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Abstract

Steel Shear Walls (SSWSs) exhibit suitable stiffness among various lateral force-
resisting systems, and their application has been extended to tall buildings. In this
research, the optimization of a High Performance-Based Seismic Design (HPBSD)
of SSWs was introduced using a new optimization method. A hybrid algorithm was
developed based on the Harmony Search (HS) algorithm, Multi-Design Variable
Configuration (Multi-DVC) cascade optimization, and Upper-Bound Strategy
(UBS). This new approach, termed MDVC-UHS, utilized cascade structural sizing
optimization to manage numerous variables through a series of DVCs. The UBS
was employed to reduce computational time, while the HS was used for global
optimization. The MDVC-UHS algorithm was applied to optimize the dimensions
of the steel shear wall following high performance-based seismic design principles.
The research indicated that as the length of the SSW increased relative to its height,
the more it was in the shear mode and the more usage it could have.

(Multi-DVC),
Upper Bound Strategy (UBS)

1. Introduction

Steel shear walls (SSWSs) have been considered for reducing
lateral forces from earthquakes and lateral wind forces in
buildings, especially tall buildings, over the past three
decades. This modern phenomenon, which is rapidly
increasing worldwide, is used to build new structures and
strengthen existing ones, particularly in earthquake-prone
countries such as Japan and the United States. SSWs are a
better and faster alternative from an executive perspective
and reliable resistance and conduction side not only in steel
structures but also in concrete structures.

SSWs are made of steel sheets covered with beams and
columns. These walls act like cantilevered sheet metal
beams, in which the supports serve as flanges, the beams on
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the floors serve as stiffeners and steel sheets serve as beam
webs. In this system, the connections between beams and
columns are fixed connections, and unlike the beam plates
where flanges do not play an important role in force
reduction due to their weaknesses, columns can play a
crucial role in SSWs given their strengths.

The steel sheets can be reinforced with vertical and
horizontal hardeners to avoid buckling, especially in the
elastic zones. Given the high strength of steel sheets and the
utilization of their resistance to buckling even with long
SSWs and high shear forces, thin steel sheets can be used.
To avoid buckling due to operational loads and instead of
increasing the thickness of the sheets, which would be quite
uneconomical, stiffeners can be used to strengthen them.
Reinforcing the sheets not only prevents buckling due to
operational loads but also improves their behavior,
especially in their plastic zones.
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The basic idea behind SSWSs, which has received
considerable attention in recent decades, is the use of a
diagonal stress field that arises in them after the steel sheets
are buckled. A few years earlier they were used in a limited
number of buildings with high-strength steel panels to
prevent them from buckling, taking a cue from the
shipbuilding industry.

Seismic design of structures is traditionally carried out
based on their strengths. Although the structures were
designed based on the criteria of existing seismic designs,
they suffered significant damage from recent earthquakes.
Accordingly, it is necessary to provide performance-based
seismic design (PBSD) to achieve better performance and
less damage. In recent years, in addition to the assessment
and reconstruction of existing buildings, various
instructions have been presented on the introduction of the
PBSD concepts as well as the design and analysis of the new
buildings.

Immediate Occupancy (10), Life Safety (LS), and Collapse
Threshold (CP) were defined as optimized performance
levels of structural PBSDs in earthquake engineering. At the
10 level, the structure experiences very little damage and
has optimal efficiency for continuous use. At the LS level,
residents have the opportunity to safely leave the building
even after significant damage. The CP level indicates
structural collapse caused by increased stress or deflection
due to widespread deformation of nonelastic structural
members.

Nonlinear analysis tools are used to examine different
performance levels of structures during an earthquake. In
this area, pushover analysis (PA) has been widely
established as an effective tool. The primary and general
assessment of structural strength and deformability are the
objectives of nonlinear static pushover analysis (NSP), the
result of which is the construction of capacity curves of
inelastic structures.

Nature is a great source of phenomena that can be modeled
to solve engineering problems. Typically, researchers use
the laws of nature to solve various engineering problems
such as optimization. These include the Evolutionary
Algorithm (EA), which was first used by Holand [1], and
the Genetic Algorithm (GA), which was adopted from
biological evolution and introduced by De Jong [2].
Researchers studying animal social behavior have drawn
inspiration from methods such as those of Dorigo et al. and
Eberhart et al. were developed the Ant Colony Algorithm
(ACO) [3] and the Particle Swarm Optimization (PSO) [4],
respectively. Optimization theory has also taken inspiration
from the laws of nature through the Gravitational Search
Algorithm (GSA) based on physical phenomena, the
Harmony Search (HS), the Jaya algorithm, the Gray Wolf
Optimization (GWO) algorithm, and the Multi Objective
learning-based optimization algorithm introduced by
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Rashedi et al. [5], Lee and Geem [6], Grzywinski et al. [7],
Kalemci et al. [8] and Eirgash [9] respectively.

This newly introduced MDVC-UHS algorithm consists of
Multi-Design Variable Configuration (Multi-DVC) [10]
and Upper Bound Strategy (UBS) [11] for general
optimization of the large-scale structures. The HS method
is used for general optimization and the Multi-DVC
algorithm is used to control a large amount of the design
variables.

The HS algorithm is one of the metaheuristic optimization
methods, which is adjusted based on the theory of music
composition. This method does not use complex
mathematical relationships to generate solutions related to
the design variables in each problem and applies a harmony
memory containing some of the best solutions each time the
optimization process is performed. This mechanism in the
HS method ensures that the values of the solutions do not
go beyond the boundaries of the search space defined for
them and there is no need to update these types of solutions
that are constantly generated in other algorithms. Since
updating these crowded solutions is a time-consuming
process, using the HS method as the main optimization
operator in creating solutions has resulted in good
convergence speed in reaching the optimal solution in the
MDVC-UHS method.

In this new method, a balance between the amount and
variety of design variables can be achieved by controlling
the structural weight. For this purpose, a configuration that
deviates from the design variables is used in each phase of
the optimization. By using the optimal design achieved in
the previous phase, a new optimization phase can be
initiated in parallel with the previous phase. The best design
variable configuration, Multi-DVC, performs the first and
last stages of optimization, respectively. Nevertheless,
optimizing the structures with various design analyses
requires a significant amount of time to carry out the
calculation. To solve this problem, some non-essential
structural analysis can be avoided during optimization using
the UBS strategy. Therefore, this recently proposed
approach attempted to achieve a generally optimal response
with fewer repetitions than the existing algorithmic
approach.

In this research, a well-organized optimal seismic design of
SSW is presented. Pushover analysis is used to evaluate the
structural responses under seismic excitation. This research
aims to achieve the minimum structural steel volume
resulting in low cost by optimizing the cross-sectional
properties for the SSW. The inter—storey drifts were limited
to the LS level by designing the design's performance-based
pressures. Since effectiveness is important, the sensitivities
of an effective method were determined by selecting a
gradient-based  optimization method as well as
complementary and analytical approaches.
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2. Performance-based System optimization

This draft rule is necessary to evaluate two factors that must
be checked in the event of deflection: the structural strength
in the limit state and the serviceability. To design new
buildings based on existing building design regulations, the
PBSD method is used, which is intended to be different
from other seismic design methods. This design method is
used to confirm reliable seismic levels that can be used to
predict the service life of the structure as it can determine
seismic requirements at predefined performance levels,
allowing structure designs to be verified at higher seismic
performance.
The performance aims to determine their level at a given
level of danger. Performance objectives are defined by
selecting the performance level of a structure and
determining the corresponding seismic hazard level.
According to FEMA-273 [12], the power levels LS, 10, and
CP mentioned were taken into account in the current
research. Each target was associated with a recovery
probability of 50 years.
10, LS, and CP performance levels are commonly assumed
at 50, 10, and 2%, respectively, with the probability of
exceedance over 50 years [13]. These risk levels were also
taken into account in this study.
As another part of PBSD, structural analysis can evaluate
structural capacity. The maximum values of inter-storey
drifts correspond to this capacity. In the present research,
NSP analysis is used to determine the nonlinear structural
responses induced by earthquakes. In addition, the
displacement coefficient method, adopted from the various
static pushover analyses, evaluates the seismic requirements
on the building frames under corresponding static
earthquake loading [14]. In this procedure, lateral loads
have been particularly distributed up until reaching the
target displacement; according to FEMA-356 [14] its value
can be as follows:
2
6, =C,C,C,C,S, Lz g W
A
Co relate to the specific and expected maximum inelastic
displacements of the probable building; furthermore,
displacements for a linear elastic response are measured by
C1. Cy is used to show the effects of hysteresis shape on the
maximum displacement response and Cs; shows the
influence of P-A. Te indicates the effective fundamental
period of the building in the direction under consideration;
In addition, Sa means the acceleration of the response
spectrum corresponding to Te.
The values of the parameters given in Table 1 are used to
calculate the spectral acceleration (S,) for each hazard level.
1 [13]. In this table, the short period is shown as Ss, which
is the reaction acceleration parameter for the first second. In
addition, the location coefficients are shown as Faand Fy. In
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this research, the OpenSees [15] platform performs the
pushover analyses.

Table 1: Site parameters at the performance level for the site
class of D [13].

p
erformanc azard © ©
e level level s\ 149 a v
|
o} 0%/50- .658 .198 27 .00
years
L o%is0-
S 794 237 .18 .92
years
C 0,
0%/50-
P years .150 .346 .04 .70

3. Problem Formulation

The PBSO problem of steel structure should be defined by
objective functional and design constraints. In the present
study, the objective function is the minimized overall
structure weight according to Eq. 2, which defines the
objective function as follows:

(2)

In the above formulary, W stands for structural weight; p; is
the weight density, and V; shows i" member value. Finally,
the number of members is displayed in nm. In addition, to
ensure optimal performance of the resulting designs, some
limitations based on the code used in the design process
should be taken into account in the following two steps.

W) = oV

3.1. Relations governing the steel shear wall design

Two general methods for analyzing and designing steel
shear walls have been defined so far. The first method was
first introduced in the 1980s by Kulak [16], based on studies
and research from the University of Alberta in Canada. In
this method, the steel sheet is moved through a series of
diagonal tendons, and the analysis system is finally
designed. The above method registered in the Canadian
Building Code has never been used for steel shear walls
with thin steel plates, not for steel shear walls with thick
steel plates, and not for reinforced steel shear walls. There
is also no solution for the analysis and design of the system
if the steel shear walls have an opening. This method
analyzes the replacement of sheet steel with several bars,
sheets, and frames at the same time. Therefore, the designer
has no physical idea of the system behavior, especially in
plate-frame interaction.

Saburi et al. [17] presented an advanced method in the late
1980s in which attempts were made to respond to all the
different situations of the system, either the steel shear walls
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with thick and thin steel sheets or the steel shear walls with
opening and reinforcement. In addition, the behavior and
function of the steel sheet and frame as well as their
interaction are monitored separately; which plays an
important role in the behavior of the system and can be
explained physically.

The panel load shear of each floor can be calculated in this
manner by determining the shear force of the floors and the
amount of lateral load applied to the steel shear walls. Each
of the shear panels of the floor and consequently steel shear
walls are analyzable and can be designed.

First step: Pre-buckling stage:

Before buckling of the steel sheet, the stress situations are
in a way that the main equal tensile stress and compression
stress established along the 45° and 135°, until they achieve
to critical buckling stress. The steel sheet critical stress can
be calculated by classic steady state theory supposing the
simple support. If the steel sheet is thick critical shear stress
(tor) exceeds the yield shear stress based on Von Mises
yield criterion, and the steel sheet theoretically yields, as a
result.

AP A @
T 120-4%)(b) " 3

2
K= 3.35+4(Bj for E >1 4)
d d
2
K :5.35(§j +4 for gsl (5)

Where t is the steel sheet thickness, E is the elasticity
modulus, u is the Poisson's ratio, b is the span, d is the panel
height and g, is the steel sheet yield stress in the uni-axial
tension test of the steel sheet.

The structural capacity is estimated by the nonlinear
pushover analysis and the method of displacement
coefficient at the LS level of performance. This capacity
relates to the maximum values of inter-storey drifts. The
second step involves the following constraints:

Second Step: The constraints of post- buckling stage

If the steel plate is thin and buckles before yielding, the
sheet cannot bear more compression stress; although
compression stress can increase until the steel sheet yields.
Therefore, after buckling the sheet by gradually making the
tension field and its propagation to all its levels, again load-
carrying mechanism will be created called post-buckling.
Columns should have sufficient stiffness to diffuse to all its
levels, the tension field achieved from the steel sheet.
Therefore, the following constraints should be met to be
sure that the columns can bear the forces created because of
the tension field after buckling the sheet and plastic moment
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won't be created in them before yielding the mentioned
sheet.

M, > 2 (6)
fp 8

Regarding the storey's beam in the steel shear walls, forces
inflicted on the link beams from the steel plates of the two
adjacent storeys will get neutralized due to slight
differences. Therefore, the following Eg. 7 should be
considered to provide the stiffness for them, just for the last
beams which only withstand the forces inflicted from one
steel sheet.

2
> )
16
Where My, is the plastic moment of the last beam.
The constraints of the lateral drifts at the different levels of
performance are defined as follows:
0. <0

all

k=12,...,ns, i=LS (8)

where 0l is the drift of the k™ storey related to a steel
structure frame, and the LS level of performance squires the
steel structure frame. In this meaning, 8, shows the value
allowed for them. In this research, this equal value was
elected to be 0.2 [18].

4. Proposed Method

To deal with a large number of variables, the following steps
introduce the MDVC-UHS algorithm which is made of
Multi-DVC cascade optimization. HS acts as the main
mechanism of optimization and UBS decreases the
computational time.

Step 1: Randomly generate a certain number of primitive
solution candidates based on DVCs for design variables.
After a series of DVCs are created and categorized in
increasing order of magnitude, the coarsest DVC in the
primary state is used. This configuration of the cascade
mechanism is the principle of random distribution of the
first locations of all particles. By defining the design
variables, a set of primitive solution candidates could be
created according to the following formula and based on the
constraints associated with the solution candidate:

ti = tmin + Rand (tmax _tmin) 9)
b, =b,,, +Rand(b,, . —b,.,) (10)
di = dmin + Rand (dmax _dmin) (11)

In addition, the number of solution vectors in the harmony
memory (HMS), i.e. the size of the harmony memory
matrix, the harmony consideration rate (HMCR), the pitch
adjustment rate (PAR), and the maximum number of
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searches are also selected in this step. In the HS algorithm,
the HM stores the feasible vectors, all of which lie in the
feasible space. The size of Harmony memory determines
the number of vectors to be stored.

Step 2: Analyze the structure considering the number of
design variables present in a candidate solution and
considering the penalty functions and fitness functions for
each candidate solution.

According to the following relationship, the degree of
fitness value could be calculated and also categorized based
on the lowest fitness for each candidate solution. The lowest
fitness function could be introduced as the optimal
response. There are usually different approaches to
calculating the penalty value; Whichever is chosen, would
not have much impact on the optimization process. When
calculating the penalty value, if this restriction is between
the allowable limit value, the penalty value is zero, and if it
is greater than the largest or lowest allowable limit value,
the penalty value is equal to the proportion subtracted from
the constraint value, the corresponding allowable limit to
the allowable limit. The fitness function value is calculated
based on the following equation. 12.

Mer® = w* (1+¢>fcr +¢,"WW +(phk,|fp + o) )S (12)

Where w¥ is the value of the objective function under the
influence of the K" solution candidate, @¥,,, @}, @¥, and

@% equals to the penalties created for the structure by the
K" solution candidate, these penalties include the ones
related to stress, the plastic moment of the columns, the last
beam plastic moment and the storey drift, respectively. ¢ is
a positive number and its value gradually increases between
1.5to0 3 [19].

Step 3: Harmony memory matrix is initialized. Each row of
the harmony memory matrix contains the values of design
variables which are randomly selected feasible solutions
from the search space for that particular design variable.
Hence, this matrix has n columns where N is the total
number of design variables and HMS rows which are
selected in the first step. HMS is similar to the total number
of individuals in the population matrix of the genetic
algorithm. The harmony memory matrix has the following
Eg. 13.

Xl,l X2,1 oot Xn—l,l Xn,l
X1,2 X2,2 oo Xn—1,2 Xn,Z
[H]= (13)
Xl,hms—l X2,hms—l oo Xn—l,hms—l Xn,hms—l
_Xl,hms X2,hms oo Xn—l,hms Xn,hms
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X; ; Is the value of the i design variable in the j* randomly

selected feasible solution. These candidate designs are
sorted such that the objective function value corresponding
to the first solution vector is the minimum. In other words,
the feasible solutions in the harmony memory matrix are
sorted in descending order according to their objective
function value.

It is worthwhile to mention that only the feasible designs
that satisfy the constraints are inserted into the harmony
memory matrix, and the infeasible design candidates are
discarded from the process.

The upper band based on the median of the best historical
values of the objective function was chosen in the HM.
However, the existence of large-size problems in the
examples is still the reason for not choosing the best design
value.

Step 4: The new position of the design variables is
determined based on the harmony search method shown in
Figure 1.

Step 5: Eq. 2 allows each particle's net weight to be
calculated (unessential for the design constraints). If a
particle has a greater net weight than the upper bound (not
analyzed), it will be displaced at its historically best
position. The calculation of the objective function values of
other analyzed particles is provided by Eq. 12

Step 6: All processes of optimization were finished for each
stage except the last one when no further improvement is
done after a fixed number of iterations. This is the duty of
the next DVC to raise the initialization of the particles in a
new stage which is based on the final optimum design. In
this regard, after the accomplishment of this criterion, the
final optimum design is made as long as one of the particles

in the new population is AZ°***™ The random selections of
the other ones from its neighboring region are done via
HMCR as a probability parameter, even though
AB* Wacts as the mean value, (Amax - Amin)/C serves as
the standard value. So, the minimum limits of the j variable
are indicated by Amin and Amax represents the maximum
limits of the j™ variable, furthermore, C is a constant.
Termination of the cascade process happens after the
specified number of iterations.

Step 7: Steps 4 and 6 are repeated until the termination
criterion which is the pre-selected maximum number of
cycles is reached. This number is selected large enough such
that within this number of design cycles no further
improvement is observed in the objective function.

The flowchart of the presented HPBSO procedure which
unites MIDVC-UHS is represented in Figure 2.
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Number of X, =M

0 |
Ran < HMCR D, =int (ran*N8) +1 :
NCHV () =HM (D,.i) [ |

D, = int (ran*HMS) +1
NCHV (i) =HM ( D, , i)

Improvise a new harmony

D, 1-D=
NCHV ) =HM(D,.) [ |

' D +1D=
E '—— NCHV (i)=HM (D,.1)

Fig. 1: Improvisation of a new harmony memory matrix [20].

5. Numerical examples of the discrete
approach

To determine the efficiency of the proposed algorithm, four
examples were presented in the two sections of the present
study. The 52-planar truss structure and the 25-bar space
truss were presented as two benchmark examples in the first
section. In the second section, steel shear walls were solved
as discrete optimization problems in High Performance
Based Design (HPBD).

Determination of the values of 20 and 15 were used to
examine the effects of the population size and parameter C
on the results of MDVC-UHS. In the present research, the
size of the HM, ie., HMS, was considered as N/4. During
each optimization stage, N represents several generated
populations. The value of 0.9 was chosen for the HMRC,
and the PAR value is 0.45 [21].

The basis of the final condition for the entire algorithm was
250 iterations; Furthermore, each example was solved
independently 20 times. To program all computer programs
essential for carrying out the optimization process, the
MATLAB environment was used [22]. A personal
computer with Intel® Core™ i7, 2.2 GHz CPU, and 8.00
GB RAM is used for the implementations.

The values of o, = 2358N/mm? to yield stress, and to
provide elastic modulus, E = 206kN/mm? and p = 0.3
were chosen. The pure strain hardening slope in the bilinear
constitutive law was regarded to be 3% of the elastic
modulus. The maximum and the minimum value of the
thickness for the utilized sheet are 10 and 1 for the steel
shear walls, respectively.

76

Numerical Methods in Civil Engineering, 9-2 (2024) 71-85

5.1. The 52-bar truss

Figure 3 shows the grouping details and external loads of
52-bar truss elements. This truss optimization problem is
one of the most popular structural optimization problems in
the literature. The material density, elastic modulus, and
allowable stress of all the structural members were specified
to be 7860 kg/m3, 207 GPa, and +180 MPa, respectively. In
this example, the discrete values available for the design
variables were as follows: S = {71.613, 90.968,
19354.8, 21612.86 mm2}

200 kN 20(} kN 200 kN 200 kN
1 kN
17k 100 kN 18 00 19|1OO kN |100 kN B
51 F Group Members
44 44 46 47, 43 49 1 1-4
40 42 43 2 5-10
3 11-13
P VA VR \\ VA VIR A T P 4 a-ar
5 18 - 23
]l 33 3 35 36, 6 24— 26
27 29 30 7 27-30
8 31-36
£ 9 37-39
g 24 10 25 11 26 12 g
@ 10 4043
18 19 20 21 22 23 <+ 1 44 49
14 15 16 17 12 50-52

| 3@2zm )

Fig. 3: The 52-bar truss.

The results are compared with those of improved mine blast
algorithms (IMBA) [23], adaptive elitist differential
evolution (AEDE) [24], improved fireworks algorithm
(IFWA) [25], improved black hole (IBH) and improved
multiverse (IMV) [26], Electromagnetism-like Firefly
Algorithm (EFA) [27], Newton Metaheuristic Algorithm
(NMA) [28]. The structure consisting of 12 variables
associated with the optimization of its size problem was
optimized at 3 stages. Those designs with 4 and 8 variables
were dealt with in the 1st and 2nd stages, respectively, while
incorporating the following DVCs:

Stage 1: [E1, E2, E3, E4, E5, E6, E7, E8, E9, E10, E14, E15,
El6, E17, E18, E19, E20, E21, E22, E23], [E11, E12, E13,
E24, E25, E26], [E27, E28, E29, E30, E31, E32, E33, E34,
E35, E36, E40, E41, E42, E43, E44, E45, E46, EA7, E48,
E49], and [E37, E38, E39, E50, E51, E52].

Stage 2: [E1, E2, E3, E4, E5, E6, E7, E8, E9, E10], [E11,
E12, E13], [E14, E15, E16, E17, E18, E19, E20, E21, E22,
E23], [E24, E25, E26], [E27, E28, E29, E30, E31, E32, E33,
E34, E35, E36], [E37, E38, E39], [E40, E41, E42, E43, E44,
E45, E46, EA7, E48, E49], and [E50, E51, E52].
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Construct a series of DVCs and initialize values of optimization
parameters

}

Select a population of random solution candidates based on the first
DVCs

Remove
the agent

. ) No
Pre-buckling stage is

satisfied?

) 4

| The constraints of post- buckling stage check |

|Calcu|ate the merit function according to Eq. 12|

\ 4
Sort the agents in an ascending order and save the first agents in the HM according to HM size

\ 4
Generate the new Select or update the best global solution (4974

population around
the best global
solution, A92#t,
provided as the
previous DVC based
on a normal
distribution and the
standard deviation | | Calculate the new values of the components of the solution candidates
according to Egs. 14 and 15

Check if the PBSO is in the
current or the next DVC

;l

Check if the net weight of the candidate
solution is = merit function of the
current best global design

No

No

Check if the terminating
condition is satisfied

Fig. 2: Flowchart of the presented HPBSD procedure for SSW which incorporates the MDVC-UHS method

The results of various optimization algorithms are shown in Figure 4 shows the convergence speed in the first iterations
Table 2. The results obtained with the MDVC-UHS method of this method. The performance of the MDVC-UHS
demonstrated the effectiveness of this optimization method algorithm, which was very close to the best, could be
compared to the recent approaches applied to this structure, observed in almost all independent runs of the optimization
in that a better optimal solution was achieved with fewer process.

iterations, which is about 13.4% less was the other methods.
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2300 stage 1 Stage 2
H 1

2200
2100
2000
1900
1800
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Stage 3

——MDVC-UHS
----- Average

.....

1600

1500

1400
0

50 100

150 200 250

Iteration

Fig. 4: Convergence speed curve of mean and best results of the MDVC-UHS algorithm obtained for the 52-bar truss.

Table 2: Optimum designs of the 52-bar truss.

Member Group IMBA AEDE IFWA 1BH IMV EFA NMA MDVC-UHS
1 4658.055  4658.055  4658.055  4658.055  4658.055  4658.055  4658.055 1283.868
2 1161.288  1161.288  1161.288  1161.288  1161.288  1161.288  1161.288 388.386
3 494.193 494.193 494.193 494.193 494.193 494.193 494.193 2180.641
4 3303.219  3303.219  3303.219 3303.219 3303.219 3303.219  3303.219 388.386
5 939.998 939.998 939.998 939.998 939.998 939.998 939.998 792.256
6 494.193 494.193 494.193 494.193 494.193 494.193 494.193 4658.055
7 2238.705  2238.705  2238.705  2238.705 2238.705  2238.705  2238.705 285.1610
8 1008.385  1008.385  1008.385  1008.385  1008.385  1008.385  1008.385 363.2250
9 494.193 494.193 494.193 494.193 494.193 494.193 494.193 3703.218
10 1283.868  1283.868  1283.868  1283.868  1283.868  1283.868  1283.868 1374.191
11 1161.288  1161.288  1161.288  1161.288  1161.288  1161.288  1161.288 3096.768

12 494.193 494.193 494.193

Best weight (kg.) 1902.605  1902.605  1902.605

Average weight (kg.) 1903.076  1906.735  1903.049
SD (Kg) 1.130 6.679 1.030
Analyses 4750 3402 5000

494.193 494.193 494.193 494.193 1008.385

1902.605  1902.605  1902.605  1902.605 1648.033

1909.196  1907.173  1904.775  1903.518 1682.510
6.470 5.120 3.045 1.553 1.656
10,000 10,000 2710 2000 1870

5.2. A 25-bar spatial truss

The topology and node numbering of a 25-bar space truss
structure are shown in Figure 5. In this example, designs are
carried out for a multiple load case and the results are
compared to those of other optimization techniques. In these
studies, the material density is assumed to be 0.1 Ib/in3
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(2767.990 kg/m?), and the modulus of elasticity is taken as
10,000 ksi (68,950 MPa). Twenty-five members are
categorized into three and eight design variables at Stages 1
and 2, respectively. The following DVCs were included in
the first stage:

Stagel: [A; — Ao, [A10 — A17], [A1g — Azs].
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Fig. 5: A twenty-five-bar spatial truss.

This spatial truss is subjected to two loading conditions
shown in Table 3. Maximum displacement limitations of +
0.35 in (8.89 mm) are imposed on every node in every
direction and the axial stress constraints vary for each group
as shown in Table 4. The range of the cross-sectional areas
varies from 0.01 to 3.4 in? (0.6452—-21.94 cm?).

Table 5 shows a comparison of the performance of the
MDVC-UHS method and other heuristic algorithms. The
MDVC-UHS algorithm reaches the best solution after 250
searches. However, the IHBB-BC algorithm finds the best
solution after about 5500 analyses [32], which is 54.54%
more than the present work. The best weight of the MDVC-
UHS is 543.38 Ib, while the best result of the IHBB-BC is
545.07 Ib. Figure 6 shows the convergence speed for this
method and the IHBB-BC algorithm. The performance of
the MDVC-UHS algorithm compared to the IHBB-BC
method clearly shows that the present method was able to
achieve the best solution at high speed and in the initial
iterations. Therefore, the number of analyses was greatly
reduced.

The average weight of the MDVC-UHS algorithm is higher
than that of the IHBB-BC algorithm. Its performance is not
as well as the improved method and HPSACO [30], but it is
still better than simpler algorithm like PSO [31] when
comparing the best and average weights.

"~

200 i

508 cm)
\{///‘/( LIT]) \\& X

Table 3: Loading conditions for the 25-bar spatial truss

Case 1 Case 2
Node™  Px Py P. Px Py P.
kips kips Kips kips kips Kips
(kN)  (kKN)  (kN) (kN)  (kN) (kN)
1 00 20.0 -5.0 1.0 10.0 -5.0
’ (89) (22.25) (4.45) (445) (22.25)
-20.0 -5.0 10.0 -5.0
2 00 g9y (22.25) 00 (aa5) (2225
0.5
3 0.0 0.0 0.0 2.22) 0.0 0.0
0.5
6 0.0 0.0 0.0 2.22) 0.0 0.0

Table 4: Member stress limitation for the 25-bar spatial truss

Compressive stress

Tensile stress

EI??jnt Limitations ksi Limitations ksi

group (MPa) (MPa)
1 A 35.092 (241.96) 40.0 (275.80)
2 A~ A 11.590 (79.913) 40.0 (275.80)
3 A~ A 17.305 (119.31) 40.0 (275.80)
4 Ay~ Al 35.092 (241.96) 40.0 (275.80)
5 AL, ~ A 35.092 (241.96) 40.0 (275.80)
6 Al —~ A 6.759 (46.603) 40.0 (275.80)
7 Ag~ A, 6.759 (46.603) 40.0 (275.80)
8 A, ~ A, 11.082 (76.410) 40.0 (275.80)
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Fig. 6: Convergence speed comparison curve of the best results of the MDVC-UHS algorithm was obtained with the IHBB-BC method for
the 25-bar truss.

Table 5: Performance comparison for the 25-bar spatial truss

Optimal cross-sectional areas (in?)

Schutte Lee Kave
and Kaveh and Kaveh and
G | and h Talatahari Eftekhar Present work
Element Group roznwo Geem et al.
(2003) (2004)  (2008) rgzp(?s(fé (jgf) (2012) iy o)
PSO HS IACS - IHBB-BC
0 BC
1 A 0.010 0.047 0.010 0.010 0.010 0.010 0.146  0.065
2 A-A 2121 2.022 2.042 2.054 1.993 1.979 2050 12863
3 A-~A 2.893 2.950 3.001 3.008 3.056 3.001 2000  19.506
4 Ay~ A, 0.010 0.010 0.010 0.010 0.010 0.010 0010  0.065
5 AL~ A, 0.010 0.014 0.010 0.010 0.010 0.010 0010  0.065
6 A, ~ A, 0.671 0.688 0.684 0.679 0.665 0.687 0.690  4.465
7 Ag~ A, 1.611 1.657 1.625 1.611 1.642 1.680 1642 1092
8 A, ~ Ay 2.717 2.663 2,672 2,678 2.679 2.654 2662  17.251
Bestweight (Ib)  545.21 54438 54503 544.99 545.16 545.10 543.38 2‘(‘%‘)‘7
A"era%%;"’e'ght 546.84 N/A 54574 545,52 545,66 54558 544.49 2(‘:(79')5
No. of analyses 9596 15000 3520 9875 12500 5500 4500

5.3. performance-based seismic design for steel shear
wall

According to Figure 7, steel shear walls for a ten-storey
building are affected by lateral forces resulting from an
earthquake. Considering the optimal condition for the
mentioned wall, where the joints between the beam and
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columns are fixed connections and the beams of the storey
are completely rigid, the steel shear wall is optimally
designed in different conditions depending on the
performance. In the mentioned mechanism, the columns
have the characteristics of the Table 6.
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Table 6: Specifications of lateral columns

- e s s e e
§ » E E T E & €
5 s £ E E E E &
] ® = o = e < &
Ci 1~4 500 600 35 23 51890  242275x10*
C, 5~7 450 550 30 18 40020  154428x10*
Cs 8~10 400 500 25 12 29200 92178x10*

In this design considering the changing of columns position
represented in Table 6, it has been tried to change the
thickness of the sheets based on these changes, so three
shear panels should be designed.

First case: design of steel shear walls using thin steel sheets
of specified length and height but variable thickness.

In this part, to optimize the wall weight, the thickness as a
design variable of the wall is examined in two ways with or
without stiffening. In this example considering the type of
categorization of the wall in height which is classified in
three shear panels, the number of variables is assumed to be
a fixed thickness for the entire wall in the first DVC and
three design variables for wall stickiness with three types of
shear field are considered for the next DVC. Table 7

Numerical Methods in Civil Engineering, 9-2 (2024) 71-85

represents the optimal wall thickness for three shear panels
with or without stiffness and also the optimal dimensions
for the subpanel for the walls with stiffness considering the
achieved optimal weight for the wall.

== 000 mm
y
= 3000
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— 3000
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g {3000
— {m-oo
{
- 3000
= 3000
4
3000
y
— 3000
¥
== 13000
tcrciciiieciic g
6500 mm
A— - >

Fig. 7: Steel shear walls for a ten-storey building

Table 7: Results of optimal design of the SSW with specified length and height and with and without stiffener

Optimal wall thickness in each

length X Height of subpanel in each storey (mm

Wall type storey (mm) X mm) Best weight ~ Average weight Analyses
(kg) (kg)
1~4 5~7 8~10 1~4 5~7 8~10

Without 6 5 3 2238.6 2821.2 110
stiffener

With

. 4 3 2 1300x750 2600x750 3250%750 1437 1621 118
stiffener

Results clearly show that the thickness of the wall with the
stiffness is rather less than that of the wall without stiffness
and regarding the following optimal dimensions the created
sheets for each panel in the wall with stiffness need the least
number of the steel sheet. Fortifying the steel shear wall
considerably increases their stiffness and prevents their
buckling in an elastic environment. One of the reasons for
decreasing the thickness in shear walls with stiffness is that
it balances the critical shear stress and yield shear stress,
thereby greatly decreasing the bending moment from the
wall to the lateral columns and Ms,. Accordingly, the forces
imposed on the beams from the columns will decrease
considerably. Therefore, the constraints related to the
maximum plastic moment for the columns and beams do not
have much influence on the optimization procedure, and the
optimization algorithm can select the smallest thickness for
the steel shear wall with the stiffness.

The time spent on the optimization process and the number
of analyses performed clearly show that the algorithm used
was able to perfectly optimize the wall weight by reducing

the number of iterations and decreasing the wall thickness.
Figure 8 presents the convergence speed of the penalized
weight of the shear wall and clearly shows that the speed of
weight reduction was increased in the number of initial
repetitions in this optimization algorithm used.

Figure 9 shows the curve of the base shear based on the
horizontal displacement of the target point of the shear wall,
which is located in the highest part of the structure and is
called the shear wall capacity curve. This figure illustrates
the fact that by choosing the smallest wall thickness, the
optimization process managed to not only create the lowest
possible weight for the structure but also utilize the
maximum capacity of the structure to withstand the lateral
loads, also pushing the limits of the design to fulfill. This is
because the capacity curve entered the nonlinear zone,
which shows that the structure was ductile in the lateral
bearing capacity.

A comparison of the capacity curves of the wall with and
without stiffening shows that the shear wall with stiffening
causes a 25% reduction in lateral displacement compared to
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the shear wall without stiffening due to an increase in its
lateral stiffness. This reduction can be easily deducted if one
considers the displacement of the elastic limit of the wall
with and without stiffener, which is 11.1 and 8.6 mm,
respectively.

Figure 10 shows the changes in the drift percentage of the
stories considering the allowable value at the feature level
of LS. This figure clearly shows that the optimization
process in determining the wall thickness worked well
enough to reduce the weight while meeting the constraints
associated with the drift of each level close to its allowable
value.

Second case: designing steel shear walls with thin steel
sheets with variable length, height, and thickness

In this section, by taking into account the largest base sheer
force of the wall and considering the length, height, and

4800

4000

3000

Penalized weight (kg)

2000
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thickness of the wall as variables, the most optimized design
could be found for the steel shear wall.

1 mm <= the thickness of the thin sheet <= 10 mm

3 m <= the length of the thin sheet < =10m

3 meters <= the height of the thin sheet <=10m

The characteristics of the DVCs were similar to the previous
case and the results of the optimization process are shown
in Table 8. These results clearly show that the greater the
length of the wall compared to its height, the better it can
meet the design constraints and have a better function. At
the same time, by choosing the appropriate wall thickness
in the three specified panels using the present optimization
algorithm, the total weight of the wall is reduced compared
to the first case and the optimization goal is better achieved.

Stage 2

1000
0

50 100

10000

9000

8000

7000 [~

6000 - S

5000

4000

Base shear (KN)

3000 —

2000 -

1000

150 200 250

Iteration

Fig. 8: Convergence speed curve of best results of the MDVC-UHS algorithm obtained for the SSW with specified length and height and
with and without stiffener

.-
.
o
s

| | | | 1 |

10

12 14 16 18 20 22

Displacement (mm)

Fig. 9: Curve the base shear based on the horizontal displacement of the target point of the MDVC-UHS algorithm obtained for the SSW
with specified length and height and with and without stiffener
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Figure 11 shows the convergence of the wall weight, which

10 ——sswns has a very high convergence speed in the initiation of

9 |—°—sswws iterations. Figure 12 shows the structural capacity curve for

sl this case and describes the excellent performance of the

.1 present algorithm in finding a shear wall model capable of
optimizing the steel shear wall by producing appropriate

> 67 ductility and fulfilling the design constraints. Figure 13
:,,§ 5 shows the percentage of the drift of the floors considering

their allowable value and demonstrates the functioning of
the present optimization method in fulfilling this limitation.
The percentage of drift in most of the floors is close to the
allowable value, which reveals that the optimization process
in presenting a model of steel shear walls has been chosen

0 properly.
0 0.05 0.1 0.15 0.2

Inter-storev drifts (%) at LS level

Fig.10: Inter-storey drifts at LS level for optimum SSW with
specified length and height and with and without stiffener.

Table 8 Results of optimal design of the SSW with variable length and height and without stiffener

Optimal wall thickness in length X Height of shear wall in all storey
Wall type each storey (mm) (mm X mm)

1~4 5~7 8~10 1~4 5~7 8~10

Best Average

weight (kg) weight (kg) Analyses

Without

. 6 5 3 5675%3000 5675%3000 5675%3000 2232.33 2745.2 147
stiffener
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Fig. 11: Convergence speed curve of best results of the MDVC-UHS algorithm obtained for the SSW with variable length and height and
without stiffener
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Fig. 12: Curve the base shear based on the horizontal displacement of the target point of the MDVC-UHS algorithm obtained for the SSW
with variable length and height and without stiffener
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Fig. 13: Inter-storey drifts at LS level for optimum SSW with
variable length and height and without stiffener

6. Conclusion

MDVC-UHS optimization method is one of the best
metaheuristic optimization methods widely used today. This
method created optimized answers for each problem using
only a random method, without the need to solve difficult
mathematical equations. In this method, the problem is solved
in an optimized way by determining the objective functions
and the constraints of the design, which can be viewed as
penalty functions. This method could be used to reach logical

answers in a short time and with a small number of iterations
in the optimization process. In fact, the speed of convergence
in this method is higher than the other methods of
optimization which are all based on solving complicated
mathematical equations.

In order to improve the function of the steel shear wall, an
appropriate stress field should be created to enable it to be
ductile. For this purpose, the dimensions of the steel shear
wall should be determined so that the critical shear stress is
higher than the yield shear stress. The results clearly show that
increasing the size of the wall opening relative to its height
improves the shear function of the wall and makes it more
ductile. In addition, reinforcing the walls with the help of a
stiffener improves the function of the wall system and reduces
the forces and moments on the beams and columns around the
wall; Consequently, one can reduce the overall weight of this
type of lateral bearing system by reducing the cross-section
of the columns and beams around the wall.
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