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Steel plate shear walls have emerged as a promising lateral load-resisting system in tall buildings, owing to their
high lateral resistance, ductility, and cost-effectiveness. However, they encounter challenges such as imposing
significant stresses on surrounding elements and lacking versatility in accommodating different uses. To address
these issues, researchers have proposed various solutions, including stiffened steel plate shear walls and shear
walls with different types of openings. In this paper, a new lateral resisting system, the steel grid shear wall
(SGSW), has been introduced to overcome these limitations. Also this paper presents an experimental and nu-
merical investigation of a novel SGSW under quasi-static loading. A SGSW specimen was tested, demonstrating
desirable yielding and failure processes. Furthermore, the finite element model of SGSW was validated against
experimental results, exhibiting high accuracy. The SGSW specimen displayed stable hysteretic behavior, high
ductility, substantial shear strength, and energy dissipation capacity. Moreover, it showed a higher initial
stiffness and ductility reduction factor compared to an equivalent steel plate shear wall. The proposed SGSW
system presents a viable alternative for lateral load resistance in buildings, offering advantages such as ease of

implementation, cost-effectiveness, and stable hysteretic performance.

1. Introduction

Undoubtedly, in consideration of their height, all structures neces-
sitate a resilient lateral load-bearing system to counteract the loads
caused by wind and earthquakes. In recent years, the utilization of steel
plate shear walls has garnered attention as a modern lateral load-
resisting system in tall buildings due to their high lateral resistance,
ductility, significant energy dissipation capacity, cost-effectiveness, and
shorter construction time. Despite thementioned advantages, steel plate
shear walls have some drawbacks. These include the imposition of
substantial stresses on surrounding components due to the post-buckling
behavior of the steel plate, the inability to accommodate utilities within
the wall cavity, and compression buckling of the hystersis curves
resulting from out-of-plane bending of the plate.

Takahashi et al. [1] conducted the first comprehensive study on full-
scale stiffened steel shear walls. Their research showed that the inclu-
sion of stiffeners effectively controls out-of-plane buckling and improves
the energy dissipation capacity of the system. Additionally, previous
investigations by researchers [2-7]. have indicated that the lateral
resistance in the steel plate shear wall system is due to the post-buckling
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resistance of the plate and the development of a tensile field within it. In
light of these findings, researchers aimed to develop a simple and ac-
curate method for analyzing and designing such systems. Consequently,
Thorburn et al. [8] proposed the Strip Model as a means to estimate the
forces imposed on the surrounding frame due to the yielding of the steel
plate. This model disregards the compressive strength of the plate and
attributes the system’s resistance solely to the formation of a tensile field
within the web plate. Furthermore, Timler and Kulak [9] evaluated the
accuracy of the Strip Model through a full-scale experiment and pro-
posed equations for calculating the angles at which tensile fields form,
taking into account the stiffness of the surrounding elements. Numerous
studies have been conducted by researchers [10-12] have aimed to
enhance the accuracy of these equations. Collectively, these in-
vestigations demonstrate that the Strip Model exhibits strong predictive
capabilities for the mechanical performance of steel plate shear walls.
Furthermore, multiple types of steel shear walls have been developed by
researchers to enhance energy dissipation capacity, lateral resistance,
and reduce hysteresis loop degradation. Experimental studies have been
conducted to investigate the performance of these developed systems.
Among the methods proposed by researchers to control out-of-plane
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buckling, the use of stiffened steel plate shear walls has been suggested.
In this approach, the installation of stiffeners helps increase the shear
capacity of the plate, enhance energy absorption capacity, and improve
the seismic performance of the system [13,14,23-25,15-22].

However, this solution suffers from certain drawbacks, including
high cost, time-consuming implementation, rigorous precision re-
quirements, and the possibility of steel plate buckling during the weld-
ing process due to its very thin thickness.Another limitation of SPSWs is
their inability to accommodate utilities in areas where plates are pre-
sent. To address this issue, various types of steel shear walls with
openings have been developed and tested. To this end, after conducting
an experimental study, two patterns of creating openings in steel shear
walls were proposed by Vian et al. [26]. Subsequently, based on the
results obtained from this research, a relationship to calculate the shear
resistance of perforated steel shear walls was proposed by Purba and
Bruneau [27]. Moreover, researchers have numerically and experi-
mentally studied the behavior of SPSWs with different openings, and
relationships have been proposed to estimate the shear resistance of
such panels [14,26,28-33].

Due to limitations in accessing steel sheets with very thin thickness
and the prevention of project uneconomicalization due to the use of
thicker sheets than necessary for design, solutions have been proposed
by researchers. Among these methods, the use of perforated shear
panels, steel sheets with low yield stress [34-36], different groove pat-
terns in steel sheets [37-42], various connection modes of shear panels
to surrounding frames [43-47], and the use of shear panels with
different patterns of interface elements [48-54] can be mentioned.
However, using these methods entails limitations such as the generation
of steel waste due to creating holes in the sheet and the lack of quick
access to LYS sheets.

Recently, researchers have developed the steel grid shear wall
(SGSW) as a novel form of shear walls to overcome the limitations of
traditional steel shear walls. In an SGSW, the conventional thin plate is
substituted with a lattice of discrete steel members that directly transmit
tension and compression in a grid configuration [55]. This design
effectively mitigates the conventional issues associated with steel plate
shear walls (SPSWs), particularly the sudden tension-field “snap” that
occurs when the plate buckles; the grid members do not require refor-
mation under load reversal, thus ensuring that the wall remains stable
and free from noise even during load reversals. The grid members,
composed of standard rolled sections rather than wide thin plates, are
lighter and more straightforward to fabricate and erect [55]. Pre-
liminary studies have demonstrated that SGSWs exhibit greater post-
yield stiffness and energy dissipation—following the initial inelastic
cycle—compared to comparable plain SPSWs, and do so at a reduced
material cost. In summary, the SGSW effectively addresses numerous
limitations inherent in SPSWs, including enhanced buckling resistance,
improved access for services, and better constructability, while main-
taining or enhancing seismic performance [56,57]. Chen et al. [57]
proposed a type of steel grid shear wall as an innovative lateral load-
bearing system. They subjected three specimens of steel grid shear
walls with ten grid members to cyclic loading at a scale of 1:2. Addi-
tionally, a comparison was made between the performance of the steel
grid shear wall and the traditional steel shear wall. The results indicated
that the steel grid shear wall system exhibits excellent stiffness, ductility,
and load-bearing capacity. Yu et al. [58]. evaluated the mechanical
performance of self-restrained shear walls reinforced with CFRP (Carbon
Fiber Reinforced Polymer) strips. They subjected two specimens, one
with and one without diagonal CFRP-steel composite strips, to cyclic
loading. According to the results obtained, the presence of the composite
strips led to an increase in bearing capacity, ultimate bearing capacity,
stiffness, and energy dissipation capacity. Furthermore, they determined
the optimal arrangement of inclined composite strips through finite
element analysis.As a result, the post-buckling behavior of steel shear
walls and the concepts presented in the strip model were used to propose
a novel lateral resisting system in this paper. This system is capable of
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addressing the limitations of traditional steel shear walls mentioned
above.

This paper introduces a novel mesh steel shear wall (SGSW) as a
lateral resisting system. Subsequently, a cyclic loading test was con-
ducted on a SGSW specimen, and the hysteretic behavior of the SGSW
was analyzed and discussed based on the experimental results. In the
next stage, a finite element model of the SGSW was developed using
ABAQUS software, and the modeling accuracy was validated by
comparing the obtained results. Then, the mechanical performance of
the SGSW and conventional steel plate shear wall (SPSW) was compared
in terms of load-bearing capacity, energy dissipation capacity, initial
stiffness, and ductility. Finally, based on the available results, the
response modification coefficient of the SGSW was calculated and
compared with an equivalent SPSW.

2. Steel Grid Shear Wall

Steel Grid Shear Wall (SGSW) is a new replacement for perforated
steel plate shear wall. It consists of vertical and horizontal boundary
elements (VBE and HBE) like common steel plate shear walls. However
perforated web plate is replaced with a grid of steel bars. The section of
the bar elements can be circle, Tee or angle. The bars are oriented in a
suitable angle with boundary elements (Fig. 1). The bars are connected
together at grid nodes. The end of the bars are connected to boundary
elements through a welded or bolted connection to fish plates. This
configuration of bars is consistent with strip model of web plate in steel
plate shear walls. Under lateral loading of shear wall the bars act in
tension or compression forces. In strip model of web plate the strips act
only in tension because the compression strength of strips are negligible.
However in SGSW the stiffness and strength of bars are more than strip
plates and can be included in the structural behavior of shear wall.

One of the difficulty of steel plate shear wall with very thin web plate
is workability and mounting of thin web plate and sometimes avail-
ability of very thin plates. However in SGSW the thin web plate can be
replaced with a grid of bars with suitable bar size. So SGSW is a good
SPSW for lowrise buildings and for top stories of tall buildings.

3. Design of SGSW specimen

In order to further investigate the mechanical behavior and failure
mechanism of steel grid shear walls, an experimental study was con-
ducted at structural laboratory of Ferdowsi University of Mashhad [59]
on a single-story, single-bay specimen of a SGSW subjected to quasi-
static loading. As proposed in this research, the steel grid shear wall is
developed based on the concept of discretizing the steel plate shear wall
using the strip model method. Initially, considering laboratory con-
straints such as space and the load capacity of the hydraulic jack, a SPSW
model was designed in accordance with the AISC-341 standard [60]. In
this regard, the steel plate was designed to have a shear capacity of 13
tons (¢pV,). Here, Vn is the nominal shear strength of the panel, and ¢ is
the strength reduction factor used in Load and Resistance Factor Design
(LRFD), which accounts for uncertainties in material properties, fabri-
cation, and construction tolerances.

Vo = 0.42F,t, Lgsin2a )
¢ = 0.9 (LRFD)
where

F, = specified minimum yield stress,MPa.

t,= thickness of the steel plate, mm.

L= clear distance between column flanges, mm.

The dimensions of the steel plate shear wall are shown in Fig. 1, with
the steel frame dimensions measuring 1440 mm x 1130 mm and the
steel plate thickness measuring 0.8 mm. Subsequently, the SGSW was
constructed based on the SPSW design. The size and cross-section of the

o
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Fig. 1. Detail of SGSW.

frame members in both the SGSW and SPSW models were identical.
Following this, the web plate in the SPSW was replaced with the grid of
steel bars.

The angle of the steel bars in a SGSW can be calculated using Eq. (2),
as proposed by Torbun et al. [8].

1+

(2)

tan*a =

1 h3
1+th Ay + 3601L

In this equation:

L = distance between the centerlines of vertical boundary elements
(VBEs),

A.= cross-sectional area of a column,

h = distance between the centerlines of horizontal boundary ele-
ments (HBEs),

Ap = cross-sectional area of a beam,

I. = moment of inertia of a column,

The tension field angle was initially calculated to be 41° using eq.
(2), based on the method proposed by Thorburn et al. [8], which con-
siders the panel geometry, web thickness, and boundary element stiff-
ness. Following this, a 40° diagonal angle was adopted in the
experimental model, in accordance with the practical range suggested
by AISC Design Guide 20 [61], which typically recommends values
between 35° and 45°. Furthermore, the cross-sectional area of each steel
bar was computed using eq. (3), also derived from the design approach
stipulated in the same guide [61].

[L cos(a) + h sin(a) |t,

A= I~

3)

In this equation, L represents the width of panel, h denotes the height
of panel, t, is the thickness of the web plate, and N is the number of steel
grid elements (10 element in each direction). Assuming that each steel
bar in the SGSW replaces a corresponding strip in the strip model of the
SPSW, the required cross-sectional area for each member was calculated
to be 65.03 mm? Accordingly, in the fabrication of the experimental

specimen, twenty angle sections with dimensions of 20 x 1.8 mm and an
actual cross-sectional area of 65.8 mm? were utilized.The exact orien-
tation of the steel bars are presented in Fig. 2.

A model of a steel grid shear wall (SGSW) with angle members was
designed for quasi-static testing. The specimen consists of three main
sections: a steel frame, steel grid elements with an angle section, and
fishplates. In the construction of the laboratory specimen, 10 angle di-
agonal members with a size of 20 mm were used in each direction. These
members were welded to the fish plates at an angle of « = 40° relative to
the vertical axis. To prevent premature out-of-plane deformation of the
members, the intersection of steel grid members in two directions were
connected to each other using filler plates and welding. The construction
details of the SGSW specimen is shown in Fig. 3)a - c), and the exact
dimensions of the specimen are presented in Table 1.

The beam-to-column connection is the moment-resisting and using
fully welded fillet welds. Additionally, to prevent local buckling at the
connection node, two diagonal and horizontal stiffeners along the beam
flange have been employed. The details of the specimen construction are
illustrated in Fig. 3 (a).

The fish-plates are designed to facilitate the connection of the steel
grid members to the surrounding steel frame. The thickness of the
fishplates was determined based on the maximum axial force expected
in the diagonal grid members at the onset of failure, in accordance with
the AISC 360-22 provisions [62]. The design ensured that the fishplates
would remain elastic while safely transferring these forces to the
boundary elements. In addition to the axial load demand, weld design
considerations—such as the required weld length and throat size—were
also taken into account. Based on these requirements, a 3 mm thick
fishplate was selected to provide both structural adequacy and fabrica-
tion practicality. In this arrangement configuration, the grid members
are attached to these plates using fillet welding, while the fish plates are
connected to the surrounding frame through corner-to-corner welding to
ensure alignment with the perimeter frame. The dimensions of these
plates can be found in Fig. 3 (b).

o
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Fig. 2. Detail of steel grid members.

3.1. Mechanical properties of materials

In the fabrication of the steel grid shear wall specimen, ST37 [63]
steel materials were utilized. In order to ascertain the mechanical
properties of the individual components, tensile tests were executed
following the guidelines stipulated by the ASTM E8M [64] standard. The
specifications of the steel materials are summarized in Table 2.

3.2. Setup and program

The testing setup consists of seven components, including the solid
laboratory floor, hydraulic jack, reaction frame, lateral bracing frame,
load cell, data recording and processing device, and specimen-to-floor
connecting elements, as illustrated in Fig. 4. For the application of cy-
clic lateral loading to the upper beam of the frame, a hydraulic jack is
employed. The load is measured using a load cell that has a maximum
capacity of +300 kN. The hydraulic jack itself can achieve a maximum
displacement of +15 cm and has a maximum compressive and tensile
capacity of +£800 kN. To prevent any out-of-plane deformation of the
upper beam during loading, a lateral bracing frame has been imple-
mented. This bracing frame serves the purpose of restraining both the
rigid zone and the mid-span of the beam, as depicted in Fig. 4.

In the current study, the loading protocol was determined utilizing
the displacement control method, consistent with the ATC24 [65]
guidelines. As depicted in Fig. 5, the controller criterion for displace-
ment control is the net displacement change per floor. Subsequently, to
estimate the yield drift, a finite element analysis was conducted using
Abaqus software. The yield displacement A, was determined from the

pushover analysis results of the finite element model by idealizing the
backbone curve into a bilinear representation, following the procedure
outlined in FEMA 356 [66]. the loading cycles were adjusted as follows
to achieve the target net displacement values (A):

1- For displacements less than 3A,, each displacement is repeated for
three cycles. (A,/3 < 2A,/3¢A, <2A, < 3A))

2- Until the specimen fails at displacements greater than 3A,, each
displacement is repeated twice.

Moreover, the lateral displacement of the specimen has been
meticulously documented using linear variable differential transformers
(LVDTs) No. 1 and 2, with a measurement accuracy of 0.1 mm. The
placement of the displacement sensors can be observed in Fig. 6.

4. Test results
4.1. Failure process

During the initial six cycles, the specimen demonstrated a linear
behavior with a displacement of 3.7 mm Fig. 7(a) This resulted in an out-
of-plane deflection of grid bars that returned to its initial state when the
loading direction changed. However, in the seventh cycle, a displace-
ment of 9 mm led to out-of-plane buckling in the middle angle members
Fig. 7(b). In the tenth cycle, a lateral displacement of 18 mm resulted in
local buckling in all angle members, causing the cross-sectional area of
the angles to deviate from its initial state Fig. 7(c). Further repetition of
this load level led some plastic hinges at the two ends of the beam and
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Fig. 3. Structural details of SGSW specimen.
Table 1
Details of SGSW specimen.
Specimen Steel grid member section/ mm Beam section/mm Column section/mm Fishplates/mm
SGSW L20 x 1.8 IPE120(120 x 64 x 4.4 x 6.3) IPE140(140 x 73 x 4.7 x 6.9) 3
SPSW PL 0.8 IPE120(120 x 64 x 4.4 x 6.3) IPE140(140 x 73 x 4.7 x 6.9) 3
Table 2
Steel material property.
Type E (GPa) Fy (MPa) Fu (MPa) Fy/fu Elongation
Nominal True Nominal True Nominal True Nominal True Nominal True
ST37-L20 179.44 180.13 341.43 342 415.40 515 0.82 0.66 0.241 0.216
ST37-IPE120 196.29 196.84 373.52 374 512.45 615.3 0.73 0.60 0.201 0.183
ST37-IPE140 191.11 191.35 353.68 354 497.87 605 0.71 0.58 0.215 0.195

the columns bases Fig. 7(d). In the sixteenth cycle, at a lateral

displacement of 33 mm, angles 7, 16, and 17 ruptured Fig. 7(e). Finally,

the loading process concluded in the eighteenth cycle due to the failure
of the beam-to-column connection Fig. 7(f). The failure process of the

SGSW specimen is depicted in Fig. 7.

4.2. Hysteresis curve

The cyclic loading curve of the SGSW specimen is presented in Fig. 8.
In this experiment, the specimen underwent a total of 17 cycles, with the

initial 3 cycles occurring in the linear region and the subsequent cycles
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Fig. 5. Protocol loading.
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in the nonlinear region. During the sixteenth cycle, the first angle
member ruptured, resulting in a decrease of the specimen’s resistance by
11.8 % compared to the maximum shear resistance. Subsequently, in the
seventeenth cycle, three more angle members ruptured, leading to a
shear resistance reduction of 21.36 % relative to the maximum shear
capacity.

Initially, the specimen exhibited similar stiffness in both the tensile
and compressive regions. However, as the lateral displacement
increased and plastic hinges formed in the grid elements, particularly in
the mid-span elements of the frame, the hysteresis loop area expanded.
At this stage, each cycle demonstrated a stable hysteresis curve with a
considerable area. Ultimately, with the increase of displacement, all grid
elements yielded, and plastic hinges formed at the beam and column
ends. Moreover, buckling of the angles, resulted in a decrease in the
load-bearing capacity of the system. As shown in Fig. 8, the maximum
shear resistance of the specimen was 267.395 kN that occurred at a
displacement of 16.2 mm, corresponding to a story drift ratio of
approximately 1.43 %. It should be noted that the specimen was a single-
story, single-bay frame with a clear height of 1130 mm. Although the
results are presented in terms of absolute lateral displacement, the
corresponding story drift ratios can be readily obtained. Specifically, the
maximum displacements recorded in full load cycles (+33.63 mm and —
34.5 mm) correspond to drift ratios of approximately +2.98 % and —
3.05 %, respectively. These values fall within the drift ranges expected
for structures designed for high-seismic performance.

4.3. Backbone curve

The backbone curve of SGSW is presented in Fig. 9. the maximum
lateral displacement imposed on the specimen was 43.1 and 33.7 mm in
the compressive and tensile region, respectively. The ductility values for
the tensile and compressive regions were determined to be 8.14 and
8.98, respectively. Relevant information concerning the shear resis-
tance, stiffness, and ductility of the SGSW can be found in Table 3.

4.4. Strength and stiffness degradation

To further investigate the changes in SGSW behavior during loading
stages, the capacity degradation curve, stiffness reduction curve, and
consumed energy ratio were utilized. The variations in the shear ca-

pacity of the SGSW can be observed in Table 4. Fig. 10 illustrates the
shear capacity degradation of the SGSW. The Eq. (4) calculates the ratio
of shear capacity degradation [67]:

}\,:Fl/

Fi 1 (C))

In this equation, F; represents the maximum resistance in the i-th
cycle, and F;_; represents the maximum resistance in the (i-1)-th cycle of
each loading level.

All capacity ratios observed during the first five loading levels exceed
0.9. However, in the final level, the ratio dropped slightly to 0.89 due to
fracture of some grid elements, which marked the onset of system fail-
ure. Based on the results, the load-bearing capacity of the SGSW remains
relatively stable and undergoes no significant changes across similar
loading levels. Furthermore, the ratio of changes in load-bearing ca-
pacity initially increased in the first two loading levels and then
exhibited a decreasing trend.

In order to investigate the pattern of damage formation and forma-
tion of plastic hinges in the specimen during loading, the stiffness
degradation factor has been employed. The stiffness degradation for
both tensile and compressive regions is presented in Table 5. Addi-
tionally, Fig. 11 illustrates the stiffness degradation curve during
loading. The secant stiffness for each cycle is determined using Eq. (5):

Fpull — Fpush

K = %)

Xpull - Xpush

In this equation, F represents the ultimate resistance in each direc-
tion, and X corresponds to the displacement associated with these forces.

Based on the obtained results, Initially, prior to yielding, the system
exhibits predominantly elastic behavior, and stiffness remains relatively
stable due to the intact geometry and full section effectiveness of the
angle members. As cyclic loading progresses, local yielding commences
in the diagonal members, particularly in mid-length regions subjected to
maximum bending and axial forces. With continued loading, local
buckling initiates in several members, resulting in a reduction of their
effective stiffness. Concurrently, the repeated stress reversals induce
cyclic degradation in material stiffness [68,69] (i.e., Bauschinger effect
and local plasticity), leading to a gradual loss of secant stiffness. The
congruence in degradation trends between the tensile and compressive
regions is indicative of the symmetric arrangement and behavior of the
diagonal grid members, as well as the nearly balanced energy

o
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Fig. 7. The failure process of the SGSW specimen.

dissipation under forward and reverse cyclic displacements.
B S(aBcicpa)

a=g (6)
4.5. Energy dissipation performance Stose-oop
Based on Fig. 12, Sppcicpa) represents the area enclosed by the
The area of each cycle of the hysteresis curve and the energy dissi- hysteresis curve in each cycle, while S(opr.oprrepresents the area
pation coefficient (Ed) of the SGSW specimen are presented in Table 6. enclosed by the triangle formed between the point of force reversal and
The energy dissipation coefficient [70] can be calculated from eq. (6): the horizontal axis of coordinates.

According to Table 6, the maximum energy dissipation coefficient
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Fig. 8. The hysteresis curve of SGSW.

(Ed) in this system is 1.91, which exceeds that of a SPSW [71] (with an
energy dissipation coefficient of approximately 1.2). Additionally,
Fig. 13 (a) and (b) illustrate the energy dissipated in each cycle and the
cumulative energy dissipation, respectively. Notably, the SGSW spec-
imen exhibits a maximum area of one cycle amounting to 13.54 kN.m.
(See Fig. 13 (a).)

5. Numerical modeling

For more investigating the behavior of SGSW a numerical model was
simulated using the finite element software ABAQUS [72]. Subse-
quently, the accuracy of the finite element model was verified through
comparison with experimental results. Due to practical constraints and
the substantial expenses associated with laboratory testing, a compar-
ative analysis of the mechanical performance of the steel grid shear wall
(SGSW) and the steel plate shear wall (SPSW) was carried out based on
results obtained from finite element analysis.

5.1. Model description

The finite element model of the SGSW system included beams, col-
umns, fishplates, and grid members with angle cross-sections. To cap-
ture the complex interaction of components under cyclic loading, the
model accounted for axial, flexural, torsional, and shear behavior of all
members. Accordingly, all parts were modeled using S4R shell elements,
which are 4-node, reduced-integration, finite-strain elements suitable
for thin-walled steel components and effective in simulating both local

and global deformations. After assembling all components of the SGSW
system, the model parts were merged into a single unified geometry to
ensure continuity of the mesh and to avoid numerical inconsistencies at
element interfaces. This merging process was performed prior to
applying loading and boundary conditions and was critical for accu-
rately capturing the global response of the structure during simulation.
The boundary conditions and loading protocol mirrored the experi-
mental setup, ensuring consistency between numerical and physical
simulations. Displacement-controlled lateral cyclic loading was applied
to the upper beam, replicating the ATC-24 protocol followed during the
test. The material properties assigned to the steel components were
based on the experimentally obtained tensile test results reported in
Table 2. As the cyclic behavior of structural steel under low-cycle
loading differs significantly from monotonic conditions—due to effects
such as the Bauschinger effect and cyclic hardening—traditional
monotonic-based models may lead to inaccurate predictions. To address
this, a combined isotropic-kinematic hardening model, based on the
Chaboche formulation [68,69], was implemented in ABAQUS through
the Combined Hardening option [72]. This model enables the accurate
representation of cyclic plasticity phenomena, including strain accu-
mulation, cyclic stiffness degradation, and reversal effects. To realisti-
cally simulate geometric imperfections, which play a significant role in
triggering local and global buckling under cyclic loads, a two-step
analysis procedure was adopted. First, an eigenvalue buckling analysis
was conducted to extract the first three mode shapes of the system.
These modes were then scaled and superimposed to generate an
imperfection field. For the SPSW, following Eurocode 3 (EN 1993-1-5)

o
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Fig. 9. The backbone curve of SGSW.
Table 3
Backbone curve specifications.
Specimen Yield point Peak point Ultimate point Ductility coefficient
Load (kN) Displacement (mm) Load (kN) Displacement (mm) Load (kN) Displacement (mm)
Pull 227.55 4.08 263.24 16.86 215.31 33.22 8.14
SGSW Push 209.77 3.47 255.52 15.43 231.63 31.16 8.98
Mean 218.66 3.77 259.38 16.145 223.46 32.19 8.54
Table 4
The shear capacity degradation of SGSW.
Load level Number of cycles Cumulative number of cycles SGSW
Pull Push Mean Pull Push Mean
Fi(kN) Fi(kN) F(kN) A= Fi/FF1 A= F,-/Fii1 A= 1%_H
1 1 143.99 123.19 133.59
Ay3 2 2 135.23 123.45 129.34 cycle2/cyclel 0.94 1.00 0.97
3 3 147.19 112.19 129.69 cycle3/ cycle2 1.09 0.91 1.00
1 4 226.94 199.82 213.38
24Ay/3 2 5 222.62 209.85 216.23 cycle2/cyclel 0.98 1.05 1.01
3 6 227.91 205.67 216.79 cycle3/ cycle2 1.02 0.98 1.00
1 7 246.43 239.05 242.74
Ay 2 8 235.10 227.35 231.22 cycle2/cyclel 0.95 0.95 0.95
3 9 231.35 223.50 227.43 cycle3/ cycle2 0.98 0.98 0.98
1 10 256.15 255.61 255.88
24y 2 11 238.35 244.71 241.53 cycle2/cyclel 0.93 0.96 0.94
3 12 227.28 231.27 229.27 cycle3/ cycle2 0.95 0.95 0.95
1 13 245.13 238.88 242.00
34, 2 14 234.51 228.20 231.35 cycle2/cyclel 0.96 0.96 0.96
3 15 221.19 219.40 220.29 cycle3/ cycle2 0.94 0.96 0.95
4A, 1 16 214.08 211.24 212.66
2 17 197.52 185.61 191.57 cycle2/cyclel 0.92 0.87 0.89

10
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Fig. 10. Shear capacity degradation of SGSW.

Table 5
The secant stiffness degradation.
Load level Number of cycles Cumulative number of cycles SGSW
Pull Push Full loop Pull Push Full loop

K; K; K; Ki/Ko Ki/KO Ki/KO

1 1 69.94 63.38 66.75 1 1 1
A3 2 2 71.81 65.68 68.75 1.03 1.04 1.03
3 3 71.66 69.06 70.51 1.02 1.09 1.06
1 4 54.68 57.70 56.06 0.78 0.91 0.84
2A,/3 2 5 52.93 60.51 56.36 0.76 0.95 0.84
3 6 53.93 59.41 56.40 0.77 0.94 0.84
1 7 34.18 38.17 36.03 0.49 0.60 0.54
Ay 2 8 32.75 38.69 35.42 0.47 0.61 0.53
3 9 31.38 36.55 33.72 0.45 0.58 0.51
1 10 15.00 16.57 15.74 0.21 0.26 0.24
24, 2 11 15.02 16.53 15.75 0.21 0.26 0.24
3 12 14.40 15.36 14.87 0.21 0.24 0.22
1 13 9.92 10.18 10.05 0.14 0.16 0.15
34y 2 14 9.52 9.59 9.55 0.14 0.15 0.14
3 15 9.08 9.01 9.05 0.13 0.14 0.14
A 1 16 6.45 6.34 6.39 0.09 0.10 0.10
Y 2 17 5.88 5.41 5.64 0.08 0.09 0.08

recommendations [73], an imperfection scale factor of min(a/200, b/
200), approximately 0.005 for a panel height of 0.98 m, was applied to
the first three buckling modes. Subsequently, for the SGSW, an imper-
fection scale factor of L/250, approximately 0.005 for diagonal bars of
1.268 m, was used to account for local imperfections in the grid mem-
bers, consistent with Eurocode 3 (EN 1993-1-1) [74]. These values
ensured numerical stability and accurate representation of the hysteretic
response. This initial imperfection configuration was introduced into the
nonlinear cyclic loading analysis. With the finite element model fully

11

defined in terms of geometry, material behavior, boundary conditions,
and initial imperfections, the next step was to ensure numerical stability
and accuracy. Therefore, a convergence study was carried out to
determine an appropriate mesh density, followed by verification of the
numerical model through comparison with the experimental results, as
detailed in the subsequent sections.
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Table 6
The energy dissipation coefficient.
Load level Number of cycles Cumulative number of cycles SGSW
s E4
1 1 0.12 0.45
Ay3 2 2 0.12 0.50
3 3 0.11 0.44
1 4 0.65 0.79
2A,/3 2 5 0.49  0.58
3 6 0.48 0.57
1 7 2.18 1.33
Ay 2 8 1.73 1.15
3 9 1.75 1.14
1 10 7.96 1.91
24, 2 11 5.79 1.56
3 12 4.85 1.37
1 13 10.65 1.83
34y 2 14 9.14 1.63
3 15 8.13 1.52
4n, ; 16 13.54 1.91
7 11.40 1.75
54,% 1 18 6.58 1.43

S: represents the area enclosed by the hysteresis loop in each loading cycle,
measured in kN-m, which indicates the energy dissipated by the specimen

during that cycle.

" The final loading cycle corresponding to 5A, was not fully completed.

5.2. Convergence of finite eleme

Due to the presence of multiple buckling modes in the SGSW model,
numerical convergence is not achieved with a large mesh size.

nt analysis

Ay =S apcHScpa

E — A(l

OBE +‘S()l)|3

Fig. 12. Ed calculation [70].

Consequently, various mesh densities were investigated, and ultimately,
convergence in responses was achieved at a mesh size of 20 mm. Fig. 14
illustrates the sensitivity analysis results of mesh density based on the
maximum specimen resistance under incremental loading analysis.

12
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Fig. 14. The convergence of finite element analysis.

5.3. Verification of FEM Model

In order to validate the finite element model, a comparison was made
between the hysteresis curve (Fig. 15(a)), backbone curve (Fig. 15 (b)),
and cumulative dissipated energy (Fig. 15 (c)) with the corresponding
experimental results.

As shown in Fig. 15 (a) and 15(c), while the general agreement be-
tween the experimental and numerical models is strong, a slightly higher
cumulative energy dissipation is observed in the experimental specimen.
This can be attributed to local mechanisms present in the physical
test—such as friction at connections, slight slack or looseness, micro-
yielding near welds, and minor out-of-plane deformations—that are
not explicitly modeled in the FE simulation. Additionally, the combined
hardening material model [72] used in the FEM, while capable of
simulating global cyclic behavior, does not capture localized damage or
progressive softening effects following rupture initiation. Despite these
limitations, the relative difference in cumulative energy dissipation re-
mains within an acceptable margin, validating the numerical model’s

13

reliability for simulating the global seismic behavior of the SGSW
system.

The findings revealed a strong correlation between the failure mode,
initial stiffness, and ultimate strength of experimental results and the
analytical model. The maximum shear strength, initial stiffness, and
cumulative dissipated energy values for both the finite element model
and the experimental model are presented in Table 7.

Furthermore, Fig. 16 illustrates a side-by-side comparison of the
deformed shapes and stress distributions between the experimental
specimen and the finite element model. The FEM results accurately
replicate the global displacement pattern and lateral deformation
observed in the test. Notably, the formation of plastic hinges at the
beam-column connections and at mid-span regions of diagonal grid el-
ements is consistent in both cases. The stress concentration zones in the
FEM—oparticularly at the ends of upper beam and lower column base-
s—correspond closely with the regions of local yielding and observed
damage in the physical test. This level of agreement validates the
modeling approach and supports the use of the FEM in subsequent
parametric and comparative analyses presented in the following
sections.

5.4. Yielding conditions of boundary elements

To investigate the structural response of the SGSW under cyclic
loading, the yielding behavior of the boundary elements and fish plates
was evaluated through finite element analysis, the yielding behavior of
vertical boundary elements (VBEs), horizontal boundary elements
(HBEs), and fish plates was analyzed through finite element method
(FEM) to elucidate the response of the SGSW under quasi-static cyclic
loading. The FEM results indicated that the maximum von Mises stresses
developed in the boundary elements were as follows: 463.0 MPa in the
VBEs, 486.3 MPa in the upper HBE, and 374.1 MPa in the lower HBE.
Additionally, the maximum von Mises stress in the fish plates was
observed at the small end regions of these plates, reaching 372.7 MPa,
slightly exceeding the yield stress of 342 MPa reported in Table 2. The
yielding process of the surrounding elements occurred in the following
sequence: the web elements yielded first, followed by the upper beam in
the 7th cycle, and the side columns in the 10th cycle, while the lower
beam did not enter the yielding zone. Furthermore, localized yielding in
the fish plates occurred in the 7th cycle, with a maximum von Mises
stress of 372.7 MPa near the welded connections (Fig. 16). This yielding

o
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Table 7
The comparision of FEM and experimental results.
Specimen SGSW
Cumulative dissipated energy (kN m) KO (kN/mm) Peak load (kN)
Test FEM TesyFEM Test FEM TeSyFEM Test FEM TesyFEM
Pull 267.30 266.06 1.005 69.94 66.71 1.048
Push 258.95 260.47 0.994 63.38 65.72 0.964 79.08 74.76 1.058
Mean 263.12 263.26 0.999 66.66 66.21 1.007

was confined to small regions and did not significantly affect the overall
response, as evidenced by the stable hysteresis curves (Fig. 17). Fig. 16
illustrates the deformation patterns and locations of plastic hinges,
demonstrating strong agreement between experimental and numerical
results.

6. Results and discussion
6.1. Comparison between SGSW and SPSW

In order to conduct a comprehensive comparison between the be-
haviors exhibited by SGSW and SPSW, hysteresis curves obtained from
experimental SGSW specimens, as well as finite element models of both
SGSW and SPSW, were extracted and evaluated. As a result, Fig. 17
shows the hysteresis curve, backbone curve, and cumulative dissipated
energy for each of the aforementioned models. The cumulative energy

14
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Fig. 16. The comparision of displacement between FEM and experimental results.

dissipation for the experimental specimen, FEM-SGSW, and FEM-SPSW
models was consistently calculated by integrating the enclosed area
within each hysteresis loop for all loading cycles. For the experimental
data, a custom Python script was used to numerically integrate the
measured load-displacement curves cycle by cycle. Similarly, for the
FEM models, the hysteresis curves were extracted from the numerical
outputs and the cumulative dissipated energy was recalculated using the
same area-based method to ensure consistency across all comparisons.
Additionally, a summarized overview of the results can be found in
Table 8.

As observed, the initial stiffness of SGSW and FEM-SGSW is
approximately 18.4 % higher than that of FEM-SPSW. Additionally, the
maximum shear resistance of SGSW is roughly 17.95 % less than that of
FEM-SPSW. Furthermore, As observed from Table 8, the cumulative
dissipated energy of the FEM-SPSW model is very close to that of the
experimental SGSW specimen at approximately 3 % story drift.

Fig. 18 shows the comparison of dissipated energy in different cycles
during the analysis between SGSW and SPSW systems. As observed,
EXP-SGSW exhibits a higher energy dissipation in the first 12 cycles.
Eventually, SPSW energy dissipation surpasses that of SGSW after the
13th cycle where most the steel grid members have yielded but some
zones in the steel plate were still in the elastic phase which caused the
increase in the dissipated energy of the SPSW on the next cycles due to
the yielding of those zones.Table 9 shows the details of energy dissipa-
tion in each cycle of the mentioned models.

15

6.2. Response modification factor

Due to the complexity and time-intensive aspect of nonlinear struc-
tural analysis, scholars have consistently persued a straightforward
approach to incorporate the energy dissipation effects arising from the
nonlinear deformation of structures in their computations. Conse-
quently, the Response modification factor, denoted as R, within the
framework of the National Earthquake Hazards Reduction Program
(NEHRP 1988) [75], serves as a coefficient for modifying the linear
elastic response. In this study, the equations provided by Uang [76] were
employed to determine R factor. as illustrated in Eq. (7):

R=R,Q %)
R, is the ductility reduction factor, which allows the elastic design force
to be reduced to the current yield strength level due to the cyclic energy
dissipation capacity of the structure and Q represents the system over-
strength factor. Structural overstrength refers to the phenomenon in
which structures exhibit resistance higher than their intended design
values. This can be attributed to several factors, such as internal
mechanisms redistributing forces, underestimation of material strength,
strain hardening effects, limitations on system behavior deflections, and
tolerances in member sizes [77]. Fig. 19 presents General structural
response curve.

According to the method proposed by Uang [76], the overstrength
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Fig. 17. The comparison between SGSW and SPSW.

Table 8
The comparision between SGSW and SPSW results.

Specimen Peak load (kN) KO (kN/mm) Cumulative dissipated energy
Pull Push Mean Pull Push Mean (kN m)

SGSW 267.30 258.95 263.12 69.94 63.38 66.66 79.08
FEM-SGSW 266.06 260.47 263.26 66.71 65.72 66.21 74.76
FEM-SPSW 315.79 305.26 310.53 60.47 52.09 56.28 79.41

coefficient Q and the ductility reduction factor R, are defined based on _
# Q=Vy/y )]
s

egs. (8) and (9), respectively.

Ro=Vepy,

In these equations, V; represents the shear corresponding to the

(8)
formation of the first plastic hinge on the push-over curve of the

16
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Table 9
The energy dissipation comparison.
Load level Number of cycles SGSW FEM-SGSW FEM-SPSW
kN.m kN.m kN.m
1 0.12 0.00 0.01
Ay3 2 0.12 0.00 0.00
3 0.11 0.00 0.00
4 0.65 0.38 0.14
2Ay/3 5 0.49 0.32 0.04
6 0.48 0.29 0.04
7 2.18 1.16 0.89
Ay 8 1.73 0.74 0.35
9 1.75 0.75 0.35
10 7.96 5.95 6.70
24, 11 5.79 4.13 4.22
12 4.85 3.68 3.37
13 10.65 10.04 10.89
34y 14 9.14 9.09 9.87
15 8.13 8.81 9.34
4n 16 13.54 15.22 16.98
Y 17 11.40 14.24 16.22
54Ay% 18 6.58 9.98 11.34

S: represents the area enclosed by the hysteresis loop in each loading cycle,
measured in kN-m, which indicates the energy dissipated by the specimen

during that cycle.

" The final loading cycle corresponding to 5A, was not fully completed.

structure, V, represents the shear corresponding to the yield point on the
bilinear curve of the structure, and V, corresponds to the shear force that
the structure should withstand elastically without entering the nonlinear
range. Therefore, the structural behavior factor can be calculated from
Eq. (10).

8 = Ve/vs (10)

R=RQ=Vefy = Vy/y
6.2.1. Overstrength factor (£2)

To calculate the system overstrength factor, an idealized bilinear
curve of the SGSW has been employed. To achieve this, the linear region
of the bilinear curve has been extended to align with the area under the
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curve obtained from the idealized bilinear curve attained by FEMA-356
method [66]. As specified in this code, the bilinear and actual envelope
curves intersect at 0.6Vy. Moreover, the area beneath the envelope
curve and the bilinear curve are equal. Furthermore, the yielding point
of the bilinear curve is always less than the maximum shear strength.
Backbone curve of models are shown in Fig. 20. Based on the results
presented in Table 10, the overstrength ratio of FEM-SPSW compared to
FEM-SGSW is 22.28 % higher, and the overstrength ratio of FEM-SGSW
compared to SGSW is 2.80 % higher. Fig. 21 demonstrates the com-
parison of the average overstrength ratios for the specimens.

6.2.2. Ductility reduction factor (R,)

As previously mentioned, the ductility reduction factor can be
determined using eq. (8). This factor is crucial in assessing the struc-
ture’s capacity to absorb and dissipate energy. The average ductility
reduction factors for the specimens are shown in Fig. 21. Furthermore,
Table 10 reveals that the ductility reduction factor of SGSW is 7.55 %
greater than that of FEM-SGSW, while the ductility factor of FEM-SGSW
is 13.59 % greater than that of FEM-SPSW.

6.2.3. Structural ductility factor (i)
According to the equations provided by Uang [76], the ductility
reduction factor can be calculated from Eq. (11).

u= Amax/ A, an

Based on the results presented in Table 10, the ductility of SGSW is
found to be 14.40 % higher compared to FEM-SGSW, while FEM-SGSW
exhibits a 29.59 % higher ductility compared to FEM-SPSW. Addition-
ally, the response modification factor for SPSW, SGSW, and FEM-SGSW
are determined to be 8.07, 7.83, and 7.49, respectively, as revealed by
the results presented in Table 10. Specifically, the response modification
coefficient for SPSW is observed to be 3 % higher than that of SGSW.
According to the provisions of AISC 341 [60] and FEMA 450 [78], the
response modification factor (R) for conventional steel plate shear walls
(SPSWs) is typically taken as 7. The close alignment of these values
suggests that the proposed SGSW system demonstrates comparable
seismic performance to conventional SPSWs. As mentioned earlier, the
use of a steel mesh with an angle cross-section has led to an increase in
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Fig. 19. General structural response.

18



iranpaper 1=} Downloaded from https://iranpaper.ir

A. Vatankhah and A. Karamodin

300

200

100

Force (kN)
e

-100

2200 —&— EXP-SGSW | __
ol —@— Bilinear curve

-300

-40 30 -20  -10 0 10 20 30 40

Displacement (mm)

(a) Bilinear curve of EXP-SGSW.

400
300
200

100

Alio (il (gawass dey

e 0lnl ol oy90

https://www.tarjomano.com

Journal of Constructional Steel Research 235 (2025) 109776

300 r

200

100

Force (kN)
o

-100 B
-200 B —®— FEM-SG...
i —@— Bilinear
300 i o
40  -30  -20 -10 0 10 20 30 40

Displacement (mm)

(b) Bilinear curve of FEM-SGSW.

Force (kN)

-100

-200

-300

-20 -10

B —@— FEM-Spsw

—®&— Bilinear curve

0 10 20 30 40

Displacement (mm)

(c) Bilinear curve of FEM-SPSW.

Fig. 20. Idealized force-displacement curves.

the initial stiffness compared to a SPSW, resulting in an enhanced
ductility ratio. However, due to the segmentation of the wall, the
overstrength factor in this system has decreased. Ultimately, the
response modification factor in both the SGSW and SPSW models was
found to be the same. These findings indicate that the SGSW system can
be considered a suitable alternative to traditional steel shear walls in
various buildings.

In this study, due to limitations in laboratory space and equipment,
the SGSW specimen was tested with dimensions of 1440 x 1130 mm.
Additionally, this paper analyzes a height-to-width ratio of 1.3 for the
SGSW. As such, it is strongly recommended that future research explore

19

a wider range of frame aspect ratios and examine the influence of the
length-to-thickness ratio of angle web elements on the seismic perfor-
mance of SGSWs. Further comparisons with other modified systems,
such as perforated SPSWs, and testing of large-scale specimens under
cyclic loading would provide valuable insights. Moreover, it is important
to recognize that the response modification factor (R) and overstrength
factor (Q2) presented in this study were estimated using simplified pro-
cedures originally proposed by Uang [76], which serve as a preliminary
basis for evaluation. In modern seismic design practice, determining
codified values for R and Q requires a comprehensive framework
involving nonlinear dynamic analysis, collapse simulations under suites
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Table 10
Comparision of response modification factor from SGSW and SPSW specimens.
Specimen EXP-SGSW FEM-SGSW EXP-SGSW
Pull Push Pull Push Pull Push
V; (kN) 135.24 123.09 126.38 128.95 124.69 117.79
Vy (kN) 246.81 244.36 248.81 250.91 296.21 284.02
Ve (kN) 1041.64 980.23 969.97 942.73 997.59 957.64
K. (kN/mm) 69.90 67.22 59.11 55.25 53.14 49.42
u 9.41 8.58 8.06 7.67 6.08 6.05
R, 4.22 4.01 3.90 3.76 3.37 3.37
Q 1.83 1.98 1.97 1.95 2.38 2.41
R 7.70 7.96 7.67 7.31 8.00 8.13
Rpmean 7.83 7.49 8.07

of ground motions, and probabilistic performance evaluation consistent
with methodologies such as FEMA P695 [79]. Accordingly, the values
reported herein should be interpreted as relative indicators of seismic
behavior, pending future research that incorporates these advanced
methods to formally validate the seismic design parameters of the SGSW
system.

7. Conclusion

In this study, the lateral load performance of a novel Steel Grid Shear
Wall (SGSW) under cyclic loading was investigated. For this purpose, an
SGSW specimen was designed and tested under cyclic loading to eval-
uate the seismic behavior of this system. Subsequently a finite element
model of the SGSW specimen was developed based on experimental
results, and the accuracy of the modeling was validated. Additionally,
the seismic performance of SGSW and SPSW was compared using finite
element analysis. The results demonstrated that the SGSW system
effectively can perform as an alternative to SPSW system. SGSW
specially can address the limitations associated with steel plate shear
walls (SPSWs) with very thin plates such as fire damageability and
distortions during the construction procces. Finally, this study examined
and discussed the structural characteristics of SGSW, including ultimate
strength, initial stiffness, ductility, and energy dissipation capacity. The
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following conclusions were obtained

1. The experimental results of the SGSW confirmed the satisfactory
performance of its yielding and failure processes. Under cyclic lateral
loading, the steel grid members initially buckled and yielded grad-
ually, and ultimately fractured after several cycles. As the lateral load
increased, plastic hinges developed at both ends of the beam and
eventually at the column bases. The SGSW exhibited stable hysteretic
behavior, high ductility, significant shear strength, exceptional en-
ergy dissipation capacity, and elevated initial stiffness, highlighting
its robustness for seismic applications.

2. The developed finite element model accurately simulates the
behavior of the experimental SGSW specimen. The shape of the
hysteresis curves for both the experimental and FEM specimen were
similar, with the difference in maximum lateral load between the two
being less than 1 %. Additionally, the differences in dissipated energy
and initial stiffness were less than 6 % and 4 %, respectively

3. A numerical study using a finite element model was performed to
compare the seismic behavior of SPSW and SGSW with equal weight.
The results showed that the maximum lateral bearing capacity of the
SGSW system was reduced by only 18 % compared to the traditional
flat steel plate shear wall

4. Due to the out-of-plane stiffness of the angle sections the initial
stiffness of SGSW has improved compared to the frame with an in-
tegrated steel plate. According to the numerical analysis results, the
initial stiffness of the SGSW is 17.6 % higher than that of the SPSW
with identical materials.

5. By comparing the hysteresis curves of SPSW and SGSW, it is observed
that both systems exhibit stable hysteresis behavior and demonstrate
similar energy dissipation capacities. The results indicate that the
energy absorption capacity of the FEM-SGSW model is only 6 %
lower than that of the FEM-SPSW model.

6. The increase in the initial stiffness of the system, and consequently
the reduction in the displacement corresponding to the yield point of
SGSW compared to SPSW, has resulted in a 29.59 % increase in the
ductility factor of the SGSW system relative to the SPSW.
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7. Overstrength and ductility reduction factors were calculated utiliz-
ing the pushover curve derived from the hysteresis curves of exper-
imental and numerical studies, The results demonstrated that the
discretization of the continuous steel plate with steel grid bars
resulted in an 18 % reduction in the overstrength factor of SGSW
compared SPSW. Furthermore, the increase in stiffness, contributed
to a 13.6 % rise in the ductility reduction factor. Finally, the results
indicate that Response modification factor of SGSW is only 7.1 %
lower than that of SPSW. Additionally, it was concluded that SGSWs
can serve as a viable alternative to SPSWs, effectively addressing the
challenges associated with traditional steel plate shear walls.

Despite the promising results obtained in this study, several limita-
tions must be acknowledged. The experimental investigation was
limited to a single-story, single-bay SGSW specimen, and the response
under full-scale, multi-story conditions remains to be validated. More-
over, the estimated response modification factor (R) was derived using
simplified formulations based on test results and not through compre-
hensive nonlinear dynamic analysis or collapse simulations. Addition-
ally, constructability, cost-efficiency, and large-scale implementation
aspects of the SGSW system were not investigated in detail. Future
studies are therefore strongly recommended to extend the investigation
to full-scale or multi-story SGSW systems, perform detailed pushover
and time-history analyses, explore various grid geometries and
connection details, and evaluate fabrication feasibility and cost
compared to conventional SPSWs.
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