
Decision Analytics Journal 6 (2023) 100147

D
f
N

A

K
H
N
B
P
F

1

w
i
T
c
O
w
a

h
h
t
w
n
t
m

h
R
A
2
(

Contents lists available at ScienceDirect

Decision Analytics Journal

journal homepage: www.elsevier.com/locate/dajour

esign and evaluation of hysteresis models for structural systems using a
uzzy adaptive charged system search
ima Mohajer Rahbari a, Hedayat Veladi b, Mahdi Azizi b, Pooya Sareh c,∗, Siamak Talatahari b,d

a Department of Civil and Environmental Engineering, University of Alberta, Edmonton, Canada
b Department of Civil Engineering, University of Tabriz, Tabriz, Iran
c Creative Design Engineering Lab (Cdel), School of Engineering, University of Liverpool, Liverpool, L69 3GH, United Kingdom
d Faculty of Engineering & IT, University of Technology Sydney, Ultimo, NSW 2007, Australia

R T I C L E I N F O

eywords:
ysteresis model
onlinear behavior
ouc–Wen–Baber–Noori model
arametric identification
uzzy adaptive charged system search

A B S T R A C T

Many hysteresis models have been proposed for the simulation of the nonlinear behavior of structures each of
which has certain advantages depending on specific applications and desired objectives. The Bouc–Wen–Baber–
Noori model is one of the hysteresis models that has been utilized for a wide range of applications. However,
the parameter tuning of this model has been conducted based on expert knowledge, which has not led to the
development of a precise nonlinear model. The main contribution of this paper is to propose a metaheuristic-
based parametric identification process for the design of the Bouc–Wen–Baber–Noori hysteresis model and
evaluate the results by using some established experimental investigation methods. To fulfill this aim, the
Fuzzy Adaptive Charged System Search (F-CSS) is proposed for optimization in which a fuzzy-logic-based
parameter tuning process is utilized to achieve better performance in comparison with the standard Charged
System Search algorithm (CSS). For nonlinear dynamic analysis, an Iterative Hysteretic Analysis (IHA) process
is also introduced for conducting the precise analysis of the structure with exact solutions. Comparing the
metaheuristic-based results to the experimental findings demonstrates that the proposed algorithm is capable
of providing very competitive results. Besides, the proposed adaptive method is capable of producing very
competitive results in comparison with different optimization algorithms.
. Introduction

Hysteresis is an intricate memory-dependent nonlinear behavior in
hich the output of a system not only depends on the instantaneous

nput, but also on the past time-history of the input disturbances.
his type of inelastic behavior is commonly observed in structural
omponents such as reinforced concrete, steel, and wood elements.
ther examples include base isolators, dampers, and soil profiles in
hich there is a nonlinear mechanism to supply the restoring force
gainst external excitations and dissipate the input energy.

Devising a valid model for simulating the nonlinear hysteretic be-
avior of structural systems and integrating them into design methods
as been always an ever-increasing challenge in the design of struc-
ures to withstand natural cyclic loads such as earthquakes and strong
inds. In fact, major structures (e.g. bridges, towers, and industrial and
uclear plants) have been dynamically analyzed and designed through
he mathematical implementation of either elastic or simple nonlinear
odels such as elastic–plastic, bilinear, modified Clough, Q-hysteresis,

∗ Corresponding author.
E-mail address: pooya.sareh@liverpool.ac.uk (P. Sareh).

Takeda and slip models, [1]. However, many structural systems indi-
cate considerable inelastic behavior with unfavorable hysteretic charac-
teristics such as strength degradation, stiffness degradation, and pinch-
ing phenomena when subjected to cyclic excitations. Therefore, the
aforementioned simple models are not adequate for structural design-
ers to understand the true inelastic behavior and energy dissipation
capability of engineering structures.

Developing an appropriate nonlinear hysteretic model which is
able to acceptably portray the highly inelastic response of structural
members due to random cyclic excitations would result in better insight
into the energy absorbability of various earthquake-resistant systems.
The suchlike model could also introduce new concepts to revise the
design codes that have been mostly compiled based on circumscribed
experimental tests on specific structural configurations and excitation
properties. However, this kind of hysteretic model should involve re-
markably more complicated mathematical equations. Moreover, it will
be a crucial task to incorporate them into the dynamic analysis of
structures.
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Nomenclature

Sym. Property
k Initial stiffness
𝛼 Ratio of final tangent stiffness to the initial

stiffness
𝑘𝑓 Final tangent stiffness
u Relative displacement
z Hysteretic displacement
𝛽, 𝛾, and n Unknown basic shape-controlling parame-

ters
𝜈 Strength degrading functions
𝜂 Stiffness degrading functions
h(z) Pinching function
𝜀 Hysteretic dissipated energy
𝛿𝜈 Unknown stiffness degrading parameters
𝛿𝜂 Unknown stiffness degrading parameters
t Time duration of system’s response at each

time instant
sgn(.) Signum function
q Pinching level
𝑧𝑢 Ultimate hysteretic displacement
𝜁1 and 𝜁2 Pinching controller functions
𝜁𝑠 Parameters for setting pinching shape, rate,

and severity
p Parameters for setting pinching shape, rate,

and severity
𝜓 Parameters for setting pinching shape, rate,

and severity
𝛿𝜓 Parameters for setting pinching shape, rate,

and severity
𝜆 Parameters for setting pinching shape, rate,

and severity
[M] Structural mass matrices
[C] Viscous damping matrices
{�̈�} Vectors of stories’ acceleration
{ẋ} Vectors of stories’ velocity
{𝐹 (𝑡)} Vector of external excitations
{𝑅(𝑢, 𝑧)} Vector of stories’ hysteretic restoring forces
𝑢 Inter-story drift
[𝛤 ] Restoring forces
[

𝐾𝑓
]

Final tangent stiffness matrix
𝑘 𝑓 Final stiffness for the 𝑗th story
𝛼𝑗 𝑘 𝑗 Final tangent stiffness matrix
{

𝐹 (𝑡)
}

Pseudo-loading vector
[𝛱] Constant diagonal matrix
{𝑍} Vector of stories’ hysteretic variables
𝑧𝑗 Stories’ hysteretic variables
𝛥t Time-step
{𝑥}𝑃𝑖+1 Displacement preliminary solution
{�̇�}𝑃𝑖+1 Velocity preliminary solution
{𝑍}𝑖 Initial hysteretic variables’ values
𝑡𝑖 Previous time-step

The main contribution of this research work is the development
f a procedure to achieve precise simulated hysteresis models re-
uired for accurate nonlinear structural analyses. In this paper, the
arameter identification of the Bouc–Wen–Baber–Noori (BWBN) consti-
utive model [1–10] is concerned that involves degrading and pinching
2

�̇�𝑃𝑗 Preliminary relative velocities of stories
{𝑍}𝑃𝑖+1 Final vector of hysteretic variables’ values
{𝑆}𝑖+1 Final state of the system
{𝑍}𝑖+1 Final vector of hysteretic variables’ values
𝐸 Acceptable low tolerances
𝐹𝑘 Resultant force acting on the 𝑘th CP
𝑁𝑐𝑝 Number of CPs
fitbest Best fitness of all the CPs
fitworst Worst fitness of all the CPs
fit(I) Fitness of agent I
𝑟𝐼𝑘 Separation distance
𝑋𝐼 Positions of the I -th cps
𝑋𝑘 Positions of the 𝑘th cps
𝜀𝑝 Small positive number
𝑝𝐼𝑘 Probability of moving
𝑘𝑎 Acceleration coefficient
𝑘𝑣 Velocity coefficient
𝑖𝑡𝑒𝑟 Actual iteration number
𝑖𝑡𝑒𝑟𝑚𝑎𝑥 Maximum number of iterations
𝑘1 Internal acceleration coefficient
𝑘2 Internal velocity coefficient
𝐵𝐹𝑚𝑖𝑛 Minimum fitness values
𝐵𝐹𝑚𝑎𝑥 Maximum fitness values
�̂� Predicted restoring force time-history
𝑅 Experimentally obtained restoring force

time-history
X Vector of BWBN model parameters
𝜎2𝑓 Variance of the experimental restoring force

time-history
𝑁𝑒 Number of used data in the optimization

process
𝑁𝐸 Number of captured experimental data
𝑋min Lower bound of the model’s parameters
𝑋max Upper bound of the model’s parameters

Abbreviations

Abr. Definition
BWBN Bouc–Wen–Baber–Noori
CSS Charged System Search
F-CSS Fuzzy Adaptive Charged System Search
MCSS Magnetic CSS
IHA Iterative Hysteretic Analysis
SDOF single-degree-of-freedom
YSPD yielding shear panel devices
CPs Charged Particles
CP Charged Particle
CM Charged Memory
BF Best Fitness
UBF Unchanged Best Fitness
FL Fuzzy Logic
NBF Normalized Best Fitness
NUBF Normalized Unchanged Best Fitness

characteristics experimentally observed in the nonlinear cyclic behav-
ior of structural members. Furthermore, it is capable of predicting
the hysteretic behavior of nonlinear systems resulting from arbitrary
external excitations. Some experimental results from previous stud-
ies are utilized for comparative purposes while a nonlinear dynamic
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analysis process is also provided. The hysteretic behavior of two sim-
ply supported steel shear walls under cyclic loading conditions [11]
is experimentally investigated as a representative of lateral-resistant
structural components (e.g. concrete shear walls, steel braces, and
connections). To this end, the Fuzzy Adaptive Charged System Search
(F-CSS) [12,13] is developed based on the standard Charged Sys-
tem Search (CSS) [14] optimization algorithm. In this algorithm, a
parameter-tuning process based on fuzzy logic is proposed to achieve
better performance while using the standard CSS algorithm. To achieve
this aim, four linguistic variables are defined which configure a fuzzy
system for parameter identification in the standard CSS algorithm. The
F-CSS algorithm is applied to an optimization problem in which the
parameter identification of the BWBN constitutive model is concerned.

In recent years, a wide range of nature- and physics-inspired meta-
heuristic algorithms [15–27] have been proposed for dealing with
different mechanical and structural design problems [28–41]. More
specifically, a variety of methods have been proposed by researchers
to improve the searching capabilities of standard metaheuristic algo-
rithms [42–63]. The majority of existing improved versions of the CSS
algorithm have been shown to be efficient and robust in solving highly
nonlinear system identification problems [12,64]. In this study, a two-
degree-of-freedom shear wall building example is solved using the
results of the proposed F-CSS method, and a discussion of the results is
presented. These results are also compared to the results of the standard
CSS [14] and the Magnetic CSS (MCSS) [65,66] algorithms.

This paper is organized into two major parts including ‘‘system
identification of hysteretic structural models’’ (Section 2 to 5) and
‘‘development of optimization process for hysteretic simulation’’ (Sec-
tions 6 and 7). Section 2 presents a complete description of the BWBN
constitutive model. The problem under examination and related exper-
imental findings are described in Section 3. An innovative hysteretic
time-history analysis process called Iterative Hysteretic Analysis (IHA)
is proposed and presented in Section 4 for the nonlinear analysis
of multi-degree-of-freedom (MDOF) structural systems. The statement
of the optimization problem and the obtained numerical results are
presented in Sections 5 and 6, respectively. Finally, concluding remarks
and suggestions for future research are presented in Section 7.

2. Description of the BWBN model

Bouc [67] suggested a versatile and smooth hysteresis model for an
inelastic single-degree-of-freedom (SDOF) system subjected to forced
vibration, and subsequently Wen [68] generalized Bouc’s hysteretic
constitutive law and developed an approximate solution procedure
for random vibrations. Following that, the Bouc–Wen model has been
widely used as a mathematical description of physical systems with
hysteresis and nonlinear behavior, especially for problems in civil and
mechanical engineering. In this model, the nonlinear restoring force is
related to the system’s deformation through a first-order nonlinear dif-
ferential equation, which has a set of unknown shape parameters. Baber
and Wen [69] extended the Bouc–Wen model to consider degradations
in the strength and stiffness of structural systems by introducing new
unknown degrading parameters in terms of the dissipated hysteretic
energy. Baber and Noori [70] expanded this version of the pinching
phenomenon by incorporating a pinching function into the preceding
model which is also a function of dissipated hysteretic energy and
possesses further unknown parameters. Foliente [2,3] developed a more
efficient pinching function based on the experimental observations of
structural elements’ hysteretic behavior and provided a modified BWBN
model, which is utilized in the present study.

Although the exact physical meanings of all parameters in the so-

called Bouc–Wen models are not thoroughly specified so far, each pa-
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rameter has been introduced through a distinct interpretation and plays
a specific role in forming the characteristics of the hysteretic behavior
observed in experiments. A detailed discussion on this topic could be
found in [2]. By determining and substituting the optimal values of
unknown parameters, the response of various Bouc–Wen models could
convincingly match the experimentally observed behavior of many hys-
teretic structural components. The standard Bouc–Wen model has been
used to recreate the non-pinching and non-degrading hysteretic behav-
ior of steel beams [71,72], base isolators [73], magneto-rheological
damper [74,75], mild steel dampers [76], and cracked piles [77].
Furthermore, the BWBN model has been employed to simulate the
degrading and pinching hysteresis of wood joints [3], reinforced con-
crete elements, timber shear walls, wooden T-connections, and yielding
shear panel devices (YSPD) [10]. Moreover, the BWBN model has
effectively been integrated into a stochastic ground motion model for
predicting the stochastic response of high nonlinear structures under
seismic excitations using the probability density evolution method. A
comprehensive survey on the applications of the Bouc–Wen models in
modeling the hysteretic behavior of mechanical systems can be found
in Ref. [78].

The total hysteretic, pinching, and degrading nonlinear restoring
force described by the BWBN model comprises a purely linear and a
hysteretic term and is calculated as follows

𝑅 (𝑢, 𝑧) = 𝛼𝑘𝑢 + (1 − 𝛼) 𝑘𝑧 (1)

where k is initial stiffness, 𝛼 is the ratio of final tangent stiffness (𝑘𝑓 )
to initial stiffness [2], u is relative displacement, and z is hysteretic
displacement. By eliminating the one-degree redundancy existing in the
Bouc–Wen model using a freezing technique described in [5], z can be
expressed as follows

̇ = ℎ (𝑧)

{

�̇� − 𝜈
(

𝛽 |�̇�| |𝑧|𝑛−1 𝑧 + 𝛾�̇� |𝑧|𝑛
)

𝜂

}

(2)

where 𝛽, 𝛾, and n are the unknown basic shape-controlling parameters
of the Bouc–Wen model, 𝜈 and 𝜂 denote the strength and stiffness
degrading functions, respectively, and h(z) is the pinching function. The
degrading and pinching functions are dependent on the severity and
duration of the response; therefore, they are defined as the functions
of hysteretic dissipated energy 𝜀. Based on empirical observations, the
degrading functions are assumed to be linear functions of the dissipated
energy as follows

𝜈(𝜀) = 1 + 𝛿𝜈𝜀 (3)

𝜂(𝜀) = 1 + 𝛿𝜂𝜀 (4)

here 𝛿𝜈 and 𝛿𝜂 are unknown strength and stiffness degrading pa-
ameters in which the hysteretic dissipated energy, 𝜀, is specified as

(𝑡) = ∫

𝑡

0
𝑧�̇�𝑑𝑡 (5)

here t denotes the time duration of the system’s response at each time
nstant.

The pinching function is also derived from experimental observa-
ions about the hysteretic behavior of structural systems and is defined
y the following equation [2,3]

(𝑧) = 1 − 𝜁1𝑒
−[𝑧sgn(�̇�)−𝑞𝑧𝑢]2∕𝜁22 (6)

here sgn(.) is the signum function, and unknown parameter q sets
he pinching level as a fraction of ultimate hysteretic displacement, 𝑧𝑢,
hich is calculated from the following equation

𝑢 =
(

1
)

1
𝑛

(7)

𝜐 (𝛽 + 𝛾)
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Fig. 1. (a to c) Technical drawings of the specimens. (d) Experimental test set-up [11].
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nd 𝜁1 and 𝜁2 are pinching controller functions which are formulated
s follows

1 (𝜀) = 𝜁𝑠
[

1 − 𝑒(−𝑝𝜀)
]

(8)

2 (𝜀) =
(

𝜓 + 𝛿𝜓𝜀
) (

𝜆 + 𝜁1
)

(9)

In the abovementioned equations, five unknown parameters 𝜁𝑠,
, 𝜓 , 𝛿𝜓 and 𝜆 set pinching shape, rate, and severity. The BWBN
odel encompasses all the significant features observed in the experi-
entally observed hysteretic behavior of structural elements including

he strength degradation, stiffness degradation, and pinching of the
uccessive hysteresis loops [2,3,7].

By adjusting the twelve unspecified parameters of the BWBN model,
.e. 𝛼, 𝛽, 𝛾, n, 𝛿𝜈 , 𝛿𝜂 , q, 𝜁𝑠, p, 𝜓 , 𝛿𝜓 , and 𝜆, it is possible to reproduce
he experimental response of structural hysteretic components to any
andom excitations. It is important to mention that this process should
e gone through by solving an optimization problem with the objective
f fitting the model’s response to the experimentally obtained data.

. Description of experimental findings

Herein, the experimental observations about two simply-supported
teel shear walls are taken into consideration as representatives of
ateral-resistant structural systems. The objective is to identify the
ptimal parameters set of the BWBN model for these walls by solving an
ptimization problem. The resulting model is then capable of predicting
he hysteretic response of these steel shear walls under any external ex-
itation and is valid for being actively utilized in the accurate nonlinear

nalysis of the corresponding MDOF system.

4

.1. Test set-up

Two simply-supported steel shear walls with shear panels thickness
f 0.7 mm (Specimen A) and 1 mm (Specimen B) were examined
nder cyclic loadings [11]. As illustrated in Fig. 1a–c, the internal plate
imensions of the specimens are 920 mm × 920 mm. The boundary
embers are 2UNP140 strengthened by two 1030 mm × 80 mm ×
mm plates on both sides of their webs and pin joints are used at

eam-to-column connections. Steel panels were fixed on the boundary
embers by frictional A490 bolts and the corner bolts were left unfas-

ened to ensure proper hinge performance. Specimens were fixed on a
igid floor using a 2100 mm × 200 mm × 30 mm plate welded by two
ines of 8-mm fillet welding. Moreover, two welded steel brackets were
ncluded on the top of the story beam at each side and connected to
ydraulic jacks for the application of lateral cyclic loads.

Fig. 1d indicates a specimen under test conditions including the
onnection details of hydraulic jacks to the steel brackets for the appli-
ation of lateral cyclic loads. It also depicts the out-of-plane bracings
f the boundary elements which prevent the top boundary member’s
uckling to simulate the floor rigid diaphragm performance. The me-
hanical characteristics of the 0.7-mm and 1-mm steel panels used in
pecimens A and B were obtained through standard tensile tests as
ollows [11]:

pecimenA∶

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

𝐹𝑦 = 266 MPa

𝐹𝑢 = 330 MPa

𝐸 = 200 GPa

𝜇 = 0.3

and SpecimenB∶

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

𝐹𝑦 = 228 MPa

𝐹𝑢 = 370 Mpa

𝐸 = 200 GPa

𝜇 = 0.3

⎩ ⎩
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Fig. 2. (a) Target drift pattern for the experiments.(b) Experimental hysteresis loops for Specimen A.(c) Experimental hysteresis loops for Specimen B.
Source: (adapted from [11]).
where 𝐹𝑦 and 𝐹𝑢 represent yielding and ultimate strengths, respec-
tively, and E and 𝜇 denote modulus of elasticity and Poisson’s ratio,
respectively.

3.2. Experimental data

The steel brackets were arranged to be repeatedly loaded, unloaded,
and negatively loaded by opposite hydraulic jacks to inversely reach
multipliers of the theoretically calculated yielding displacement of the
specimens (𝛿𝑦 = 2.1 mm) as the predefined target drifts according to
the pattern illustrated in Fig. 2a until failure takes place. Since the
5

variations of the captured restoring forces would be slight for further
nonlinear cycles, the target drift increment was progressively increased
after 5𝛿𝑦 to significantly reduce the test time costs.

The achieved drift-force hysteresis loops for Specimens A and B are
presented in Fig. 2b and c, respectively. It is observed that the steel
shear walls show an extremely high nonlinear behavior as the yielding
point is not recognizable; also, stiffness and strength degradations
do not appear in their hysteretic behavior, and the hysteresis loops
are pinched at approximately the mid-drift of each loading–unloading
cycle.
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Fig. 3. Schematic representation of the N-DOF nonlinear hysteretic shear building.

4. Nonlinear structural analysis

A complex optimization process, in general, requires a large number
of function evaluations, and connecting this process with non-linear
analysis software such as OpenSees introduces significant additional
computational cost and complexity to the numerical investigation. To
deal with such a challenge, here we propose a structural analysis
process called Iterative Hysteresis Analysis (IHA), the details of which
are described in this section.

It is important to note that the identification of structural response
to arbitrary dynamic loadings, such as cyclic and earthquake-type load-
ings, can lead to several advantages; examples include the recognition
of energy-dissipating mechanisms, fatigue, and the failure modes of
structural systems subjected to dynamic loadings where the verified
hysteretic models are available and the hysteretic behavior of var-
ious structural systems are known [3]. Herein, a simple nonlinear
analysis method based on the hysteretic behavior of the structural
lateral-resisting components described by the BWBN constitutive law is
introduced for the nonlinear hysteretic time-history analysis of MDOF
structural systems. Through the utilization of the BWBN model for
the description of the lateral resistant element’s restoring force, and
using D’Alembert’s principle, the equation of motion for an N -degree-
of-freedom nonlinear shear building, as depicted in Fig. 3, can be given
as

[𝑀]𝑁×𝑁 {�̈�}𝑁×1 + [𝐶]𝑁×𝑁 {�̇�}𝑁×1 + [𝛤 ]𝑁×𝑁 {𝑅 (𝑢, 𝑧)}𝑁×1 = {𝐹 (𝑡)}𝑁×1

(10)

here [𝑀], [𝐶], {�̈�}, and {�̇�} denote structural mass, viscous damping
atrices, and the vectors of stories’ acceleration and velocity in relation

o the ground, respectively; {𝐹 (𝑡)} is the vector of external excitations
ffecting building stories; {𝑅(𝑢, 𝑧)} is the vector of stories’ hysteretic
estoring forces calculated by Eq. (1) for each story (it should be noticed
hat 𝑢 signifies the inter-story drift calculated for each story as 𝑢𝑗 =
𝑥𝑗+1 − 𝑥𝑗); and, matrix [𝛤 ] determines the restoring forces that affect
ach story the elements of which are defined as

𝛤 (𝑗, 𝑗) = 1 for 𝑗 = 1 ∼ 𝑁
(11)
𝛤 (𝑤,𝑤 + 1) = −1 for 𝑤 = 1 ∼ (𝑁 − 1)

6

Fig. 4. Flowchart of the nonlinear structural analysis process.

Recalling the BWBN model’s equations, the equation of motion of
the system (Eq. (10)) can be simplified and rearranged as

[𝑀]𝑁×𝑁 {�̈�}𝑁×1 + [𝐶]𝑁×𝑁 {�̇�}𝑁×1 +
[

𝐾𝑓
]

𝑁×𝑁 {𝑥}𝑁×1 =
{

𝐹 (𝑡)
}

𝑁×1
(12)

here
[

𝐾𝑓
]

is the final tangent stiffness matrix. Note that the final
tiffness for the 𝑗th story 𝑘𝑓 should be calculated as 𝛼𝑗𝑘𝑗 , and the final
angent stiffness matrix is arranged similarly to the standard linear
tiffness matrix. Furthermore,

{

𝐹 (𝑡)
}

is the pseudo-loading vector
ormulated as

𝐹 (𝑡)
}

𝑁×1
= {𝐹 (𝑡)}𝑁×1 − [𝛤 ]𝑁×𝑁 [𝛱]𝑁×𝑁 {𝑍}𝑁×1 (13)

here [𝛱] is a constant diagonal matrix that is formed as follows

(𝑗, 𝑗) =
(

1 − 𝛼𝑗
)

𝑘𝑗 for 𝑗 = 1 ∼ 𝑁 (14)

nd {𝑍} is the vector of stories’ hysteretic variables 𝑧𝑗 which are
alculated for each story by the following BWBN constitutive law

̇ 𝑗 = ℎ𝑗 (𝑧𝑗 )

⎧

⎪

⎪

⎨

⎪

⎪

⎩

�̇�𝑗 − 𝜈𝑗

(

𝛽𝑗
|

|

|

�̇�𝑗
|

|

|

|

|

|

𝑧𝑗
|

|

|

𝑛𝑗−1 𝑧𝑗 + 𝛾𝑗 �̇�𝑗
|

|

|

𝑧𝑗
|

|

|

𝑛𝑗
)

𝜂𝑗

⎫

⎪

⎪

⎬

⎪

⎪

⎭

, 𝑗 = 1 ∼ 𝑁

(15)
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Fig. 5. (a) Determination of the resultant electrical force acting on a CP [14]. (b) Schematic representation of a CP moving to a new position [14]. (c) Flowchart of CSS.
hich is governed by the following set of equations in which damping

s calculated

𝜈𝑗 (𝜀) = 1 + 𝛿𝜈𝑗𝜀𝑗 ,

𝜂𝑗 (𝜀) = 1 + 𝛿𝜂𝑗𝜀𝑗 ,

ℎ𝑗 (𝑧𝑗 ) = 1 − 𝜁1𝑗𝑒
−
[

𝑧𝑗 sgn
(

�̇�𝑗
)

−𝑞𝑗𝑧𝑢𝑗
]2∕𝜁22𝑗 ,

𝜀𝑗 (𝑡) = ∫

𝑡

0
𝑧𝑗 �̇�𝑗𝑑𝑡,

�̇�𝑗 = �̇�𝑗+1 − �̇�𝑗 ,

𝑧𝑢𝑗 =

(

1
𝜐𝑗

(

𝛽𝑗 + 𝛾𝑗
)

)
1
𝑛𝑗

,

𝜁1𝑗 (𝜀𝑗 ) = 𝜁𝑠𝑗
[

1 − 𝑒−𝑝𝑗𝜀𝑗
]

,

𝜁2𝑗 (𝜀𝑗 ) =
(

𝜓𝑗 + 𝛿𝜓𝑗𝜀𝑗
) (

𝜆𝑗 + 𝜁1𝑗
)

.

, 𝑗 = 1 ∼ 𝑁 (16)

erein, the following programming stages are undertaken to calculate

he system’s time-history response by computing a numerical solution

or Eq. (12) at each short time step (𝛥𝑡 = 𝑡𝑖+1−𝑡𝑖) in which the external

xcitation can be simplified and expressed as a linear relation.
7

Fig. 6. (a) Fuzzy input membership functions. (b) Fuzzy output membership functions.
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Fig. 7. Flowchart of F-CSS.
Step 1: A preliminary solution, i.e. {𝑥}𝑃𝑖+1 and {�̇�}
𝑃
𝑖+1, of Eq. (12) is

numerically calculated by assuming a linear interpolation function for
the external excitation as [79]

{𝐹 (𝑡)} =

{

𝐹
(

𝑡𝑖+1
)}

−
{

𝐹
(

𝑡𝑖
)}

𝛥𝑡
𝑡 +

{

𝐹
(

𝑡𝑖
)}

(17)

and by substituting the constant vector of initial hysteretic variables’
values {𝑍}𝑖 obtained at the end of the previous time step 𝑡𝑖 for {𝑍} in
q. (13). In fact, it is assumed that the applied load is gradually applied
y very small time increments of 𝛥t, during which, the external force
an be assumed to change linearly. At this stage, a preliminary state of
he system is achieved as follows

𝑆}𝑃𝑖+1 =

{

{𝑥}𝑃𝑖+1

{�̇�}𝑃𝑖+1

}

(18)

tep 2: The preliminary relative velocities of stories (�̇�𝑃𝑗 ) are specified
y means of the preliminary solution obtained in the previous stage and
mployed by Eqs. (24) and (25) to find a preliminary estimation of the
inal vector of hysteretic variables’ values {𝑍}𝑃𝑖+1 at 𝑡𝑖+1.

tep 3: At this time, the solution of Eq. (21) is numerically calculated
y taking a linear interpolation function of hysteretic variables over the
ime step in Eq. (22) as {𝑍} =

{𝑍}𝑃𝑖+1−{𝑍}𝑖
𝛥𝑡 𝑡 + {𝑍}𝑖 to account for the

dependency of hysteretic variables on time [80]. Thus, the final state

of the system, {𝑆}𝑖+1 =
{

{𝑥}𝑖+1

{�̇�}𝑖+1

}

, is obtained.

tep 4: The obtained final state of the system is directly used to
alculate the final vector of hysteretic variables’ values {𝑍}𝑖+1 using
q. (16).

tep 5: Acceptable low tolerances (𝐸) are defined for discrepancies be-
ween preliminary and final solutions as stopping criteria, and the anal-
sis is continued by the following conditional laws until the stopping
8

criteria are met and the convergence is achieved

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎩

if

⎧

⎪

⎪

⎨

⎪

⎪

⎩

|

|

|

{𝑆}𝑖+1 − {𝑆}𝑃𝑖+1
|

|

|

≤ 𝐸𝑠

&
|

|

|

{𝑍}𝑖+1 − {𝑍}𝑃𝑖+1
|

|

|

≤ 𝐸𝑧

⟩

⇒ the final solutions are accepted,

else ⇒ take

⎧

⎪

⎪

⎨

⎪

⎪

⎩

{𝑆}𝑃𝑖+1 = {𝑆}𝑖+1

&

{𝑍}𝑃𝑖+1 = {𝑍}𝑖+1

and iteratively go to𝐒𝐭𝐞𝐩𝟑.

(19)

Fig. 4 demonstrates the programming flowchart of the nonlinear struc-
tural analysis. In this process, the structural equation of motion and
the nonlinear differential equation of the BWBN model are solved sep-
arately and integrated subsequently until convergence is achieved. As
such, a computer program that solves the BWBN differential equations
can be written and linked to the commercial finite element software,
e.g. Abaqus and SAP2000, to easily incorporate the discussed method.
As it can be found from Eq. (12), in this process, hysteretic variables 𝑍𝑗
are assumed to act on the system in the opposite direction which has
been already used for a number of structural systems employing the
Bouc–Wen hysteretic model [80,81]. In another word, the hysteretic
variables are initially assumed to be loaded on the system and then
will be repeatedly corrected based on the obtained system’s state (feed-
back response), leading to obtaining their true values. Note that, the
mentioned analysis approach can also be easily adapted to any other
hysteretic models in which the hysteretic variables are calculated from
different equations of the BWBN model (Eqs. (15) and (16)).
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5. Statement of the optimization procedure

5.1. Standard CSS

As mentioned before, some principles of physics and mechanics are
utilized in the formulation of the CSS algorithm. The pseudo-code for
the CSS algorithm can be summarized as follows.

Step 1: Initialization. The initial positions of Charged Particles (CPs)
re determined randomly in the search space, whereas their initial
elocities are assumed to be zero. A number of the best CPs and their
elated values of the fitness function are saved in a memory called
harged Memory (CM).

tep 2: Forces determination. The value of the resultant electrical force
cting on a Charged Particle (CP) is specified as follows where the
esultant force acting on the 𝑗th CP is illustrated in Fig. 5a.

𝑘 = 𝑞𝑘
∑

𝐼, 𝐼≠𝑘

(

𝑞𝐼
𝑎3
𝑟𝐼𝑘 ⋅ 𝑖1 +

𝑞𝐼
𝑟2𝐼𝑘

⋅ 𝑖2

)

× 𝑎𝑟𝐼𝑘𝑝𝐼𝑘(𝐗𝐼 − 𝐗𝑘)

⎧

⎪

⎪

⎨

⎪

⎪

𝑘 = 1, 2,… , 𝑁𝑐𝑝

𝑖1 = 1, 𝑖2 = 0 ⇔ 𝑟𝐼𝑘 < 𝑎

𝑖1 = 0, 𝑖2 = 1 ⇔ 𝑟𝐼𝑘 ≥ 𝑎

(20)
⎩

𝐕

9

here 𝐹𝑘 is the resultant force acting on the 𝑘th CP and 𝑁cp is the
number of CPs.

The magnitude of charge, 𝑞𝐼 , for each CP, considering the quality
f its solution, is defined as

𝐼 =
𝑓𝑖𝑡(𝐼) − 𝑓𝑖𝑡𝑤𝑜𝑟𝑠𝑡
𝑓 𝑖𝑡𝑏𝑒𝑠𝑡 − 𝑓𝑖𝑡𝑤𝑜𝑟𝑠𝑡

, 𝐼 = 1, 2,… , 𝑁𝑐𝑝 (21)

where fitbest and fitworst are the best and the worst fitness of all CPs,
respectively; fit(I) represents the fitness of agent I ; and 𝑁cp is the
total number of CPs. The separation distance 𝑟𝐼𝑘 between two charged
particles is defined as follows

𝑟𝐼𝑘 =
‖𝐗𝐼 − 𝐗𝑘‖

‖(𝐗𝐼 + 𝐗𝑘)∕2 − 𝐗𝑏𝑒𝑠𝑡‖ + 𝜀𝑝
(22)

here 𝑋𝐼 and 𝑋𝑘 are the positions of the 𝐼 th and 𝑘th CPs, respectively,
𝑏𝑒𝑠𝑡 is the position of the best current CP, and 𝜀𝑝 is a small positive
umber to avoid singularities. Here, 𝑝𝐼𝑘 is the probability of moving
ach CP towards the others as described in [14].

tep 3: Solution construction. Each CP moves to the new position using
he resultant force and velocity vector as shown in Fig. 5b, calculated
s

𝑘,𝑛𝑒𝑤 = 𝑟𝑎𝑛𝑑𝑘1 ⋅ 𝑘𝑎 ⋅ 𝐅𝑘 + 𝑟𝑎𝑛𝑑𝑘2 ⋅ 𝑘𝑣 ⋅ 𝐕𝑘,𝑜𝑙𝑑 + 𝐗𝑘,𝑜𝑙𝑑 (23)

= 𝐗 − 𝐗 (24)
𝑘,𝑛𝑒𝑤 𝑘,𝑛𝑒𝑤 𝑘,𝑜𝑙𝑑
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Fig. 9. Force–displacement curves of the experimental and numerical investigations for
(a) Specimen A, and (b) Specimen B.

where 𝑘𝑎 is the acceleration coefficient; 𝑘𝑣 is the velocity coefficient to
control the influence of the previous velocity; and 𝑟𝑎𝑛𝑑𝑘1 and 𝑟𝑎𝑛𝑑𝑘2
are two random numbers uniformly distributed in the range of (0,1).

Step 4: Updating process. If a new CP exits from the allowable search
space, a harmony search-based handling approach is used to correct its
position [14]. In addition, if some new CP vectors are better than the
worst ones in the CM, they will replace the worst ones in the CM.

Step 5: Terminating criterion control. Steps 2–4 are repeated until a
terminating criterion is satisfied. The terminating criterion is one of the
following conditions (the one that occurs earlier):

(1) Maximum distance of CPs: the maximum distance between CPs is
less than a pre-determined value (3×a in this paper); or

(2) The maximum number of iterations: the optimization process
is terminated after a fixed number of iterations. Fig. 5c shows the
flowchart of the CSS algorithm.

5.2. Fuzzy adaptive CSS (F-CSS)

Two important parameters have considerable importance in the
exploration and exploitation tuning of the standard CSS algorithm.
As mentioned in Eq. (23), 𝑘𝑣 and 𝑘𝑎 are utilized to consider and
tune the effects of the previous velocity of each CP and the resultant
force acting on that CP. The exploration capability of the algorithm
is improved based on the excessive search in the initial iterations
while it should be decreased due to the exploitation requirements of
the algorithm. Given that 𝑘𝑎 is a parameter related to the attracting
forces on CPs, considering a larger value for this parameter may result
 t

10
Table 1
Fuzzy linguistic variables.

Fuzzy variable Variable description

PS Positive & Small

PM Positive & Medium

PL Positive & Large

PVL Positive & Very Large

in a fast convergence rate, whereas a smaller value can increase the
computational complexity and time of the algorithm. It should be noted
that 𝑘𝑎 controls the exploitation phase of the algorithm which requires
is of great importance; hence, determining an incremental function can
enhance the overall performance of the algorithm in this phase. In
addition, the direction of the previous velocity of a CP is not generally
the same as the resultant force; therefore, considering a decreasing
function for the determination of 𝑘𝑣 which controls the exploration
phase of the algorithm is required.

Based on previous studies utilizing CSS as the optimization algo-
rithm, the following equations are used for 𝑘𝑣 and 𝑘𝑎, while 𝑘1 and 𝑘2
are assumed to be 0.5

𝑘𝑎 = 𝑘1

(

1 − 𝑖𝑡𝑒𝑟
𝑖𝑡𝑒𝑟max

)

, (25)

𝑘𝑣 = 𝑘2

(

1 + 𝑖𝑡𝑒𝑟
𝑖𝑡𝑒𝑟max

)

, (26)

where 𝑖𝑡𝑒𝑟 is the actual iteration number and 𝑖𝑡𝑒𝑟𝑚𝑎𝑥 is the maximum
umber of iterations. Considering these equations, 𝑘𝑣 decreases linearly
o zero whereas 𝑘𝑎 increases to one when the number of iterations rises.

Since there is no systematic approach to identifying 𝑘1 and 𝑘2 during
the optimization process, there should be an appropriate parameter-
tuning process to achieve acceptable levels of performance in dealing
with different optimization problems. Due to the lack of knowledge
about specific search spaces, designing a mathematical model for the
tuning process is generally difficult and time-consuming. Using ap-
propriate linguistic descriptions of the search space leads to a tuning
process that can cope with its complexity. Fuzzy Logic (FL) is one of the
linguistic-based theories that can contribute to achieving such a goal.
In this section, a parameter-tuning process based on FL is proposed to
achieve a better performance level for the CSS algorithm. In this regard,
four linguistic variables are defined as summarized in Table 1.

The FL tuning process is formulated for 𝑘1 and 𝑘2 independently.
This process is conducted based on the Best Fitness (BF) values and the
number of Unchanged Best Fitness (UBF) values during each iteration.
The FL tuning process is comprised of two input and one output
variables. The input variables are chosen as the Normalized Best Fitness
(NBF) and Normalized Unchanged Best Fitness (NUBF) values. The
fuzzy output variables are chosen as 𝑘1 and 𝑘2. The NBF and NUBF
values are calculated as follows

𝑁𝐵𝐹 = (𝐵𝐹 − 𝐵𝐹min)∕(𝐵𝐹max − 𝐵𝐹min), (27)

𝑁𝑈𝐵𝐹 = 1 −
(

𝑖𝑡𝑒𝑟max − 𝑈𝐵𝐹
𝑖𝑡𝑒𝑟max

)

, (28)

where 𝐵𝐹min and 𝐵𝐹max are, respectively, the minimum and maximum
itness values during each iteration.

The fuzzy inputs and output membership functions are represented
n Fig. 6a and b, respectively. The fuzzy rule base is also summarized in
able 2. It should be noted that the Mamdani Inference mechanism is
tilized for decision making while the centroid method is also chosen
or the defuzzification process.

The contribution of the proposed adaptive method proves the fact
hat the determination of the heuristic parameters is assigned to the
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Fig. 10. (a) The 2-DOF shear wall building case study. (b) The El Centro 1940 earthquake acceleration record. (c) The total step convergence time for the hysteretic analysis. (d)
The maximum step convergence time for the hysteretic analysis. (e & f) Hysteresis loops of hysteretic displacement versus drift for (e) the first, and (f) the second stories.
Table 2
Fuzzy rule base.

𝑘1 / k2 NUBF

PS PM PL PVL

NBF

PS NVS NVS NS NM

PM NVS NS NS NM

PL NS NS NM NL

PVL NS NM NL NVL

fuzzy system, in contrast to the traditional practice of running numer-
ous experiments. The flowchart of the F-CSS algorithm is presented in
Fig. 7.

In the following, the F-CSS identification approach is used to config-
ure the Bouc–Wen–Baber–Noori model’s parameters so that the model’s
11
responses satisfactorily match the obtained experimental data for steel
shear wall subjects. This is achieved by minimizing a suitably defined
objective function by solving an optimization problem. It is noteworthy
that the F-CSS optimization method is effectively used in the present
study to develop an effective tool for solving this high nonlinear para-
metric identification problem compared to the standard CSS [14]and
Magnetic CSS (MCSS) [65] algorithms. Solving this kind of highly
nonlinear optimization problem has been always challenging in terms
of robustness and converge-ability of the identification method, and F-
CSS as a robust and effective algorithm [12–14] can be successfully
employed for this purpose.

5.3. Objective function

In order to obtain the optimal values for the parameters of the
BWBN model, an appropriate fitness function is needed to be mini-
mized through an optimization procedure. In the present study, the
normalized mean square error (NMSE) of the predicted restoring force
time-history �̂� (for any obtained parameters’ vector X) in comparison
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Fig. 11. Drift-time diagrams for the (a) first, and (b) second stories.
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with the experimentally obtained restoring force time-history 𝑅 at each
ime instant, is considered as the objective function [74,75]. Thus, the
iscrete objective function is formulated as

𝑀𝑆𝐸 (𝐗) = 1
𝑁𝑒

𝑁𝑒
∑

𝑛𝑒=1

(𝑅 − �̂�)2

𝜎2𝑓
(29)

here X is the vector of the BWBN model parameters that contains
he candidate values of the twelve parameters; 𝜎2𝑓 is the variance of
he experimental restoring force time-history; and 𝑁𝑒 is the number of
sed data in the optimization process that could be equal to or less
han the number of captured experimental data 𝑁𝐸 . For optimization
perations, in parallel with produced force, the time-history of excita-
ions (i.e., displacement and velocity) is also required to calculate the
odel’s response.

.4. Bound constraints

In general, the optimization problem involves the minimization of
he above objective function when the parameters vector is varied
etween the following bound constraints (search domain)

min ≤ 𝐗 ≤ 𝐗max (30)

here 𝐗min and 𝐗max are vectors containing the lower and upper
ounds of the model’s parameters, respectively. In [4], a part of the
xperimental data was used for the system identification of timber
tructures where it was shown that the model response is robust for
he remaining time-history. Moreover, for an MR damper in [74],
he obtained parameters due to sinusoidal excitation were successfully
xploited for reproducing the damper’s response to random excitations.
able 3 presents the search domain of the unknown parameters of
12
he BWBN model implemented for both Specimens A and B which
an be estimated through the experimental data analysis described
elow. It should be noted that the bound limits reported in Table 3
re conservatively widened out and considered to be the same for both
pecimens.

The parameters are described as follows

i Parameter 𝛼: parameter 𝛼 is the ratio of final tangent stiffness
to the initial stiffness, hence, it will be between 0 and 1 (i.e., 0 <
𝛼 = 𝑘𝑓

𝑘 < 1).
ii Parameters 𝛽 and 𝛾: for the Bouc–Wen model to be physically

meaningful (the Bounded-Input–Bounded-Output property) and
to have the absorbency of input energy and passive performance
(not to produce energy), the shape-controlling parameters 𝛽 and
𝛾 should comply with 𝛽+𝛾 > 0, 𝛽−𝛾 ≥ 0, and 𝛽 ≥ 0 [2,78] which
result in −𝛽 < 𝛾 ≤ 𝛽. Then, by conservatively taking 𝜐 = 𝑛 = 1 in
Eq. (7), it comes to 0 < 𝛽 < 1

2𝑧𝑢
where 𝑧𝑢 can be approximately

found as max
(

|

|

|

|

𝑧𝑛𝑒 =
𝐹𝑛𝑒−𝛼1𝑘𝑢𝑛𝑒
𝑘(1−𝛼1)

|

|

|

|

)

for 𝑛𝑒 = 1 ∼ 𝑁𝐸 , where 𝑧𝑛𝑒
is the discrete hysteretic value calculated for 𝑁𝐸 experimental
data, and 𝛼1 is the ratio of the final tangent stiffness of the first
loading path to the initial stiffness.

iii Parameter n: shape-controlling parameter n is inversely related
to the curvature of the hysteresis loops. As the n increases,
the curvature will be decreased. In particular, for 𝑛 = 12,
the hysteretic curves will reflect an elastic–plastic behavior [2].
Therefore, it is considered that 1 ≤ 𝑛 ≤ 12.

iv Degrading and pinching parameters (𝛿𝜈 , 𝛿𝜂 , q, 𝜁𝒔, p, 𝜓 , 𝛿𝜓 ,
and 𝜆): because the steel shear walls show hysteretic behavior
similar to those for nailed wood joints, a reasonable search
domain for degrading and pinching parameters are determined

based on the parameters’ values reported in [3].
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Fig. 12. (a) Velocity versus time diagrams for the two stories. (b) Absolute acceleration versus time diagrams for the two stories.
Table 3
Side limits for the optimization parameters.

Parameter 𝛼 𝛽 𝛾 n 𝛿𝜈 𝛿𝜂 q 𝜉𝑠 p 𝛹 𝛿𝛹 𝜆

Lower bound (𝐗min) 0.00 0 − 1
2𝑧𝑢

1 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Upper bound (𝐗max) 1.00 1
2𝑧𝑢

= 5.00 1
2𝑧𝑢

12 0.50 0.50 1.00 1.00 10.00 10.00 0.50 1.00
5.5. Parameters of F-CSS

Owing to the randomness of the F-CSS, its performance cannot be
judged from the results of a single run. Many trials with independent
population initializations should be made to obtain a useful conclusion
about the performance of the approach. The best, worst, and mean
results obtained from 30 trials with different initial points are used to
evaluate the performances of F-CSS. To evaluate the effectiveness of
the proposed algorithm, the optimum results of F-CSS are also com-
pared with the results of the standard CSS [14] and the Magnetic CSS
(MCSS) [65]algorithms. Sensitivity studies indicate that a population
size 𝑁cp = 50 is sufficient for these problems. The size of the Charged
Memory (CM) is equal to 𝑁 . In addition, the maximum number of
cp

13
iterations is set to 500 for the examples. The effect of the previous
velocity and resultant force affecting a CP can be controlled by the
values of 𝑘𝑣 and 𝑘𝑎, respectively. Excessive search in early iterations
may improve the exploration ability, however, it must be decreased
gradually to increase the exploitation ability. Since 𝑘𝑎 is the parameter
related to the attracting forces, it works as a control parameter of the
exploitation property [50]. Therefore, choosing a linear incremental
function (from 1 at the beginning to 1.5 at the end) can improve
the performance of the algorithm. Also, the direction of the previous
velocity of a CP is not necessarily the same as the resultant force. This
shows that velocity coefficient 𝑘𝑣 controls the exploration process and
therefore a linearly decreasing function (from 2 in the beginning to 0.5
in the end) is selected.
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Table 4
Optimal parameters for Specimens A and B.

Parameters (X) 𝛼 𝛽 𝛾 n 𝛿𝜈 𝛿𝜂 q 𝜉𝑠 p 𝛹 𝛿𝛹 𝜆

Optimal values Specimen A 0.0814 0.346 −0.279 1.00 0.0 0.0 0.0869 0.959 0.396 0.364 0.002 0.0698

Specimen B 0.0599 0.499 −0.450 1.15 0.0 0.0 0.0754 0.936 0.110 0.574 0.0038 0.4372
a
d
c

c
t
F
a

Fig. 13. Hysteretic dissipated energy time histories for (a) the first storey, and (b) the
second storey.

6. Numerical results

6.1. F-CSS simulation results

The F-CSS optimization approach is employed to find the optimum
solution for the BWBN model’s parameters to lead the model’s re-
sponse to conform to the experimental response. The obtained best
optimal parameters’ values for specimens A and B with the respective
initial stiffness of 809.59 and 982.56 kg/mm are listed in Table 4.
The NMSE value of the obtained solutions for specimens A and B
are 0.0571 and 0.0589, respectively, which implies that the F-CSS
method can convincingly address the parametric identification issue.
From the experimental force–displacement curves for the steel shear
walls illustrated in Fig. 2b and c, it can be seen that the steel shear
panels exhibit non-degrading hysteretic behaviors (i.e., no stiffness and
strength degradations). Therefore, the strength and stiffness degrading
parameters (i.e., 𝛿𝜈 and 𝛿𝜂) should become zero, and the number
of unknown parameters is decreased to ten. Nevertheless, all twelve
parameters were considered in the identification problem in this study
to demonstrate a complete procedure applicable to any other lateral-
resistant structural systems. As can be seen from Table 4, the obtained
values of 𝛿𝜈 and 𝛿𝜂 became zero which validates the BWBN model’s
parameters and the employed F-CSS optimization scenario.

Fig. 8 illustrates the comparison between the experimental restoring
force time-histories of specimens A and B with the BWBN model’s pre-
dicted response. As can be seen from this figure, the BWBN model’s re-

sponse appropriately recreates the hysteretic restoring force of the steel
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shear wall subjects. In addition, the comparative force–displacement
curves of the experimental and numerical procedures for specimens A
and B are presented in Fig. 9a and b, respectively.

To perform a valid comparative study, MCSS, which is a recently-
proposed improved version of CSS, is also considered. Table 5 provides
the statistical information for these examples obtained using the F-
CSS, MCSS, and CSS methods, based on 30 independent runs for each
algorithm. The number of required iterations and the population size
for all algorithms are considered 500 and 50, respectively. Therefore,
the required time for all three algorithms is approximately the same.
The superiority of the F-CSS algorithm in terms of the best and average
results, as well as standard deviation values, is obvious when the F-
CSS’s results are compared against the results of the MCSS and CSS
algorithms. On a 6 Core™ 2.8 GHz CPU, the required optimization
time for the F-CSS algorithm is almost 1198 min, while for the MCSS
and CSS algorithms, the times are 1325 and 1250 min, respectively.
Table 5 shows that although the differences between the required times
are small (2%), in terms of NMSE, the obtained solutions using F-CSS
are significantly superior to those obtained using the MCSS and CSS
algorithms, respectively.

It should be mentioned that such an optimization process will
enable structural designers gain clearer perspective in a preliminary
study. To this end, the main aim of this study is to avoid excessive
complexities in the design process and achieve some initial estimations
using metaheuristics. Importantly, changing the initial conditions of
the shear walls will affect the final results; however, the proposed
algorithm does not need any additional controls or modifications to be
used for the new conditions.

6.2. Numerical structural simulation

A two-degree-of-freedom steel shear wall building example is as-
sumed in which the obtained BWBN hysteretic model’s parameters for
Specimens A and B (Table 4) characterize the second and first stories’
restoring properties, respectively (see Fig. 10a). This case study is con-
sidered as a lumped-mass shear building for which the first and second
stories’ scaled lumped masses are taken as 20 and 8 kg, respectively. A
2% damping ratio 𝜉 for the first two vibrational modes is considered to
ccount for damping mechanisms that the structure would experience
uring vibrations and Rayleigh’s damping matrix [79] is accordingly
onstructed.

The nonlinear dynamic analysis, as well as the simulation, are
onducted in MATLAB and the building responses are analyzed for
he 1940 El Centro’s earthquake North–South record, as shown in
ig. 10b. The stopping criteria for response tolerances in each iteration
re considered as 𝐸𝑠 = 10−14 {S}𝑃𝑖+1 and 𝐸𝑧 = 10−14 {Z}𝑃𝑖+1. The total

and maximum step convergence times for the hysteretic analysis of
the given case study are illustrated in Fig. 10c as an indication of the
computational effort. It reveals that the convergence time for each time
step is approximately 0.05 s and the total analysis time is 132 s.

Fig. 10e and f indicate the system’s hysteresis behavior in response
to seismic excitations by plotting the inter-story drift along the hori-
zontal axis versus hysteretic displacement along the vertical axis. It is
observed that the proposed nonlinear dynamic analysis approach can
successfully calculate hysteretic displacement and hysteretic restoring
force demands for different stories with various hysteretic charac-
teristics to subsequently find the true state of the MDOF structural
systems.
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Table 5
Performance comparison of the results of F-CSS, MCSS, and CSS.

Performance metric CSS MCSS F-CSS

Specimen A Specimen B Specimen A Specimen B Specimen A Specimen B

Best result 0.1776 0.2232 0.1663 0.1969 0.0571 0.0589

Average result 0.2532 0.3011 0.2345 0.2822 0.1566 0.1824

Standard deviations 0.1312 0.1722 0.1036 0.1103 0.0756 0.0866

No. of function evaluations 50 × 500 = 25,000 50 × 500 = 25,000 50 × 500 = 25,000

Optimization time (min.) 1,250 1,325 1,198
Fig. 11, Fig. 12a & b, and Fig. 12c & d depict the calculated drift, ve-
ocity, and absolute acceleration responses of the stories, respectively.
he building dissipates the input energy of the earthquake by exhibiting

arge deformations and ductile performance. The excessive cycles of
eismic loading are converted to a finite number of displacement cycles
n the structure.

Fig. 13 illustrates the hysteretic energy absorption of the building
tories. It can be seen that the dissipated energy diagram is ascending
or both stories and the first story absorbs considerably more input
nergy as it shows far larger drifts compared to the second story. The
stimated hysteretic energy dissipation of such structures can be effi-
iently employed in quantitative loss estimation studies and assessment
f cyclic sustainability, failure, and downtime of the structural systems.

. Conclusions

In this study, a two-stage method for the hysteretic nonlinear anal-
sis of structures based on structural elements’ hysteretic demeanors
as developed. The proposed approach could be potentially used for

he hysteretic analysis of all structural systems which symmetrically
esist lateral excitations, and can be further verified through future
xperimental investigations.

In the first stage, namely system identification, two simply-
upported steel shear panels were experimentally studied under cyclic
xcitations and the BWBN model was utilized to model their experi-
ental hysteretic behavior. It was demonstrated that this model can

e employed to portray the hysteretic behavior of structural compo-
ents with strength degradation, stiffness degradation, and pinching
emeanor involved in their cyclic response. A parametric identification
f the BWBN model was achieved using the F-CSS metaheuristic opti-
ization method to optimally fit the model’s response to experimental

esults.
In the second stage, a numerical nonlinear analysis method was

tilized for the time-history dynamic analysis of MDOF structures
sing the BWBN hysteretic constitution, where the required computer
rogramming instructions were developed. This approach was used for
he analytical simulation of a two-story shear wall building example
haracterized by the BWBN hysteretic model obtained from the pre-
ious stage. The obtained results showed that the proposed analysis
pproach appropriately incorporated the hysteretic restoring force of
tructural systems into the nonlinear analysis of structures subjected to
rbitrary cyclic-type loadings. This can enable structural designers to
alculate the accurate vibrational response and energy absorbability of
arious structural systems.

The experimental investigation of the BWBN model used in the
ysteretic behavior study of the structural components under diverse
xcitations can be the subject of future research. Besides, developing a
ew configuration of the BWBN model for the simulation of structural
lements with asymmetric hysteresis such as buckling steel braces could
e insightful research work. An analytical study of the BWBN model’s
arameters is also proposed as a future direction to explore the exact

hysical concepts behind each parameter; and finally, experimental
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verification of the presented hysteretic analysis results for various
MDOF systems is suggested.

It should be noted that the hysteresis model parameters are highly
dependent on the utilized loading protocol. In other words, the results
of the optimization process and the experimental investigations can
be similarly affected by changing the loading protocol. However, the
optimization procedure in this study was conducted with the same
loading protocol as in the experimental investigations. It is also note-
worthy that, given that experimental investigations are generally costly
and time-consuming, the proposed F-CSS algorithm can be useful in
the preliminary analyses of hysteretic models in structural systems.
As future challenges, the applicability of the proposed optimization
procedure can be investigated by utilizing different structural systems
with different levels of complexity.
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