel-RC walls, wherein plastic hinges
develop in the lower regions and progressively evolve under increasing load levels [2].

GFRP-Reinforced Walls

GFRP-RC walls exhibited a more distributed cracking pattern. Initial flexural cracks were followed
by finer shear cracks propagating throughout the web, indicating a less localized response than observed
in steel-reinforced walls. The initial shear cracks extended toward the upper wall regions, steepening as
the drift increased to 0.29% in GW1 and 0.36% in GW2. Vertical splitting cracks appeared at the highly
compressed fibers of the boundary elements, and shear cracks within the compression zone became
increasingly prominent at higher drift levels (1.31% for GW1 and 1.43% for GW2). The distinct
cracking behavior of walls GW1 and GW2 was influenced by the high fiber volume fraction (FVF) of
the bars, which facilitated efficient stress transfer between the fibers and the matrix, preventing localized
stress concentrations. As a result, GW2, which incorporated boundary elements, exhibited enhanced
shear resistance and delayed diagonal compression failures compared to GW1. The linear-elastic
behavior of the GFRP bars ensured that the walls retained stiffness even at higher drift levels, albeit
with reduced energy dissipation capacity compared to their steel-reinforced counterparts.

As the applied load increased, concrete spalling originated at the wall toes, signaling the onset of
inelastic behavior. Unlike steel-reinforced walls, GFRP-reinforced walls did not exhibit a distinct yield
point in the longitudinal reinforcement; plastic hinge formation was instead characterized by
progressive spalling and the strain hardening behaviors of the GFRP bars. Ultimately, concrete failure
manifested through the crushing of diagonal struts within the compression zone, confirming the
predominance of the diagonal compression strut mechanism in shear force transfer. The inclusion of
boundary confinement in GW2 slightly delayed the onset of crushing, facilitating marginally enhanced
drift aptitude and underscoring the importance of confinement in optimizing the behaviour of GFRP-
RC walls.

Hybrid-Reinforced Walls

The hybrid-RC walls displayed an intermediate behavior, incorporating characteristics from both
steel- and GFRP-reinforcement systems. Diagonal shear cracks initiated at drift levels of 0.15% in
SGW1 and 0.20% in SGW2, with patterns resembling those observed in steel-reinforced walls.
However, the response was more gradual as a consequence of the strain-hardening performance of the
GFRP bars. As loading amplitude increased, additional shear cracks developed, extending toward the
compression zone and intersecting near-vertical cracks, creating a crisscross pattern that governed the
walls' behavior. Vertical splitting cracks developed at heavily compressed fibers in the boundary
elements in SGW2, mirroring the failure modes in GFRP-RC walls. Conversely, in SGW 1—lacking
boundary elements—the cracks remained inclined and more localized, leading to shear failure akin to
that observed in SW1. However, SGW 1 experienced less pronounced sliding shear displacements than
SW1, indicating the efficacy of GFRP bars in mitigating sliding shear effects. The incorporation of
boundary confinement in SGW?2 facilitated a more ductile failure mechanism, characterized by gradual
strength reduction and increased drift capacity, highlighting the synergistic benefits of steel- and GFRP-
reinforcement in optimizing overall seismic performance [13,23].
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Plastic Hinge Formation

Plastic hinge formation varied significantly among the reinforcement types. In steel-reinforced walls,
plastic hinges concentrated near the base, where the high inelastic elongation capacity of steel facilitated
significant plastic deformation within a confined region. Primary cracks localized plasticity, yielding
shorter plastic hinge lengths. Conversely, GFRP-RC walls experienced a more distributed plastic hinge
formation attributable to the elastic characteristics of GFRP bars, leading to increased plastic hinge
heights and localized compression strains in the heavily compressed zones. In hybrid-reinforced walls,
plastic hinge formation combined the behaviors observed in both steel- and GFRP-RC walls. Steel
yielding occurred near the boundary elements, concentrating plastic deformation, while GFRP bars in
the web contributed to a more distributed inelastic response, extending the plastic hinge zone. The
higher vertical reinforcement ratios in hybrid walls also facilitated additional flexural and diagonal shear
cracks, redistributing tensile stresses over a larger area and spreading plasticity across an extended zone.
The inclusion of boundary confinement further influenced plastic hinge formation, particularly in
GFRP- and hybrid-RC walls. In GW2 and SGW2, boundary elements delayed concrete crushing,
improved ability of diagonal struts to withstand compression, and facilitated higher drift capacities. This
emphasizes the essential role of confinement in augmenting the ability of GFRP-RC systems to
withstand seismic events, which tend to exhibit more brittle behavior without adequate confinement
[28,35-37].

3.3 Hiysteretic stiffness and fundamental period shift
Stiffness Degradation

The cyclic response of the examined walls revealed a clear pattern of stiffness attenuation, reflecting
the damage accumulation under cyclic loading. Quantitative assessment utilized normalized effective
secant stiffness (Ko = Ks;/Kinir) measurements across incremental drift ratios, where Kj,;
represents initial elastic stiffness derived from the primary load increment, and K ; denotes the effective
secant stiffness computed from the load-displacement curve slope at subsequent drift levels. The
degradation of K,,,,,- across ascending drift levels is plotted in Fig. 7.
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Fig. 7. Normalized stiffness degradation as a function of drift levels for a) uniform reinforcement configurations
(Group A) and b) walls incorporating boundary elements (Group B)
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While all walls followed a similar degradation trend, the rate and extent varied according to the
reinforcement type. Steel-RC walls exhibited the most rapid and pronounced stiffness loss. Following
the onset of steel yielding, their normalized stiffness dropped sharply, reaching approximately 5.4%
and 6.5% of K;,,;; at failure for SW1 and SW2, respectively. This rapid degradation is a consequence
to the steel yielding and the consequent formation of a plastic hinge at the wall base, resulting in
pronounced stiffness reduction.

Conversely, GFRP-RC walls displayed superior stiffness retention relative to their steel-reinforced
counterparts. The normalized stiffness for GW1 and GW2 remained above 12% at 1% drift and
gradually decreased to 11.6% and 9.2% at failure. This behavior is ascribed to the elasticity
characteristics of GFRP bars that, unlike steel, do not yield and thus maintaining the wall stiffness even
at elevated drift levels. The strain-hardening effect of GFRP further mitigates the substantial stiffness
attenuation typical in steel-reinforced walls, as corroborated by prior studies [8,21,24,28,38].

Hybrid-RC walls demonstrated intermediate stiffness degradation profile, merging the yielding
properties of steel with the elastic characteristics of GFRP. Stiffness in SGW1 and SGW2 remained
above 14% at 1% drift and decreased gradually to 8.6% and 6.2% at failure. This hybrid response
reflects the key role of steel to initial stiffness and ductility, while the GFRP bars enhanced stiffness
retention with increasing drift. Although hybrid walls experienced greater stiffness degradation than the
GFRP-only walls, they retained more stiffness than the steel-RC walls, particularly after steel yielding.

Fundamental period shift

Accurate calculation of the fundamental period of RC structures is essential for seismic assessment,
as it directly influences the magnitude of earthquake-induced forces. The fundamental period is largely
governed by the structure’s mass and effective stiffness, and changes in stiffness due to damage can
cause significant shifts in the period [39]. An increase in the fundamental period, resulting from stiffness
degradation, typically reduces earthquake forces for structures with a period greater than 0.5 seconds.
However, for those with a period below 0.2 seconds, an increase in the period may amplify seismic
forces [26].

To appraise the period shift, the fundamental period (Tg) was computed as Tz = 2w/ m/K,, where
m represents the reactive mass of an equivalent single-degree-of-freedom (SDOF) system, and K is the
considered secant stiffness at a specific drift level. With mass constant, period shift calculations relied

onT; = /K;/K, Ty, where T, denotes the initial period. Table 3 summarizes the calculated period shifts
for each wall at various damage stages.

During the initial loading phase, prior to yielding, GFRP-RC walls evinced higher period shifts than
steel and hybrid-reinforced walls. At drift levels associated with concrete spalling, period shift reached
1.85 for GW1 and 2.25 for GW2, compared to 1.15 for SW1 and 1.32 for SGW2. This enhanced period
shift in GFRP-RC walls can be stemming from the GFRP elastic characteristics that maintain stiffness
without yielding. As cracking and spalling progressed, period shifts increased more significantly in
steel- and hybrid-reinforced walls due to more pronounced stiffness degradation. At failure, period shifts
reached 2.73 in SW1 and 3.22 in SW2, while SGW1 and SGW2 exhibited shifts of 2.65 and 3.15,
respectively. Whereas, GFRP-RC walls showed slower increases, with final period shifts of 2.60 for
GW1 and 3.06 for GW2.

These findings reflect the close correlation between stiffness degradation along with fundamental
period shifts. In steel-reinforced walls, the sharp drop in stiffness post-yielding significantly increases
the fundamental period, while in GFRP-RC walls, the gradual degradation of stiffness leads to more
moderate period shifts. Hybrid-reinforced walls, benefiting from the complementary properties of steel
and GFRP, exhibit intermediate period shifts, balancing the ductility of steel with the elastic resilience
of GFRP. This behavior underscores the importance of selecting appropriate reinforcement strategies to
optimize both stiffness retention and seismic performance.
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Table 3. Overview of experimental damage evolution and corresponding fundamental period shift
- Q T
Characteristic damage Stage Wall o % A (mm) N
u (0]
Shear Cracking SW1 41.98 2.57 1.15
SGW1 33.31 2.76 1.35
GW1 28.29 5.16 1.85
SGW2 48.42 3.27 1.32
GW2 45.27 3.59 1.49
GW3 32.81 6.42 2.25
Concrete spalling SW1 96.25 23.66 2.73
SGW1 95.25 26.95 2.65
Gw1 84.11 30.13 2.60
SGW2 99.23 29.00 3.22
GW2 98.62 31.78 315
GW3 84.52 34.06 3.06
Concrete crushing SW1 97.11 26.33 2.92
SGW1 96.87 34.92 2.83
GW1 96.67 39.33 2.77
SGW2 99.23 29.00 3.47
GW2 99.09 33.23 3.22
GW3 99.59 41.58 3.15

3.4 Idealized displacement ductility

The idealized displacement ductility (ui%) of each tested squat shear wall was quantified utilizing the
equivalent energy elastic-plastic method [21,23]. This approach idealizes the load-drift envelope by
approximating the actual nonlinear response with a bilinear curve [26], as presented in Fig. 8. Ductility
index was calculated as maximum lateral displacement at failure divided by idealized yield
displacement. The idealized backbone curves for all specimens are depicted in Fig. 9, with key
parameters summarized in Table 4.

Table 4. Obtained parameters of idealized backbone curves for tested walls

. Yield Drift Ultimate Drift Yield Strength )
Specimen pid
(%) (%) kN
SWi1 0.78 2.54 580.00 1.81
SGW1 1.11 2.38 500.00 1.56
GwW1 1.33 2.25 430.00 1.52
SW2 0.69 2.68 620.00 2.03
SGW?2 0.94 2.63 600.00 1.97
GW2 1.44 2.30 490.00 1.30

Experimental results indicate that steel-RC walls and hybrid steel-GFRP reinforced walls (SGW1,
SGW?2) achieved significantly superior displacement ductility relative to GFRP-RC walls. Specifically,
pi® for steel-RC walls SW1 and SW2 were 1.81 and 2.03, while hybrid walls exhibited values of 1.56
(SGW1) and 1.97 (SGW2). Notably, the enhanced ductility of SGW2, which exceeded the
corresponding value for the control wall SW1, can be ascribed to the concentrated steel reinforcement
along the wall extremities and the inclusion of boundary confinement. These design features improve
confinement in the compression zone, thereby delaying concrete spalling and allowing greater ductility
and lateral strength through optimized stress distribution and enhancing the wall's ability to undergo
plastic deformations [13,23,24,35]
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In contrast, GFRP-RC walls displayed diminished displacement ductility, with ui* values of 1.52 and
1.30, respectively. The reduced ductility in these walls is primarily results from the elastic
characteristics of GFRP bars, which, unlike steel, do not exhibit yielding or plastic deformation. Instead,
GFRP reinforcement undergoes strain-hardening, constraining energy dissipation potential and limiting
the ability for significant inelastic displacements prior to failure. Consequently, GFRP-RC walls
demonstrated markedly attenuated displacement ductility relative to their steel-reinforced counterparts.

Steel-reinforced walls demonstrated the highest ductility on account of the material's inherent ability
to undergo significant plastic deformation, contributing to more gradual post-yield response. Hybrid
walls, combining the elastic characteristics of GFRP with the post-yield deformation aptitude of steel,
exhibited intermediate ductility values, benefiting from the ductile properties of reinforcement steel in
critical regions while maintaining the stiffness advantages of GFRP in the web.

These findings underscore the critical influence of reinforcement type on the ductility of RC squat
shear walls. Steel reinforcement provides an enhanced capacity for plastic deformation, leading to
increased energy dissipation along with enhanced ductility, making it ideal for seismic applications. In
contrast, GFRP-reinforced systems, while offering advantages pertaining to corrosion resistance and
stiffness retention, exhibit limited ductility stemming from their limited yielding behavior. Hybrid
systems, by combining the strengths of both materials, offer a balanced solution that enhances both
ductility, overall performance and resilience of RC squat shear walls under dynamic loading conditions.

| Virtual yield point Original
, envelope

' Idealized ¥
" envelope

Lateral load, P (kN)

Lateral drift, 6 (%)
Fig. 8. Adopted bilinear idealization of the lateral load-drift envelope, [26]

4 Conclusions

The present investigation advances the field of earthquake engineering by providing an in-depth
empirical assessment of the seismic behavior of GFRP- and hybrid GFRP/steel-RC squat shear walls.
The findings are anticipated to inform the development of future design guidelines for the application
of GFRP and hybrid systems in seismically active regions, where structural resilience and long-term
durability are paramount. Key performance metrics— including load-carrying capacity, deformation
aptitude, stiffness attenuation, and failure mechanisms—were thoroughly evaluated, highlighting the
potential of GFRP and hybrid systems to fortify the seismic resilience of squat RC shear walls.
Additionally, the study highlights the critical contribution of boundary confinement in reinforcing
overall wall integrity and improving shear capacity. The following are the key observations and
conclusions drawn from this study:
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Distinct structural responses emerged among the steel-reinforced, GFRP-reinforced, and hybrid-
reinforced walls, attributable to the unique material properties and their interactions with the
concrete matrix. The comparative analysis of load-displacement envelopes elucidated the
significant impact of steel’s high yield strength, GFRP’s elastic-brittle behavior, and the
composite response of hybrid configurations that synergistically harness the advantages of both
materials. Of particular significance is the marked improved lateral load resistance exhibited by
walls incorporating boundary elements, which effectively confines the compression zone and
delays the onset of critical failure modes.

The progression of cracking and failure modes was markedly influenced by the reinforcement
type. Steel-RC walls exhibited well-defined flexural cracks that transitioned into combined shear-
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flexural failures with continued loading. GFRP-RC walls, in contrast, displayed brittle cracking
behaviors characterized by reduced ductility and a rapid post-peak stiffness decline. Hybrid walls
exhibited intermediate responses, with boundary confinement mitigating crack development and
preventing premature shear failures.

- Stiffness degradation, evaluated through hysteretic loop analysis, displayed varied trends across
reinforcement types. Steel-RC walls manifested significant post-yield stiffness degradation
attributable to steel yielding coupled with progressive cracking. Conversely, GFRP-RC walls
maintained higher residual stiffness through multiple loading cycles, though at the cost of reduced
energy dissipation aptitude. Hybrid walls demonstrated balanced stiffness degradation profiles,
benefiting from GFRP’s elasticity combined with steel’s energy absorption properties.

- Ductility capacity emerged as a critical factor, with idealized ductility indices computed and
compared across the wall configurations. Steel-RC walls demonstrated superior ductility,
particularly those with boundary elements, which allowed for substantial inelastic deformations
before failure. Conversely, GFRP-RC walls evinced limited ductility ascribed to their inherently
brittle nature; however, the inclusion of boundary confinement enhanced their overall
performance. Hybrid walls effectively combined the ductility of steel with the stiffness of GFRP,
yielding moderate ductility indices that affirm their potential as an effective alternative in seismic
design.
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