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Abstract: The current study presents an experimental investigation performed on slender reinforced
concrete shear walls, representing a common lateral-load resisting system of mid-rise buildings.
The walls were reinforced with steel and glass fiber-reinforced polymer (GFRP) bars and tested up
to failure under reversed quasi-static cyclic loading to investigate the capability of GFRP bars in
reinforcing RC shear walls under seismic loads. Moreover, the effect of the GFRP reinforcement
ratio on the structural response, deformation performance, and failure mode resulting in RC walls,
compared with its behavior when reinforced with steel bars, is also investigated. Six full-scale shear
walls with an aspect ratio of 3.25 were constructed. The reference wall was entirely reinforced with
steel bars. Two specimens were reinforced by hybrid scheme of GFRP–steel bars. The remaining
three shear walls were entirely reinforced with GFRP bars. The overall performance of each wall
was characterized by investigating the lateral load capacity, hysteretic response, cracks propagation,
ductility, and the behavior of energy dissipation. The experimental results showed that GFRP-
reinforced concrete walls had an elastic behavior characterized by a stable hysteretic response with
recoverable deformation of more than 80% of the ultimate load. However, sudden and brittle failure
was attained for the wall with a high GFRP reinforcement ratio. GFRP decreases the displacement
ductility of the shear walls by an average of 32.9%, depending on the reinforcement ratio, compared
to that reinforced by steel bars. Moreover, lower energy dissipation through inelastic deformation was
obtained for the walls reinforced with GFRP bars. Nonetheless, when GFRP bars are combined with
steel bars, acceptable levels of dissipated energy are attained compared to the steel-reinforced wall.

Keywords: seismic performance; shear wall; reinforced concrete; glass fiber-reinforced polymer
(GFRP); hysteretic response; ductility; cyclic load

1. Introduction

Reinforced concrete (RC) shear walls are one of the most common structural RC
elements that provide an efficient lateral bracing and drift control system due to their high
in-plane stiffness that offers substantial strength and sufficient deformation capacity. RC
shear walls are typically used in the earthquake-resistant design of concrete structures,
such as high-rise buildings and safety-related nuclear facilities, to provide cost-effective
lateral resistance compared to other lateral resisting systems [1–4]. The behavior of RC
shear walls is initially flexure-dominated up to yielding of steel reinforcement at the most
moment-critical zone, by which a transition to brittle shear deformations is made. In
flexural failure, plastic hinges are formed at the construction joint between the wall and its
foundations. Further increasing of the developed flexural cracks occurs at plastic hinges
and is then combined with diagonal cracks; eventually, shear sliding-flexural failure mode
occurs [5]. Pinched hysteresis and very low damping ratios are indicators of the abrupt
loss of strength and stiffness caused by these resulting stresses. [3,6]. To limit the expected
damage during seismic excitations, a high level of strength and sufficient deformation
capacity (ductility) of the shear walls are essentially required to ensure that adequate load
capacity is maintained during the inelastic response [4,7,8].
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One of the major factors that must be considered when designing RC shear walls is
the selection of reinforcement. Although conventional steel reinforcement has long been
the most common reinforcement for concrete structures, its vulnerability to corrosion is
a severe problem resulting in decreased bar strength, increased potential cracking, and
accelerated deterioration of concrete; consequently, this affects the overall performance
and durability of concrete structures in aggressive environments [9–14]. Thus, the use
of glass fiber-reinforced polymer (GFRP) bars as a replacement for conventional steel
bars is a potential solution to steel corrosion-related problems in concrete. The interest in
using alternative nonferromagnetic glass fiber-reinforced polymer (GFRP) bars lies in their
corrosion resistance with the high tensile strength to weight ratio, long-term durability, and
high fatigue resistance.

In recent decades, much research has focused on the durability of GFRP bars for
reinforcing concrete constructions [10,15–18]. The tensile behavior of GFRP bars embedded
in concrete structures was investigated by Chen et al. [16] to predict their long-term behavior.
Based on the test results, the degradation of the tensile and bond strength of GFRP bars is
stimulated by a raised temperature, increased moisture access to the bar, and alkalinity of
the moisture. The bond behavior of GFRP bars was deeply investigated by Kotynia et al. [19].
The study indicated adequate bond behavior to concrete material mostly because of the ribs
on the bar surface. The bond behavior is mainly governed by the bar’s nominal diameter
and the concrete cover thickness, where the ultimate shear bond stress decreases with bar
diameter increases. Additionally, the decrease in the concrete cover causes a decrease in
the ultimate bond strength. Recently, Ferdous et al. [20] investigated the tensile fatigue
behavior of polyester and vinyl ester-based GFRP laminates under cyclic loading. The
results confirmed that the tensile fatigue life of GFRP laminates is mainly affected by various
factors including the applied stress ratio, the employed resin type, and environmental
conditions. Liu et al. [21] developed a novel technique to improve the compressive strength
of GFRP bars by winding additional GFRP layers around the longitudinal fibers. The
proposed technique showed promising improvement in the ductility and compressive
strength of GFRP bars. The enhanced behavior of GFRP bars was mainly dependent on the
winding angle of the applied scheme and the number of winding layers.

Many studies have focused on the use of GFRP bars in beams [22–26], columns [27–29],
beam–column joints [30], slabs [31–33], and slab–column connections [34,35]; however, few
studies have focused on their application in shear walls [3,5,36–39].

Among others, Mohamed et al. [36,40,41] investigated the applicability of GFRP bars
in reinforced concrete shear walls with different aspect ratios to attain sufficient strength
and drift requirements. The results demonstrated that flexural capabilities could be reached
with almost no strength degradation by properly designed and detailed GFRP-reinforced
walls. The authors reported that GFRP bars’ significant elastic deformations allowed the
walls to sufficiently dissipate seismic energy, compensating for the lack of yield. Moreover,
GFRP-reinforced walls’ structural performance is characterized by recoverable and self-
centering behavior up to allowable drift limits before moderate damage occurs, which
confirms the applicability of GFRP bars in reinforcing concrete lateral resisting systems
with a drift ratio that meets the limitation of most building codes. Hassanein et al. [42]
tested six full-scale GFRP-reinforced concrete shear walls with various configurations of
GFRP stirrups at boundary elements under axial compression and quasi-static cyclic lateral
loads. The authors confirmed that the failure of flexural-dominated tested shear walls was
controlled mainly by the axial compression capacity of GFRP bars. The failure mechanism
was characterized by longitudinal bars fracture on the compression side followed by rupture
of the spiral stirrups in the tension side boundary accompanied by concrete crushing. The
study also concluded that a greater dissipated amount of accumulated energy is attained
by increasing the confinement level in the concrete core as the plastic deformation capacity
increases.

More recently, Hosseini et al. [5] examined the effect of spiral transverse GFRP bars on
the structural behavior of six full-scale shear walls with aspect ratios (αs) of 1.08 and 1.75.
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Two walls were reinforced with conventional steel and four walls with GFRP bars. All the
walls were tested under constant precompression and reversed-cyclic lateral loading. The
results confirmed that the tested walls’ enhanced shear and displacement capacity were due
to transverse spiral bars. In comparison, the steel–RC wall experienced a diagonal tension
failure due to alternate yielding of the flexural reinforcement. The GFRP-reinforced walls
experienced compressive failure and diagonal tension followed by compression-flexural
failure mode, while the failure mode of GFRP-reinforced walls with transverse spiral
bars were characterized by the rupture of longitudinal bars followed by flexural tensile
failure. The steel-reinforced shear wall showed higher energy dissipation than shear walls
reinforced with GFRP bars. Moreover, GFRP bars decreased the displacement ductility of
the tested walls compared to the steel-reinforced walls. Another study by Shabana et al. [3]
investigated the effect of aspect ratios (αs) of 1.14 and 0.68 and web reinforcement amount
on the lateral cyclic load behavior of six large-scale squat shear walls reinforced with GFRP
bars and spirals (1400 mm length, 150 mm thickness, and either 1600 mm or 950 mm
height). The findings revealed that the effectiveness of web reinforcements in resisting
shear varies with the wall aspect ratio, as the higher aspect ratio and web reinforcement
amount decrease the contribution of shear deformations. A substantial decrease in the
formed shear crack widths was attained by increasing the horizontal and vertical web
reinforcement amounts.

Unlike conventional steel reinforcement, the GFRP-reinforced concrete walls experi-
enced linear elastic behavior with no ductile phase preceding their brittle rupture. Despite
the preferable non-magnetic properties, high tensile strength, and excellent corrosion re-
sistance of GFRP bars, their elastic-linear stress–strain behavior raises concern about their
applicability as primary reinforcement in earthquake-resistant structures where inelastic
deformation is required to dissipate seismic energy. Due to the elastic behavior of GFRP
bars, ensuring significant plastic deformations becomes challenging. Such linear behavior
increases the vulnerability of the concrete elements to sudden and brittle failure. Con-
sequently, further experimental investigations are needed to understand their response
aspects adequately. In the present research, the overall performance of GFRP-RC cantilever
shear walls is examined under cyclic loading. Moreover, a hybrid steel–GFRP reinforcement
scheme was proposed and tested to thoroughly investigate the capability of this system
for enhancing the self-centering capacity of concrete shear walls while maintaining their
ductility and energy dissipation capability. The main objectives are to:

1. Better understand the failure mechanisms of GFRP-RC shear walls by evaluating their
behavior and response under in-plane cyclic loads.

2. Evaluate the viability of GFRP-reinforced walls to achieve reasonable strength, flexu-
ral/shear capacity, and deformability requirements of drift and energy dissipation
that are substantially required in the concrete lateral resisting system.

3. Investigate the effect of using hybrid GFRP–steel reinforcement on the structural
performance of shear walls compared to conventional steel-reinforced shear walls.

2. Research Significance

In this work, the behavior of RC shear walls reinforced by GFRP bars and hybrid GFRP–
steel bars scheme is studied under in-plane lateral load. The study reports pseudo-static,
reversed-cyclic load tests of six full-scale shear walls reinforced by steel and GFRP with
an aspect ratio of 3.25, which is common in mid-rise buildings. The variables considered
in this research are the type of reinforcement (conventional steel and GFRP bars) and the
reinforcement ratio to assess the effect of vertical reinforcement distinct properties and
ratio on the ductile capabilities of RC shear walls. The major objective of this study is
to investigate the capability of GFRP bars in reinforcing lateral resisting concrete shear
walls, either in combination with conventional steel bars or as a major reinforcement, thus
eliminating the steel corrosion problem and consequently increasing the safety margins
of RC structures and reducing their maintenance cost. The overall performance of the
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tested walls was characterized by investigating the lateral load capacity, cracking patterns,
hysteretic response, and the behavior of energy dissipation.

Salient test results are presented and discussed to assess the validity of GFRP-reinforced
walls to achieve the reasonable strength, flexural/shear capacity, and deformability require-
ments of drift and energy dissipation that are substantially required in the concrete lateral
resisting system. An in-depth analysis of the effects of reinforcement ratio on the strength
and drift capacity of the tested walls occurs through investigating specific parameters such
as residual deformation, energy dissipation, stiffness degradation, and ductility indices.
These obtained data provide essential information on the seismic performance of GFRP-RC
shear walls to researchers, designers, and code committee members. The data are also
vital for developing further reliable predictions of the structural performance under in-
plane flexural and nonlinear shear effects, as well as supporting the preliminary design
approaches in building codes for determining the ductility, drift capacity, and allowable
strength of GFRP-RC shear walls to provide acceptable seismic performance in resisting
seismic loads.

3. Experimental Program

The tested walls included one reference steel-reinforced specimen (SW1), two speci-
mens reinforced by a combination of GFRP and steel bars (SGW1 and SGW2), and three
specimens totally reinforced with GFRP bars with different reinforcement ratios (GW1,
GW2, and GW3). The minimum thickness and reinforcement details were designed accord-
ing to ECP 203 [43] and ACI 318 [44] for the steel-reinforced wall and ECP 208 and ACI
440 [12,14] for the GFRP-reinforced walls. The walls were adequately reinforced to ensure
flexural domination and to prevent sliding shear and anchorage failures. The following
sections highlight the cross-section and reinforcement details of the specimens, material
properties, construction, and instrumentation.

3.1. Details and Design of Specimens

The tested specimens, having an aspect ratio of 3.25, depict a single medium-rise
shear wall model that meets the particular seismic requirements defined in [44] for the
seismic-force resisting systems (SFRSs). The six full-scaled RC walls were constructed with
the same dimensions of 2600 mm height (hw), 200mm thickness (bw), and 800mm length
(lw) to allow for direct comparison of their displacement and ductility capabilities. Each
wall was integrated with an RC foundation with a length of 1600 mm, a width of 1000 mm,
and a depth of 400 mm, and was anchored to the laboratory rigid floor. The RC footing
was considered to act as an anchoring length for the vertical bars of the wall, attaching
the specimen to the rigid lab floor and simulating a rigid foundation case for the tested
walls. To minimize any deformations in the base, prevent premature collapse, and avoid
excessive cracking owing to base moments, the concrete footing was heavily reinforced
with deformed steel bars of 22M Grade 60.

Two layers of vertical reinforcements were provided for all walls to limit the poten-
tial out-of-plane displacement and increase the walls’ stability when they were under
inelastic strains [45,46]. Figure 1 shows the tested shear walls’ concrete dimensions and
reinforcement details.
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Figure 1. Concrete dimensions and details of reinforcement configuration. All dimensions in mm.
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The walls were designed and reinforced according to the ECP [14,43] and ACI [12,44]
provisions where sufficient horizontal reinforcement was provided to withstand the result-
ing shear force associated with developing the probable moment resistance of the tested
walls [36]. As such, the horizontal steel reinforcement ratio (ρs,hz) of the reference wall
(SW1) was 0.4%, with two layers of horizontal reinforcement comprising 8mm steel bars(

Ab = 50.3 mm2) spaced at 125 mm. The corresponding horizontal GFRP reinforcement

ratio for the remaining walls
(

ρ f ,hz

)
was 1.01% and consisted of two layers of horizontal

reinforcement of No. 4 GFRP bars
(

db = 12.7 mm , A f = 126.7 mm2
)

spaced at 125 mm,
as listed in Table 1.

Table 1. Details of the wall specimens.

Specimens
Vertical Reinforcement (%) Horizontal Reinforcement

No. and Size ρs,Vl ρf,Vl ρV,t No. and Size ρs,hz ρf,hz

SW—Control 10 T12 a 0.71 - 0.71 T8 b@ 125 mm 0.40 -
SGW1 4 T12 + 6F4 c 0.28 0.48 0.76 F3@ 125 mm - 1.01
GW1 10F4 - 0.79 0.79 F3@ 125 mm - 1.01
SGW2 6 T12 + 10F4 0.42 0.79 1.22 F3@ 125 mm - 1.01
GW2 16F4 - 1.27 1.27 F3@ 125 mm - 1.01
GW3 22F4 - 1.74 1.74 F3@ 125 mm - 1.01

a Steel bars db = 12 mm; b Steel bars db = 8 mm; c GFRP bars No. 4. ρV,t is the total vertical reinforcement ratio.

The reference wall (SW1) had a vertical steel reinforcement ratio (ρs,Vl) of 0.71%,
with two layers of vertical and horizontal web reinforcement comprising 12mm steel
bars

(
Ab = 113.1 mm2) spaced at 185 mm. The vertical reinforcement of the wall was

bent into the foundation and extended 250 mm from each side of the wall. With the
anticipated increase in the load capacity of walls SGW1 and SGW2 due to the increased
flexural reinforcement ratios, vertical steel reinforcement ratios were 0.28% and 0.42%,
respectively, and the GFRP reinforcement ratios

(
ρ f ,Vl

)
were 0.48% and 0.79% for SGW1

and SGW2 walls, respectively. For the other three walls, the vertical GFRP reinforcement
ratios were 0.79%, 1.27 %, and 1.74%, respectively. For controlling the shear crack widths,
the reinforcement ratios exceeded the recommended 0.25% minimum ratio of ECP [43] and
ACI [44].

3.2. Materials Characteristics
3.2.1. Reinforcement

For vertical reinforcement, 12 mm Grade 600 steel bars ( fy = 400 MPa, fu = 600 MPa,
Es = 200 GPa, Ab = 113 mm2) were used. Moreover, 8 mm Grade 350 steel bars were used
for horizontal reinforcement ( fy = 240 MPa, fu = 3500 MPa, Es = 200 GPa, Ab = 500 mm2).

GFRP sand-coated straight reinforcing bars of high modulus were used to rein-
force the shear wall specimens. The horizontal reinforcement of straight #4 GFRP bars(

f f u = 1392 MPa, E f = 69.6 GPa, ε f u = 2%, A f = 126.7 mm2
)

was spaced at 125 mm. U-
shaped steel bars of 8mm diameter were used at both ends of the walls to avoid the bent
proportion of GFRP bars (Figure 2). The longitudinal reinforcement in the web of #4 GFRP
bars was spaced at 185 mm for walls SGW1 and GW1, and 123 mm for walls SGW2, GW2,
and GW3. Figure 2 shows a photographic view of the steel and GFRP assembled cages of
the tested walls. The mechanical properties of GFRP reinforcement are listed in Table 2. The
mechanical properties of the used GFRP bars provided by the manufacturer were validated
in accordance with the test method of ASTM-D7205 [47].
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Figure 2. Typical steel and GFRP reinforcement configuration.
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Table 2. Material properties of adopted concrete and reinforcements.

Concrete (C30)
W/C (%) Cement

(
Kg/m3) Ec(GPa) f ′c (MPa) C.O.V. (%)

0.4 400 24.1 32.4 5.5

Steel bars
db(mm) As

(
mm2) Es(GPa) fy(MPa) εy(%)

8 50.3
200 400 0.212 113

GFRP bars No. 4
db(mm) A f

(
mm2) E f (GPa) f f u(MPa) ε f u(%)

12.7 126.7 69.6 1392 2.0

3.2.2. Concrete

The concrete used in all specimens was casted with normal-weight, ready-mixed
concrete with a target 28-day nominal compressive strength of f ′c = 30 MPa. At least three
concrete cylinders with 150 mm diameter and 300 mm height were prepared from each
pour and tested under compression following [48]. Table 2 depicts the individual concrete
strengths based on the mean values from the concrete cylinders tested one day before
testing each shear wall.

An average concrete tensile strength of 0.6
√

fcu = 3.25 MPa and modulus of elasticity
of 4400

√
fcu = 24, 100 MPa were adopted in accordance with [43]. Using the same concrete

grade for all tested walls was planned to facilitate comparing the obtained results from
each wall.

3.3. Test Setup and Procedure

The wall specimens were positioned between two strong reaction frames and tested
in an upright position to reproduce real shear wall conditions. Lateral cyclic loading in
two directions was applied using a displacement-controlled hydraulic actuator with a total
stroke of ±250 mm and a maximum capacity of ±500 kN (pushing/pulling), and which
was anchored to a strong reaction frame. Two steel plates (200× 200× 30 mm) and four
prestressed steel rods were connected to the top height of the wall and coincided with
the hydraulic actuator to uniformly transfer the simulated lateral earthquake loading on
the wall. Before applying loads, the RC base was rigidly mounted to the rigid laboratory
floor by four 65 mm post-tensioned high-strength steel tiedown rods through four ducts in
the corners of the footing to prevent uplifting and horizontal sliding during lateral load
application. The wall construction and test setup designed to simulate the reversed cyclic
loading are shown in Figures 3 and 4.

3.3.1. Instrumentation

To record critical response quantities (loads, strains, displacement, and rotation) in
each wall, different internal and external instrumentations were used. Linear variable
differential transformers (LVDTs) were used for measuring top lateral displacements, axial
deformations, concrete strain, and base sliding, as shown in Figure 3. The strain in the
reinforcing bars was measured using electrical-resistance strain gauges attached to the
surface of the four-corner outermost vertical reinforcement bars at 100 mm above the
interface between the wall and the foundation. The top lateral displacement was measured
with one LVDT horizontally mounted, coinciding with the hydraulic actuator, as shown in
Figure 3. One LVDT was used to check the base sliding (if any).
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Figure 3. Layout of the test setup and used LVDTs. All dimensions in mm.

Figure 4. Tested walls: (a,b) pouring concrete stage, (c) concrete compaction stage, (d) curing stage,
and (e) physical wall testing setup.



Buildings 2022, 12, 1948 10 of 33

Vertical displacements at the wall boundaries were measured with two LVDTs posi-
tioned at the base of each wall near the edges to determine the concrete strain and curvature
at different load levels. In both loading directions, the crack formation was recorded and
manually marked. Furthermore, an automatic data-acquisition system was used to record
the obtained LVDTs and load-cell readings.

3.3.2. Loading Protocol

A typical procedure of reversed quasi-static lateral cyclic loading was applied to the
tested walls until failure without externally applied axial load. As the loading protocol
was not a test variable, all walls were tested under the same loading history. Figure 5
illustrates the sequence of the applied displacement protocol. The imposed lateral loading
protocol comprised two fully reversed lateral drift cycles applied at gradually increasing
drift levels, as per FEMA 461-07 [49]. The drift levels were initially increased with ±0.05%
increments up to ±0.15% drift level, then with ±0.2% increments up to ±1.95% drift, and
finally increments of±0.30% were applied up to failure. The initial drift levels (up to 0.15%)
were conservatively designated to be lower than the level demanded to induce cracking in
the specimens.

Figure 5. Applied displacement-controlled loading history.

3.4. Theoretical Prediction of Strength Capacity

Plane sectional analysis was employed for the prediction of the flexure strength
(

Q f

)
in accordance with [12,14,43,44] provisions, assuming the concrete compressive strain (εcu)
limit is equal to 0.003. Actual material properties, along with internal force equilibrium
(Equations (1) and (2)) and strain compatibility relationship (Equation (3)), formed the
bases for the utilized plane-sectional analysis [50]; consequently, the flexural strength of
the RC wall was determined.

Cc +
n

∑
1

Asi fsi = Pi (1)
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Mi = Cc

(
c− a

2

)
+

n

∑
1

Asi fsi(c− Xi) + Pi

(
t
2
− c
)

(2)

εsi = εcu
c− Xi

c
(3)

where Cc is the compressive force due to concrete, Asi denotes the vertical reinforcement
cross-sectional area, fsi represents the tensile or compressive stresses of the reinforcements,
and Pi is the external applied axial load (herein, Pi = 0, consequently, Cc + ∑n

1 Asi fsi = 0).
Mi is the sum of moments around the centroid, c is the distance from the compression toe to
the neutral axis, a denotes the depth of the equivalent rectangular stress block, Xi represents
the distance from the vertical reinforcement at point n to the end of the compression toe,
and εsi is the reinforcement strain.

The theoretical shear capacity (Qr) was determined using sectional shear-analysis
equations as the sum of the concrete shear strength and the horizontal web reinforcement
shear strength, as shown in Equation (4).

Qr = Qc + Q f (4)

According to [12], the values of Qc and Q f are obtained from Equation (5).

Qc =
2
5

√
f ′c bw(kd) (5)

where f ′c is the specified compressive strength of concrete, bw denotes the thickness of
the web of the wall, d is the distance from extreme compression to centroid of tension
reinforcement, and k is the ratio of depth of neutral axis to reinforcement depth, which can
be calculated from Equation (6).

k =

√
2ρ f n f +

(
ρ f n f

)2
− ρ f n f (6)

where n f indicates the ratio of modulus of elasticity of FRP bars to modulus of elasticity of

concrete
( E f

Ec

)
and ρ f is the FRP reinforcement ratio

( A f
bwd

)
. The shear contribution of FRP

stirrups is obtained from Equation (7).

Q f =
A f v f f vd

s
(7)

where A f v denotes the amount of FRP shear reinforcement within spacing s, and f f v
represents the tensile strength of FRP.

According to [14] the shear strength of the concrete
(

qcu f

)
and the FRP reinforcement(

q f u

)
are obtained from Equations (8) and (9), respectively.

qcu f = 0.24

√
fcu

γc

(
µ f E f

µsEs

)
(8)

q f u =
A f q

( f f q
γ f

)
b·s (9)

where fcu denotes the ultimate concrete compressive strength, γc and γ f are material
strength reduction factors, µ f represents the reinforcement ratio of FRP bars, µs is the
maximum reinforcement ratio of longitudinal bars, f f q represents the tensile strength of
FRP, and E f and Es are the modulus of elasticity of FRP bars and steel bars, respectively.
Table 3 lists the predicted values of the ultimate lateral load for tested walls.
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Table 3. Summary of predicted and experimental results.

Walls

Predicted Capacity (kN) Measured Capacity (Qu)

Qf
ECP ASCI Push Pull
Qr

Qr
Qf

Qr
Qr
Qf

(kN) λ (kN) λ

SW1 86.00 155.51 1.81 166.33 1.93 95.98 9.41 98.39 9.64
SGW1 97.64

174.75

1.79

173.95

1.78 98.78 9.68 119.84 11.75
GW1 93.17 1.88 1.87 91.37 8.96 92.02 9.02
SGW2 133.83 1.31 1.30 142.83 14.00 147.11 14.42
GW2 140.85 1.24 1.23 156.67 15.36 144.97 14.21
GW3 179.92 0.97 0.97 179.38 17.58 180.93 17.73

4. Results and Discussions
4.1. Lateral Strength Capacity

Generally, until concrete crushing occurred at one end, all the tested walls exhibited a
reasonably symmetric lateral load-top displacement relationship for loads in the +ve and
−ve directions. The GFRP-reinforced walls reached their designed lateral load capacity
while maintaining a stable response without strength degradation. Table 3 lists the theo-
retically predicted and experimentally obtained yield strength, Qy, and ultimate strength,
Qu, for all walls. The experimentally measured ultimate lateral strengths were in good
agreement with the predicted values.

The first crack was recorded at an average drift level of 0.22% for all the tested walls.
Almost a similar strength level corresponding to the crack initiation (Qcr) was attained
as the first crack of the walls depends mainly on the concrete compressive strength. The
first crack initiated for all the tested walls at an average drift level of 0.22%. The strength
level corresponding to crack initiation (Qcr) was similar in almost all walls as it mainly
depends on the concrete compressive strength. Likewise, the concrete-cover splitting at
the wall edge was recorded at a similar strength level

(
Qsplit

)
for all tested walls. At this

strength level, a drift level ranging between 0.7% and 0.83% was attained, with the concrete
compressive strain exceeding 0.003; the concrete cover then started to split at wall edges
under compression, refereeing to the initiation of inelastic deformations.

The lateral load capacities in the three specimens SW1, SGW1, and GW1 were almost
similar, indicating that convergent load resistance and flexure strength can be obtained
by either using steel bars, GFRP bars as the primary reinforcement, or in combination
with conventional steel bars. The increased reinforcement ratio of walls SGW2, GW2,
and GW3 achieved higher ultimate strength levels than the other specimens. Comparing
load capacities of walls SGW1 and SGW2, an increase of 22.7% in the load resistance for
wall SGW2 was attained by increasing the steel reinforcement ratio by 0.14% at the wall
boundaries and increasing the GFRP reinforcement ratio by 0.31% at the web. Moreover,
wall GW3 had a 15.48% higher lateral load capacity than wall GW2 due to an increase of
0.47% in the GFRP reinforcement.

4.2. Hysteretic Behavior

Using the recorded data, the hysteresis relationships of the lateral load-top displace-
ment for all test walls are presented in Figure 6 to evaluate their seismic performance.
The yield load

(
Qy
)

and ultimate load (Qu) in the push and pull directions are shown
on each hysteresis loop graph. In each graph, a table is inserted to show the key features
of each wall, including the wall length, lw, height, hw, and vertical, ρv, and horizontal,
ρh, reinforcement ratios. It should be noted that in the presented graphs, the positive
displacement and load direction correlate to the applied pushing/pulling force to the wall,
producing a compressive/tension reaction onto the reaction frames. The top right quadrant
shows the load-displacement relationships in the push (+) direction where the east toe
was under tension, the west toe was under compression, and vice versa for the bottom left
quadrant. The primary axes of the hysteretic graphs plot the lateral force (F) acting on the
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wall, as measured by the load cell, versus top-displacement (∆), obtained as the recorded
displacement from the top horizontal LVDT. The secondary axes of the presented graphs
display the drift (δ) versus load multiplier (λ). The drift and load multiplier are believed
to be among the most significant factors in terms of the wall’s load resistance to seismic
actions. The recorded drift is defined as δ = ∆

hw
, while the load multiplier (non-dimensional

load format) is defined as the ratio of the wall’s lateral force resistance to its self-weight(
λ = Q

Ww

)
.

Figure 6. Cont.
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Figure 6. Hysteretic load-displacement response: steel-reinforced wall (a) SW1; walls reinforced by
a combination of steel and GFRP bars (b) SGW1 and (d) SGW2”; GFRP-reinforced walls (c) GW1,
(e) GW2, and (f) GW3.

In general, the hysteretic response of all walls seems to be self-centering, with no
substantial load or displacement residuals over a considerable part of the test. Pinching
was minimal in all the tested walls up to their corresponding peak capacities. Until
concrete crushing occurred at one end, each wall exhibited a remarkably symmetric load-
top displacement relationship for loads in the push and pull directions. Before cracking,
the steel-reinforced walls (SW and SGW) exhibited initially stiff behavior with a linear–
elastic response, with very thin loops indicating a lower level of damage with insignificant
amounts of dissipated energy. Over the subsequent loading cycles, significant stiffness
reduction was associated with the crack initiation displayed by gradual flattening of the
hysteresis loops and the load-deformation response developed into relatively wider loops
with higher energy dissipation. As the lateral load increased, further horizontal cracks
propagated and yielding of the outermost longitudinal bars was evident, where the slopes
of the loading portion of the hysteresis loops of each cycle showed progressive stiffness
degradation. By concrete-cover spalling, further opening of the loops was evident, which
would increase energy dissipation capabilities. The hysteresis response of walls SW1,
SGW1, and SGW2 are shown in Figure 6a,b,d, respectively, indicating the steps of failure
progression.

The GFRP-reinforced walls had narrower hysteresis loops than the corresponding
steel-reinforced walls with no strength degradation, as shown in Figure 6c,e,f. The unload-
ing/reloading curves evidenced linearity following the highly elastic behavior of GFRP
bars. The response in both the push and pull directions was symmetric up until near failure,
resulting in a pinched hysteresis response with almost no drop in overall strength. The
reloading curve of a consecutive cycle exhibited a similar loading path but at slightly lower
stiffness, leading to lower peak strength. With increased deformations, cracks initiated,
causing stiffness degradation, and the lateral load-top displacement curve slope decreased
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in each cycle. The results confirmed that walls with higher reinforcement ratios achieved
higher drift levels and increased the number of cycles until failure.

4.3. Crack Propagation and Failure Mode

In general, the behavior of all tested walls was dominated by a flexural response,
as a typical number of horizontal cracks were formed up to a height of approximately
(2/3)hw, and was accompanied by diagonal shear flexural cracking of the web without any
premature shear or anchorage failure. The failure mode for all walls was characterized
by horizontal cracking and concrete spalling, with flexural cracking then formed at the
base cross-section due to the developing bending moment. As drift increased, spalling of
the concrete cover became more significant on the compressed side of the wall, followed
by buckling/rupture of the outermost vertical reinforcements bars and crushing of the
concrete at the toes, as shown in Figure 7. The sliding shear failure mechanism was only
observed in walls GW2 and GW3, where sliding shear deformations are developed after
maximum strength due to the web’s diagonal cracking, as shown in Figure 7e,f.

Figure 7. Cont.
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Figure 7. Crack patterns and damage at failure-tested walls.

An initial crack was observed for the steel-reinforced wall at 0.19% drift, as shown in
the hysteresis loops for wall SW1 (Figure 6a). The initial yield at the outer steel bars was
recorded at 65.86 kN, corresponding to 0.52% drift. The measured ultimate load (Qu) was
95.98 kN in the push and 98.39 kN in the pull loading direction, corresponding to a top
displacement of 42.11 mm (1.61%) and 42.82 mm (1.64%), respectively. The wall achieved
its maximum load at 3.1∆y during the push cycle, while in the pull loading direction, it
reached its ultimate strength during the 3.16∆y loading cycle.

The wall’s strength then degraded rapidly in the push and pull cycles. Spalling of
the concrete cover became more noticeable at the compression end of the wall attributed
to longitudinal bar buckling as drift increased, and lateral resistance degradation became
more pronounced. At 6.6∆y (3.43% top drift), vertical reinforcement bars fractured in the
east end of the wall Figure 7a(D1). With additional loading, both concrete corners were
heavily damaged at 6.7∆y (3.49% top drift), with the concrete crushed at both wall toes
Figure 7b(D2).

For walls SGW1 and SGW2, the first crack occurred at 38.8% and 39.2% of the yield
strength, Qy, respectively. The wall experimental yield loads were 79.87 kN and 93.25 kN
corresponding to top displacements of 13.55 mm (0.52% top drift) and 17.15 mm (0.66% top
drift) for walls SGW1 and SGW2, respectively. The ultimate strength of the wall SGW1 was
recorded at 4.5∆y displacement level and was equal to 119.84 kN. At the same time, the
ultimate strength of the wall SGW2 was recorded at 4.7∆y displacement level and was equal
to 147.1 kN. At 6.5∆y (3.28% top drift), extensive concrete cover spalling was recorded near
the mid-height of wall SGW1 in the east end of the wall, as shown in Figure 7b(D1). With
further loading, lower concrete corners at the pull direction were heavily damaged, with
the concrete crushing occurring at 7.62∆y (3.98% top drift), as shown in Figure 7b(D2). No
fracture was observed for the steel bars of wall SGW1. However, as the wall approached
7.15∆y (4.72% top drift), the outermost vertical steel bars fractured in the tension side of
wall SGW2, as shown in Figure 7d(D2), and concrete crushing occurred on both sides.
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For GFRP-reinforced walls (GW1, GW2, and GW3), an average drift level of 0.23%
was recorded for the crack initiation, slightly higher than that of wall SW1. Subsequently,
concrete cover splitting was gradually initiated at the outmost heavily compressed wall
toe at 1.73%, 1.93, and 2.23 drift for walls GW1, GW2, and GW3, respectively. At higher
lateral drift of 2.66%, 2.78, and 2.97 for walls GW1, GW2, and GW3, respectively, concrete
cover spalling occurred. As loading continued, the walls carried the load in each cycle
with no degradation till concrete crushing and longitudinal GFRP bar fracture occurred,
which caused wall brittle failure without a considerable decrease in the recorded walls’
strength. Figure 7c,e,f show the crack pattern and failure mode of the GFRP-reinforced
walls, addressing that higher crack propagation and brittle failure was attained for higher
GFRP-reinforcement ratios. Diagonal web shear cracking was clearly formed in wall GW2
and GW3 after reaching their maximum strength, followed by sliding shear deformations,
and then sudden brittle failure occurred, as shown in Figure 7e(D1) and Figure 7f(D1). The
maximum strength of wall GW1 was recorded at 0.73∆max displacement level and was
equal to 92.02 kN, while the maximum strengths of walls GW2 and GW3 were recorded at
83.79∆max and 0.92∆max displacement levels and were equal to 156.67 kN and 180.93 kN,
respectively. Table 4 provides a summary of the failure progression of the tested walls.

Table 4. Summary of experimental damage progression.

Characteristic Damage
Stage Wall Q

Qu
% ∆ ∆

∆max
% δ% T

T0

First crack

SW1 35.70 4.81 5.22 0.19 1.18
SGW1 28.24 5.26 4.51 0.20 1.19
GW1 27.95 5.69 5.37 0.22 1.19
SGW2 44.96 −6.08 4.96 0.23 1.12
GW2 23.59 5.88 4.76 0.23 1.22
GW3 23.11 5.95 4.70 0.23 1.28

Yielding

SW1 66.94 13.55 7.01 0.52 1.38
SGW1 66.65 15.49 6.71 0.60 1.52
GW1 - - - - -
SGW2 63.39 17.15 7.45 0.66 1.49
GW2 - - - - -
GW3 - - - - -

Concrete splitting

SW1 93.91 37.49 40.70 1.44 2.08
SGW1 82.43 40.24 34.49 1.55 2.06
GW1 72.66 44.87 42.40 1.73 2.03
SGW2 85.92 47.47 38.70 1.83 2.01
GW2 69.47 50.06 40.49 1.93 2.03
GW3 71.45 57.86 45.70 2.23 2.01

Concrete spalling

SW1 90.79 66.49 72.20 2.56 2.62
SGW1 70.89 73.88 63.33 2.84 3.07
GW1 95.18 −69.18 65.38 2.66 2.30
SGW2 90.88 73.33 59.78 2.82 2.54
GW2 80.92 −72.31 58.49 2.78 2.26
GW3 94.16 −77.11 60.91 2.97 2.24

Concrete crushing

SW1 −90.66 49.71 98.44 3.49 4.26
SGW1 −103.36 81.38 88.60 3.98 3.83
GW1 −105.82 83.48 100.00 4.07 2.75
SGW2 122.67 71.17 100.00 4.72 3.72
GW2 −123.63 81.32 100.00 4.76 2.75
GW3 −126.60 98.65 100.00 4.87 2.54



Buildings 2022, 12, 1948 22 of 33

5. Analysis of Experimental Results
5.1. Envelope Curves

The envelope curves of load–drift and moment–rotation response are presented and
compared for all tested walls in Figure 8. Prior to cracking, all walls exhibited almost the
same initial curve slope. Due to the higher initial stiffness of steel bars, the slope of the
steel-reinforced walls (SW1, SGW1, and SGW2) curves is greater than that of the GFRP-RC
walls. With further displacement, steel-reinforced walls showed higher ductile capability
and lower ultimate drift compared to the GFRP-RC walls. The increase in the drift ratios of
the GFRP-RC walls was due to the linear elastic behavior of GFRP bars. The progressive
cracking and damage resulted in the degradation of both strength and stiffness for all walls
as deformation and the number of cycles imposed increased.

Figure 8. Envelope load-displacement curve.

Steel-reinforced wall SW1 underwent first cracking and achieved its ultimate strength
at relatively lower displacements. Wall SGW1 had almost the same lateral load resistance
as wall SW1. However, a higher displacement level corresponding to the ultimate load
capacity was attained in wall SW1 due to the linear elastic behavior of the presence of
GFRP bars. Wall SGW2 had a higher yielding load level than wall SGW1 due to the higher
reinforcement ratio. Additionally, by increasing the reinforcement ratio, higher lateral load
capacity was obtained for wall SGW2 compared to SGW1.

A slight reduction of 6.4% was obtained in the ultimate lateral strength of GFRP-RC
wall GW1 compared to wall SW1. However, a higher displacement level of wall GW1
was achieved at the ultimate recorded load as wall GW1 reached its maximum strength
at 0.73∆max displacement level compared to 0.46∆max for wall SW1. Comparing walls
GW2 and GW3 with wall GW1, it was confirmed that the lateral load capacity increases
by increasing the GFRP reinforcement ratios, and higher displacement is obtained. A
softened response of GFRP-reinforced walls was exhibited at a higher lateral load with the
propagation of cracks that closed and realigned after each cycle. Even after severe cracking,
each wall retained its lateral load capacity as displacement levels increased without strength
decay, which also can be attributed to the linear elastic behavior of GFRP bars.
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5.2. Energy Dissipations

The capability of energy dissipation through hysteretic damping is defined as the
ability of a structural system to dissipate earthquake energy through the formation of
inelastic deformations [50–52]. The energy dissipation capacity of the tested walls was
evaluated using cumulative energy dissipation. In general terms, the dissipated energy
(Ed) during hysteresis is given by the integral Ed =

∫
Fd∆. To obtain Ed, this integral was

evaluated from the measured F and ∆ data vectors by the summation of the enclosed area
by the hysteresis loop at each loading increment, as shown in Figure 9. In order to calculate
the cumulative energy dissipation, the dissipated energy by each consecutive cycle was
summed up to the dissipated energy by the previous cycles.

Figure 9. Calculation of (a) energy dissipation and (b) energy-based ductility index based on Mo-
hamed et al. [41].

Figure 10 shows that lower energy dissipation is attained in the early cycles for drifts
lower than 1.0% owing to the relatively low residual displacement of the walls to this
drift level. As loading progressed, a further increase of the dissipated energy can be
observed for all walls with respect to an increase in drift level. At moderate damage
level, cumulative dissipated energy reached 4736 kN.mm (corresponding to 1.44% drift)
for the steel-reinforced wall (SW1), 3779 kN.mm (corresponding to 1.73% drift) for the
GFRP-reinforced wall (GW1), and 4378 kN.mm (corresponding to 1.55% drift) for wall
SGW1 that was reinforced with steel and GFRP bars. For more significant drift levels, a
higher increasing rate of energy dissipation for the steel-reinforced wall was evident due to
the plastic deformation of deformed steel bars and extensive damage formed beyond drift
levels corresponding to concrete cracking and yielding of steel bars.
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Figure 10. Cumulative energy dissipation against (a) drift and (b) residual force at the end of each
cycle.
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Conversely, due to the elastic behavior of GFRP bars, a lower rate of energy dissipa-
tion is observed in GFRP-reinforced walls since the energy dissipated is controlled by the
deformability of the concrete. Thus, it can be concluded that steel-reinforced shear walls
had a higher energy dissipation capacity than GFRP-reinforced walls. At failure, the total
dissipated energy of the GFRP-reinforced wall (GW1) was approximately 49.41% of that
dissipated by the steel-reinforced bar (SW1), where 40,204, 31,119, and 19,865 kN.mm dissi-
pated energies were achieved for walls SW1, SGW1, and GW1, respectively. By increasing
the reinforcement ratios, an increase in cumulative dissipated energy was observed: 47,882,
43,621, and 40,893 kN.mm for walls SGW2, GW2, and GW3, respectively. This increase
in energy dissipation capacity was dissipated through more cycles because of the higher
achieved displacement levels and the higher load capacity gained, which particularly
contributed to its extended energy dissipation capacity.

The residual forces at the end of each displacement cycle were also plotted against the
cumulative energy dissipation (Figure 10b) for further assessment of the effectiveness of the
energy dissipation of the GFRP-reinforced walls. At moderate damage level, corresponding
to cover splitting, walls SW1, SGW1, and GW1 experienced relatively similar energy
dissipation. At later drift levels, a lower increasing rate of residual force was attained for
the GFRP-reinforced walls corresponding to their elastic behavior, besides their higher
capability of self-centering behavior [36,50]. However, beyond the initiation of the plastic
deformation of deformed steel bars, steel-reinforced walls experienced a higher increasing
rate in residual force leading to the increase in energy dissipation. By comparing walls
SGW1 and SGW2, as well as walls GW1, GW2, and GW3, the smaller residual force was
clearly evident due to the higher GFRP reinforcement ratio.

5.3. Stiffness Degradation

At each drift level, the effective secant stiffness was calculated and normalized to the
initial uncracked stiffness, Kinit, to assess the stiffness degradation over the consecutive
loading cycles. The initial stiffness was calculated as secant for the first load step, while
the effective secant stiffness of each following cycle, Ks,i, was obtained (Equation (10)) by
computing the slope of the straight line passing through the corner points of the bounding
box of each loop, as shown in Figure 9.

Ks,i =
|+Fi|+ |−Fi|
|+∆i|+ |−∆i|

(10)

where +Fi and −Fi donate the maximum lateral loads of the ith loading cycle in the push
and pull directions, respectively, and +∆i and −∆i are the corresponding displacements to
+Fi and −Fi, respectively.

The normalized stiffness was then plotted against the drift at different cycles in
Figure 11. A similar stiffness degradation pattern in all specimens was observed for all
walls where considerable stiffness degradation eventuated as higher deformations were
imposed, but at higher rates in the GFRP-reinforced walls than those of the steel-reinforced.
Upon first cracking of steel-reinforced walls, on average, 29.5%, 31%, and 36.3% reductions
of Kinit were attained for SW1, SGW2, and SGW3 walls, respectively, while the secant
stiffness of the GFRP-reinforced walls rapidly degraded reaching, on average, 33.5%, 34.8%,
and 34.9% for GW1, GW2, and GW3 walls, respectively. At drift level corresponding to the
splitting of concrete cover, which is considered moderate damage level, steel-reinforced
wall (SW1), GFRP-reinforced wall (GW1), and wall SGW1 that had been reinforced by
a combination of steel and GFRP bars had almost similar stiffness ratios of 24%, 22.8%,
and 22.5%, respectively. As loading progressed, further degradation occurred to remain at
relatively low values of approximately 5%, 7%, and 13% of Ki for walls SW1, SGW1, and
SGW2, respectively. Moreover, the stiffness ratios kept decreasing, but at lower rates, for
walls GW1, GW2, and GW3, reaching 9%, 14%, and 17%, respectively.

The higher stiffness degradation rate of steel-reinforced walls was due to the severe
damage that occurred after yielding, affecting the walls’ ability to sustain the much-imposed
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load. However, the GFRP-reinforced walls exhibited a softener response with severe
concrete damage as a result of the low modulus of elasticity of GFRP bars, allowing the
walls to sustain higher deformation, at advanced loading levels, till failure.

Figure 11. Degradation of normalized secant stiffness with the lateral drift.

5.4. Crack Width and Residual Deformation

The envelope of measured crack widths (wcr) for all tested walls is illustrated in
Figure 12. The steel-reinforced wall experienced a lower damage rate due to its initially stiff
behavior with an elastic response and, consequently, lower crack widths were measured
before yielding drift level. A 0.1 mm initial crack width was observed for wall SW1 at
0.19% drift. Moreover, walls SGW1 and SGW2 also had similar initial behavior to wall SW1,
where lower crack widths were measured at an early loading stage. Initial crack widths
of 0.12 mm and 0.16 mm, corresponding to 38.8% and 39.2% of the yield strength, were
monitored for walls SGW1 and SGW2, respectively. In comparison, GFRP-reinforced walls
had slightly higher widths for the initial cracks, with an almost linear increase of crack
widths up to spalling of concrete at advanced loading levels due to the elastic behavior of
GFRP bars. The first cracks observed for walls GW1, GW2, and GW3 were 0.14, 0.18, and
0.19 mm wide, respectively. A significant increase in crack width was attained for wall SW1
as the lateral load increased, associated with the yielding of outermost longitudinal steel
bars and spalling of the concrete cover at the compression end of the wall. However, walls
SGW1 and SGW2 experienced a lower rate of increased crack width due to the presence
of GFRP bars. As loading progressed upon the severe damage level corresponding to
the buckling of steel bars and spalling of concrete cover, crack widths of 3.1, 1.9, and
2.1 mm (corresponding to 2.91, 3.05, and 3.1% drift) were measured for walls SW1, SGW1,
and SGW2, respectively. Although walls with GFRP bars as primary reinforcement had
lower crack widths, distributed at the height of the wall, at concrete spalling damage level
compared with steel-reinforced walls, GW2 and GW3 walls experienced a sudden increase
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of crack widths at failure due to the induced brittle failure and formed diagonal web shear
cracking.

Figure 12. Envelopes of measured crack width against drift.

The variation of residual displacement at increased loading of each cycle was also
plotted against the drift in Figure 13 to assess the displacement recovery capacity versus
imposed lateral drift of the tested walls. Steel-reinforced wall (SW1) exhibited significantly
increased residual displacement attributed to the high plastic deformation of steel bars.
Conversely, the GFRP-reinforced bars exhibited significantly reduced residual displacement
relative to the reference wall, SW1. For instance, the residual deformation of the reference
wall (SW1) at drift level corresponding to concrete spalling (2.62% drift) is 26.94 mm, which
is reduced by 46.8%, 75.6%, and 76.3% in specimens GW1, GW2, and GW3, respectively.
Moreover, walls SGW1 and SGW2 showed lower residual deformation of 12.32% and 27.5%,
respectively, compared to wall SW1 due to the GFRP bars distributed at the walls’ web.
This reduction in residual deformation shows that GFRP reinforcement effectively controls
the permanent deformation of shear walls, thus enhancing the seismic resilience of the
walls.
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Figure 13. Envelopes of measured residual deformation.

5.5. Ductility Capacity

In steel-reinforced concrete structures, the conventional displacement ductility (µ∆) is
defined as the ratio of the displacement at the ultimate limit state (∆u) to the deformation
at the first plastic behaviour

(
∆y
)
, as follows in Equation (11) [41].

µ∆ =
∆u

∆y
(11)

Since GFRP bars do not experience yielding phenomena, the definition of yield dis-
placement in GFRP-reinforced walls is replaced by the elastic displacement (∆e), which cor-
responds to the displacement value at which the concrete enters the plastic phase and sub-
stantial concrete damage occurs (at εc ranges between 0.003 to 0.0035). For GFRP-reinforced
walls, the displacement ductility ratio (µ∆) is calculated according to Equation (12) [41,53].

µ∆ =
∆u

∆e
(12)

Based on Equations (11) and (12), µ∆ was calculated for all tested walls. The steel-
reinforced walls had higher displacement ductility compared to GFRP-reinforced walls.
Displacement ductility values of 3.16, 2.6, and 4.35 were attained for walls SW1, SGW1,
and SGW2, respectively. However, walls GW1, GW2, and GW3 had lower displacement
ductility values of 2.28, 2.06, and 2.02, respectively. Wall SGW2 had 37.6% higher ductility
than wall SW1 due to the increased steel-reinforcement ratios. The higher ductility of steel-
reinforced walls is mainly due to steel bars’ high plastic deformation capacity. Conversely,
the lower ductility of GFRP-reinforced walls is mainly attributed to the linear elastic
behavior of GFRP bars, resulting in a large percentage of ∆e in GFRP compared with ∆y in
the steel concerning the maximum allowable displacement (∆u). Comparing the calculated
displacement ductility for walls GW1, GW2, and GW3 with respect to the reference wall
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(SW1), a reduction of 27.8%, 34.8%, and 36.1%, respectively, was evidenced. Figure 14
shows a comparison between the calculated µ∆ for all the walls.

Figure 14. Comparison of different ductility indices of all specimens.

The elastic energy-based method can also be used to calculate the ductility index (µE)
of RC walls [54], which is expressed as follows:

µE =
1
2

(
Etot

Eel
+ 1
)

(13)

where Etot indicates the total energy calculated as the area under the lateral load-top
displacement and Eel denotes the elastic energy obtained as the area of the triangle bounded
at failure load by a line with the weighted average slope of the two initial straight lines of
the load-displacement curve [41,54]. Moreover, Mohamed et al. [41] proposed refining the
elastic energy (Eel) as the area of the triangle formed under the real unloading path of the
loading cycle before failure, as shown in Figure 9b. The energy ductility index (µE) and
the refined energy ductility index (µEm) were calculated according to Equation (13) for all
tested walls, as shown in Figure 14. The energy ductility indices (µE) for steel-reinforced
walls SW1, SGW1, and SGW2 were 2.26, 1.21, and 2.33, respectively, while the µE indices
for GFRP-reinforced walls GW1, GW2, and GW3 were 1.18, 0.96, and 0.92, respectively.

The same conclusion was drawn by comparing the obtained values of µE, where the
steel-reinforced walls had higher energy ductility than GFRP-reinforced walls. Moreover,
the refined energy ductility indices (µEm) were recalculated for all walls and were found
to be 1.87, 1.43, 1.96, 1.03, 0.84, and 0.80 for walls SW1, SGW1, SGW2, GW1, GW2, and
GW3, respectively. Although lower values were obtained for µEm, µE had almost the same
ratio, comparing the values for GFRP-reinforced walls with the reference wall SW1. This
conclusion is in agreement with the results found in [41].

6. Conclusions

This study investigated the in-plane cyclic behavior of RC shear walls. The tested
walls included a reference wall reinforced with steel bars, two walls reinforced with a
combination of steel and GFRP bars, and three walls reinforced with GFRP bars with
different reinforcement ratios. The walls were tested under pseudo-static, reversed-cyclic
lateral load. The extensive experimental investigation presented herein was oriented to
assess the validity and capability of using GFRP bars, as an alternative main reinforcement,
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in reinforcing shear walls to resist lateral loads. The tested walls had an aspect ratio
representing an actual model of RC shear walls in medium-rise RC buildings. The crack
pattern, propagated damage, and failure mechanisms of the tested walls were described and
analyzed, while the characteristic behavior of GFRP-reinforced shear walls was investigated
in detail. According to the obtained results, observations and conclusions include the
following:

1. The hysteretic behavior of GFRP and steel-reinforced walls exhibited a substantially
symmetric lateral load-top displacement relationship upon moderate damage level
where concrete crushing occurred.

2. The steel-reinforced walls lost their self-centering behavior after yielding of the longi-
tudinal bar. In contrast, the elastic behavior of a GFRP-RC shear wall ends when it
loses its self-centering behavior and at the start of the plasticity of the concrete, where
permanent deformation occurred.

3. The elastic behavior of GFRP bars and the lack of yielding resulted in an increased gain
of lateral strength until failure in a stable response and without strength degradation
within a realistic range of deformations, indicating the acceptable behavior of GFRP-
reinforced shear walls.

4. The use of GFRP bars as a web reinforcement, combined with the conventional steel
bars at the utmost ends of the wall, was confirmed to have an acceptable level of
lateral strength, drift capacity, stiffness degradation, and energy dissipation com-
pared to the reference steel-reinforced wall. This result confirms the capability of
hybrid reinforcement by GFRP and steel bars in reinforcing the seismic-force resisting
systems.

5. Compared to steel–RC walls, concrete splitting and spalling occurred at higher drift
levels in GFRP-reinforced walls, where the GFRP-RC walls respond elastically with
recoverable deformation and realigned cracks of more than 80% of the ultimate lateral
load. This characteristic of GFRP-RC walls leads to improvement of the durability of
structures.

6. Significant stiffness degradation was associated with structural deficiencies and crack
propagation in the tested walls. The steel-reinforced walls had considerably lower
rate of stiffness degradation up to moderate damage level resulting in higher stiffness
ratios than GFRP-reinforced walls. Upon yielding, the steel-reinforced walls could not
sustain much load due to the resulting severe damage; consequently, a higher stiffness
degradation rate is attained at higher drift levels compared to GFRP-reinforced walls.

7. Up to moderate damage levels, GFRP-reinforced walls exhibit a softener response
with extensive concrete cracking due to the linear elastic behavior of GFRP bars.

8. Higher efficiency of energy dissipation is attained for steel-reinforced walls compared
to GFRP walls. The inelastic deformations of steel-reinforced walls increase the
seismic-induced energy dissipation, causing softening behavior of the structure and
elongation in its structural period. Conversely, lower energy is dissipated by the GFRP-
reinforced walls owing to the elastic behavior of GFRP bars. However, considering
the lower residual force of GFRP-RC walls, acceptable levels of energy dissipation
were achieved compared to the steel-reinforced, which was characterized by higher
residual force due to its increased permeant deformation.

9. The severity and rate of stiffness degradation are effectively reduced by increasing
the longitudinal reinforcement ratio in both steel- and GFRP-reinforced walls.

10. Increasing the GFRP-reinforcement ratio enhances the ultimate load capacity and
considerably restrains crack width at a moderate damage level, thus significantly
improving structures’ durability. However, the degree of improvement reduces as
the reinforcement ratio increases. The higher GFRP-reinforcement ratio significantly
decreases the ductility and increases the walls’ brittle behavior, resulting in sudden
failure.
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7. Limitation

The current study focused on testing the shear walls under in-plane cyclic loading only
without applying axial vertical load. Therefore, the effect of different levels of axial load are
recommended for future work. Moreover, this study investigated the behavior of slender
RC walls; further investigations for walls with different aspect ratios, especially squat
walls, have to be conducted. Numerical analyses may also be conducted in further studies
for additional research investigations on the parameters that affect the global behavior of
concrete shear wall reinforced by hybrid scheme of GFRP–steel bars.
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