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ABSTRACT

The use of steel shear wall systems has increased significantly in recent years as an effective
solution for resisting lateral loads in buildings. This study focuses on the seismic collapse
safety assessment of steel frames with optimal positions of steel shear walls obtained
through various metaheuristic optimization algorithms and concepts of performance-based
design methodology. Due to potential irregularities and discontinuities in the lateral load-
resisting system and the limitations of code-based linear analysis, nonlinear pushover
analyses with multiple lateral load patterns are employed to estimate key structural
responses during the optimization process. The seismic collapse performance of the
optimized frames is further evaluated using the FEMA P-695 methodology, which involves
nonlinear dynamic analysis to assess collapse capacity. The primary objective is to examine
the influence of steel plate shear wall placement on the structural weight optimization of
steel frames. To this end, two case studies, a 10-story and a 15-story steel frame equipped
with steel shear walls, are presented. The results demonstrate the critical role of shear wall
location in achieving optimal structural designs.
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1. INTRODUCTION

In engineering design, a fundamental objective is to minimize project costs while
simultaneously ensuring that the structure meets required performance criteria. Achieving
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this balance lies at the core of structural optimization, where efficiency, safety, and economy
are integrated into the design process. In seismic regions, this objective becomes even more
critical due to the complex and distinct behavior of structural systems under lateral and
gravitational loads. As a result, developing structural systems that are both seismically
resilient and cost-effective is essential for reliable and efficient performance during
earthquake events.

As structural optimization problems become increasingly complex, traditional analytical
and deterministic methods often prove inadequate or inefficient. In response, metaheuristic
algorithms have emerged as powerful alternative tools for solving high-dimensional,
nonlinear, and multi-objective optimization problems. These algorithms—many of which
are inspired by natural or biological processes—are capable of escaping local optima and
converging toward global solutions without requiring gradient information or
differentiability. In structural engineering, such metaheuristic approaches have been widely
adopted and further developed to enhance design efficiency and reduce construction costs,
particularly in the context of large-scale and performance-sensitive systems.

With the increasing complexity of structural systems and the inherently unpredictable
nature of earthquakes, traditional linear analysis methods have often resulted in overly
conservative and uneconomical designs. To address these limitations, the performance-based
design (PBD) approach has been developed and widely adopted. This methodology
emphasizes nonlinear analysis to more accurately assess a structure's ability to achieve
predefined performance objectives under varying levels of seismic intensity. The
overarching goals of performance-based design include safeguarding human life,
minimizing economic and environmental losses, and aligning structural performance with
the specific objectives and risk tolerance of stakeholders, particularly under critical loading
scenarios[1,2].

In steel structure design, bracing systems are widely recognized as one of the most
effective methods for resisting lateral loads. A key challenge in their design lies in
determining the optimal configuration of member sections and the precise placement of the
lateral bracing system. Traditionally, these decisions have often been based on the designer’s
experience and judgment. However, such heuristic approaches may not yield globally
optimal solutions, especially given the nonlinear and complex behavior of large structural
systems. Even minor modifications in member cross-sections or bracing locations can
significantly influence the overall structural response. Therefore, the application of
systematic optimization techniques offers a powerful means to improve design efficiency
and structural performance in this context [3].

The performance-based seismic design (PBSD) approach is grounded in the principle that
a structure must satisfy defined performance objectives and maintain acceptable safety
levels under earthquakes of varying intensity and return periods. This approach enables
designers to explicitly consider the expected seismic performance of a structure across
different hazard levels. Optimization techniques can be effectively integrated into the PBSD
framework, where structural performance metrics—such as interstory drift, ductility
demand, or collapse capacity—are treated as objective functions or constraints. This
integration allows for the development of design solutions that are not only performance-
compliant but also structurally and economically efficient[4,5].

The primary objective of this research is to determine the optimal placement of steel plate
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shear walls (SPSWs) within steel frame structures using advanced metaheuristic
optimization algorithms. Over the past two decades, SPSWs have emerged as a viable
alternative to traditional lateral load-resisting systems such as reinforced concrete shear
walls and braced frames. This structural system offers several notable advantages, including
high ductility, substantial initial stiffness, ease of construction, and a reduction in overall
structural mass. These characteristics make SPSWs particularly suitable for seismic
applications where both strength and deformation capacity are critical[6].

Moreover, experimental studies have demonstrated that the post-buckling behavior of
steel plate shear walls, characterized by stable and energy-dissipating hysteretic response, is
often more effective in seismic performance than purely elastic behavior[7].

In recent years, metaheuristic algorithms have gained significant popularity in solving
complex engineering problems due to their high efficiency, adaptability, and relatively low
computational cost. Unlike traditional optimization methods, metaheuristic algorithms are
not restricted to specific problem types and can be applied across a wide range of
applications. Each algorithm employs a unique formulation and search strategy to explore
the solution space and converge toward a global optimum. In this study, three widely used
metaheuristic algorithms - the modified Dolphin algorithm [8], the center of mass algorithm
[3], and the Gray Wolf (GWO) algorithm [9] - are used to optimize the sections and
placement of steel shear walls in steel frames. These algorithms have demonstrated strong
performance in prior research, particularly in problems involving structural systems similar
to those considered in this work.

Optimal design of structures subjected to seismic loads remains a challenging and
complex problem in structural engineering. While nonlinear time history analysis offers the
most accurate assessment of seismic response, its high computational demand often limits its
use within optimization procedures. Consequently, simpler methods such as nonlinear static
(pushover) analysis or linear dynamic analysis are typically employed during the
optimization phase, with final designs validated through more rigorous dynamic analyses. In
this study, Incremental Dynamic Analysis (IDA) is utilized to comprehensively evaluate the
seismic performance of the optimized structures. IDA provides detailed insight by
systematically subjecting the structure to a suite of scaled ground motion records, enabling
the assessment of structural response over a wide range of seismic intensities [ 10,11].

In this study, 10- and 15-story two-dimensional steel frame structures equipped with steel
shear wall systems are optimized using performance-based design principles. Nonlinear
pushover analyses with various lateral load patterns are employed within the optimization
process, utilizing multiple metaheuristic algorithms. Subsequently, the seismic collapse
safety of the optimized frames is evaluated through Incremental Dynamic Analysis (IDA).
Numerical results highlight the significant influence of shear wall placement along the
building height on structural performance and demonstrate that the optimized frames
achieve acceptable seismic collapse safety levels.

2. PERFORMANCE-BASED DESIGN OF STEEL PLATE SHEAR WALL
SYSTEM

Performance-based design involves three main steps:
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A) Definition of Performance Objectives

The first step involves defining performance objectives, which are combinations of
seismic hazard levels and corresponding structural performance expectations. Hazard levels
range from low-intensity earthquakes with short return periods to high-intensity events with
long return periods. Structural performance can be evaluated based on criteria such as
physical damage or economic loss. In this study, following the guidelines of FEMA 356[12]
and ASCE/SEI 41-17[13], three performance levels are defined: Immediate Occupancy
(Uninterrupted Serviceability), Life Safety, and Collapse Prevention. These levels represent
increasing degrees of structural demand and are used to evaluate the acceptability of the
structural response under different seismic scenarios.

To accurately define performance objectives within a performance-based design
framework, it is essential to consider multiple seismic hazard levels. Typically, three
primary hazard levels are employed:

e Hazard Level 1 — Operational-Level Earthquake (OLE): Represents a frequent, low-
intensity event with a 50% probability of exceedance in 50 years (approximately 72-
year return period).

o Hazard Level 2 — Design Basis Earthquake (DBE): Corresponds to a moderate
seismic event with a 10% probability of exceedance in 50 years (475-year return
period).

e Hazard Level 3 — Maximum Considered Earthquake (MCE): Represents a rare, high-
intensity event with a 2% probability of exceedance in 50 years (2,475-year return
period).

These hazard levels are used to correlate expected ground motions with targeted
structural performance levels, thereby enabling a more rational and risk-informed design
approach.

B) Determining the seismic capacity of the structure and its components through
mathematical model analysis

Following the definition of performance objectives and the assessment of structural
capacity, the next step involves evaluating whether the design meets the specified
performance criteria. In this study, nonlinear static (pushover) analysis is employed to
estimate the structural capacity and assess compliance with performance targets. Initially,
the structure must demonstrate adequate performance under gravity loads and service-level
conditions, in accordance with AISC-LRFD provisions [14]. Once these basic requirements
are met, the structure is evaluated at each defined performance level through nonlinear
analysis.

To simulate realistic load conditions during pushover analysis, gravity loads acting on the
beams are determined based on the load combination Q = 1,1(DL + 0,25LL) as
recommended by FEMA 356. The target displacement for the analysis is also calculated in

accordance with FEMA 356, using Equation 1,
2

T,
8 = Col1CoCsSa =9 (1)
In this equation, T, represents the effective fundamental period of the structure in the

direction of analysis, and S, is the spectral acceleration corresponding to T, , determined for
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each performance level. In this study, S, values are obtained based on a Soil Type D site
classification, following the spectral response curves provided in Figure 1[15]. All
additional coefficients and parameters required for the calculation are adopted as specified in
the FEMA 356 guidelines.
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Figure 1: Response spectrum curve

The lateral force distribution pattern in the height of the building is according to formula
2:

k

Cox = ?:Mixljl/fh{‘ (2)
where w; is the weight of the ith floor, h; is the height of the ith floor, and k is calculated
according to the following equation:

I = {2 for T = 2,5seconds 3
1 for T < 0,5seconds 3)
For intermediate values of T, the value of k is calculated using interpolation.

FEMA 356 emphasizes that pushover analysis should be conducted using at least two
different lateral load patterns to capture a range of structural responses. In this study, two
lateral load patterns are employed: (1) a pattern based on the code coefficient C,, (Formula
2), and (2) a uniform lateral load distribution proportional to the mass at each story level. To
further account for the effects of higher vibration modes and improve the accuracy and
practicality of the analysis, a modal pushover analysis approach is also utilized. This method
combines the responses from multiple modes of vibration according to the modal
combination procedure defined in Formula 4 [16].

F; = an[mgn Sy ($n-Tn) 4)
where a, is the modal correction factor, which can take positive or negative values
depending on the mode and structural characteristics; ¢, is the mode shape vector
corresponding to the nth vibration mode; and S, represents the spectral acceleration
associated with the natural period of the nth mode. This formulation allows the modal
pushover analysis to effectively incorporate the influence of multiple vibration modes on the
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lateral load distribution and resulting structural response and:
P
F=-""" inwhich M, =[¢]"[m][¢] 5)

The responses received will be the maximum values provided by the three lateral load
patterns above.

C) Evaluating Structural Performance and Verifying Compliance with Functional
Objectives

In the analysis and design of steel shear wall frames, two primary objectives must be
achieved. The first is to ensure that internal forces—such as axial and bending forces in
boundary elements, as well as tensile forces in the steel plate—comply with code
requirements, thereby controlling the sizing of these components. The second objective is to
limit lateral displacements of the structural system to acceptable levels, ensuring that the
overall seismic performance meets the prescribed criteria set forth by relevant design codes.

The design of steel shear walls, as detailed in Berman’s studies [17], involves thin,
unstiffened steel plates connected to horizontal boundary elements (HBEs or beams) and
vertical boundary elements (VBEs or columns). Under in-plane lateral loading, the steel
plate experiences shear buckling, resulting in the formation of diagonal tension fields that
effectively resist lateral forces [18,19,20]. Figure 2 illustrates the detailed modeling
approach of a steel shear wall system used in this study.
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Figure 2. Modeling details of the steel shear wall system
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In this study, the strip model approach is employed for finite element modeling of steel
plate shear walls (SPSWs) within the OpenSees software framework. This method has

demonstrated strong capability in accurately predicting both the ultimate capacity [19] and
cyclic response [17] of shear walls. The strip modeling technique was selected primarily due

to its computational efficiency, which is particularly advantageous given the large number of
analyses required throughout the optimization process.

In the model, the steel plate elements are represented by linear truss elements with pinned

(hinged) ends, which are configured to resist tension only. These elements utilize a hysteretic

material model to capture the cyclic behavior of the steel, as illustrated in Figure 3.
The angle a, which denotes the orientation of the tensile diagonal tension field formed in the

steel plate after shear buckling, can be determined using Equation 6 [18,19].

e ) (6)

3600,.L

tan*a = T
14 t.h(A—b+

In this formula, ¢ represents the thickness of the steel plate in the shear wall, L denotes

the width of the shear wall, and h is the height of the wall. Additionally, 4, and A,
correspond to the cross-sectional areas of the horizontal boundary element (HBE) and

vertical boundary element (VBE), respectively, while I. represents the moment of inertia of
the VBE. In the finite element model, all connections between VBEs and HBEs are assumed

to be fully fixed (clamped) to accurately simulate the boundary conditions.
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Figure 3. Axial force-deformation relationship of truss element in strip model

The horizontal boundary elements (HBEs) and vertical boundary elements (VBEs) are
modeled as nonlinear beam-column elements with distributed plasticity, utilizing fiber-based
cross-sectional definitions. To capture second-order effects, P-Delta phenomena are
incorporated for all elements through the use of corotational geometric transformation

commands in the mathematical model.



396 K. Farzad and S. Ghaffari
3. METAHEURISTIC ALGORITHMS

Metaheuristic algorithms have been extensively applied to engineering problems due to their
high flexibility, global search capability, and relatively low computational cost. Unlike
traditional optimization methods, these algorithms are not restricted to specific problem
types and can be effectively employed across a wide range of complex, nonlinear, and high-
dimensional optimization tasks. Each metaheuristic algorithm employs a unique search
strategy and formulation to explore the solution space and converge toward a global
optimum. In this study, three widely used metaheuristic algorithms—previously validated in
similar structural optimization research—are employed to optimize the configuration and
design of steel frame structures with shear wall systems.

In this study, three metaheuristic algorithms—described in detail in this section—are
utilized to optimize both the layout (shear wall placement) and the cross-sectional properties
of steel frame structures equipped with steel shear wall lateral load-resisting systems. Based
on their respective formulations, these algorithms have demonstrated the capability to
effectively address the types of complex optimization problems investigated in this
research[8,3,21].

3.1 Modified Dolphin echolocation Algorithm (MDE)

Many human-developed technologies are inspired by natural processes. Dolphins,
regarded as one of the most intelligent species after humans, use acoustic localization as a
form of biological sonar to detect and track prey. Drawing inspiration from this behavior, the
Dolphin Echolocation Algorithm simulates the search process within a design space,
mimicking the way dolphins use echolocation to explore and identify optimal hunting
paths[22].

The main steps of MDE are as follows:
1. Set random location coordinates for the dolphin.
2. Using Eq.7 , the predefined probability (PP) assigned to the responses was determined.

Power
Li

PP(L;) = PP, + (1 - PPy) (7)

(LoopsNumber)rower — 1

where PP(L;) is a predefined probability in step i , PP, is predetermined probability in step
one, L; is the current step number, and LoopsNumber is the number of steps in which the
algorithm must achieve the optimal solution.

3. Calculate the fitness of each dolphin.

4. The fitness of each location is distributed to its neighbors using a symmetric triangular
distribution or another symmetric distribution.

5. All devoted fitness values are added to each variable at every location to compute the
accumulative fitness (AF). The cumulative fitness for variable j at position i is obtained
using the following equation:

1 . .
AF (g0 = R_e(Re — |K]) = Fitness(i) + AF (541 3

R, is the effective radius.
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where AF s,y is cumulative fitting, and A refers to the option chosen for the variable j
located in i position. The value of k also varies from —R, to R,. R, is defined as an effective
radius within which the cumulative fitness around A is influenced by its own fitness. In the
modified dolphin echolocation algorithm, R, is set to one-quarter of the search range for the
corresponding variable.

6. A small value € is added to the accumulative fitness (AF) matrix to prevent premature
convergence to local optima. The choice of € depends on the definition of fitness and is
preferably less than or equal to the minimum possible fitness value.

e=AF + ¢ 9

7. Find the best location achieved and set its AF to zero.
8. Calculate the probability by normalizing AF as:

P ARy (10)
T ARy

where P;; is the probability of the ith alternative to appear in the jth dimension. AF; is the
accumulative fitness of the ith alternative to be in the jth dimension.

9. Select PP(L;) percent of next step locations from best location dimensions. Distribute
other values according to P;; .

10. Repeat steps 2—9 for as many times as the Loops Number is.

3.2 Center of mass optimization algorithm (CMO)

The Center of Mass Optimization (CMO) algorithm is inspired by the physical principle
of the center of mass and is designed to solve complex optimization problems with high
efficiency using only a single tuning parameter. In this algorithm, search agents are assigned
mass values proportional to their fitness, and agents with greater mass exert a stronger
influence on the system, attracting others toward the center of mass. Conversely, agents with
lower mass are more influenced by the movement of others. This mass-based interaction
forms the foundation of the search mechanism within the design space [3].

In the CMO algorithm, the mass of each search agent is calculated from the following
equation:

_ 1
7ni_'fiq

(11)

where fit; is the fitness value of the objective function for the ith agent position.

In the CMO algorithm, search agents are classified into two groups based on their fitness:
higher-quality agents (larger masses) and lower-quality agents (smaller masses). Each
superior agent is then updated by considering its interaction with an inferior agent,
specifically based on the distance between them. This mechanism promotes both exploration
and exploitation of the design space by simulating gravitational-like attraction influenced by
fitness-based mass differentiation.
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For each pair of particles in the /th iteration and for each ith agent, the position of the
center of mass (X©) and the inter-particle distance (DIl) are calculated using the following
expressions:

lel(l) + m@HX@H(D
XEW = s

, 1=12,.., — (12)
m; + mnzﬂﬂ.

nop

DL = [X;() = Xnop,_ (D], i =12, .., — (13)
7 +1 2

where nop represents the number of particles.

One of the most important characteristics of the CMO algorithm is its ability to maintain
a balance between exploration and exploitation throughout the optimization process.
Initially, the algorithm emphasizes exploration to broadly search the design space, while
over successive iterations, the focus gradually shifts toward exploitation to refine the
solution near optimal regions. In the CMO algorithm, particle positions are updated using
the following formulation:

In the first step, a control parameter (CP) is introduced, which gradually decreases from 1
to 0 over the course of the optimization process.

CP(l) = exp (— i ) (14)

lmax
where 1,4, 1s the maximum number of optimization iterations.

If the value of DI; exceeds the control parameter CP, the position of the ith particle pair is
updated in the exploration phase according to the following equation:

XL+ 1) = X, = (XED = X D) + 7. (Kpest (D) — X, (D) (15)

X%H(l +1) = anﬂ_'_l.(l) + . (ch(l) - anﬂ_'_i(l)) + 1. (Xbest(l) - X%H(Z)) (16)

If the value of DI; is less than the control parameter CP, the position of the ith particle
pair is updated during the exploitation phase using the following expression:

X;(L+1) = X,(1) + 1. (xi(z) - X@H(l)) (17)

Xnop (1 +1) = Xnop, (1) +7. (xi(z) - xnzﬂﬂ.(u) (18)

In the above expressions, » represents a uniformly distributed random number between 0 and
1, and X5 denotes the best solution identified up to the current iteration.
3.3 Modified Gray Wolves Algorithm Using the K-Nearest Neighbor Algorithm(GWO-KNN)

The Grey Wolf Optimizer (GWO) algorithm is inspired by the social hierarchy and
hunting behavior of grey wolves. In a typical wolf pack, the hierarchy is structured into four
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levels: alpha (the leader), beta (the advisor), delta (subordinate wolves), and omega
(followers). In the GWO algorithm, the top three solutions found during the optimization
process represent the alpha, beta, and delta wolves, while the remaining candidate solutions
are considered omega. The optimization is carried out by mimicking the wolves' hunting
strategy, which consists of three main phases: tracking (search), encircling the prey
(exploitation), and attacking the prey (convergence) [21].

The encircling behavior of grey wolves during the hunting process is mathematically
modeled by the following equation:

D =|C,X,(t) - X(®)| (19)
X(t+1)=X,(t)—AD (20)

where t represents the current iteration, 4 and C are the coefficient vectors, X,, is the prey
location vector, and X is the gray wolf location vector.

A=2a7—-a (21)
C =27, (22)

where the component @ decreases linearly from 2 to 0 with increasing iterations of the
algorithm. Also, the coefficients 77 and 7, are chosen randomly in the interval [0,1].

Gray wolves identify and surround prey with the guidance of alpha and the participation of
beta and delta. In optimization, the top three positions (alpha, beta, delta) are considered the
main solutions and the other solutions are updated according to them by the following
formula.

D, =i X, ~ % |.D5 =[G %; — X |- Dy =[G, X5 — X | (23)
X, =X,—A4,,(D, )X, =Xs—4A;,(Dg ). Xs=Xs—45,(Ds ) (24
ﬁ X, +X,+X;
X(t+1) =——— (25)

In the modified Gray Wolf Optimization (GWO) algorithm, classification is performed
based on a majority vote among neighboring solutions, determined using a distance
function. The distance between points is calculated using Equation (26).

(26)

where k is the number of points.
In this modified approach, the following equation is used in place of Equation (25) to
generate the positions for the next iteration.
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X_)1+X_)2+)T3) + Xknn

Xt+1)= Z

(27)

The above relationship results in better performance of the algorithm for searching for the
overall optimal solution[9].

4. FORMULATION OF THE PERFORMANCE-BASED DESIGN PROBLEM
FOR STEEL SHEAR WALL SYSTEMS

The performance-based optimization problem can be formulated as follows:

minimize: F(x) (28)
subject to: gi(x) < 0« i = 12¢..n (29)
gPPx) < 0¢ i= 12¢..n (30)

In the above expressions, g; represents the member stress constraints under gravity loads,
applied in accordance with ANSI/AISC 341-22 [23], while g}’ BD " denotes the constraints

related to performance-based design, which are defined as follows:
The allowable inter-story drift limits for various performance levels are determined using
the following formula:
i

=71
LAYy

<0 i=I0<LS<CP (31)

where Ais the inter-story drift, and (A),; is the allowable inter-story drift for each
performance level as specified in FEMA-356, presented in Table 1 [12,13].

Table 1: Permissible values of floor drift

Performance level (A) an
10 0.5%
LS 2.5%
CP 5%

The possible failure mechanisms in beams, according to FEMA-356, are deformation-
controlled (DC) actions at various performance levels. The acceptance criteria are
determined based on the plastic rotation capacity of the beams, as expressed in Formula 32.

i

92 (nHy) = l (32)

where 6 is the plastic rotation of the beam at each performance level, nis a coefficient
determined from Table 5-6 of FEMA-356 based on the compactness classification of the
steel sections, and 6,, is the yield rotation calculated using Eq. 33.
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_ ZFyelp
0, = Bl (33)

where Zis the plastic section modulus, F, is the expected yield stress of the steel, [, is the
member length, and £ is the modulus of elasticity.

The acceptance criteria for columns in performance-based design are defined based on
controlling the possible failure mechanisms within the column. To accomplish this, force-
controlled (FC) and deformation-controlled (DC) actions must be identified at various
performance levels. Columns subjected to bending moments, in which the axial force at the
target displacement is less than 50% of the lower limit compressive strength P.;, are
classified as deformation-controlled (DC). In such cases, the maximum allowable plastic
rotation for each column is defined as follows:

P/50
DpéSLO(X) p/so -1<0.i=12....nc (34)
p.i

where Hip /30 is the maximum plastic rotation of the ith column at the risk level p/50, and
95 /iso is the allowable plastic rotation of the ith column, defined according to Table 5-6 of
FEMA 356, based on the axial force and seismic compression conditions of the steel section.
Here, nc represents the total number of columns.

Columns subjected to combined bending and shear forces at a target displacement greater
than or equal to 50% of the column’s lower limit compressive strength P, are classified as
force-controlled. For these columns, the maximum plastic rotation constraint is defined as
follows:

p/50 p/50
gPO Xy = UEL f TURL g <0 =12....nc (35)
i Pep Mgy

where P[%fo and M, p/ ; represent the axial and moment forces, respectively, acting on the
ith column due to graV1ty loads combined with seismic forces under force-controlled
conditions at the hazard level p/50. P., and M., denote the lower limit compressive
strength and flexural strength of the column, respectively.

The acceptance criteria for steel shear walls, based on FEMA-356 and ASCE/SEI 41-17, are

presented in Table 2.

Table 2: Acceptance criteria for steel shear walls according to FEMA-356
10 LS CP

Plastic Rotation Angle, Radians 0,5 Hy 10 Hy 136

y

The maximum plastic rotation constraint for each steel shear wall is defined as follows:

p/50

0,
%510( ) = p/SO -1<0 i=12..nw (36)
pw.i
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where Hf ‘:,50 is the maximum plastic rotation of the ith shear wall at the risk level p/50,
/50
esw.i
number of steel shear walls.
To calculate 6, the following formula can be used [24,25]:
)

0, ~ Ey (37)

is the allowable rotation of the ith shear wall as defined in Table 2, and nw is the

where §,, is the lateral displacement at yield (corresponding to the first yield of the steel
plate), and H is the height of the story. To calculate §,,, the yield shear strength of steel shear

walls can be determined using the tensile field theory, which accounts for the buckling

behavior of thin plates, as follows:
W
6y = E (38)

where V,, is the yield shear strength and K is the initial lateral stiffness of the steel shear wall
system at the desired story.
According to FEMA-356 and ANSI/AISC 341-22, the yield shear strength V), of a steel

shear wall can be calculated using the following formula:
V, = 0,42f,t, L.fsin2a (39)

where f, is the yield stress of the steel shear wall plate, t, is the thickness of the steel shear
wall plate, L. is the net length of the steel shear wall, and « is the angle of inclination of the
tension field.

The initial lateral stiffness of the steel shear wall system K can be obtained by initial
elastic analysis of the system.

Another important aspect in the design of steel frames is the consideration of
implementation-related constraints, such as beam-to-column and column-to-column
connection constraints, which are incorporated in this study. The open-source software
OpenSees is utilized for finite element modeling of the structures, while MATLAB is
employed to implement the optimization algorithms and perform the necessary calculations.

5. SEISMIC COLLAPSE SAFETY ASSESSMENT

Ensuring the seismic safety of structural systems, particularly under extreme ground
motions, is a central objective in performance-based earthquake engineering. While
traditional design methods target life safety at specific hazard levels, collapse safety
under Maximum Considered Earthquake (MCE) conditions is a critical performance
objective for essential and high-rise buildings. To address this, the FEMA-P695 [26]
methodology provides a rigorous framework to evaluate the collapse safety of structural
systems through nonlinear dynamic analysis, particularly suitable for innovative or
optimized structural solutions.
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The assessment begins with Incremental Dynamic Analysis (IDA) of each archetype.
Each structural model is subjected to a suite of 22 far-field ground motion records (Table
3), incrementally scaled in terms of their spectral acceleration at the structure’s first-
mode period T1. For each record, the onset of collapse is identified as the point of
dynamic instability or numerical divergence in the nonlinear analysis. The
corresponding collapse spectral acceleration values Sa;qqpse for each ground motion
are recorded. From the set of 22 collapse intensities, the median spectral acceleration at
collapse, S¢r , is calculated:

SCT = median(sacollapse,lvSacollapse,Zr e Sacollapse,zz) (40)

The Collapse Margin Ratio (CMR) is then computed by comparing the median collapse
capacity Sqr to the MCE-level demand Sy, (T;), derived from the design spectrum:

S
CMR = —L _ (41)
SMCE(Tl)

while the CMR provides an initial measure of collapse capacity, it does not account for
modeling uncertainties and ground motion variability. Thus, FEMA P-695 introduces the
Adjusted Collapse Margin Ratio (ACMR):

Where SF (Bror) is a safety factor determined from FEMA P-695 Table 7-2 and depends on
the total system uncertainty S o7, calculated as:

Bror = \/B}%TR + :BIlZ/IDL+BSNT (43)

BrTr (Record-to-Record Variability): Set to 0.55 as a FEMA-recommended default, unless
project-specific values are used.
Bmpr (Modeling Uncertainty): For the 10- and 15-story SPSW frames modeled in OpenSees
using validated nonlinear fiber sections and plate shear wall components, a value of 0.25 is
adopted.
BonT (Quality of System Knowledge): Set to 0.0 for well-established systems like steel
SPSW.

For archetypes of this study:

Bror = /0,552 + 0,252 + 02=0.6

with Bror=0.60, the corresponding safety factor SF(Bror) from FEMA P-695 is
approximately 0.78, and the ACMR, 4, ¢t » 15 1.96.

The final collapse safety check is performed by comparing the computed ACMR to the
target value:
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Collapse Safe if ACMR = ACMR gy get (44)

This condition must be met to confirm that the structure has a low enough probability of
collapse (<10%) under MCE-level shaking, as required by FEMA P-695.
By applying this methodology to optimized archetypes, this study not only assesses their
seismic collapse safety but also validates the robustness of the applied optimization strategy.
The results provide essential evidence on the effectiveness of performance-based
optimization when verified under collapse-level earthquake demands.

Table 3: Ground motion records set

Name M Year Record Station
Northridge 6.7 1994 Beverly Hills - Mulhol
Northridge 6.7 1994 Canyon Country-WLC

Duzce, Turkey 7.1 1999 Bolu
Hector Mine 7.1 1999 Hector
Imperial Valley 6.5 1979 Delta
Imperial Valley 6.5 1979 El Centro Array #11
Kobe, Japan 6.9 1995 Nishi-Akashi
Kobe, Japan 6.9 1995 Shin-Osaka
Kocaeli, Turkey 7.5 1999 Duzce
Kocaeli, Turkey 7.5 1999 Arcelik
Landers 7.3 1992 Yermo Fire Station
Landers 7.3 1992 Coolwater
Loma Prieta 6.9 1989 Capitola
Loma Prieta 6.9 1989 Gilroy Array #3
Manyjil, Iran 7.4 1990 Abbar
Superstition Hills 6.5 1987 El Centro Imp. Co.
Superstition Hills 6.5 1987 Poe Road (temp)
Cape Mendocino 7.0 1992 Rio Dell Overpass
Chi-Chi, Taiwan 7.6 1999 CHY101
Chi-Chi, Taiwan 7.6 1999 TCUO045
San Fernando 6.6 1971 LA - Hollywood Stor
Friuli, Italy 6.5 1976 Tolmezzo
6. NUMERICAL EXAMPLES

In this study, the optimal vertical placement of steel shear walls within the structure is
determined using performance-based design principles and various metaheuristic
optimization algorithms. Due to the potential for irregularities in the lateral load-resisting
system—particularly Out-of-Plane Offset Irregularity—Iinear static analyses are not
permitted in the optimization process of steel frames with steel shear wall systems, in
accordance with the provisions of ASCE/SEI 7-22 [27] and FEMA-356. These regulations
mandate the use of nonlinear analysis methods for such structural configurations to
accurately capture their seismic behavior and ensure code compliance.
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The analysis used in the optimization process is a nonlinear static pushover analysis, and
performance-based design principles are employed to evaluate and control the structural
performance.The structures examined in this study consist of 5-span frames with 10 and 15
stories. Member grouping is carried out such that the exterior and interior columns are
assigned to two distinct groups over every two consecutive stories. Similarly, the grouping
of beams and steel shear walls follows a two-story grouping scheme, as illustrated in Figure
4. The cross-sections of beam and column members are selected from standard W-shaped
sections, as well as the thickness of the shear wall plate, according to Table 4.. The applied
dead and live loads on the beams are 24.5 kN/m and 25.5 kN/m, respectively. All beam,
column, and steel shear wall elements have a yield stress of 235 MPa with a post-yield
hardening ratio of 3%. The unit weight of steel is taken as 76.82 kN/m?, and the modulus of
elasticity is assumed to be 200 GPa. To preserve the symmetry of the frames, six distinct
vertical configurations for steel shear wall placement are considered in optimizing the
structural layout, as depicted in Figure 4.

D i Z
I~ T -
[ o > Z
— = e | I S -
T — Z - 1-
A B

Figure 4: (A) Dimensions and grouping (B) Positioning patterns of steel shear walls

Table 4: The available list of standard sections

Beams and Columns Thickness of shear wall

plates
No. Profile No. Profile No. Profile No. Profile
1 W14x22 11 W14x74 21 W14x193 1 1 mm
2 W14x26 12 W14x82 22 W14x211 2 2 mm
3 W14x30 13 W14x90 23 W14x233 3 3 mm
4 W14x34 14 W14x99 24 W14x257 4 4 mm
5 W14x38 15 W14x109 25 W14x283 5 5 mm
6 W14x43 16 W14x120 26 W14x311 6 6 mm
7 W14x48 17 W14x132 27 W14x342 7 7 mm
8 W14x53 18 W14x145 28 W14x370 8 8 mm
9 W14x61 19 W14x159 29 W14x398 9 9 mm
10 W14x68 20 W14x176 30 W14x426 10 10 mm

In this study, the seismic collapse performance of 10- and 15-story steel frames with
steel plate shear wall (SPSW) systems is assessed. These frames have been previously
optimized using performance-based design (PBD) methods to achieve efficient structural
layouts and optimal member sizing. The current objective is to validate these optimized
designs by assessing their seismic collapse performance using the FEMA P-695
procedure.
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6.1 Example 1: 10-story SPSW

To optimize a 10-story steel frame equipped with a steel shear wall lateral restraint
system, the Modified Dolphin echolocation Algorithm (MDE) was configured with a
population size of 40 structures per iteration and run for 400 iterations. The Center of mass
optimization algorithm (CMO) was set with 400 iterations and 40 structures per iteration.
The Modified Gray Wolf (KNN) algorithm was executed with 400 iterations and a
population of 40 structures per iteration. Initially, the optimization was conducted assuming
fixed, common positions for the steel shear walls located at spans 2 and 4 as well as spans 1
and 5 along the building height. Subsequently, the positions of the shear walls were
incorporated as design variables to allow their optimization. To enhance the robustness of
the results and reduce the risk of convergence to local optima, each optimization algorithm
was independently run 10 times using the specified iteration counts. Table 5 summarizes the
structural section selections according to Table 4 and the corresponding weights obtained
from each algorithm. It is evident from the results that the best statistical performance was
achieved by the Modified Dolphin echolocation Algorithm (MDE).

Table 5: PBD topology optimization results for 10-story SPSW

Grouping KNN CMO MDE
Fixed position Optimal Fixed position Optimal Fixed position Optimal
................................................................. pOSlthl’l S pOSlth]’l pOSlthI‘l
spans spans spans spans spans spans
1&S5 2&4 1&5 2&4 1&5 2&4
C1 19 20 19 20 20 19 20 20 18
C2 18 19 18 18 18 17 19 18 16
C3 17 17 16 16 18 17 17 17 13
C4 14 15 14 14 16 13 16 15 11
C5 12 11 11 11 12 11 13 12 10
Cé6 19 19 18 19 18 17 19 18 17
C7 18 17 16 17 17 16 17 17 15
C8 16 15 15 15 15 15 16 15 15
C9 15 15 15 13 14 15 14 14 14
C10 11 10 10 11 11 10 11 12 10
B1 10 10 10 11 10 9 10 11 10
B2 11 10 9 10 10 10 10 10 9
B3 9 10 9 9 10 9 9 9 9
B4 9 9 8 9 9 8 8 9 8
B5 8 8 8 8 8 8 8 8 7
PL1(mm) 5.00 5.00 4.00 5.00 5.00 4.00 5.00 5.00 5.0
PL2(mm) 4.00 4.00 4.00 5.00 4.00 5.00 5.00 4.00 5.00
PL3(mm) 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
PL4(mm) 3.00 3.00 4.00 4.00 3.00 3.00 3.00 3.00 4.00
PL5(mm) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Weight(kg) 77621 77175 74736 77332 76863 73404 77050 76637 69485
Deviation 943 984 1184 924 907 1105 893 865 1023
from the
standard
Percentage  9.25%  8.62%  5.19% 8.84%  8.18%  3.32% 845%  7.87% —

of best result

Figure 5 illustrates the optimal locations of the steel shear walls as determined by the
optimization algorithms. Figure 6 presents the convergence curves of the (MDE) algorithm
for the 10-story frame, comparing results for fixed shear wall positions at spans 1 and 4 with
those obtained from the optimized shear wall placements.
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Figure 5: optimal positions obtained by algorithms for a 10-story SPSW
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Figure 6: Convergence curves of MDE algorithms for fixed position in spans 2 and 4 and
placement of shear walls of 10-story structure

Figure 7 shows the pushover diagram of the most optimal 10-story frames with fixed
position and optimal placement of steel shear walls under the lateral load pattern according
to Cp, (Formula 2).

The design process constraints for the 10-story frame include the story drift limit at the
Immediate Occupancy (IO) level, the plastic rotation limit of steel shear walls at the 10
level, the force-controlled constraint gﬁéio for columns at the Collapse Prevention (CP)
performance level, and the plastic rotation limits for both beams and columns at the CP
level. Figure 8 illustrates the values of these constraints for the most optimal frames with
fixed steel shear wall positions at spans 2 and 4, as well as for the frames with optimally
placed steel shear walls. It is evident that all performance-based design constraints remain
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within their allowable limits. The Incremental Dynamic Analysis (IDA) curves for the 10-
story frame with the optimized configuration of steel plate shear walls are presented in
Figure 9. The corresponding results of the seismic collapse safety assessment, based on
FEMA P-695 methodology, are summarized in Table 6. As shown, the Adjusted Collapse
Margin Ratio (ACMR) of the optimized frame exceeds the required target ACMR,
indicating that the structure satisfies the collapse safety performance criteria and possesses
sufficient seismic robustness.
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Figure 7: Pushover diagram under lateral load pattern C,,, for a 10-story structure

Table 6. Seismic collapse safety parameters for optimal 10-story

Optimal Design CMR SSF ACMR ACMRarge:  Pass/Fail
10Story 2.92 0.78 2.28 1.96 P

6.2 Example 2: 15-story SPSW

To optimize a 15-story steel frame equipped with a steel shear wall lateral restraint
system, the Modified Dolphin echolocation Algorithm (MDE) was configured with a
population size of 40 structures per iteration and run for 500 iterations. The Center of mass
optimization algorithm (CMO) was set with 500 iterations and 40 structures per iteration.
The Modified Gray Wolf (KNN) algorithm was executed with 500 iterations and a
population of 40 structures per iteration. Initially, the optimization was conducted assuming
fixed, common positions for the steel shear walls located at spans 2 and 4 as well as spans 1
and 5 along the building height. Subsequently, the position of the shear walls is treated as a
design variable. To ensure the attainment of a global optimum and prevent convergence to
local optima, the optimization process is repeated 10 times for each algorithm with the
specified iteration counts. Table 7 presents the structural sections based on Table 4 along
with the weights obtained from each algorithm. It is observed that the best result for the
optimal placement of steel shear walls is achieved by the MDE algorithm, while the best
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result for fixed-position steel shear walls corresponds to the CMO algorithm with walls
located at spans 2 and 4. Figure 10 illustrates the optimal wall positions obtained by the
optimization algorithms. Additionally, Figure 11 displays the convergence curves of the best
results for the 15-story frame with fixed steel shear wall positions at spans 1 and 4 (by the
CMO algorithm) as well as the optimal shear wall placements determined by the MDE
algorithm.

JE=pe vz = i

™ D >
j mo// 0 / o.m/ F.w / i
i VA "z vz "z vz
7 T i

e "z vz vz
) .
/4 N P § ™ e i | e

Drift of floors at 10 level Ratio of plastic rotation of steel shear walls to the allowable value at the 10 performance level (8,/0.56))

Permissible plastic rotation at||
different performance levels || 10.78

g
—

0 IS CP € © ¢ S o

6. 660, 80, ] |

© 080, <0<6, G > 8
IrC g

—E—E—%

D0, <060,

@60, <0 =80,

—

&

e S

AN NN NN

4
£

— P —FO— O PR o

il B o . - 2 2

Column capacity ratio in force-controlled (FC) mode and plastic rotation ratio of beam and columns at CP performance level

Figure 8: Active design constraints for optimal 10-story frames

Figure 12 shows the pushover diagram of the most optimal 15-story frames with fixed
position and optimal placement of steel shear walls under the lateral load pattern according
to C,, (Formula 2).

The design of the 15-story frame is governed by code constraints including the story drift
limit at the Immediate Occupancy (10) level, the plastic rotation limit of steel shear walls at
the 1O level, the force-controlled constraint on columns expressed as g;é‘i-o at the Collapse
Prevention (CP) performance level, and the plastic rotation constraints for beams and
columns at the CP level. Figure 13 presents the values of these constraints for the most
optimal frames with steel shear walls fixed at spans 2 and 4, as well as for frames with
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optimally placed shear walls. It is evident that all performance-based design constraints
remain within their allowable limits.
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Figure 9: IDA curves for the 10-story frame with the optimized configuration of steel plate shear
walls

Optimal position of the MDE algorithm Optimal position of the CMO algorithm Optimal position of the KNN algorithm

Figure 10: optimal positions obtained by algorithms for a 15-story SPSW

The Incremental Dynamic Analysis (IDA) curves for the 15-story frame with the
optimized configuration of steel plate shear walls are presented in Figure 14. The
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corresponding results of the seismic collapse safety assessment, based on FEMA P-695
methodology, are summarized in Table 8. As shown, the Adjusted Collapse Margin Ratio
(ACMR) of the optimized frame exceeds the required target ACMR, indicating that the
structure satisfies the collapse safety performance criteria and possesses sufficient seismic

robustness.
Table 7: PBD topology optimization results for 15-story SPSW
Grouping KNN CMO MDE
Fixed position Optimal Fixed position Optimal Fixed position Optimal
posmon posmon posmon
Spans Spans Spans Spans spans Spans
1&5 2&4 1&5 2&4 1&5 2&4
C1 23 25 22 23 25 23 23 24 22
Cc2 22 23 20 22 23 21 22 22 21
C3 20 22 19 21 21 19 20 19 18
C4 20 20 18 19 19 17 19 18 16
C5 19 18 17 18 17 16 17 16 15
Cé6 15 14 14 16 15 15 15 15 15
Cc7 12 12 13 13 12 12 14 13 12
Cc8 10 10 11 10 10 11 11 10 11
c9 23 24 21 22 23 22 23 23 21
Cc10 22 21 19 21 21 20 22 22 19
C11 20 20 19 21 19 19 20 19 19
C12 19 18 18 19 17 19 19 19 18
C13 19 15 17 18 16 16 19 16 16
C14 16 15 16 17 14 16 16 14 15
C15 13 13 12 14 13 11 14 13 11
C16 11 10 11 10 10 10 11 10 10
B1 10 10 9 10 9 9 10 10 9
B2 9 9 10 9 9 9 10 9 9
B3 10 9 9 10 10 10 9 10 9
B4 9 8 9 10 8 9 9 9 8
B5 9 8 8 9 8 8 10 8 8
B6 9 8 9 9 9 9 9 9 9
B7 8 8 8 8 8 8 8 8 7
B8 8 7 7 8 7 7 8 7 7
PL1(mm) 6.00 6.00 5.00 6.00 6.00 5.00 6.00 6.00 6.00
PL2(mm) 5.00 6.00 5.00 5.00 6.00 5.00 5.00 6.00 5.00
PL3(mm) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00
PL4(mm) 4.00 5.00 5.00 4.00 5.00 4.00 4.00 5.00 4.00
PL5(mm) 4.00 4.00 3.00 4.00 4.00 4.00 4.00 4.00 4.00
PL6(mm) 3.00 4.00 4.00 3.00 4.00 4.00 3.00 3.00 4.00
PL7(mm) 3.00 3.00 3.00 3.00 3.00 3.00 2.00 3.00 3.00
PL8(mm) 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Weight(kg) 137145 134153 130786 137101 132437 129935 137113 133174 124689
Deviation 1387 1342 1694 1308 1193 1624 1286 1204 1541
from the
standard
Percentage 9.98% 7.59% 4.88% 9.95% 6.21% 4.21% 9.96% 6.80% —

of best result
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Figure 11: Convergence curves of MDE algorithms for fixed position in spans 2 and 4 and
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Figure 12: Pushover diagram under lateral load pattern C,,, for a 15-story structure
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Table 8: Seismic collapse safety parameters for optimal 15-story

Optimal Design CMR  SSF ACMR  ACMRurge: Pass/Fail
15Story 3.75  0.78 2.92 1.96 P
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Figure 14: IDA curves for the 15-story frame with the optimized configuration of steel plate
shear walls
7. CONCLUSIONS

In this study, 10- and 15-story frames with a steel shear wall lateral load-bearing system
were optimized using three different metaheuristic algorithms. Initially, the structures were
optimized considering fixed, conventional wall positions along the height; subsequently, the
positions of the shear walls were treated as design variables. The selection of algorithms was
based on their demonstrated performance in addressing similar problems reported in the
literature.

A key finding from the optimization process is the significant influence of shear wall
location on the optimal structural weight. For instance, using the MDE algorithm, the
optimal placement of walls contributed to approximately a 7 to 8 percent reduction in
structural weight. Regarding algorithm performance, for the 10-story structure, the MDE
algorithm outperformed others, achieving an optimal weight that is 3.32% and 5.19% lower
than those obtained by the CMO and KNN algorithms, respectively. Furthermore, for the
fixed wall position scenario, the MDE algorithm also provided the lowest optimal weight
among all algorithms tested.

For the 15-story structure, the MDE algorithm similarly exhibited superior performance
in optimizing wall placement, delivering an optimal weight reduction of 4.21% compared to
the CMO algorithm and 4.88% compared to the KNN algorithm. However, when wall
positions were fixed, the CMO algorithm yielded the lightest design among the methods
considered.

Analysis of active design constraints in the performance-based design of both 10- and 15-
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story frames revealed that optimal shear wall placement significantly enhances the
utilization of the structure’s strength and ductility capacities. The optimal configuration
tends to locate shear walls in regions of high demand, leading to the simultaneous activation
of multiple design constraints during the optimization process. This highlights the notable
efficacy of metaheuristic algorithms in addressing complex nonlinear optimization problems
by minimizing structural weight while ensuring all governing constraints approach their
allowable limits, thereby producing highly efficient designs relative to the objective
function.

To evaluate the seismic performance of the proposed structural design, Incremental
Dynamic Analysis (IDA) was performed on both the shape-optimized 10- and 15-story
frames. The results of these nonlinear dynamic analyses were used to assess the seismic
collapse capacity of the structures in accordance with FEMA P-695 guidelines.The obtained
results showed that the optimized designs meet the acceptable seismic safety requirements
defined by FEMA P-695 and confirmed their reliability under severe seismic demands.
Additionally, the results emphasize the importance of accounting for out-of-plane offset
irregularities in the lateral load-bearing system when determining the optimal shear wall
layout. The application of nonlinear static and dynamic analyses, combined with
performance-based design methodologies, effectively captures the increased stresses and
deformations associated with such irregularities. Consequently, conventional linear analyses
and force-based design approaches are insufficient for accurately predicting the performance
and capacity of structures exhibiting these discontinuities, underscoring the necessity for
advanced nonlinear methods in seismic design and optimization.
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