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Abstract

Due to a large number of design variables involved in the optimization of RC structures, a multi stage cascade optimization is used.
This algorithm speeds up an accurate optimal design for the large-scale structures reducing the number of variables by dividing
single optimization to a number of stages such that the optimization of each stage starts with the optimum results of the previous
one. Here, the first stage of cascade optimization method uses the assembling of the stiffness matrix of the entire RC structure for
minimizing the torsion of the stories as an objective function. By assembling the stiffness matrix of the RC frame without shear walls
and the shear wall alone, the length and thickness of the shear wall on each story are taken as design variables of the first stage.
The optimized reinforcement arrangement of walls according to the required wall rebar area is the goal of the next stage. Using this
method, designing the RC structure and minimizing the structural torsion of each floor simultaneously, can result in different length

and thickness for the shear walls in different stories. Reducing the structural torsion leads to economical structure. Here, the MATLAB

and ETABS interfacing are utilized.
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1 Introduction

Optimization of structure is one of the popular fields in
civil engineering. For this purpose, many meta-heuris-
tic algorithms have been developed such as Colliding
Bodies Optimization [1, 2], Enhance Bat Algorithm [3],
Vibration Particle System [4, 5], Black Hole Mechanics
Optimization [6], and many other optimization algo-
rithms [7-13]. These algorithms are used alone or in com-
bination with other algorithms for optimizing many types
of structures such as domes, trusses, frames being steel
or concrete via minimizing the weight or the cost as an
objective function ordinarily.

In the research of Boulaouad and Amour [14], the
Displacement-Based Design method has been used for
RC structures. The metaheuristic algorithms so-called
Enhanced Colliding Bodies Optimization (ECBO) and
the Non-dominated Sorting Enhanced Colliding Bodies
Optimization (NSECBO) were used for optimization of RC
frame by Kaveh [15]. The research of Liu et al. [16] aimed
in designing collision-free layout of rebar in RC structures

automatically. Salimi et al. used cascade algorithm and
genetic algorithm for optimizing the RC structures [17].
Shear walls mainly withstanding lateral loads due to
wind or earthquake are one of the most commonly mem-
bers used in structures. Since the cost of materials used in
shear walls in RC structures influences the final manufac-
turing cost and economic issues as one of the today's most
important concerns, optimization of this member is one of
the challenges for experienced structural engineers.
Atabay optimized the cost of 3D beamless RC shear walls
by genetic algorithm [18]. In the research of Kaveh and
Zakian [19], charged system search algorithm was used for
optimizing seismic design of RC dual systems according to
the ACI code. The research of Kaveh and Zakian [19], com-
bined a ground structure program formulation, a modified
evolutionary algorithm, and innovative computational tech-
niques for accelerating the optimization process shear wall
layout in tall buildings. Nikzad and Yoshitomi [20] utilized an
optimization procedure for designing shear walls in the RC
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structures. In the research of Kaveh and Farhadmanesh [21],
three well-known metaheuristic algorithms comprising of
Colliding Bodies Optimization, Enhanced Colliding Bodies
Optimization, and Particle Swarm Optimization were used
for optimizing low seismic and high seismic design of steel
plate shear wall. In the research of Talatahari and Rabiei [22],
Quantum Charged System Search (QCSS) was developed
improving the convergence of the CSS for optimizing shear
wall in RC structures considering as lateral resistant system
focusing on both structural and architectural requirements.
In the research of Patidar and Jamle [23], 12 stability cases
of shear wall with different thickness and grade of concrete
located at the core of apartment building located in seismic
zone III were modelled for optimizing the stability of tall
buildings. In the research of Lou et al. [24], the optimization
of shear walls in tall buildings was carried out with a new
design methodology based on the Tabu Search (TS) algo-
rithm and an extended Evolutionary Structural Optimization
(ESO) [25]. Kaveh et al. used different metaheuristic algo-
rithms comprising of SSOA, and Plasma Generation
Optimization, PGO, for optimizing RC cantilever retaining
walls against different loading conditions in [26] and [27].
Lou et al. [28], optimized the shear walls in high-raised
buildings with a hybrid optimization framework. In the
research of Abualreesh et al. [29], the optimization of RC
shear wall-frame structures was performed under El-Centro
earthquake with known safety level by an additional con-
straint, known as the desired level of reliability.

Designing shear walls normally start with floor plan
generated by architect and passed to structural engi-
neer for its locating decision satisfying some required
constraints as per the related code. Since these steps are
repetitive, inefficient, and time-consuming process need-
ing a lot of time for trial and error, hence it cannot be
used for achieving the optimum results. The presence of
torsion irregularity, meaning the torsion exceeding from
1.2, the redundancy factor of 1.3 may cause divergence
from optimum design of the structures [30]. Automatic
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program for optimum design of shear walls resisting the
lateral loads, satisfying the required constraints, and pro-
tecting the structure from irregularity requires high expe-
rience of the engineers.

In the present method, first the locations of shear walls
are decided by structural engineer and introduced to a pro-
gram as an input. Then the program starts to minimize
the structural torsion due to the earthquake as objective
function under considered constraints. The length and
thickness of the wall which are the design variables in
each story taken are as much as needed and not necessar-
ily the same as the wall in the previous story. This opti-
mization program uses the cascade algorithm combining
the genetic algorithm and a recent method increasing the
speed of the process,

2 Methodology

The purpose of the cascade algorithm used in this paper is
the minimization of structural torsion in 3-dimensions RC
dual systems as the first stage and the arrangement of the
rebars in the next one [27] and [28]. The first stage of this
process includes the application of the new method and
the selected metaheuristic algorithm applied to shear walls
story by story while satisfying all considered constraints.
According to Fig. 1 and Eq. (3), the new method uses the
assembled condensed stiffness matrix of frames and con-
densed stiffness matrix of shear wall for minimizing the
torsion of the stories. This process evaluates the length
and thickness of shear wall as the design variables in the
utilized meta-heuristic algorithm with related constraints.
Noteworthy, the condensed stiffness matrix of frame is
related to the three degrees of freedom of each story mass
center which are transition along X and Y and rotation
around Z axes. Also, the condensed stiffness matrix of
shear wall is the transitional degree of freedom along the
shear wall in each story horizontally, Fig. 1. Equation (4)
is an objective function of genetic algorithm causing
minimization of torsional structure and using materials.

Fig. 1 Considered degree of freedom in each story
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The optimization process of reinforcement arrangement
will be performed in the next stage of the cascade algo-
rithm with the objective function expressed as in Eq. (5).
Fig. 2 illustrates the flowchart of the explained method.

The constraints expected to be satisfied in the first stage
of cascade optimization are described in detail in [17].

The constraints expected to be satisfied in the second
stage of cascade optimization are as follow:

kl/ll k
Kwall = kT k
up

upf
BB

condensed of wall

Klotal = Kcondcnscd of wall +K

Fitness function of stage 1 of cascade algorithm =6,

Fitness function of stage 2 of cascade algorithm

= required rebar Area —C x Area of used rebar

K

condenced shear walls

total

0 = torsion of story
n = number of story

C =number of used rebars

[ 1. Modelling of the structure and designing ]
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accord'uf to [9].

[ 2. Stage 1 of cascade algorithm
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Optimization of shear walls
reinforcement arrangement.

[ Location 2 ]

[ Location 1 ]

m = number of the
location of shear
walls in each story
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1. The length of each shear walls should be enough to
(1) be considered a wall as per the code.
2. The length of each wall on each floor should be

enough to not create geometric irregularities.
@ 3.
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The length of each wall on each floor should be

enough to not create short beam.

4. The length of the wall of upper story should be less

: than its lower one.

Lok, 5. The thickness of the wall of upper story should be
less than its lower one.

. The walls thickness is 15 to 30 cm.

The walls resistance should be more than the demand.

(€)

. The walls must resist at least 50% of the base shear.

Q)
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The frames must resist at least 25% of the base shear.

. The drift of the structure must be less than allow-

) .

able drift.

The constraints expected to be satisfied in the third

stage of cascade optimization (cover = 3 cm) are as follow:

1. Bars with diameter of 12, 16, 20 and 25 mm are used.

2. Rebar spacing and ratio of sections reinforcement of

walls should be less than maximum, and more than
minimum defined in [31].

7" 1. Minimizing the torsion by evaluating the \
length L;; and thickness ¢;; of the shear walls

for 100 % of the base shear. i and j refer to the J
’

number of the current story and predetermined
location of the walls respectively.

a. Calculate the stiffness matrix
of the frames.

II. Evaluating the beams and columns section
by cascade algorithm according to [9].

III. Repeat step I

V. Have the L;;
and ¢;; changed?

[ V. Repeat step II ]

b. Genetic algorithm starts and uses the
assembled stiffness matrix of the entire frames
and the walls of story i for minimizing the
structural torsion of story i. The length L;; and
thickness ¢;; of the shear walls will be achieved.

NO

c. Update the stiffness matrix of the
entire RC including the entire
frames and the wall of stories 1 to i.

VI. Have the beams
and columns section
changed?

e e o  — — — — —— —— — — — — — —————— —————————

VI. Have the beams and \
columns section changed? YES

Fig. 2 The illustration of applied cascade algorithm for optimization of RC structure



3. Diameter and number of bars in upper sections of
walls should be less than those in lower one.

4. Demand capacity ratio of walls should be equal or
less than 1.

3 Numerical example

In the following, the effect of considered method on the
8-story RC structure as shown in Fig. 3 with the height
of 3.5 m in each story is investigated. The data of earth-
quake and loading [30], and materials [31] are shown in
Tables 1-3. The dark Gray thick lines show the locations
of the walls. Table 4 shows the effective sections stiffness
coefficient of elements [32].

At first, the optimum design of the frames under its
considered constraints is performed according [17] so that
it can resist at least 25% of the base shear. Table 5 and
Table 6 are related to the analysis results of the structure at
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this stage, the maximum values of the drift are 0.0114 and
0.0086 exceeding the allowable drift and A__ / Aaverage are
1.2838 and 1.2902 causing extreme torsional irregularity
in X and Y direction, respectively. After determining the
location of the shear walls by the designer, the first stage
of the Cascade algorithm starts to design the shear walls
story by story. The aim of this stage is to minimize the
torsion of each story as an objective function, while meet-
ing the considered constraints shown in Fig. 4. In the sec-
ond stage of the Cascade algorithm, the optimum design
of beams and columns of the RC frame in the presence
of shear walls is carried out. The utilized method of this
stage is introduced in [17]. The first and the second stages
of the Cascade algorithm are repeated until the shear wall
and frames sections are not changed and the convergence
is achieved. Tables 7-17 show the analysis results of the
whole structure after the convergence.

Fig. 3 The 10-story RC structure with the height of 3.5 m in each story

Table 1 Earthquake parameter

Table 3 Material

Base shear coefficient (C) Building height exponent (K)

Materials Strength

0.0704 1.13

Table 2 Loading

Load (N, m)
Dead on stories 5.9 kN/m?
Live on stories 2 kN/m?
Dead on roof 6.4 kN/m?
Live on roof 1.5 kN/m?
Dead on perimeter beams 2.5 kN/m?

Concrete f!=28 MPa
fy =392.4 MPa, f, = 588.6 MPa

[, =294 MPa, f, =490 MPa

Steel of longitudinal bars

Steel of confinement bars

Table 4 The effective sections stiffness coefficient

Effective section stiffness coefficient
Cracked Uncracked
0.35 0.7
Column 0.7
Beam 0.35

Reinforced concrete elements

Wall (In-plane)
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Table 5 Drift of the RC frame due to the 100% of base shear
EX EY
Story 1 0.0052 0.0042
Story 2 0.0101 0.0077
Story 3 0.0114 0.0084
Story 4 0.0111 0.0086
Story 5 0.0103 0.0083
Story 6 0.0086 0.0082
Story 7 0.0064 0.0082
Story 8 0.0039 0.0078
Table 6 Structural torsion of the RC frame due to the 100% of base shear
Ratio
EX EXN EXP EY EYN EYP
Story 1 1.1588 1.2620 1.0490 1.0519 1.0962 1.1919
Story 2 1.1850 1.2838 1.0794 1.0451 1.1050 1.1873
Story 3 1.1847 1.2813 1.0815 1.0756 1.0731 1.2155
Story 4 1.1801 1.2772 1.0765 1.0857 1.0634 1.2257
Story 5 1.1713 1.2688 1.0675 1.1031 1.0468 1.2433
Story 6 1.1436 1.2419 1.0395 1.0925 1.0594 1.2348
Story 7 1.1102 1.2120 1.0032 1.1387 1.0138 1.2799
Story 8 1.1139 1.2143 1.0082 1.1502 1.0011 1.2902

Table 7 Drift of the RC frame due to the 100% of base shear after
optimum design of the walls and frame

EX EY

Story 1 0.0002 0.0005

Story 2 0.0007 0.0012

Story 3 0.0012 0.0018

Story 4 0.0019 0.0023

Story 5 0.0023 0.0023

L; <13 xL;,, — ok Story 6 0.0023 0.0022

Fig. 4 Sufficient length of two adjacent story walls not to create Story 7 0.0021 0.0019

geometrical irregularity Story 8 0.0016 0.0016

Table 8 The structural torsion minimization after reaching the optimum walls and RC frame convergence
Ratio

EX EXN EXP EY EYN EYP
Story 1 1.037 1.1224 1.0511 1.1045 1.1468 1.0618
Story 2 1.1236 1.1991 1.0444 1.138 1.1945 1.081
Story 3 1.0685 1.145 1.0107 1.0937 1.1603 1.027
Story 4 1.0497 1.1251 1.028 1.0495 1.1288 1.0289
Story 5 1.0332 1.1091 1.0448 1.0153 1.1067 1.074
Story 6 1.0377 1.1145 1.0413 1.006 1.0955 1.1044
Story 7 1.0648 1.1451 1.0184 1.007 1.1008 1.1114
Story 8 1.0993 1.1883 1.0063 1.0283 1.0818 1.1346
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Table 9 Optimum length and thickness of walls in X direction
A-B-6 E-F-6 F-G-3 C-E-1
Length Thickness Length Thickness Length Thickness Length Thickness
Story 1 6.5 0.158 6 0.295 43 0.179 8 0.159
Story 2 1.916 0.154 6 0.290 3.768 0.156 5.275 0.152
Story 3 1.904 0.153 4 0.285 3 0.154 4.5 0.151
Story 4 1.75 0.15 2.6 0.282 1.769 0.154 3.332 0.151
Story 5 1.75 0.15 1.75 0.15 1.769 0.154 3.332 0.151
Story 6 0.866 0.15 1.433 0.15 1.279 0.151 2.648 0.15
Story 7 0.866 0.15 1.162 0.15 0.85 0.15 1.737 0.15
Story 8 0.866 0.15 0.825 0.15 0.85 0.15 1.616 0.15
Table 10 Optimum length and thickness of walls in Y direction
A-2-3 E-2-3 G-5-6
Length Thickness Length Thickness Length Thickness
Story 1 3.887 0.297 2.514 0.299 4.5 0.22
Story 2 3.813 0.286 2.435 0.269 4.5 0.193
Story 3 35 0.281 2.056 0.191 3 0.191
Story 4 2.991 0.277 2.056 0.191 2.425 0.15
Story 5 2.991 0.156 2.056 0.191 1.825 0.15
Story 6 2.991 0.156 2.056 0.191 1.825 0.15
Story 7 2.991 0.156 2.056 0.191 1.825 0.15
Story 8 1.928 0.151 2.044 0.18 1.825 0.15
Table 11 Geometrical irregularity check
L+L, (L, +L)*x13 Check the geometrical irregularity
Story 1 35.70098 46.41128 Ok
Story 2 2770692 36.01899 Ok
Story 3 21.96026 28.54833 Ok
Story 4 16.92382 22.00097 Ok
Story 5 15.47384 20.11599 Ok
Story 6 13.0988 17.02844 Ok
Story 7 11.48745 14.93369 Ok
Story 8 9.954313 12.94061 Ok
Table 12 Pier D/C ratios of walls in X direction
A-B-6 E-F-6 F-G-3 C-E-1
Pier D/Cratios Pier D/Cratios Pier D/Cratios Pier D/Cratios Pier D/Cratios Pier D/Cratios Pier D/Cratios Pier D/C ratios
for 100% of for 50% of for 100% of for 50% of for 100% of for 50% of for 100% of for 50% of
base shear base shear base shear base shear base shear base shear base shear base shear
T o TP g PP g TP g TR g0 TR g T o T o
Story 1 0778 0.591 0.245 0.194 0994 0970 0.709 0.539 0951 0.584 0.753 0.306 0.992 0.726  0.67 0.46
Story2  0.573 0.554 0.277 0.191 0927 0980 0468 0576 0.786 0473 024 0.179 0907 0739 0.575 0.464
Story3  0.407 0.357 0.191 0214 0.627 0.662 0349 0392 0.982 0490 0398 0281 0.681 0.580 0.436 0.382
Story4 0412 0.500 0.224 0426 0.571 0.879 0308 0.65 0921 0431 0421 0.294 0.527 0.520 0.325 0.363
Story 5 0.341 0.509 0.288 0.369 0.456 0959 0375 0.835 0709 0.687 0403 0.536 0.563 0.590 0.36 0415
Story 6 0.416 0453 0356 0.247 0452 0969 0436 0702 0.907 0916 0935 091 0.564 0.680 0.491 0.568
Story 7 0.361 0470 028 0.377 0181 0.351 0.152 0.265 0.682 0.534 0.616 0391 0.368 0.445 0.316 0.368
Story 8  0.147 0273 0.13  0.223 0.258 0.322 0.204 0.241 0.613 0.393 0509 0.238 0.480 0.503 0422 0.315




594 Rahimi Bondarabadi et al.
Period. Polytech. Civ. Eng., 68(2), pp. 588-599, 2024

Table 13 Pier D/C ratios of walls in Y direction

A-2-3 E-2-3 G-5-6

Pier D/C ratios for Pier D/C ratios for Pier D/C ratios for Pier D/C ratios for Pier D/C ratios for Pier D/C ratios for
100% of base shear 50% of base shear 100% of base shear 50% of base shear 100% of base shear 50% of base shear

Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom Top Bottom

Story 1 0.704 0.553 0.495 0.426 0.939 0.479 0.623 0.266 0.77 0.371 0.733 0.312
Story 2 0.481 0.551 0.329 0.454 0.757 0.342 0.539 0.236 0.859 0.373 0.521 0.25
Story 3 0.527 0.550 0.309 0.431 0.821 0.409 0.443 0.328 0.929 0.441 0.541 0.309
Story 4 0.457 0.582 0.289 0.563 0.628 0.493 0.336 0.401 0.806 0.503 0.386 0.383
Story 5 0.349 0.762 0.326 0.653 0.362 0.506 0.324 0.442 0.428 0.72 0.374 0.58
Story 6 0.441 0.833 0.432 0.669 0.457 0.574 0.399 0.482 0.648 0.993 0.602 0.869
Story 7 0.433 0.773 0.41 0.645 0.371 0.529 0.317 0.452 0.477 0.512 0.349 0.367
Story 8 0.476 0.652 0.417 0.508 0.424 0.581 0.349 0.461 0.513 0.591 0.414 0.407

Table 14 Double layers rebar arrangement in X direction

A-B-6 E-F-6 F-G-3 C-E-1
Diameter and .Ratio of Diameter and . Ratio of Diameter and .Ratio of Diameter and . Ratio of
spacing reinforcement spacing reinforcement spacing reinforcement spacing reinforcement
percent percent percent percent
Story 1  ®l6@130mm 1.958 D25@90mm 3.698 P16@130mm 1.728 P16@90mm 2.81
Story2  ®l6@130mm 2.009 D25@90mm 3.761 P16@130mm 1.983 P16@90mm 2.94
Story3  ®l6@130mm 2.022 D25@90mm 3.827 P16@130mm 2.009 P16@90mm 2.959
Story 4  ®l16@130mm 2.062 D25@90mm 3.868 P16@130mm 2.009 P16@90mm 2.959
Story 5 ®l6@130mm 2.062 D16@90mm 2.979 P16@130mm 2.009 P16@90mm 2.959
Story 6 ®l6@130mm 2.062 D16@90mm 2.979 Pl6@130mm 2.049 D16@90mm 2.979
Story 7 ®16@130mm 2.062 D16@90mm 2.979 Pl6@130mm 2.062 P16@90mm 2.979
Story 8  ®l6@130mm 2.062 P12@90mm 1.676 P16@130mm 2.062 P16@90mm 2.979

Table 15 Double layers rebar arrangement in Y direction

A-2-3 E-2-3 G-5-6
Diameter and . Ratio of Diameter and . Ratio of Diameter and . Ratio of
. reinforcement . reinforcement . reinforcement
spacing spacing spacing
percent percent percent
Story 1 D25@90mm 3.673 D16@90mm 1.494 D16@90mm 2.81
Story 2 D25@90mm 3.814 D16@90mm 1.661 Plo@90mm 2.94
Story 3 D25@90mm 3.882 ®16@90mm 2.339 D16@90mm 2.959
Story 4 D25@90mm 3.938 ®16@90mm 2.339 D16@90mm 2.959
Story 5 ®16@90mm 2.864 ®16@90mm 2.339 D16@90mm 2.959
Story 6 Dd16@90mm 2.864 d16@90mm 2.339 P16@90mm 2.979
Story 7 Dd16@90mm 2.864 d16@90mm 2.339 P16@90mm 2.979

Story 8 OI6@90mm 2.959 ®I6@90mm 2482 ®16@90mm 2.979
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Table 16 The optimum design of columns sections according to [17] with the unit being in meter (m)

story 1 story 2 story 3 story 4 story 5 story 6 story 7

Position of
column

story 8

Width Depth Width Depth Width Depth Width Depth Width Depth Width Depth Width Depth Width Depth

1-4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4
1-C 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4 0.6 0.4
1-E 0.4 0.55 0.4 0.55 0.4 0.55 0.4 0.55 0.4 0.5 0.4 0.5 0.4 0.5 0.3 0.45
2-4 0.4 0.45 0.4 0.45 0.4 0.45 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
2-C 0.6 0.5 0.5 0.45 0.5 0.45 0.5 0.45 0.5 0.45 0.5 0.45 0.5 0.45 0.5 0.45
2-E 0.8 0.5 0.8 0.5 0.8 0.5 0.8 0.5 0.8 0.5 0.8 0.5 0.8 0.5 0.8 0.45
3-4 0.6 0.5 0.6 0.5 0.6 0.5 0.6 0.5 0.6 0.5 0.6 0.5 0.6 0.5 0.6 0.45
3-C 0.6 0.5 0.6 0.5 0.6 0.5 0.6 0.5 0.6 0.5 0.6 0.5 0.6 0.5 0.5 0.45
3-E 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4
3-F 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4
3-G 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
4-4 0.6 0.4 0.6 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
4-B 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
4-C 0.6 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
4-F 0.5 0.4 0.4 0.4 0.5 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
4-F 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
4-G 0.6 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
5-4 0.6 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
5-B 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
5-C 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
5-E 0.4 0.45 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
5-F 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
5-G 0.6 0.45 0.6 0.45 0.4 0.45 0.4 0.45 0.4 0.45 0.4 0.4 0.4 0.4 0.4 0.4
6-A4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
6-B 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
6-C 0.6 0.4 0.6 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
6-D 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.4 0.4
6-EFE 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
6-F 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4 0.4 0.4 0.4 0.4 0.4 0.4
6-G 0.4 0.45 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
Table 17 The optimum design of square beam sections according to [17], the units being in meter (m)

Position of beam story 1 story 2 story 3 story 4 story 5 story 6 story 7 story 8
1-2-4 0.45 0.45 0.4 0.4 0.4 0.4 0.4 0.4
2-3-4 0.45 0.45 0.4 0.4 0.4 0.4 0.4 0.4
3-4-4 0.45 0.45 0.35 0.35 0.4 0.35 0.35 0.4
4-5-4 0.45 0.45 0.4 0.4 0.4 0.4 0.4 0.4
5-6-4 0.45 0.45 0.35 0.35 0.35 0.35 0.35 0.4
4-5-B 0.4 0.4 0.45 0.4 0.4 0.45 0.4 0.4
5-6-B 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
1-2-C 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
2-3-C 0.35 0.4 0.35 0.35 0.35 0.35 0.35 0.4
3-4-C 0.35 0.4 0.35 0.35 0.35 0.35 0.35 0.3
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Table 17 The optimum design of square beam sections according to [17], the units being in meter (m) (continued)

Position of beam story 1 story 2 story 3 story 4 story 5 story 6 story 7 story 8
4-5-C 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
5-6-C 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
1-2-F 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.3
2-3-F 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.3
3-4-F 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3
4-5-F 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
5-6-F 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
3-4-F 0.35 0.3 0.35 0.35 0.35 0.35 0.35 0.3
4-5-F 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3
5-6-F 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3
3-4-G 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
4-5-G 0.35 0.3 0.35 0.4 0.4 0.35 0.35 0.4
5-6-G 0.35 0.3 0.35 0.35 0.35 0.35 0.35 0.4
1-4-C 0.4 0.4 0.4 0.4 0.4 0.4 0.5 0.45
1-C-E 0.4 0.4 0.4 0.4 0.4 0.5 0.45 0.45
2-4-C 0.4 0.45 0.45 0.4 0.4 0.4 0.4 0.45
2-C-E 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.5
3-4-C 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3
3-C-E 0.4 0.55 0.5 0.5 0.5 0.5 0.5 0.5
3-E-F 0.35 0.35 0.4 0.4 0.4 0.4 0.35 0.4
3-F-G 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
4-A4-B 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.3
4-B-C 0.35 0.35 0.4 0.4 0.4 0.4 0.35 0.3
4-C-E 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3
4-E-F 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3
4-F-G 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4
5-A-B 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3
5-B-C 0.35 0.35 0.4 0.35 0.35 0.35 0.35 0.3
5-C-E 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3
S—-E-F 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3
5-F-G 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.35
6-4-B 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.3
6-B-C 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.3
6-C-D 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.35
6-D-FE 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3
6-E-F 0.35 0.35 0.4 0.45 0.4 0.4 0.35 0.3
6-F-G 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.3
6-4A-B 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.3

According to Table 8, Maximum torsion is decreased to
1.1991 and 1.945 in x and y direction, respectively that are
less than 1.2 by applying optimum shear walls. According
to Fig. 4, Table 9 and Table 10, the length and thickness of
walls are evaluated so that the geometrical irregularity goes

not occur. As can be seen, the Tables 7—13 show the power of
this cascade algorithm reducing the structural torsion to less
than 1.2. Fig. 5 shows the optimum wall section of G-5-6
story 1 and G-5-6 story 3. Also, the overview of all optimum
walls applied to the structures are illustrated in Fig. 6.
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G-5-6 Story 1

G-5-6 Story 3

Fig. 5 Optimum wall rebar arrangement in G-5-6 story 1 and story 3
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Fig. 6 The outline of the optimum walls

Though in this paper the Cascade algorithm is used for
optimization, however, other single and hybrid algorithms
can also be utilized [33-36]. Some additional requirement
such as reliability can also be included [37—40].

4 Conclusions

The present paper has introduced a new cascade algorithm
of optimization for minimizing the torsion of each story of
the RC structures as fitness function while satisfying the
corresponding constraints. The first stage of this algorithm
uses the assembled matrix of the frames and condensed
stiffness matrix of shear walls. The length and thickness of

the shear walls whose location are according to the deci-
sion of designer are used as design variables. In the next
stage, the optimization of rebar arrangements according to
the required rebar area is performed. The efficiency of this
method is shown by the 3-dimentional large-scale concrete
structure as a numerical example. As shown in the results,
the length and thickness of the shear walls minimize the
torsion of each story so that the maximum torsion in the
entire structure reduces from 1.2838 and 1.2902 to 1.1991
and 1.1945 in X and Y direction, respectively less than 1.2.
Using the Cascade algorithm reduces the computational
time and achieves higher accuracy.
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