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ABSTRACT

Thewidespreaduse of steel plate shear walls (SPSWSs) in structures desigr
withstand lateral forces, especially during seismic events, has gained signi
traction due to their high loatearing capacity and efficient energy dissipati
capabilities. Previous studies have highlighted the significant influence of
openings on the loadearing characteristics of SPSWBhis study employs
detailednumerical approach using the finite element method to investigat
effects of corner openings on the perforecenf SPSW3.wentyseven numerica
models were developed, incorporating variables such as plate thickihes
horizontal corner opening percentage (the size of corner openings alon
horizontal direction, expressed as a percentage of the total boundary el
length) and theopeningaspect ratio (horizontal to vertical dimensions of
opening$. These models were analyzed using ABAQUWSE, nonlinear dynamic
analysis wagonductedo evaluate their performancé&he results indicate that th
degree and configuration of openings play a decisive role in the se
performance oSPSWsWhile larger openings reduce lateral strength, stiffne
and energy dissipation, unequal openings of up to 10% achieve an optimal bs
effectively decreasing force demand without noticeably comprom
performance. Plate slenderness showed minimal influence on failure beh
confirming that the optimal design depends primarily on the controlled lev
discontinuity rather thn plate thickness.

All rights reserved to Iranian Society of Structural Engineering.

ARTICLE INFO

Receive Date30 June 2025
Revise Date:18 October 2025
Accept Date:28 November 2025

Keywords:

Steel plate shear wall
corner discontinuity
cyclic curves

bearing capacity
norHinearity of materials

doi: 10.22065/jsce.2025.528037.3753

*Corresponding authoMohammad Reza Sheidaii
Email addresan.sheidaii@urmia.ac.ir

195 Journal of Structural and Construction Engineering, 13(04), 2026 pp. 195220


http://www.jsce.ir/

Ov¥ev acgwA CA°pAlN Ula-yv cWEB W

1- Introduction

In recent years, steel plate shear walls (SPSWs) have become widely recognized as an efficien
lateral loadresisting system. An SPSW consists of vertical and horizontal boundary elements and a thin
infill steel plate that contributes significantly to letkestrength and stiffness through the development of
tensionfield action. This system offers high elastic stiffness, ductility, and energy dissipation capacity,
leading to stable cyclic performance. Compared with concrete walls, SPSWs are lighter asgacer
efficient, providing architectural advantages.

However, the thin plateoften thicker in practice due to welding requiremehtskles easily under
shear, relying on podtuckling tension fields for strength. The boundary elements restrain this field and
thus experience considerable force demands, which may increase the structural weight or cause
premature failure. Furthermore,caitectural openings disturb the tensiiigid mechanism, reducing
stability. To address these issues, researchers have proposed strategies such as partial disconnection
boundary elements, introducing openings or slits, and using mild steel plates to control stiffness and
boundary forces.

In SPSWs, vertical boundary elements are connected to the wall plate on one side, forcing the entire
tension field to transfer through them and often requiring heavier sections. Introducing localized
disconnections between the plate and boundary elemeytsharefore be more beneficial than adding
openings. This study numerically investigates the effects of corner opening size and ratio on cyclic
behavior, tensioiffield development, and the required strength of vertical boundary elements.

Numerous studies have investigated the behavior of steel plate shear walls (SPSWSs), highlighting
that in conventional systems, the pbsickling behavior of the infill plates induces significant stresses
on the vertical boundary elements (VBES). To prey@dastic deformations in the columns that may
compromise structural integrity, robust columns are essential. Addressing these challenges, researche
have proposed various mitigation strategies, such as introducing wall openings and partially
disconnectingnfill plates from adjacent VBES, to reduce the force demands on boundary members. A
key challenge in selecting appropriate SPSW systems lies in determining whether the infill panel at a
given location should be strengthened by increasing its thickndsgedd strength. Such modifications
often require larger and stronger vertical and horizontal boundary elements, as their design is generally
governed by the capacity of the infill plate.

To mitigate this issue, recent research has concentrated on the use-galightstee]l], low-
yield steel (LYS) plate$2,3], and perforated pattern® reduce panel strength and stiffn¢2g,5].
Furthermore, the investigation of reduced beam sections as horizontal boundary members has bee
conducted to alleviate the overall demand on the vertical members within the §gtéh Purba and
Bruneau [6] developed finite element models using shell elements to analyze perforated steel plate shezc
walls. Their study employed a simplified diagonal strip model, revealing two key findings: (1) individual
strips behave independently witltostresdransfer interactions, and (2) finite element analysis yields
accurate predictions when hole diameters are maintained below 60% of strip width.

Moghimi and Driver[7] conducted a study to examine the impact of perforations on steel shear
walls in comparison to unperforated steel shear walls. For this investigation, thretoiguvalls were
selected. Set (a) comprised unperforated shear walls, while sets (b) exetu@@d one circular opening
located on the top floor. In addition, for the remaining three floors, set (b) featured 22 openings, whereas
set (c) contained 23 openings. All openings were uniformly distributed across the entire stitfae
panel, maintaining a horizontal and vertical spacing of 280 mm. Each set consisted of two samples with
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distinct bearrto-column connection types: shear and rigid. The findings of this study indicate that, based
on the perforation pattern and the relationship between shear strength estimations as outlined in the
research conducted by Purba and Bruneau in 20@%&hear strength of the perforated plate is expected

to be 0.6 times that of the unperforated plate. Furthermore, the Pushover analysis suggests that thi
coefficient of 0.6 is a conservative estimpgg

Robertsand SabouriGhomi [8] performed 16 quasstatic cyclic tests on unstiffened steel shear
walls with circular central openings of varying diameters. The panels exhibited stable hysteresis loops
and sufficient ductility, while stiffness and ultimate strength decreased lineahlyngieasing opening
di ameter. They proposed estimating the reduced
D is the hole diameter ardlis the panel height.

Deylami and Daftari [9] performed a comprehensive numerical investigation in 2000, analyzing
over 50 steel shear wall specimens using the NISA Il nonlinear finite element program with pushover
analysis. Their research systematically evaluated key georpatameters particularly plate thickness,
opening aspect ratio, and perforation percentdgeletermine the optimal opening configuration.

Pellegrino et al. [10] characterized the linear buckling and-pposkling behavior of perforated
steel shear walls under shear loadifigeir researclanalyzedthe effectsof various factors, including
the dimensions and positioning of the opening relative to the two primary axes, the shape of the opening
(rectangular and circular), the alignment of the opening with respect to the panel, as wellvali the
slenderness and aspect ratio.

Valizadeh et al. [11] experimentally studied the effects of opening and plate slenderness
coefficients on the seismic performance of steel shear walls. They tested eightdevatesipecimens
(1:6) with two plate thicknesses and four central circular ogematios under cyclic loading. The
openings were placed at the panel center, as this region was found to be the most vulnerable to damag
particularly within the tension zone.

Paslar et al. [12] numerically evaluated steel plate shear walls with different partial connection
configurations. Their results showed that systems with-meidht partial connections on vertical
boundary elements exhibited advantageous structural behddoeover, when the connection ratio
reached 80%, the performance closely matched that of fully connected conventional systems.

Fanaie and Mirsadeghi [13] conducted an experimental study on shear walls with partially
connected plates to vertical columns, examining varying discontinuity percentages. Their findings
revealed that the discontinuity ratio between the wall and vertmahdary elements significantly
i mpacts the strip model s behavior and the wal
exceeding 30% are inadmissible.

Jiang et al. [14] have developed and tested a new type of Internally Stiffened Double Steel Plate
Shear Wall (ISBSPSW), demonstrating enhanced Wmedring capacity, ductility, and energy
dissipation, while parametric studies showed that reducing wahhaind increasing plate thickness
improve performance, consistent with finite element simulations.

Wen et al. [15] by experimental and numerical studies on stiffened corrugated steel plate shear
walls (SCSPSWs) showed that adding stiffeners enhancesfeplaine stability and energy dissipation,
while early fracture reduces shear capacity. A valid&&dmodel and design formulas for shear
resistance were also proposed, matching well with simulation results.
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Kordzangeneh et al. [16] by experimental and numerical analyses on SPSWs with square openings
showed that increasing opening size notably reduces shear strength (up to 38%) and stiffness (up to 25%
while specimens maintained stable ductile behavior aoddgenergy dissipation until strength
degradation occurred around the openings.

A foamtinfilled corrugated CFRisteel sandwich shear wall (CFSSW) was introduced by Feng et
al. [17] to enhance loabearing capacity and energy dissipation of SPSWs. Analytical and FE studies
showed that foam infill and CFRP panels improve buckling resteand hysteretic performance, and
simplified design models were proposed for practical application.

Paslar et al. [18] conducted finite element analyses on SPSWs with partially connected infill plates
and boundary stiffeners, showing that adding stiffeners increased strength, stiffness, and energy
dissipation by up to 16%, 13%, and 14%, respectivelylendptimizing plate connections and stiffener
geometry improved performance and provided a-effsctive retrofit solution under architectural
constraints.

Zhong and colleagues [19] proposed a partially buckiexjrained steel plate shear wall
(PBRSPSW) with lightweight bolted restrainers and showed through tests and FE analysis that it achieve:
up to 95% higher equivalent damping and significantly improxeelgy dissipation and shear capacity
compared to unstiffened ones. They also identified the subplate feittitkness ratio as a key design
parameter and developed predictive formulas for buckling, stiffness, and hysteretic behavior.

Li et al. [20] investigated the seismic performance of coupled steel plate shear walls with-slits (C
SPSWS) through experiments and numerical analyses, showing that the system exhibits stable hysteresi
excellent energy dissipation, and high ductility.sRés indicated that optimized coupling beam
dimensions and lengths can balance strength, ductility, and material efficiency, with an optimal coupling
degree of 0.40.6 recommended for seismic design.

Razavi and Bhowmick [21] developed and analyzed-caitering perforated steel plate shear
walls (SCPSPSWs) using OpenSees to assess their seismic performance. Results showed that SC
PSPSWs exhibit smaller residual drifts but about 30% lower peak direagtpared to conventional
PSPSWs. Although collapse resistance was slightly reduced, theesgdfing mechanism effectively
minimized postearthquake residual deformations and economic losses, demonstrating their potential for
resilient structural desig

The literature review est afdcusiorsvdll¢odhoundargeledfentu n d a
connections with particular emphasis on vertical boundary elemeifitse researchspecifically
investigateshow corner truncation configurations and connection length variatffestt he wal |
lateral load responsén addition toassessinghanges in loatbearingcapacity, this study will also
evaluate several critical performance characteristicduding stress distributiorpatterns system
damping rats, and cumulative energy dissipatioapacity as secondary research objectives.

The novelty of this study lies in (1) proposing and validating a controlled partial discontinuity
strategy, (2) identifying the optimal discontinuity ratio that balances boundary demand reduction and
tensionfield integrity, and (3) providing a practicahg@neering solution that reflects real construction
practices, where plate corners are often cut to avoid stress concentration.
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2- Development and Verification of Numerical Models

In this study, the ABAQU$22] finite element software was employed to simulate actual models
and conduct numerical analysé@$e validity of the moddéing approach was first verified by comparing
simulation results with experimental data. Upon confirming the accuracy of the rnteelehodelling
approach was utilized to facilitateirther analyses. Thisectiondetails the analytical models, the
moddling methodology, and the verification proce$s. account for the effects of large deformations
and to address the ndinear stresstran behavior of materials, both geometric and material-non
linearity wereincorporated into the analysiBhe implicit NewtonRaphson methodiasemployed due
to its compatibility with the elements used in the stubly.account forinitial imperfections, a linear
buckling analysisvasfirst performedon the steel shear wall models. A combination of deformations
derived from linear buckling modes, achieved through the application of small coeffioiastgjlized
as the initial geometric model for the samples in the nonlinear static analysis. The Imperfection command
in ABAQUS wasemployed tantroduce these imperfectiongth an amplitude of 1/1000 of the steel
plate height was adopted in all analydesllowing the buckling analysis, a static nonlinear analysis
conductedunder cyclic loading to obtain the lodisplacement hysteresis curves, incorporating the
nonlinear and plastic behavior of the materials.accurately replicate the experimental setup, two key
constraints were implemented: The horizontal boundary element was connected to the vertical boundary
element with a hinged connection, while the steel plate was rigidly attached to both the hosizdntal
vertical boundary elements.

The connection between horizontal and vertical boundary elements was simulated using a hinge
constraint. This constraint allows rotation about the axis perpendicular to the steel plate while restraining
all other degrees of freedom. For the steel plataneotions, a tie constraint was implemented, which
fully couples all degrees of freedom between the plate and boundary elements at their connecting node:
The steel plate was modiedl using S4R shell elements, suitable for both thick and thin shell appigat
These fownode,doubly curvedshell elements employ reduced integration and are capable oflmgde
threedimensional shell behavior. The horizontal and vertical boundary elements (HBEs and VBES) were
represented using B31 beam elements. A mesh convergence study determined an optimal element si:
of 20 mm for both the plate and boundary elemehtssimulate material failure, the ductile damage
criterion was employed in ABAQUS, incorporatifrgcture strain (0.227) and stress triaxiality (1i3)
enable element deletion once the specified damage thresholds were reached. Material degradation we
defined through the damage evolution syttion within the ductile damage model, using displacement
based tabular softening and a maximum degradation parameter.

2-1- Numerical models

A total of 27 numerical models were developed to analyze the behavior of the investigated steel
plate system. The steel plate measures 995 mm x 995 mm, while the overall-sydtesing the neutral
web of the horizontal and vertical boundary elemespans 1195 mm x 1195 mm. The study examines
the influence of three key parameters: steel plate thickness (slendernesjjzbetal corner opening
percentagd€horizontal opening length as a percentage of boundary element)leagtithe opening
aspect ratiqthe ratio of horizontal to vertical opening dimensijofs schematic representation of the
system is provided in Figure 1.
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Figure 1. Schematic View of Studied Model

Table 1. Studied parameters and their variationranges

Parameter Variation interval Acronym
Plate thicknesémm) 1.0,15,20 t
Corner openlngnorlzontal 0. 10, 15, 20, 25 Dec
discontinuity percentage (%)
Openingaspectatio 1:1,1:2, 1.3, 14,15 h/v

The parameters under investigation, along with their variation ranges, are summarized in Table 1.
The plate thickness varies between 1.0, 1.5, and 2.0 mm, while the maximum corner opening percentag
ranges from 0% to 25% in increments of 5Phe corner openings percentage refers to the size of
openings at the plate's corners expressed as a proportion of the boundary element's total length. Fc
example, a 10% opening means the opening dimension equals 10% of the boundary element length. Thi
parameter helpgjuantify how much material is removed from the corners, which affects the structural
behavior. The study examines opening percentages ranging from 0% to 25% in 5% increments, with
special consideration given to treating 0% as equivalent to 5% for anbpdigases. The opening ratio
(horizontal:vertical) further defines the shape of these corner opeifiiimg®pening ratio, defined as the
horizontatto-vertical discontinuity proportion, includes five configurations: 1:1, 1:2, 1:3, 1:4, and 1:5.
As implemented, the 1:3 ratio translated to 5% horizontal and 15% vertical openings.

The detailed configurations of all 27 models are present@dhbie?2, specifying plate thickness,
vertical and horizontal discontinuity percentages, and their respective ratios. For example, model SW
t1-h5-v5 represents a 1.0 mm thick plate with no openirg§ @iscontinuity), while S\2-h5-v25
corresponds to a 2.0 mm plate witb% vertical and 25% horizontal opening, following a 1:5 ratio.

Table 2. Studied Models
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Thickness . Vertlt_:al . !—Ionzqnta}l Discontinuity
Model (mm) discontinuity discontinuity ratio
(%) (%)

SW-t1-h5-v5 1 5 5 1:1
SW-t1-h10v10 1 10 10 11
SW-t1-h15v15 1 15 15 11
SW-t1-h20v20 1 20 20 11
SW-t1-h25v25 1 25 25 11

SW-t1-h5-v10 1 5 10 1:2

SW-t1-h5-v15 1 5 15 1:3

SW-t1-h5-v20 1 5 20 1:4

SW-t1-h5-v25 1 5 25 1.5
SW-t1.5-h5v5 15 5 5 1:1

SW-t1.5-h10v10 15 10 10 1:1
SW-t1.5h15v15 15 15 15 1:1
SW-t1.5-h20v20 15 20 20 1:1
SW-t1.5-h25v25 15 25 25 1:1
SW-t1.5-h5v10 15 5 10 1:2
SW-t1.5-h5v15 15 5 15 1:3
SW-t1.5-h5v20 15 5 20 1:4
SW-t1.5-h5v25 15 5 25 1.5

SW-t2-h5-v5 2 5 5 1:1
SW-t2-h10v10 2 10 10 1:1
SW-t2-h15v15 2 15 15 1:1
SW-t2-h20v20 2 20 20 1:1
SW-t2-h25v25 2 25 25 1:1

SW-t2-h5-v10 2 5 10 1:2

SW-t2-h5-v15 2 5 15 1:3

SW-t2-h5-v20 2 5 20 1:4

SW-t2-h5-v25 2 5 25 15

It is important to note that, among the models examined, an opening perceriageegfarded as
nearlyunperforated modeThis equivalence is established to facilitate the assessment of the hinge node
conditions and to evaluate the behavior of the plate in isolation.

The steel material used in theodellingis St37, a commercially available graaed the plastic
properties of steel material under cyclic loading were simulated by combining isotropic hardening and
kinematic hardening behavior.

2-2- Verification

The numerical model was validated by simulating a previously tested specimen, following the
assumptions outlined earlier. The study adopts the experimental work of Haji Mirsadeghi and Fanaei [13]
due to its relevance to the present research. One of gesimsens was modeled in ABAQUS, and the
numerical results were compared with experimental data to assess accuracy. For verification, two case
were examined: a model with 30% relative discontinuity (with respect to the vertical boundary element
length) anda model with a fully connected steel plate and vertical boundary element.

The specimen dimensions were 300 x 400 mm? with a thickness of 0.3 mm, as shown in Figure 2.
The boundary elements consisted of solid square sections (40 x 40 mm?2), with the hetwdzeoertidal
connection modeled as a hinge. @iiplane deformation wasestrained, and the lower horizontal
boundary element was assumed fixed to replicate experimental conditions.
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Figure 2. Dimensions and characteristics of the Mirsadeghi and Fanaei experimental specimds3]

First, the fully connected model was analyzed under monotonic loading. The finite element results,
presented in Figure 3, demonstrate strong agreement with the experimental data. Next, the model witt
30% discontinuity was evaluated, and the numerical ptiedis again aligned closely with the
experimental findings, as illustrated in FigureThe consistent validation across both configurations
confirms the reliability of the numerical model for investigating steel plate shear wall behavior.
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= =
o n
o o
o o
o o
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0 5 10 15 20
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e Test [13] e===FE (This Study) e=FE [13]

Figure 3. FE vs. experimental results

Following the evaluation of the model characterized by a complete connection between the steel
plate and the boundary elements, an analysis was conducted on the model exhibiting 30% discontinuity
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Following the completion of the monotonic analyses, the experimental results were compared with those
obtained from the finite element analysis, as illustrated in Figur€he findings indicate a strong
correlation between the numerical analysis and the experimental tests.

20000
16000
12000

8000

Force (N)

4000

0
0 5 10 15 20

Displacement (mm)

e TESt [13] e FE (This Stucly) e FE [13]
Figure 4. FE vs. experimental results

With the numerical model validated, further investigations can now explore the behavior of steel
plate shear walls with corner discontinuities.

3- Numerical Analysis Results

This section presents the findings from ABAQUS simulations of 27 steel plate shear wall models
with varying opening dimensions and aspect ratios. The analysis focuses on five key performance
metrics: (1) cyclic and backbone curves, (2) energy dissipadipadity, (3) equivalent viscous damping
ratio, (4) effective stiffness, and (Beformationbehavior For conciseness, results are presented for 1
mm thick specimengdditionally, the details of the finite element model are illustratefigure5.
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S4R Element

Coupling

B31 Element

L

U3=0—
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UR1=UR2=UR3=0
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Figure 5. (a) Finite Element Model, (b) Meshed Model
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3-1- Cyclic and backbone curve

The cyclic curves provide comprehensive insight into the bearing capacity and hysteretic behavior
of the steel plate shear walls under ayldading. These curves not only reveal the loadying capacity
but also enable derivation of several key performance indicators, including the backbone (push) curve,
energy dissipation characteristics, and equivalent damping ratios. The backboneausteicted by
connecting the peak points of successive cycles, serves as a particularly important indicatctuodlstr
performance, representing the envelope of maximum load resistance.

Figure 6 presents the cyclic response of representative specimens along with their corresponding
backbone curves and 85% capacity thresholds. The results demonstrate that specimens with minime
openings exhibit stable hysteretic behavior characterized by graiffnass degradation without sudden
strength loss. The loadisplacement responses show remarkable consistency between positive and
negative loading directions across most configurations. However, increasing the opening size produce:
two notable effects:l() progressive reduction in loadhrrying capacity and (2) more pronounced post
peak strength degradation, as evidenced by steeper descending branches in the backbone curves.

VIVy
« V/Vy

- 1
T Drift Drift

V/Vy
A%
A%

=)

" Drift " Drift " Drift

V/vy
. VIVy
.« VIVy

" Drift *Drift " Drift

SW-t1-h15v15 SW-t1-h20v20 SW-1-h25v25

Figure 6. Cyclic and backbone curves of samples with a thickness of 1 mm.
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According to the Tabl&, the mechanical characteristics of each sample can be derived from the
Backbone curve. Each parameter listed in the Talidedetermined in accordance with the guidelines
established in FEMA 27R3].

Table 3. Mechanical characteristics of samples

Specimen (Ij‘i(?ggtiir;% Fy (kN) Uy (mm) Fpo (KN) Up (KN) Uy, (mm) €
swars  febe mm o Zo Lo gn o we Lo
SR O R S A
swarsas e Inf i lmE nm o o2m o
swarear  fmbe  BST Mo Gmuoom e ew
U N
SWALhI0vIO VOBl i7od0 a5 doies 1558 3363 1107
swamsas  fobe 122 37 inm B Ze o
swamma SR MU 38 fhw o 1n nw om
e e R

The parameters,fand y denote the yield force and the corresponding displacement of the sample,
respectively Similarly, F, and  represent the ultimate force and its associated displacement.
Additionally, F, and w correspond to the force and displacement at the point where the sample has
achieved 85% of its ultimate capacity. Conversely, an increase in the size of the openings leads to &
reduction in the ductility of the model. Notably, the introduction of a 10%nmyw in the vertical
boundary element (as observed in samplgsy10 and h16/10) has a considerably lesser effect on
diminishing the ductility of the models.

The comprehensive cyclic analysis establishes that while opening size generally reduces capacity
and ductility, the effect is nonlinear and configurattdependent. The subsequent sections will examine
how these cyclic characteristics translate to enenggightion capacity and failure modes under
increasing drift demands.

3-2- Energy dissipation capacity

The cumulative energy dissipation serves as a key indicator of seismic performance in steel plate
shear walls. This parameter is quantified through the area enclosed within each hysteretic loop of the
cyclic response curve, representing the energy digslpduring individual loading cycles. Progressive
summation of these values at successive drift levels yields the cumulative energy dissipation, which
characterizes the system's overall energy absorption capacity throughout the loading history.. Figure
presents theumulativeenergy dissipation behavior for all analyzed configurations.
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Figure 7. Cumulative dissipated energy of models with a thickness of 1 mm

Figure7 demonstrates distinct energy dissipation patterns among the different models. Specimens with
smaller openings maintain a consistent, progressive increase in cumulative energy dissipation throughou
the loading history. However, this increasing trend shoetable attenuation in the final cycles as plate
damage initiates and progresses. In contrast, models with larger opeasmecially those with equal
aspect ratios exhibit significantly reduced energy dissipation capacity, evidenced byzeeasslogs

in their cumulative energy curves. This behavior reveals that larger openings substantially diminish the
system's ability to dissipate energy through inelastic mechanisms during intermediate loading stages.

The transition in energy dissipation behavior during -foeding phases correlates directly with plate
buckling phenomena and subsequent damage development. Notably, configurations with 10% opening
(modelsh5-v10 and h16v10) show performance characteristics comparable to solid panels, maintaining
stable energy accumulation without sudden reductions in dissipation rate

The comprehensive results confirm that opening configuration significantly influences energy dissipation
performance. Unequal aspect ratio openings consistently outperform equal ratio configurations,
exhibiting more reliable hysteretic behavior and maimtey superior energy absorption capacity
throughout the loading protocol.
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3-3- Equivalent viscous damping ratio

The equivalent viscous damping ratio serves as a fundamental metric for evaluating the energy
dissipation characteristics of the structural systantscalculated as shownkigure8. This parameter
is calculated as the ratio of the hysteretic energy dissipated per cycle (represented by the area enclose
within each loaedisplacement loop) to the elastic strain energy of an equivalent linear system.Figure
presents the evolution of this damping ratio across various drift levels for all specimen configurations.

Disp

:L_ S i5cp
21 Sope +Sopr

Figure 8. Calculation diagram of equivalent viscous damping ratio
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Figure 9. Equivalent viscous damping ratiofor 1 mm thick specimens with varying opening configurations.

The results reveal three distinct behavioral phases in the damping ratio development. Initially, most
specimens show a progressive increase in damping capacity until plate buckling occurs, which interrupts
this trend. Following buckling, the damping ratesumes its upward trajectory but at a reduced rate. The
final phase commences when significant plate damage accumulates, causing the damping ratio to declin
despite continued energy dissipation.

For specimens with larger openings, the damping ratio curve develops a negative slope beginning
at midrange drift levels, showing a significantly steeper rate of decline. In contrast, specimens with
smaller opening ratios exhibit a more gradual descerglope in their damping ratio curves.

The results clearly demonstrate that models with unequal opening configurations outperform those
with equal openings. This superior performance is particularly evident in the damping ratio behavior,
where equabpening models show an abrupt reduction iniegjent viscous damping that initiates at
intermediate drift levels.

3-4- Effective stiffness

The effective stiffnessKer) serves as a key indicator of the system's resistance to lateral
deformations. Calculated according to FEMA 273 guidelines (Eg. 1), this parameter quantifies the secant
stiffness at each drift level by averaging the absolute peak forces and displacieomergssitive and
negative loading cycles:

SO s SO s
O s D s
Inthiscontext™O andO represent the maximum positive and negative force values tolerated

during each cycle, whilé ando denote the displacements associated with these fdficese
10illustrates the effective stiffness of the models in relation to the corresponding drifts.
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Figure 10. Effective stiffnessfor 1 mm thick specimens with varying opening configurations.

The observed plate damage and associated deformations at higher drift levels directly reduce the
system's capacity to resist lateral deformations, consequently decreasing the effective stiffness. This tren
aligns with previous parametric analyses, wheoslets with unequal opening dimensions consistently
outperformed those with equal dimensions. Notably, specimens featuring 10% op&vd® @nd
h10-v10) demonstrated superior behavior compared to other configurations.

3-5- Deformation behavior

The deformation characteristics at 2% and 4% drift levels, shown in Fidunagrovide critical
insight into the system's failure mechanisms. Examination of these deformed configurations enables
detailed evaluation of tension field development, stress concentrations near boundary elements, ant
damage progression patterns underaaiopening conditions.

S, Mises
Multiple section points.

a. SWt1-h5v5 7 Drift 2% b. SWHt1-h5v517 Drift 4%
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3 S, Mise:
Muliple section points Multple section points.

(Avg: 75%) (Avg: 75%)
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c. SWt1-h5v107 Drift 2%

S, Mises

Multiple section points
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d. SWH1-h5v10i Drift 4%

e. SWit1-h5-v1571 Drift 2% f. SW-t1-h5-v1571 Drift 4%

S, Mises
Multple section points
(Avg: 75%)
+sﬁgsme 02
+31630+02
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+0.0006+00

g. SWt1-h5v207 Drift 2%

S, Mises

Multiple section points

(Avg: 75%)
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+4:3486+01
+0,0006+00

h. SWit1-h5v20i Drift 4%

S, Mises
Muliple section points
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i. SW-t1-h5-v251 Drift 2% j- SW-t1-h5-v251 Drift 4%
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