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ABSTRACT 
 
This article presents an optimization problem for accomplishing seismic design of 
Reinforced Concrete (RC) dual systems and RC frames. The charged system search 
algorithm is chosen for the optimization. An efficient structural modeling is also presented 
for this purpose. Here, first databases are constructed according to ACI seismic design 
criteria for beams, columns and shear walls. Formulations for optimum seismic design of 
dual systems (shear wall-frame) are proposed. With some manipulations on these 
formulations, optimal seismic design of RC moment resisting frames is also performed. This 
procedure is together with ordinary design constraints and principal seismic design 
constraints. These constraints consist of beams, columns, shear wall design criteria, and 
some seismic design provisions. Cost of the structure is defined as the objective function. 
Based on the results of the design examples, the proposed methodology can be considered as 
a suitable practical approach for optimal seismic design of reinforced concrete moment 
resisting frames and dual structural systems consisting of structural wall. 
 
Keywords: RC dual systems; RC shear wall; RC moment frame; seismic design; charged 
system search (CSS); structural cost optimization. 

 
 

1. INTRODUCTION 
 

One of the important natural disasters causing loss of life and ruin constructions is 
earthquake. Damages of earthquake loading to engineering structures are inevitable. 
Nevertheless, it can be diminished by paying attention to seismic design provisions. Seismic 
design of structures often leads to construction of expensive structures therefore it is 
reasonable to optimize the cost of the building constructions considering simultaneously 
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satisfying of the design criteria. Economical design of structures can be performed via 
structural optimization. Clearly, in this process objective function must be selected in a way 
to lead to minimal structural cost. Ordinary objective functions are weight or cost of the 
structures. Obviously, the cost of the structures usually is a function of structural weight. 

Optimization of reinforced concrete structures is more complicated than steel structures. 
The main reason for this problem is non-homogeneous materials and semi-infinite set of 
member sizes and various patterns of reinforcement. In reinforced concrete structures, at 
least three different cost items should be included in the optimization process consisting of 
concrete, steel, and the formwork costs. 

Walls that primarily withstand lateral loads due to the wind or earthquakes acting on the 
building are called structural walls or shear walls. These walls often provide lateral bracings 
for the remaining part of the structure. They endure gravity loads transferred to the wall by 
the components of the structure tributary to the wall, beside of lateral-loads (lateral shear 
forces) and moments about the strong axis of the wall. Design guidelines emphasis that in 
the seismic zones with moderate or high seismic risk level, special reinforcement is required 
so as to have desirable performance of concrete structures versus earthquake hazards. Shear 
wall regions comprising of concentrated and tied reinforcement are known as boundary 
elements, irrespective of whether or not they are thicker than the rest of the wall. Thus these 
shear walls are called special shear walls, Refs. [1,2]. 

Dual system is a combinatorial structural system that resists lateral loads with 
simultaneous performance of different structural components, and transfers them into the 
supports. In a dual system the following requirements must be fulfilled: 

I) Gravity loads should mainly be carried out by the building frame components. 
II) Lateral loads are resisted by simultaneous interaction of shear walls or braced 

frames together with moment frames. 
There are some publications on seismic design of RC shear walls and buildings. Wallace 

[3, 4] presented new code format for seismic design of RC structural walls, a performance 
design methodology relative to concrete structural walls was proposed by Sasani [5]. The 
performance level targeted in the design was life safety. Boulaouad and Amour [6] presented 
a displacement-based seismic design method for reinforced concrete structures. Kowalsky 
[7] presented RC structural walls designed according to the UBC and displacement-based 
methods. 

There are many researchers who have studied the optimum design of seismic structures, 
but a few studies exist on optimal seismic design of shear walls or shear wall-frame 
structures incorporating new seismic design provisions. Saka [8] proposed optimum design 
of multistory structures with shear walls, in this work an algorithm was presented which 
considers displacement, ultimate axial load, bending moment and minimum size limitations 
and then utilizes optimality criteria approach to handle sway limitation. Ganzerli et al. [9] 
carried out a performance-based design using structural optimization; performance-based 
constraints were imposed in terms of plastic rotations of the beams and columns of the 
frame. The optimum design of active seismic structures was investigated by Cheng and 
Pantelides [10]. Fragiadakis and Papadrakakis [11] presented performance-based optimum 
seismic design of reinforced concrete structures, it was a methodology based on nonlinear 
response history analysis for the design of RC moment resisting frames. Moharrami and 
Grierson [12] carried out a computer automated design of reinforced concrete frameworks. 
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Fadaee and Grierson [13] accomplished design optimization of 3D reinforced concrete 
structures having shear walls. Balling and Yao [14] performed an optimization of three-
dimensional reinforced concrete frames, the validity of the assumption that optimum 
concrete-section dimensions are insensitive to the number, diameter, and longitudinal 
distribution (topology) of reinforcing bars had been examined. Rajeev and Krishnamoorthy 
[15] presented a Genetic algorithm-based methodology for design optimization of reinforced 
concrete frames. Camp et al. [16] carried out flexural design of reinforced concrete frames 
using a genetic algorithm. Lee and Ahn [17] employed beam and column databases and then 
performed flexural design of reinforced concrete frames by genetic algorithm. Kwak and 
Kim [18] fulfilled an optimum design of reinforced concrete plane frames based on 
predetermined section database. Zou and Chan [19] performed an optimal resizing technique 
for dynamic drift design of concrete buildings under response spectrum and time history 
loadings. Kaveh and Sabzi [20] accomplished a comparative study of two meta-heuristic 
algorithms so-called heuristic big bang-big crunch (HBB-BC) and a heuristic particle swarm 
ant colony optimization (HPSACO) to discrete design optimization of reinforced concrete 
frames based on ACI 318-08 code. Kaveh and Zakian [2] presented an optimization problem 
for performance based optimal seismic design of special reinforced concrete shear walls 
(shear walls with boundary elements) applying charged system search algorithm by 
generating shear wall section database in order to have a discrete optimization. Kaveh and 
Zakian [21] proposed an optimization problem for optimal seismic design of reinforced 
concrete dual systems comprising shear wall and frame components and solved it by using 
charged system search meta-heuristic algorithm. 

Meta-heuristic algorithms have some advantages for structural optimization computations 
considering their random nature which have been used in recent decades. These algorithms 
do not use the gradient or Hessian matrix so their advantage is that the objective function 
needs not to be continuous or even differentiable, thus it can be a discrete one. The 
algorithms with these features are called gradient-free or derivative-free algorithms. Meta-
heuristic algorithms also do not rely much on initial solution vectors. 

In this article, seismic design optimization of reinforced concrete dual systems and 
moment resisting frames is proposed as an optimization problem and charged system search 
algorithm is selected as the meta-heuristic optimizer. First, beams, columns and shear wall 
databases are constructed utilizing the ACI criteria. Formulations for optimum seismic 
design of dual systems (shear wall-frame) are then presented. With some modifications on 
these formulations, optimal seismic design of RC moment frames is also fulfilled. This 
procedure is along with ordinary design constraints and effective seismic design constraints. 
These constraints consist of beams, columns and shear wall design criteria and some other 
seismic provisions. In this procedure some main provisions of FEMA [22, 23] and ACI [24] 
are incorporated. Cost of the structure is considered as an objective function. In this work, 
linearly elastic static analysis is employed to define seismic design optimization problem 
and evaluate the corresponding constraints, this analysis is a fundamental analysis in 
defining design optimization problems as most of the above references. According to the 
results of the design examples, the proposed methodologies can be considered as a suitable 
practical approach for optimal seismic design of reinforced concrete shear wall-frame 
structures and moment resisting frames. 
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2. OPTIMISATION ALGORITHM: CHARGED SYSTEM SEARCH 
 

2.1 Description of the charged system search algorithm 
Charged System Search (CSS) is an optimization algorithm that was proposed by Kaveh and 
Talatahari [25, 26]. This meta-heuristic algorithm was inspired from the laws of Gauss and 
Coulomb from electrostatics, and the Newtonian laws of classic mechanics. The CSS is a 
population based algorithm, where each agent is called a Charged Particle (CP) that is 
supposed to be a sphere with constant radius of “a“ with uniform charge distribution. Every 
CP is subjected to the affects of other particles’ force field. The value of the resultant force 
is clarified by using the electrostatics laws and the quality and quantity of the movement is 
determined using the motion recognition laws from Newtonian physics. A good CP induces 
more force than the bad ones. The fundamental steps in this algorithm are as follows: 

Step 1: Initialization. The initial positions or arrays of CPs are specified randomly in the 
search domain and the initial velocities of the CPs are assumed to be zero. The values of the 
objective function for the CPs are specified and the CPs are sorted in an ascending order. 
The best CP among the whole set of CPs will be reserved as Xbest and its corresponding 
objective function value is denoted by fitbest. In other hand, corresponding objective 
function value of the worst CP is reserved as fitworst. A number of better CPs and their 
corresponding values of the objective function are stored in a memory, denoted as the 
charged memory (CM). 

 

Nixxrandxx iiiji ,...,2,1,)( min,max,min,
0
,  (1)

 
CMSNjixCM

*,
 (2)

 
N is the number of variables, CMS is the charged memory size that is usually equal to the 

integer part of the (Number of CPs)/4. max,ix  and min,ix  are upper bound and lower bound of 
variable values i, respectively. rand is a random number with uniform distribution in the 
range of [0,1]. 

Step 2: Forces computation. Calculate the force vector for each CP by the following 
relationship: 
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where Fj is the resultant force acting on the jth CP; N is the number of CPs. The value of 
charge for each CP, qi, is defined considering the feature of its solution as: 
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where fitbest and fitworst are the best and the worst fitness of all the particles, respectively; 
fit(i) illustrates the fitness of the agent i. The distance rij between two charged particles is 
defined as follows: 
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where Xi and Xj are the positions of the ith and jth CPs, respectively, Xbest is the position of 
the best current CP, and ε is an infinitesimally positive value to avoid singularities. Here, pij 
is the probability rule of moving each CP towards the others and is achieved using the 
function as follows: 
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A convenient value for a is obtained considering the size of the search domain as: 
 

  ngixxca ii ,...,2,1max min,max,0 
 (7)

 

for the constant coefficient 0c , a value close to 0.01 leads to a suitable solution, Ref. [27]. 
Step 3: Position correction. Each CP moves to its new position and this new position is a 

function of the old position and the old velocity. New position and new velocity are 
calculated as 

 

oldjoldjvjjajnewj XVkrandFkrandX ,,21, 
 (8)

oldjnewjnewj XXV ,,,   (9)

 
where ka is the acceleration coefficient; kv is the velocity coefficient; and randj1 and randj2 
are two random numbers uniformly distributed in the range of (0,1); kv controls the 
exploration process, i.e. seeking for more solutions to find better one relative to the previous 
ones and it must be descended for convergence, ka controls exploitation process, i.e. using 
good solutions during the optimization procedure that is a parameter related to attractive 
force so it must be ascended during the optimization. Small values of this parameter lead to 
divergence or increasing of the computational time. In other aspect, big values of kv leads to 
more exploration and decrease exploitation ability of the algorithm. ka and kv are linear 
functions defined as: 
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))(1(
max

1 iter

iter
cka  (10)

))(1(
max

2 iter

iter
ckv  (11)

 
iter is number of current iteration and itermax is the maximum number of iterations. c1 and c2 
have constant values that should be adjusted based on the optimization problem. 

Step 4: Updating progress. If a new CP exits from the admissible search domain, a 
harmony search-based handling approach can be utilized to correct its position, [25]. 
According to this mechanism, any element of the solution vector violating the variable 
boundaries can be regenerated from the CM or randomly selected from the admissible range 
of values. Moreover, if some new CP vectors are better than the worst ones in the CM, they 
are substituted with the worst ones in the CM. 

Step 5: Terminating criterion evaluation. Steps 2-4 should be repeated until the target 
terminating criterion is satisfied. Here, a constant number of 200 iterations is considered for 
the terminating criterion. 

 
2.2 Some points for discrete optimization 
Discrete optimization problems sometimes are used in structural optimization in order to 
consider practical aspects of an optimal design. Using meta-heuristic algorithms that are 
inherently for continuous problems needs some modifications. This is due to the reduction 
of the exploration ability of the algorithm after transformation of continuous variable space 
to discrete variable space. Firstly, one of these modifications is a way of considering discrete 
database arrays as variables. In this article, the created databases are sorted by unit costs and 
then the cost is a variable as a representative. In each iteration, first we permit the algorithm 
to update and check the variable domain, after that a function is defined to round the 
variable to the nearest permissible value in its corresponding database. Observance of this 
sequence results in maintaining the exploration ability of the algorithm. Secondly, it is the kv 
or exploration parameter that must be tuned appropriately. The value of c2 should be 
selected more than 10 and even occasionally up to 30 (at least for the numerical examples of 
this paper). This selection increases of exploration ability of the algorithm. However, for 
exploitation parameter ka , the value of c1 can be taken as unity. 

In general, ka and particularly kv should be selected based on the length of the variable 
domain, i.e. the difference of maximum and minimum admissible values of the variable. 
Also, they should be selected based on the nature of problem concerning the constraint 
violation, i.e. if majority of the solutions violate the constraints, then it is necessary to move 
the variable near to its boundary and this becomes feasible by the aforementioned tuning. 
 
 

3. CREATION OF STRUCTURAL ELEMENT DATABASES 
 

In order to accomplish a discrete optimization, cross-section databases of structural members 
need to be generated. Cost per unit length of column and beam sections, cost per unit height 
of the shear wall sections are calculated and stored in an ascending order. These costs are 
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then employed as variables corresponding to specific sections. Here, constant sizes of 
reinforcement bars are used for column beam and shear wall cross-sections; however, other 
sizes may be applied in RC structures. 

 
3.1 Columns 
Creation of column database is similar to that of [17]. However, a modification must be 
imposed for seismic criterion. This criterion is reinforcement ratio of the column that must 
be limited between 0.01 and 0.06. Here, the interaction diagram of column contains the 
characteristics as shown in Fig. 1. Concrete cover thickness is taken as 40 mm. 
Reinforcement bar diameter is 25 mm. Width, depth, and their interval values are as: 

300 < Wc < 1200 is the width domain of columns with 50 mm interval value. 
300 < Dc < 1400 is the depth domain of columns having aspect ratios between 1-2, 

depending on their width. 
 

 
Figure 1. Interaction diagram of a column. 

 
Table 1: Column cross-section database 

Column 
number 

Width 
(mm) 

Depth 
(mm) 

Number of 

bars ( 25) 
0P

 
(kN) 

(max)nP
 

(kN) 
nbP

 
(kN) 

0P
 

(kN) 
maxnPM

 
(kN.mm) 

nbM
 

(kN.mm) 
0M

 
(kN.mm) 

1 300 300 4 1643.3 1314.7 415.5 692.7 21399.2 79944.1 69585.2 

2 300 300 6 1880.7 1504.6 387.9 1039.1 24903.9 98835.5 98852.6 

3 300 350 4 1838.1 1470.5 546.3 692.7 31452.5 110519.9 86903.3 

4 300 350 6 2075.5 1660.4 534.1 1039.1 36827.1 136747.5 124829.7 

---- ---- ---- ---- ---- ---- ---- ---- ---- ---- ---- 

429 1200 1300 32 24053.1 19242.5 9790.5 5541.8 1887846.9 5597098.9 3282040.5 

430 1200 1300 34 24290.5 19432.4 9784.8 5888.1 1922739.8 5741316.8 3484055.6 

431 1200 1350 34 25069.5 20055.6 10184.7 5888.1 2056287.7 6104528.0 3631258.8 

432 1200 1400 34 25848.5 20678.8 10585.9 5888.1 2193922.6 6477469.3 3778462.1 
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The strength details are utilized for creating evaluation of the column interaction 
diagram. Hence, 432 column cross-sections are generated in the database. Table 1 shows the 
details of each column section. 

 
3.2 Beams 
Here, some modifications are made on the creation of the database of the beams. However, 
other aspects of the generation are similar to those of [17]. Firstly, the number of 
compressive reinforcements at both ends of the beams are variable. Secondly, effects of the 
compressive reinforcements at both ends of a beam are added on its bending capacity. In the 
other hand, the number of compressive reinforcements at the middle of beams is constant 
and is equal to 2. Concrete cover thickness is taken as 40 mm. Reinforcement bar diameter is 
22 mm. Width, depth, and their interval values are as: 

300 < Wb < 450 is the width domain of beams with 50 mm interval value. 
450 < Db < 900 is the depth domain of the beams having aspect ratios between 1.5-2.5 

depending on their width. 
Therefore, 1092 beam cross-sections are generated in the database. Table 2 shows the 

details of these beam sections. 
 

Table 2: Beam cross-section database 

Beam 
number 

Width 
(mm) 

Depth 
(mm) 

Center 
reinforcement 

number of bars ( 22) 

End 
reinforcement 

number of bars ( 22) 

Factored moment 
resistance 
(kN.mm) 

tension compressive tension compressive Center End 

1 300 450 2 2 2 2 96595.6 96595.6 

2 300 450 2 2 3 2 96595.6 139891.1 

3 300 450 2 2 4 2 96595.6 179851.8 

4 300 450 2 2 5 2 96595.6 216477.6 

---- ---- ---- ---- ---- ---- ---- ---- ---- 

1089 450 900 10 2 7 5 1008663.5 739211.7 

1090 450 900 10 2 8 5 1008663.5 841316.9 

1091 450 900 10 2 9 5 1008663.5 942683.2 

1092 450 900 10 2 10 5 1008663.5 1043139.0 

 
3.3 Shear wall 
Database for shear wall sections are generated utilizing the formulations presented in [2]. 
Here, the following restrictions are imposed: 

The lw = hw+2×tf is the length of the shear wall which is equal to 6.0 m. 
200 < tw < 400 mm is assumed as the range of the wall thickness. 
600 < tf < 1000 mm is assumed as the range of the length of the wall flange. 
200 < bf < 1000 mm is assumed as the range of the width of the wall flange. 
300 < Ssh < 450 mm based on ACI 318-11[24] code is the distance of the vertical and 

horizontal shear bars which are considered identical in order to reduce the discrete section 
numbers. Diameter of these bars is taken as 16 mm. 
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be  is the diameter of reinforcement bars of each flange (boundary element) selected as 

30 mm. 
Intervals of the dimensions are considered as 100 mm, and intervals of the Ssh are taken 

as 50 mm. Concrete cover thickness is taken equal to 60 mm. 
Asf min = 0.01×tf ×bf is the minimum reinforcement area of one flange. 
Asf max = 0.04×tf ×bf is the maximum reinforcement area of one flange. 
Thus, 1848 shear wall cross-sections are generated in the database. Table 3 shows the 

details of different shear wall sections. 
 

Table 3: Shear wall cross-section database 

Shear wall 
number 

wt  
(mm) 

ft  
(mm) 

fb  
(mm) 

shS  
(mm) 

rlN  
( 30) 

rlN  
( 30) 

1 200 600 400 300 4 6 
2 200 600 400 350 4 6 
3 200 600 400 400 4 6 
4 200 600 400 450 4 6 

---- ---- ---- ---- ---- ---- ---- 
1845 400 1000 1000 400 14 14 
1846 400 1000 1000 400 16 16 
1847 400 1000 1000 400 18 18 
1848 400 1000 1000 400 20 20 

 
A typical shear wall cross section is illustrated in Fig. 2 and dimension notations are 

introduced. Nrl and Nud are defined in [2]. This figure shows the arrangements of the 
reinforcement bars in the wall and its flanges. 

 

 
Figure 2. A special shear wall cross section. 

 
 

4. PROCEDURE OF SEISMIC DESIGN OPTIMIZATION 
 

4.1 Formulation of optimum seismic design 
In this section, a seismic design optimization problem for reinforced concrete dual systems 
and moment frames is proposed. More information about design of reinforced concrete shear 
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walls and frame structures can be found in [1]. Cost of a RC structure includes the cost of 
concrete, steel and formwork. Thus cost of columns, beams and shear wall are defined as 
follows: 
 

 cUCijLijcDijcWsUCs

inc

j
ijLijsA

ncg

i
columnsC 





 ],,[]

)(

1
,[

1
  (12)

 
where ijsA , is the total reinforcement bars’ area, ijL  is the length, ijcW ,  is the width and ijcD ,  

is the depth of the jth column from i th column group.  
Here, ncg is the number of column group, and nc(i) is the number of member of the ith 

group. 
 



cUCijLijbDijbW

sUCsijLijsAijLijsAijL
inb

j
ijseAijLijseA

nbg

i
beamsC











],,[

])21(,)21(,

)(

1
,,[

1


 (13)

 
In the above relationship, cutoff points of the beam reinforcement are included. As an 

empirical design formula [1], it includes a constant coefficient   that is equal to 0.3, which 
means a length equal to 0.3 times of the considered beam span length. Considering j th beam 
from i th group, ijseA ,  and ijseA , are the total tension and compressive reinforcement areas at 

each end of the beam, respectively. ijsA ,  and ijsA ,  are total tension and compressive 

reinforcement areas at the center of the beam. ijL  is the length, ijbW ,  is the width and ijbD ,  is 

the depth of the beam. nbg is the number of beam group and nb(i) is the number of member 
of the i th beam group. 

 

cUCwHswAmsfAmwtwhftfb

sUCsswAmwlwHswAmsfAmwallshearC





]2122[

]32)212[( 
 (14)

 
Asf is the cross-section area of each reinforcement bar in the flange of the wall; Asw is the 

cross-section area of each longitudinal (vertical) reinforcement bar in the web of the wall, 
for longitudinal and transversal shear reinforcement considered as one cross-section area; hw 
is the length of the shear wall's cross-section web; Hw is the total height of the wall; m1 is the 
number of reinforcement bars in each flange; m2 is the number of reinforcement bars in the 
web; m3 is equal to integer part of [Int(Hw/Ssh)]. 

Constant values: 3/$60 mUCc   is the unit cost of the concrete; kgUCs /$9.0  is the 

unit cost of the steel; 2/$18 mUC f   is the unit cost of the formwork which is assumed 

identical for all structural elements; 3/7850 mkgs  is the density of the steel; 

Total cost of structural members’ formwork is calculated by: 
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Finally, total cost of the structure is expressed as: 
 

fwallshearbeamscolumns CCCCCost 
 (16)

 
Objective function that should be optimized is formulated as follows: 
 

dRix

nvi
nvxxxX

XpenaltyfXCostXObj

Minimize
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)()()(

Obj(X)   

 (17)

 
The following penalty function is employed to handle the constraints: 
 

]
1

,0max[,2)11()( 



n

i
iXpenaltyf   (18)

 
Here, the parameters 1  and 2  are selected as 1 and 2, respectively.   shows sum of the 

violated constraints. 
Design constraints consist of seven ordinary design constraints and nine seismic design 

constraints, respectively, as follows: 
First, the strength constraint of column is defined that is determined based on the 

parameters provided in Table 1. Assuming that B is a point corresponding to loading of the 
column in the interaction diagram and A is an intersection point of OB line segment with 
interaction diagram curve, see also Fig. 1 exhibiting these items. At point B, the length and 
slope of the line segment OB are determined as: 
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22 )()( nna MPLOA    (20)

 
Therefore, the column strength constraint is: 
 

011 
a

u

L

L
g  (21)

 
Obviously, in the design of well-known building frames, column dimensions are reduced 

by increasing of the story level, i.e. it is necessary to reduce the column dimensions of 
higher story level (Width WcT and Depth DcT) to make it smaller or identical to that of lower 
story level (WcB and DcB), because of the overburden value reduction. Thus, these constraints 
are defined: 

 

012 
cB

cT

W

W
g (22)

013 
cB

cT

D

D
g (23)

 
Also, the number of reinforcement bars of higher level column (ncT) is smaller or 

identical to that of lower level column (ncB): 
 

014 
cB

cT

n

n
g (24)

 
Strength constraints of beams are as below: 
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n
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M

M
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 (27)

 

uM  is the positive moment demand at the center of beam; 

ulM  is the negative moment 

demand at the left side of beam; and 
urM  is the negative moment demand at the right side of 

the beam; 
nM is the nominal resistant positive moment; 

nM  is the nominal resistant 
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negative moment, and   is a the strength reduction factor. 
ACI code expresses that the positive-moment strength of the beam section at the face of 

the beam–column joint should not be less than half the negative-moment strength. This leads 
to the following constraint which permits the beam to develop large curvatures at hinging 
zones and greatly improves the ductility of the ends of the beams. 

 

01
5.08 






g  (28)

 
and  denote the compressive and tension reinforcement ratios, respectively.  

In order to obtain the axial force, shear forces and moment acting on the shear wall in a 
dual system, it is necessary to attain the shear wall support reactions for imposing shear wall 
design constraints. Special shear wall design optimization constraints that were presented in 
[2] are as follows: 

 

019 
n

u

V

V
g


 (29)

 

uV  is the shear force acting at the base of the wall and nV is the nominal shear capacity. 

 

0110 
reqt

tg



 (30)

 

t  is the existing transversal reinforcement ratio and reqt  is the required transversal 

reinforcement ratio of the wall. 
Due to tallness of the wall and neglecting the longitudinal (vertical) shear reinforcement, 

with a reasonable approximation one can convert the demand moment Mu to a couple of 
compressive force uC  and tension force uT , [1]. Hence, one can design flanges similar to a 

column by the following force demands: 
 

z

M
T u

u   (31)

z

M
PC u
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Here auT , uaC and uP  are the allowable tension, compressive and axial forces, respectively; z 

is the distance between the center of two flanges. 
 

ystau fAT   (33)
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])(85.0[ yssgccua fAAAfC    (34)

 
where ct and   are the strength reduction factors being equal to 0.90 and 0.65 according to 

the ACI, respectively; As and Ag are reinforcement area and gross area of each flange, 
respectively; yf  is the yield stress of steel and cf   is the compressive strength of concrete. 

Tension and compressive strength constraints of the flanges are as follows: 
 

0111 
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Next constraint is for the flange length limitation: 
 

01
min

13 
f

f

t

t
g  (37)

 

ft  is the current flange length and minft  is the lower bound of it. Additional computational 

information about all the above shear wall constraints can be found in [2]. 
If plastic hinges form in columns, the stability of the structure may be under hazard. As 

illustrated in Fig. 3, the design of ductile moment-resisting frames endeavors to force the 
structure to respond in a way that strong column–weak beam action in which the seismic 
forces induced plastic hinges form at the ends of the beams rather than in the columns. The 
hinging zones are detailed to hold their shear capacity while the plastic hinges undergo 
flexural yielding in both positive and negative bending. 

 

 
Figure 3. Desirable plastic hinge formation in seismic design of a frame [1]. 
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Since the dead load must always be transferred lower part of the structure via the 
columns, thus the damage of columns should be minimized. ACI Code requires the use of a 
strong column–weak beam design. 

 

 
Figure 4. Nominal resisting moments at a beam-column intersection joint [1]. 

 
Strong column–weak beam behavior is made more likely by requiring (Fig. 4) that 
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g  (38)

 
where ncM is the nominal flexural capacity of the columns and nbM is the nominal flexural 

capacity of the girders connected to that joint. Notice that for all load combination this 
constraint must be checked, because loading capacity of a column is a function of its 
loading. From another point of view, when a frame sway to right one side of beam utilizes 
its compressive moment capacity and the other side uses its tension moment capacity, when 
the frame sway to left, this is vice versa. Therefore, this consideration should also be 
implemented. 

Drift constraint is imposed at each story: 
 

0115 
a

i

DR

DR
g  (39)

 

iDR  is the drift ratio of the ith story and aDR  is its admissible value. 

In dual systems, the frame component (by removing the shear wall) must resist nearly 
25% of the lateral seismic loads. Thus columns and beams of the structure must have enough 
strength to withstand such a load. According to FEMA-451 [23], in the frame component 
model of a structure, after removing the shear wall from a dual system, the boundary 
elements (flanges) remain in the model as a column. Hence, the last constraint is defined as: 

 
01),,,( 7651

%25
16  gggggg  (40)

 
This constraint implies that columns and beams of the frame component must sustain 

25% of the lateral seismic loading, so it is called 25% of lateral load constraint. This means 
that we must check the strength constraints of beams and columns for the second model 
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which is called frame component model or frame only model. 
 

4.2 Geometry of structural model 
Dual system modeling is accomplished by rigid links (rod members) [21]. In this model, the 
shear wall is divided into three component containing the flanges and web of the wall as 
shown in Fig. 5. In these links only transitional degrees of freedom (DOFs) are considered 
which restrict those of web to those of flanges of the wall. Master nodes for rigid link 
application in both sides are of the wall web. 
 

 
Figure 5. Structural model of a dual system (shear wall-frame). 

 
For modeling the frame component (while the shear wall is removed), a model as shown 

in Fig. 6 is introduced for the analysis of system under 25% of lateral loads. As mentioned 
before, the flanges remain in the model, as depicted in Fig. 6. 

 

 
Figure 6. Structural model of a frame component (after removing the shear wall). 
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Figure 7. Flowchart of the optimization procedure [21]. 

Yes

No

Produce a new particles’ solution by 
the optimization algorithm from the 

discrete database 

Start 

Initialize the particles of the 
optimization algorithm randomly 

From the discrete database 

Check the constraints and the cost 
function as follows 

Analyze the shear wall-frame 
structure using the five load 

combinations 

Check the frame design constraints

Calculate the shear wall support 
reactions 

Check the shear wall design 
constraints 

Check the 16th constraint for this 
model to resist 25% of seismic loads

Calculate penalized cost function as 
the objective function 

The termination 
criterion is fulfilled?

End 

Analyze the frame component model 
(shear wall being removed) using the 
(2-5) load combinations under 25% 

of the seismic loads 
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4.3 Fundamental steps of optimisation 
4.3.1 Reinforced concrete dual structural system 
The procedures for seismic design optimization of RC dual system are presented in the 
flowchart of Fig. 7, Ref. [21]. For this optimization problem sixteen constraints are defined 
and employed. It should be mentioned that in each iteration of the optimization process two 
structural models are analyzed, Fig. 5 and Fig. 6. In order to design the shear wall its support 
reactions are determined. 

 
4.3.2 Reinforced concrete moment resisting frame 
The flowchart of RC dual system optimization can be used for RC moment frame 
optimization by performing some modifications in the objective function and neglecting the 
shear wall constraints and the 16th constraint. 

 
 

5. DESIGN EXAMPLES 
 

Three examples are studied to demonstrate the proposed methodologies. Equivalent static 
analysis is performed for determining structural demands via OpenSees software [28]. P-
Delta effect of columns and shear wall, reinforcement arrangements and cutoff points of 
reinforcements in beams are considered at this stage. For considering reinforcement 
arrangements, fiber sections are defined by employing nonlinear beam-column elements 
with elastic materials. These are programmed to change adaptively for each section. Cutoff 
points are included by defining four nodes for every beam leading to three finite elements. 
All other computer programs are coded in MATLAB software [29]. Hence, the interference 
between OpenSees and MATLAB is accomplished for the optimization process. 

For all examples, dead load and live load are considered as mkN /5.16  and mkN /2.7 , 
respectively. 

Axial loads of the shear wall in the dual system are considered as concentrated loads 
equivalent to the distributed loads. 

Material details are as: 

MPafSteel

MPafConcrete

y

c

392

5.23




 
and load combinations are based on the ACI 318-11 code [24] as: 

EDUCase

ELDUCase

LDUCase

4.19.0:)54(

4.10.12.1:)32(

6.12.1:1





 

Allowable drift ratio of all examples is considered as 0.0045 according to ASCE 7-10 
[30]. 

The moment frames have been employed by [17]. However, here some appearance 
modifications are performed, namely shear wall is added and also seismic design 
optimization is accomplished. 
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Figure 8. Geometry of the 9-story RC moment frame. 

 

 
Figure 9. Progress history of the CSS algorithm for the 9-story RC moment frame optimization. 
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5.1 A 9-story RC moment frame 
A 9-story RC moment frame with 4 column groups and 3 beam groups is optimized by CSS 
algorithm. Thus, 7 design variables as unit cost of members are considered. Fig. 8 shows the 
geometry of the frame and its loading details. Progress curve of the algorithm is illustrated in 
Fig. 9 that exhibits seeking effort of the CSS algorithm for this optimization problem. 

Result data of the optimized frame members are provided in Table 4. Reinforcement details 
of sections are defined by the number of bars and the diameter of bars, reinforcement details of 
beams are written at central and ends sections, because of considering cutoff points. 

In this Table, the optimization processing time, value of the constraints’ violation, and 
the achieved optimal cost of the structure are provided. As it can be seen, no constraints are 
violated. Values of the main constraints for the attained optimum solution are in the next 
figures in order to provide an accurate assessment. Fig. 10 shows the values of the strong 
column-weak beam constraints for all the beam-column joints and all load combinations. If 
any value of this constraint falls under the black line (with unit value), the constraint will be 
violated and otherwise it is not violated. Since loading capacity of a column relies on its 
specific loading so the constraint for all load combinations must be checked. It should be 
mentioned that for this constraint, the joint numbering of all examples is performed form left 
to right in each story level increment. Stress ratios of the critical column of each group and 
critical beam of each group are plotted in Fig. 11. The term “critical” is stated for a member 
with maximum stress ratio. Drift ratios of each story of the frame are illustrated in Fig. 12 
for critical load combination, i.e. a load combination that has maximum drift ratios. 

 
Table 4: Details of the optimal structural members obtained for the 9-story RC moment frame 

Member 
category 

Group 
tag 

Story 
level 

Section 
number 

Sectional 
Dimensions 

(mm) 
Reinforcements Details 

Compressive (C)/Tension (T) 
Width Depth 

Beam 
 

Bg1 1-3 75 350 550 
Center 

 22       T 3     C 2 
End 

 22       T 4     C 2 

Bg2 4-6 75 350 550 
Center 

 22       T 3     C 2 
End 

 22       T 4     C 2 

Bg3 7-9 38 300 550 
Center 

 22       T 2     C 2 
End 

 22      T 4     C 2 

Column 

Cg1 1-4 236 700 1000 16  25 

Cg2 1-4 292 950 1000 22  25 

Cg3 5-9 184 650 900 12  25 

Cg4 5-9 277 850 900 22  25 

Computational time 
3.7 hours 

Sum of violated constraint value 
0.000 

Optimal Cost 
32989 $ 
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Figure 10. Values of the strong column-weak beam constraint for the attained optimum 9-story 

RC moment frame. 

 
Figure 11. Columns and beams stress ratios of critical member of each group for optimum 

solution. 

.  
Fig. 12. Drift ratios of the attained optimum 9-story RC moment frame. 
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5.2 A 9-story dual RC frame 
In this part, the CSS algorithm is employed for optimization of a 9-story RC dual system 
with 2 column groups, 3 beam groups and one shear wall. Thus, 6 design variables as unit 
cost of members are considered. Fig. 13 indicates the geometry of the structure, and the 
loading details are similar to those of Example 1. Progress curve of the algorithm is 
illustrated in Fig. 14 that shows convergence history of CSS algorithm for this problem. 
Section details of the optimized structural members are provided in Table 5. This table 
contains optimization processing time, value of constraints’ violation and the achieved 
optimal cost of the structure. Reinforcement details of shear wall section are defined by 
number and diameter of bars in boundary element and the wall web. Here, no constraints are 
violated either. Fig. 15 shows the values of strong column-weak beam constraints for all the 
beam-column joints and all the load combinations. Stress ratios of the critical column of 
each group and the critical beam of each group are plotted in Fig. 16. Furthermore, Fig. 17 
represents these values for the frame component that should resist 25% of the lateral seismic 
loads. The gravity loads are imposed completely on the frame component model in order to 
consider the P-Delta effect efficiently. Drift ratios of each story of frame for the critical load 
combination are illustrated in Fig. 18. 

 

 
Figure 13. Geometry of the 9-story RC dual frame. 
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Figure 14. Progress history of the CSS algorithm for the 9-story RC dual frame optimization. 

 
Table 5: Details of the optimal structural members obtained for the 9-story RC dual frame 

Member 
category 

Group 
tag 

Story 
level 

Section 
number 

Sectional 
Dimensions 

(mm) 
Reinforcements Details 

Compressive(C) / Tension (T) 
Width Depth 

Beam 

Bg1 1-3 16 300 450 
Center 

 22       T 4     C 2 
End 

 22       T 4     C 2 

Bg2 4-6 16 300 450 
Center 

 22       T 4     C 2 
End 

 22       T 4     C 2 

Bg3 7-9 359 300 700 
Center 

 22       T 3     C 2 
End 

 22       T 4     C 2 

Column 
Cg1 1-4 177 550 1000 12  25 

Cg2 5-9 129 500 900 10  25 

Shear 
Wall 

Wg1 1-9 102 
tw tf bf Boundary Element 

 30   Nrl   4    Nud    6 
Wall Web 

 16     Ssh   450 300 1000 600 
Computational time 
4.9 hours 

Sum of violated constraint value 
0.0 

Optimal Cost 
33905 $ 
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Figure 15. Values of the strong column-weak beam constraint for the attained optimum 9-story 

RC dual frame. 
 

 
Figure 16. Columns and beams stress ratios of the critical member of each group for the 

optimum solution. 
 

 
Figure 17. Critical column and critical beam stress ratios of each group of the frame only 

model for optimum solution. 
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Figure 18. Drift ratios of the attained optimum 9-story RC Dual frame. 

 

 
Figure 19. Geometry of a 20-story RC moment frame. 
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5.3 A 20-story RC moment frame 
A 20-story RC moment frame with 8 column groups and 5 beam groups is optimized by the 
CSS algorithm. Here, 13 design variables as unit cost of members are employed. Fig. 19 
represents the geometry of the frame and its loading details. Progress curve of the algorithm 
is shown in Fig. 20. Result data of the optimized frame members are provided in Table 6. 
Clearly, a small constraint violation is visible. Values of the main constraints for the attained 
optimum solution are in the subsequent figures demonstrating that constraint violation is of 
beam stress constraint. Fig. 21 illustrates the values of strong column-weak beam constraints 
for all the beam-column joints and all the load combinations. Stress ratios of the critical 
column of every group and critical beam of every group are plotted in Fig. 22. Drift ratios of 
each story of frame are exhibited in Fig. 23 for critical load combination. 

 
Figure 20. Progress history of the CSS algorithm for the 20-story RC moment frame 

optimization. 
 

 
Figure 21. Values of the strong column-weak beam constraint for the attained optimum 20-story 

RC moment frame. 
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Table 6: Details of obtained optimal structural members of the 20-story RC moment frame 

Member 
category 

Group 
tag 

Story 
level 

Section 
number 

Sectional 
Dimensions 

(mm) 
Reinforcements Details 

Compressive(C) / Tension (T) 
Width Depth 

Beam 

Bg1 1-4 250 350 550 
Center 

 22       T 6     C 2 
End 

 22       T 6     C 3 

Bg2 5-8 22 300 450 
Center 

 22       T 5     C 2 
End 

 22       T 4     C 2 

Bg3 9-12 140 300 550 
Center 

 22       T 6     C 2 
End 

 22       T 5     C 3 

Bg4 13-16 760 400 750 
Center 

 22       T 8     C 2 
End 

 22       T 5     C 4 

Bg5 17-20 631 400 850 
Center 

 22       T 3     C 2 
End 

 22       T 4     C 2 

Column 

Cg1 1-5 420 1100 1350 30  25 

Cg2 1-5 432 1200 1400 34  25 

Cg3 6-10 408 1050 1300 28  25 

Cg4 6-10 427 1150 1350 32  25 

Cg5 11-15 404 1050 1250 28  25 

Cg6 11-15 420 1100 1350 30  25 

Cg7 16-20 321 800 1150 20  25 

Cg8 16-20 413 1100 1250 30  25 

Computational time 
8.6 hours 

Sum of violated constraint value 
0.298 

Optimal Cost 
107889.90$ 

 
 

 
Figure 22. Columns and beams stress ratios of critical member of each group for the optimum 

solution. 
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Figure 23. Drift ratios of the attained optimum 20-story RC moment frame. 

 
5.4 Discussion on the examples 
In this section, some explanation is provided on the results of optimization procedures. At 
first glance, it may seem that a few constraints are not efficient, and convergences curves 
have fallen in feasible region soon. But this appraisal is not true, since more than 10 runs 
were accomplished for each example and in some of them violations of the constraints were 
significant and only the best ones are selected as results of the problems. Thus, if we see 
drift values that are far from the allowable value, this is for the effects of other constraints 
that selected members in this way. 

In all examples we see that stress ratio of beams are at high level near their allowable 
boundaries, however, these values for columns are at lower level relative to their allowable 
boundaries. This is because of strong column-weak beam constraint. In order to satisfy this 
constraint, a beam and a column must be employed in a way that we have strong column and 
weak beam. Thus, it is reasonable to have strong column stress ratios in the lower level, 
unlike the beams that are in higher level because they should be selected weak. Thus, in the 
procedures of optimization, beam and column constraints work together in order to satisfy 
strong column-weak beam constraint, apart from their stress constraints. 

The peak values corresponding to each load combination of strong column-weak beam 
constraint, shown by scattering plots in Figs. 10, 15 and 21, stand for the type of the beam-
column intersection joint. In internal joints we can see two beams and two columns 
intersection, but in external joints we have one beam and two columns intersection. Hence, 
in the external joints we should have bigger values of this constraint, explaining the pick or 
summit points of the plot. Pre-mentioned joint numbering definitions can explain the 
sequence of the pick points. 

For dual system example, only external joints are under consideration. This is because 
internal columns are boundary elements (flanges) of the wall and they are taken into account 
in the web of the wall. 

An efficient optimal design is a solution that makes the constraints values to move to near 
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their boundaries, minimize (or maximize for some problems) the objective function, whereas 
the design constraints are satisfied. In this paper, we have almost achieved this scope, but 
some constraints such as strong column-weak beam ones make the procedure harder as 
descried before. 

Here, the charged system search algorithm is utilized that has previously performed quite 
well for structural optimization problems (see Refs. [26, 27]). According to the comparison 
made in these references, this algorithm has outperformed many other meta-heuristic 
algorithms including PSO, ACO, and HS. However, further investigation should be 
accomplished to find more powerful algorithms that work better for these challenging 
nonlinear optimization problems. 

 
 

6. CONCLUDING REMARKS 
 

In this article, methods are developed for optimal seismic design of RC dual systems. With 
some modification the proposed methodologies can be incorporated in the RC frames 
seismic design optimization. An efficient structural model is also presented for this purpose. 
In order to perform a practical optimization, section databases of columns, beams and shear 
walls are generated. 

Economy in structural design is an important issue. Here, the objective function is 
defined as the cost of the structure, which is a reasonable approach to have an economical, 
optimum and safe structure considering seismic design criteria. 

In this research, the main ordinary and seismic design provisions such as FEMA and ACI 
guidelines are imposed for the proposed methodologies. This procedure helps the engineers 
to not only reduce the cost of the structure and avoid the tedious try and error procedures 
(taking a great deal of computational effort), but also carry out an optimum seismic design 
automatically. 

In this article, charged system search algorithm is utilized as an optimizer. However, 
other efficient algorithms can also be incorporated for optimization in this process. The 
results demonstrate that presented methods can be good practical approaches for optimal 
seismic design of shear wall-frame structures. 
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