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Abstract

Using Glass fiber-reinforced polymer (GFRP) bars as a replacement for conventional steel bars
is one of the most potential solutions to steel-corrosion-related problems in concrete. Their
durability and high strength-to-weight ratio make them a cost-effective and applicable
alternative to conventional steel bars. This study investigates the characteristic behavior of
concrete shear walls reinforced with steel, GFRP, and a hybrid scheme of steel and GFRP bars
under seismic loading. Six full-scale RC shear walls with an aspect ratio of 3.25 were tested
under pseudo-static reversed-cyclic lateral load to investigate the potential of a hybrid
reinforcement scheme of steel-GFRP to improve the seismic behavior of slender RC shear
walls. The overall performance of each tested wall was characterized by investigating the
hysteretic response, crack propagation, lateral load capacity, and energy dissipation
behavior.

Furthermore, the effects of the GFRP web reinforcement ratio on different behavioral aspects
are also investigated. The results indicated that the GFRP-reinforced concrete cantilever
walls had an elastic behavior with recoverable deformation up to more than 80% of its
ultimate lateral strength. A considerable enhancement in the self-centering capacity of
hybrid GFRP-steel reinforced walls was observed, which helped to mitigate the experienced
concrete damage. Moreover, higher displacement capacity, increased lateral strength, and
equivalent viscous damping coefficient were attained with the GFRP web reinforcement

ratio.

1.Introduction

The use of reinforced concrete (RC) walls is frequently recommended
as a reliable bracing solution with promising performance for lateral
load resistance and drift control in mid and high-rise buildings. This
fact was experimentally confirmed in literature as Reinforced
Concrete (RC) shear walls offered high lateral strength, stiffness, and
deformation capacity under seismic loading. Therefore, it is essential
to understand the actual behavior of RC shear walls and their seismic
performance. Extensive investigations are also essential to analyze
their failure mechanisms appropriately and create more dependable
and cost-effective designs, especially since performance-based design
techniques are increasingly frequently used for new structures [1-3].

A shear strength failure criterion for shear walls was established in
earlier investigations [4]. In the study, a database of the previous
testing on minimally reinforced shear walls was put together and
examined. The findings showed that the quantity of boundary
reinforcement provided, the existence of axial load, and the position
of a weak plane joint on the wall were the most significant elements
that affect the nominal shear strength. Oh et al. [5] studied the effect
of boundary element details, confinement, and end configurations of
RC structural walls on their deformation capacities. The study
included testing Four full-scale wall specimens (three rectangular and
a barbell-shaped cross-section wall) having different transverse
reinforcement content at the boundaries. The authors concluded that
the barbell and the well-confined rectangular wall showed similar
deformation capacities, drift ratios, and energy dissipation. Beyer et
al. [2], tested half-scaled U-Shaped/ channel-shaped structural walls
to evaluate their flexural behavior in different loading directions. The
tests indicated that the most critical direction was the diagonal

loading direction, where the displacement capacity was the smallest.
Preti and Giuriani [6] investigated the ductility of the reinforced
concrete structural walls in buildings of mid-rise height. In this study,
a full-scale five-story RC wall was tested. The wall was reinforced with
unusually large rebar diameters uniformly distributed along the wall
length. High ductility capacity was attained for the tested wall,
ensuring a uniform crack pattern and eliminating any premature web
rebar fracture, shear sliding, and crack localization in the web region.

According to experimental findings in the literature, the behavior of
shear walls is primarily depended on the geometric characteristics of
the walls; for squat walls (&, = h,,/l,, < 2), the response is governed
by shear, while the response of slender walls (a; = 2) is dominated
by flexural [1,4,7]. This study focuses on slender shear walls,
commonly used for mid- and high-rise buildings. They are usually
designed to resist lateral loads primarily through flexural behavior
and to withstand significant inelastic flexural deformations prior to
strength loss, i.e., ductile behavior.

The selection of reinforcement is one of the most crucial factors to be
considered when designing reinforced concrete (RC) structures.
Although conventional steel has long been the most common
reinforcement for concrete structures, its susceptibility to corrosion
presents a significant problem for buildings in harsh climates. Steel
corrosion causes the effective cross-section of the reinforcing bars to
decrease drastically, eventually resulting in unexpected failures.
Corrosion causes a reinforcing steel bar’s volume to increase by up to
three times its initial size. Additionally, the surrounding concrete
might also spall and crack as a result of that expansion [3]. Conversely,
GEFRP reinforcing bars are inherently immune to corrosion, which
offers a desirable alternative to conventional steel reinforcement for
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reinforced concrete structures, including columns, beams, and one-
way and two-way slabs [8-13].

The interest in using Glass fiber reinforced polymer (GFRP) bars lies
within their resistance to corrosion of the reinforced concrete
structures where climatic condition is aggressive [14,15]. Besides high
corrosion resistance, GFRP bars in reinforced concrete structures
have shown advantages such as a higher tensile strength-to-weight
ratio than steel reinforcement and their ability to conform to uneven
surfaces. Seven low-rise squat walls, with an aspect ratio (a,) of 0.8,
were tested with carbon FRP (CFRP) grids by Yamakawa and Fujisaki
[16]. The authors indicated that significant self-centering
performance was attained as a result of the CFRP material’s linear
elastic response. However, an early fracture of the CFRP grids
occurred, which led to low ductility and decreased energy dissipation
capacity. The increased self-centering performance and limited
energy dissipation capacity were also confirmed through the study
conducted by Mohamed et al. [17]. The study included three GFR-
reinforced shear walls with different aspect ratios tested under in-
plane cyclic loading.

Moreover, Mohamed et al. [17] conducted experimental research on
GFRP-reinforced shear walls subjected to lateral cyclic loading.
According to the results, adequately designed and detailed GFRP-
reinforced shear walls can reach their flexural strengths without
experiencing significant degradation. Arafa et al. [18] also concluded,
through their experimental study on GFRP-reinforced shear walls,
that higher deformation capacity can also be achieved if the walls
were adequately detailed and sufficient shear reinforcement was
adopted. Additionally, more effective confinement and ductility can
be attained by using closely spaced GFRP transverse reinforcement
[19]. According to Zang et al. [20], the same deformation ability and
load-carrying capacity of RC shear walls could be attained by GFRP
reinforcement compared to the same reinforcement ratio of steel.
More recently, Islam et al. [21] tested two GFRP-reinforced shear walls
with different web horizontal reinforcements under in-plane quasi-
static cyclic loading. The results indicated that the strength and drift
capacity could be increased, and the crack widths could be reduced by
increasing the horizontal web reinforcement.

Although the advantages of GFRP reinforcement are discussed above,
there are still few applications of FRP, and its use is not widespread.
Lack of design knowledge among practicing engineers is one of the
primary challenges facing the designer of FRP-reinforced concrete
elements. The nearly elastic stress-strain response of FRP reinforcing
materials is another limitation since it precludes their application in
areas prone to seismic events where ductility and nonlinear behavior
are desired [3]. Thus, this research aims to determine whether GFRP
bars could be used as a primary reinforcing element or as part of a
hybrid GFRP-steel reinforcement for reinforced concrete shear walls.
The study mainly focused on the performance of slender (flexural
controlled) shear walls, as they are commonly used in mid-to high-
rise buildings. The main objectives are to:

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

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

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

Although the current study considered only one type of FRP
reinforcement, GFRP, the results can still be easily implemented in
other FRP types.

2. Testing process
2.1. Wall Specimens

Six RC shear walls were tested as part of the experimental program
under quasistatic cyclic loading till failure. The tested walls included
three GFRP-reinforced specimens (GW1, GW2, and GW3), one reference
steel-reinforced specimen (SW1), and two walls with hybrid GFRP-steel
reinforcement (SGW1 and SGW2). The minimum thickness and
reinforcement details were designed according to [22] for the steel-
reinforced wall and [23] for the GFRP-reinforced walls. Plane sectional
analysis was adopted to predict the ultimate lateral load (Figure 1),
assuming the concrete compressive strain (g.,) limit equals 0.003.
Internal force equilibrium (Eq. 1) and strain compatibility relationship
(Eq. 2) formed the bases for the utilized plane-sectional analysis [24];
consequently, the flexural strength of the RC wall was determined.
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Figure 1 - Force equilibrium and strain distribution in wall cross-
sections

The theoretical shear strength (V) was determined using sectional
shear-analysis equations as the sum of the concrete shear strength
(V.) and the shear strength (Vf) provided by horizontal web
reinforcement [25], as shown in Eq. 3-5.

V=V +V Eq.3
2
Ve = /by (kd) Eq.4
A d
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The tested walls were designed with adequate reinforcement to
ensure flexural domination and prevent sliding shear and anchorage
failures. Moreover, two layers of vertical reinforcements were
provided for all walls to limit the potential out-of-plane displacement
and increase the walls’ stability [26,27], as shown in Table 1. Figure 2
presents the concrete dimension and reinforcement details of the
tested walls.

2.2, Materials

All specimens were constructed using normal-weight and ready-
mixed concrete with a targeted concrete compressive strength (f) of
30 MPa. Three concrete cylinders with 150mm diameter and 300mm
height were prepared from each pour and tested under compression
following [28]. For steel reinforcement, 8mm Grade 240/350 steel bars

were used for horizontal reinforcement, and 12mm Grade 400/600
steel bars were used for vertical reinforcement. Moreover, #4 sand-
coated straight GFRP reinforcing bars were used for the horizontal and
vertical reinforcement (ffu = 1392MPaq, Ef = 69.6GPa, &y = 2%,Af =

126.7 mm?). U-shaped steel bars of 8mm diameter were used at both
ends of the GFRP-reinforced walls to avoid the bent proportion of GFRP
bars (Figure 3).

2.3. Testing and instrumentation

A lateral reverse-cyclic load was applied at the top of the walls using
a displacement-controlled hydraulic actuator with a maximum stroke
of 250 mm while restraining any potential horizontal movement at
the base and the vertical movement of each tested wall.
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Figure 2 - Concrete dimensions and details of reinforcement configuration of walls (a) SW1 (b) SGW1, (c) GW1, (d) SGW2, (€) GW2, and (f) GW3.
All dimensions in mm

Table 1 - Details of the wall specimens

Vertical reinforcement (%) Horizontal reinforcement Predic?ed
Specimens capacity
No. & size Py s P No. & size Phs Phs (kN)
Steel-Reinforced wall SW - Control 10 T12? 0.71 - T8"@ 125 mm 0.40 - 86.00
Hybrid GFRP-steel SGW1 4 T12 + 6F4° 028 048  F3@125mm - 1.01 97.64
reinforced walls SGW2 6 T12 + 10F4 042 079 F3@ 125 mm - 1.01 93.17
Gw1i 10F4 - 0.79 F3@ 125 mm - 1.01 133.83
GFRP-reinforced wall GwW2 16F4 - 1.27 F3@ 125 mm - 1.01 140.85
GwW3 22F4 - 1.74 F3@ 125 mm - 1.01 174.75

aSteel bars d;, = 12mm; °Steel bars d;, = 8mm; “GFRP bars No. 4.



Amer, O. et all. Civil Engineering Beyond Limits 3 (2022) 1737

force versus displacement hysteresis relationships and envelope
curves of all tested walls were recorded and plotted in Figures 5-7.
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No axial load (other than self-weight) was applied to walls during
testing. Five LVDTs were used to measure and record the vertical and
lateral displacements at various points. Strain gauges were attached
to the two outermost vertical reinforcement bars 100 mm above the
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The horizontal deflection was measured at the top of each wall to E 76 _
control the displacement protocol. The wall specimen was positioned E L# g
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transfer system was fixed on the wall’s top height, consisting of steel- = 0.00 é
plated and high-strength steel rods. The lateral load was applied at A -0.92 5
the steel girder using a 500 kN hydraulic actuator, which was fixed to E] 184 3
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as shown in Figure 4. The imposed lateral loading protocol comprised A8
two fully-reversed lateral drift cycles (Figure 4b) applied at gradually i | | | i ‘ i o
increasing drift levels as per FEMA 461-07 [29]. 0 5 10 15 20 25 30 35 40 5
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3. Main test results
Figure 4 — Layout of the test setup and used LVDTs (a), and (b)
3.1. Hysteretic displacement response Applied displacement-controlled loading history

The shear wall's seismic performance significantly depends on the
force versus displacement relationship. Continuous plots of applied
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Figure 5 — Hysteretic load-displacement response and envelope curve of wall (SW1)
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Figure 6 — Hysteretic load-displacement response and envelope curve of walls (SGW1 and SGW2)

In each graph, the vertical, p,, and horizontal, p,, reinforcement ratios
are shown. The top right quadrant shows the load-displacement
relationships in the push (4) direction, and vice versa for the bottom
left quadrant, which plots the load-displacement relationships in the
pull (-) direction.

The primary axes plot the lateral force (F) acting on the wall versus
the top displacement (A) obtained from the recorded displacement
from the top horizontal LVDT. The secondary axes of the presented
graphs display the drift (§) versus load multiplier (1). The load
multiplier (non-dimensional load format) is defined as the ratio of the
wall’s lateral force resistance to its self-weight 1 = Wiw

Overall, the hysteretic response of the tested walls appears to be self-
centering and showed reasonably stable lateral load-displacement
relationships. The behavior in the push and pull loading directions
was almost symmetric, with no significant load or displacement
residuals over a large part of the test until concrete crushing occurred
at one end.

For steel-reinforced and hybrid steel-GFRP reinforced walls (SW and
SGW), the performance of the specimens was initially elastic, followed
by an inelastic behavior with gradual degradation in stiffness until
the failure occurred. The hysteretic curves presented thin and slender
loops upon the yielding of the outmost steel bars, indicating initially
stiff behavior and a lower level of damage. The slope of the curve
decreased in each loading cycle beyond the initial uncracked stage.
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With the subsequent cycling of the wall, the slope of the curve further
degraded into relatively wider loops of higher displacement levels.
Further opening of the loops indicates a higher damage level, which
would increase energy dissipation capabilities. Contrarily, the GFRP
reinforcement’s elastic behavior and the lack of yielding led to a
continuously increasing gain in strength up to failure, with no
strength degradation within a reasonable range of deformations. The
loading, unloading, and reloading curves demonstrated linear
behavior with narrower hysteresis loops than the corresponding
steel-reinforced walls following the elastic behavior of GFRP bars. The
behavior was almost symmetric up to failure in both push and pull
loading directions, resulting in a pinched hysteresis response without
any reduction of overall strength. This stable hysteresis loop behavior
is typical of a response that is flexural-dominated.

3.2. Failure modes and extent of damage

In general, the behavior of all walls was dominated by a flexural
response. However, crack patterns differed during loading cycles due
to different reinforcement types and ratios. The specimens exhibited
nearly linear behaviour before cracking. Almost a similar strength
level corresponding to the crack initiation was attained for all tested
walls, as it mainly depends on the concrete compressive strength. The
first horizontal flexural crack for all the tested walls was initiated at
the bottom of all walls at an average drift level of 0.22%. Likewise, the
concrete-cover splitting at the wall edge was recorded at almost
similar drift levels ranging between 0.7% and 0.83%, where the
concrete compressive strain exceeded 0.003. The cracks developed in
succession from the bottom of the wall up to a height of approximately
(2/3)h,, and were 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, followed by the formation of flexural cracks at
the base cross-section as a result of the growing bending moment.
More significant spalling of the concrete cover at the compression end
of the wall is attained with increasing displacement accompanied by
buckling/rupture of the outermost vertical reinforcement bars and
crushing of the concrete at the toes. The failure of steel-reinforced
and hybrid steel-GFRP-RC walls followed a remarkably similar
pattern, characterized by local buckling of outmost longitudinal steel
bars and crushing of concrete at the toe of the walls.

However, hybrid specimens featured fewer residual drift ratios than
the control wall (SW1). The GFRP-reinforced walls exhibited notable
linear behavior up to its ultimate strength, where the failure stage
started at the peak load and lasted until the test’s end. Concrete cover
splitting was gradually initiated at the outmost heavily compressed
wall toe. As loading continued, the walls continued to carry the load
in each cycle with no strength degradation until concrete crushing
and fracture of the longitudinal GFRP bars occurred, which caused
wall brittle failure without a considerable decrease in the recorded
walls’ strength. Further, higher GFRP-reinforcement ratios resulted in
higher crack propagation and brittle failure. A combined shear-
flexure 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. Figure 8 summarises all
tested walls’ recorded maximum displacement and ultimate load
capacity. The performance parameters recorded at the primary
damage levels are summarized in Figure 9. The final crack patterns
and typical failure modes of the specimens are shown in Figure 10.
Close-up photos of the major damage aspects are presented in Figure
11.
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Figure 9 - Summary of damage propagation for all tested walls

4.  Characteristic experimental behaviour
4.1. Overview of walls behavior

The hysteretic response of the GFRP-reinforced walls exhibited a
reasonably stable lateral load-displacement relation displaying no
strength degradation throughout a realistic range of deformations.
The ultimate lateral strength of GFRP RC wall GW1 was found to be
6.4% lower than that of wall SW1. While wall SW1 attained its
maximum strength at a displacement level of 0.464,,,,, wall GW1
reached its maximum strength at a higher displacement level of
0.73A,,4 at the maximum recorded load. Moreover, moderate damage
occurred at higher drift levels for GFRP hybrid GFRP-steel reinforced
walls. These results are in agreement with the literature [17,30] where
the GFRP-reinforced walls exhibited elastic behavior, including
realigned cracks and recoverable deformation up to higher drift
levels.
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It was confirmed by comparing walls GW2 and GW3 to wall GW1 that
increasing the GFRP reinforcement ratios results in increased
displacement as well as an increase in lateral load capacity. At higher
drift levels, a softening behavior of GFRP-reinforced walls was
exhibited with the propagation of cracks that closed and realigned
after each cycle. Each wall maintained its lateral load capacity even
after full cracking at increasing levels of displacement without
strength decay, which is addressed by the linear elastic behavior of
GFRP bars. This softening behavior of GFRP-reinforced walls is in
agreement with the literature [17, 24].

For hybrid GFRP-steel reinforced walls, the lateral load resistance of
wall SGW1 was similar to that of wall SW1. However, because of the
linear elastic behavior of the incorporation of GFRP bars, a higher
displacement level corresponding to the ultimate load capacity was
achieved in wall SGW1 due to the elastic behavior of GFRP bars.

J/)’

!

GTFRP-Reinforced walls

Figure 10 — Observed crack patterns prior to failure

4.2. Self-cantering behaviour

The recovered drift ratio over the maximum drift at different levels
of drift ratio demands was used to measure the self-centering
capabilities of the tested shear walls. Figures 12 and 13 illustrate the
residual drift ratio of the steel-reinforced wall (SW1-control wall)
during testing. As cyclic loading progressed and higher drift ratios
were applied to the walls, they sustained further residual drift ratios
in a different value depending on the reinforcement type and ratio.

Figure 11 - Close-up photos for the major damage states
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Figure 12 — Residual drift ratio of the steel-reinforced wall (SW1-
control wall).

As can be seen in Figures 13a-b, the drift ratio recovery was higher in
hybrid steel-GFRP reinforced walls (SGW1 and SGW2) than in control
walls. Moreover, GFRP-reinforced walls exhibited smaller residual
drifts than their corresponding control walls. Furthermore, the
highest drift ratio recoveries occurred in wall GW3, which had the
highest GFRP reinforcement ratio. The recovery in the residual drift
ratio of each hybrid specimen with respect to the control wall is shown
in Figure 13f. According to the obtained results, the maximum self-
centering of the slender hybrid wall was observed at 3.6% drift, where
the residual drift ratios of the walls SGW1 and SGW2 were 46.5% and
58.3%, respectively, smaller than the steel-reinforced wall. The higher
reduction ratio for wall SGW2 compared to wall SGW1 is due to the
higher GFRP web reinforcement ratio, see Figure 2. For GFRP-RC walls,
maximum reductions in residual drift ratios of 67.1%, 79%, and 80%
were attained at 3.6% drift for walls GW1, GW2, and GW3, respectively,
compared to the residual drift of the control wall (SW1).
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Figure 13 — Residual drift ratio of hybrid steel-GFRP walls (a & b), and GFRP-reinforced walls (c-e), and e) reduction in the residual drift
ratios of hybrid walls with respect to control walls.

These results confirm that the minimal recorded residual
deformation is due to the capability of self-centering behavior of
GFRP-RC walls.

4.3. Energy dissipation and equivalent viscous damping

The dissipated energy during hysteresis (E;) is given by the area
enclosed by the hysteresis loop at each loading increment [31], as
shown in Figure 14. The energy dissipated by each successive cycle

was summed up to the energy of the previous cycles to calculate the
cumulative energy dissipation. The results showed that lower energy
dissipation was calculated for all walls in the early drift levels lower
than 1.0% drift) due to the lower occurred deformation of the tested
walls to this drift level. At higher drift levels, steel-reinforced wall
(SW1) exhibited the most advantageous energy dissipation capacity
(Figure 15). However, the dissipated energy of hybrid steel-GFRP
reinforced walls exhibited a similar and considerable increase with
the consecutive loading displacement due to the concentrated
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vertical steel rebar at the walls’ sides. This increase in energy
dissipation proved the favorable energy dissipation capacity of the
hybrid steel-GFRP reinforced walls. Conversely, due to the elastic
behavior of GFRP bars, a lower energy dissipation rate is remarked in
GFRP-reinforced walls.

' F
Fr
K. -
ey — -,
Am:ax A‘
2F..

= 24, 2

Figure 14 — Calculation of energy dissipation

Additionally,
hysteresis, 5, Was used to evaluate the energy dissipation capacity
of the shear wall. It was calculated using the area-based method
according to the following equation:

the equivalent viscous damping ratio based on

1 El/chc

- Eq. 6
T[Famp ) Aamp

fhyst =

where Ej/;.,. is the dissipated energy during the half-cycle. E; =
Famp * Damp Tepresents the elastic strain energy of the test wall that is
stored in an equivalent linear elastic system in one loading cycle.
Figure 16 depicts the relationship between the equivalent viscous
damping g,y and the increase in the lateral drift ratios for all tested
walls. In general, §,,; tends to rise with an increase in drift ratio.
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Figure 15 — Evolution of energy dissipation of tested walls
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Figure 16 — Equivalent viscous damping coefficient: comparison
between control steel-reinforced wall and a) hybrid steel-GFRP
reinforced walls, b) GFRP-reinforced walls

Moreover, the obtained results showed that the steel-reinforced and
hybrid steel-GFRP reinforced walls exhibited higher significantly
equivalent viscous damping ratios compared to the GFRP-reinforced
walls because of the plastic deformation of deformed steel bars. The
equivalent viscous damping ratio reached 11.7% and 14.1% at the
ultimate load and achieved 16.1% to 20.5% at the displacement of 24,
for hybrid steel-GFRP reinforced walls SGW1 and SGW2, respectively.
By contrast, the GFRP-RC walls exhibited approximately 59%, 36%, and
35.8% reduction of £, at ultimate load than that of the control steel-
reinforced wall (SW1).

4.4. Damage indices

Various damage indices were proposed in the literature [32-36],
among others, in order to measure the resultant deficiencies and
vulnerability of the structural members under seismic loading.
Recently, various applications of damage indices were achieved based
on loading history demand and capacity for estimating the damage
and repair costs. Moreover, they are also utilized for decision-making
in the post-earthquake evaluation and safety or vulnerability
assessment for existing structures. Also, the performance levels of
structural members can be evaluated at different drift levels using
damage indices [37]. In general, the damage states were classified into
the following five levels [35]:

DI < 0.10 No damage or minor local cracks
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Minor damage (e.g., light cracking

0.10 < DI <0.25 throughout)

Moderate damage (e.g., severe cracking local

0.25< DI <0.40 spalling)

0.40 < DI < 1.0 Sever damage (e.g., Concrete crushing and
expose of bars)

DI > 1.0 Collapse

Following the approach found in the literature [30, 37], various
damage indices for the tested walls were calculated to investigate the
damage propagation and failure rate of all tested walls.

Moreover, the resultant damage status in the hybrid steel-GFRP
reinforced walls and GFRP-RC walls were compared with the control
steel-reinforced wall (SW1). Table 2 includes the formulation of
adopted damage indices. Figure 17 depicts the damage indices based
on displacement, dissipated energies, and effective stiffness, as well
as the combined and performance indices, which were also plotted for
all tested walls.

According to the results obtained from the damage index, based on
the dissipated energy, the steel-reinforced wall (SW1) had lower
damage than GFRP-reinforced walls at the early drift levels.
However, a considerably higher damage rate was observed at the drift
level corresponding to the yielding of steel bars. On the other hand, by
analyzing the damage indices based on displacement energy and

Table 2 - Different damage indices proposed by the researchers, [30,37]

stiffness, the GFRP-RC walls experienced lower damage when
compared with the steel-reinforced wall (SW1) at the same drift level
as a result of its softener response with extensive concrete damage.
Furthermore, the combined damage index also showed a more
significant drift level of hybrid steel-GFRP, and GFRP reinforced walls
with equal damage index compared to the control wall (SW1). This
response of walls SGW1, SGW2, and walls GW1, GW2, and GW3 is
mainly due to the low modulus of elasticity of GFRP bars, which
allowed the walls to sustain higher deformation, at advanced loading
levels, till failure. Moreover, by analyzing the performance index
(Figure 17e), hybrid steel-GFRP and GFRP reinforced walls showed
similar damage propagation where a lower damage rate was attained
when compared with steel-reinforced wall at the same drift level.

5. Summary and conclusions

The current study was conducted on RC concrete shear walls to
investigate the effectiveness of a hybrid steel-GFRP system in
reinforcing shear walls to withstand seismic loads. To accurately
study the impact of the GFRP reinforcement ratio on the overall
behavior and self-centering performance of RC shear walls, several
reinforcement ratios were selected for the hybrid steel-GFRP
reinforced walls and the GFRP-reinforced walls. The results are
encouraging for applying hybrid steel-GFRP reinforcement since the
walls reached their maximum strength without exhibiting any signs
of sliding shear failure, instability, or anchorage failure.

Damage index Type

Formulation

Parameter Values
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A, —Ay(orA,)

Based on th br=
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— A, (or A,) A,
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L Hm A, (or AL)
- n f
Rodriguez and Padilla [26] Based on dissipated = z —_ E= Energy dissipation
energy E
Based on effective K K,,=Secant stiffness
Kunnath & Jenne [2 ) DI=1-—— m
(27 Stiffness K; K;= Initial stiffness
B =0.25
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Park and Ang [28] Combined index DI ="+ B 7f E (or e? Load at yielding for steel bars
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Figure 17 -Damaged indices of tested walls

The findings confirmed that the permeant/plastic deformations in the
concrete are the source of the cumulative energy dissipation in GFRP-
reinforced shear walls. Due to the elasticity of the GFRP
reinforcement, all GFRP-reinforced walls exhibited relatively similar
levels of energy dissipation at the same loading step. Moreover, GFRP-
RC walls showed stable hysteretic performance with a higher drift
capacity than steel-reinforced walls. Furthermore, increasing the
GFRP-reinforcement ratio enhances the ultimate load capacity and
significantly reduces crack width at moderate damage levels.

In addition, for hybrid steel-GFRP and GFRP-reinforced walls
compared to the steel-reinforced wall, the elastic behavior of GFRP
bars led to lower damage rates with realigned cracks and recoverable
deformation at the same drift level. At higher drift levels, a
remarkably similar failure pattern of steel-reinforced and hybrid
steel-GFRP-RC walls was attained that was characterized by local
buckling of the outmost longitudinal steel bars and crushing of
concrete at the toe of the walls. The most significant advantage of
using hybrid steel-GFRP reinforcement in shear walls is having a
higher self-centering capacity for the walls. It mitigates the post-yield
strength deterioration observed in conventional steel-reinforced
walls. Almost similar strength, stiffness, and drift capacity were

achieved for hybrid steel-GFRP reinforcement compared to the walls
of conventional steel reinforcement. However, a reduction of 11.7% to
14.1% in the equivalent viscous damping ratio was calculated for
hybrid steel-GFRP reinforced walls when replacing the web steel
reinforcement, depending on the GFRP-reinforcement ratio. Since the
hybrid GFRP-steel reinforcement scheme is an appropriate alternative
for RC shear walls, additional investigation is needed to address other
aspects and develop design guidelines for practical application.

Nomenclature
GFRP Glass-Fiber-Reinforced Polymer
LVDT Linear variable differential transformers
RC Reinforced Concrete
sw Shear wall
depth of equivalent rectangular stress
a
block
A Cross-sectional area of an individual
b reinforcement bar
A area of concrete section
Af area of GFRP reinforcement
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amount of FRP shear reinforcement within

A .
f spacing s
Ag area of reinforcement bars
by, Thickness of the wall web
c distance from extreme compression fibre to
neutral axis
c clear cover of reinforcement
distance from extreme compression fibre to
d centroid of longitudinal tension
reinforcement
E, modulus of elasticity of concrete
E energy dissipation through hysteretic
d damping
E elastic dissipated energy
Ef guaranteed modulus of elasticity of GFRP
E modulus of elasticity of steel reinforcement
f! specified compressive strength of concrete
fs stress in reinforcement bars
f specified tensile strength of steel
u reinforcement,
f specified yield strength for steel
Y reinforcement
frv tensile strength of FRP for shear design
hy, height of entire wall from base to top
K ratio of depth of neutral axis to
reinforcement depth
Ly length of entire wall
M; sum of moments around the centroid
n ratio of modulus of elasticity of FRP bars to
U modulus of elasticity of concrete
P; theoretical external applied axial load
s Spacing between two successive stirrups
is the distance from the vertical
X; reinforcement at point n to the end of the
compression toe
a; aspect ratio
A target top-displacement of the tested walls
A, displacement at the maximum capacity
A, yield displacement
6 top-drift of the tested walls
A load multiplier (/1 = i)
Wy
£ strain in concrete
Ecu ultimate strain in concrete
Esi strain in reinforcement bars
ratio of steel reinforcement in the vertical
Pv.s direction
ratio of steel reinforcement in the
Phs horizontal direction
ratio of GFRP reinforcement in the vertical
Pv.s direction
ratio of GFRP reinforcement in the
Prs horizontal direction
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