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ABSTRACT 
 

The main object in optimizing reinforced concrete frames based on the performance is 

decreasing the initial cost or life cycle cost or total cost. The optimization performed here is 

with the requirement of satisfying story drifts and rotation of plastic hinges. However, this 

optimization may decrease seismic strength of the structure. Newton Meta-Heuristic 

Algorithm (NMA) was used to optimize three-, six-, and twelve-story reinforced concrete 

frames based on the performance and utilizing the cost objective function. The seismic 

parameters of the optimized frames were calculated. The results showed that the inter-story 

drifts at the performance level of LS controls the design. According to the results, the 

objective function for construction cost is not useful for the optimization of the reinforced 

concrete frames. Because the amounts of the over strength, the absorbed plastic energy, and 

the ductility factor for the optimized frames are low using the objective function for the 

construction cost.  
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1. INTRODUCTION 
 

Cost effective design was always a challenging issue for engineers. While satisfying the 

design codes recommendations and limitations, engineers and researches are trying always 

to diminish the cost of the structures. The researchers introduced different optimization 

methods which diminished the construction costs. This could be attractive for the investors. 

Therefore, the researches were always improving and extending the optimization methods in 
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the recent decays. The use of the present design codes for seismic design of structures often 

produces overdesigned and uneconomical designs. Therefore, much attention has been paid 

to the issue of the optimization in the recent decays.  

Optimizing reinforced concrete structures is much more complex than the optimizing 

steel structures. This is because of different possible dimensions for members and different 

possible reinforcement arrangements. For instance, arbitrary dimensions can be selected for 

the width and the height of the member sections during a section design. In addition, two 

different materials i.e. concrete and steel provide a nonhomogeneous cross-section. These 

issues make the optimizing of concrete structures a difficult problem [1-9]. The cross-

section parameters are discrete values. On the other hand, the different complex constraints 

of the design codes for reinforced concrete structures make the optimization more complex 

[10]. The gradient based optimization methods have been used in the most of the 

optimization problems. The recent optimization methods for reinforced concrete structures 

replaced the meta-heuristic algorithms with the traditional methods.  

There are two main methods for the optimization problems. The first category is gradient 

base and uses mathematical equations. The second category is exploratory type that 

optimizes the objective function directly. The evolutionary and meta-heuristic methods are 

categorized in the exploratory methods. These methods were developed based on the natural 

phenomena and the behaviors of the creatures. Among the optimization methods, the meta-

heuristic algorithms are suitable for solving complex optimization problems. Each of the 

meta-heuristic algorithms produces random values and uses them in the optimization 

procedure [11]. Genetic algorithm [12], particle swarm algorithm [13], ant colony algorithm 

[14], eenhanced colliding bodies optimization [15], firefly algorithm [16], bat algorithm 
[17], finite difference algorithms [18, 19], newton algorithm [20, 21] are examples of the 

useful meta-heuristic algorithms. 

Different researchers utilized the optimization methods to design reinforced concrete 

structures. Lin and Frangopol [22] optimized reinforced concrete girders using different 

algorithms based on the reliability. They presented the advantage of MPSO algorithm. Li et 

al [10] optimized reinforced concrete frames based on the force value and using the genetic 

algorithm. They used a set of pre-determined cross-sections with different arrangements of 

section dimensions and bars. Recently different methods for evaluation of the reinforced 

concrete structures reliability were introduced considering specific parameters with 

uncertainty. Fragiadakis and Papadrakakis [25] introduced an optimization method for 

seismic designing the reinforced concrete structures based on the reliability and the 

performance using the evolutionary strategy algorithm. Kaveh [26] presented many 

metaheuristic algorithms for design.  

Some comparative studies were conducted between different optimization algorithms for 

designing structural frames. Kaveh and Sabzi [27] compared two optimization algorithms 

for reinforced concrete structures and presented the advantages of ECBO method. 

Gholizadeh and Aligholizadeh [28] compared four optimization methods and showed the 

advantages of the Algorithms. Danesh et al [20] compared the ECBO algorithm with BAT, 

MFA, and PSO algorithms for optimization of moment steel frames and presented the 

advantage of the ECBO method to others. Danesh [18] also compared FDA method to the 

ECBO, FA, and PSO methods and showed that the FDA method is preferable in comparison 

to the ECBO, FA, and PSO methods. Different researchers performed considerable works on 
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calculation of seismic parameters of the optimized reinforced concrete and steel frames. 

 

 

2. STUDIED CROSS-SECTIONS 
 

Very different sections with different dimensions and rebar arrangements can be used for 

concrete beams and columns. Two databases are used for beams and columns sections. 

Practical limitations and constraints of ACI 318-08 were applied in producing the databases. 

Usually in practice, the ratio of height to width of the beams sections and columns sections 

are considered 1.5 through 2.5 and 1.0 through 2.0, respectively. The dimensions of the 

cross-sections increase with the steps of 50 mm. The bar sizes of Φ22 and Φ25 are used in 

the beams and the columns.  

 

2.1 Beams 

Fig. 1 shows the constraints that are applied to the beams cross-sections. 

 

 
(a)          (b)       (c) 

Figure 1. Constraints for rebar arrangement in beams 

 

 Fig. 1a shows that at least four rebar’s at the four corners of the cross-section must be 

considered.  

 The minimum distance between longitudinal rebar’s is 40.0 mm (Fig. 1b). 

 The minimum concrete cover is assumed to be 40.0 mm (Fig. 1b). 

 The size of the stirrup is assumed to be Φ10. 

 The maximum number for rebar layers are assumed two (Fig. 1b). 

 The rebar’s at the top layer must be laid similar to the rebar’s at the down layer. The 

minimum vertical distance between the two layers is 25.0 mm (Fig. 1b). 

 If more rebar’s are needed for a beam cross-section, they must be laid at the second top 

layer symmetrically with respect to the vertical axis of the cross-section. The top rebars 

must be laid exactly at the top of the below rebars. According to Fig. 1c, if the top rebars 

are not symmetrical with respect to the vertical axis, a more rebar added to satisfy the 

symmetry [8].  
 

As,min=

√f
c

'

4f
y

bd  [mm2] 
(1) 
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382.5β
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600+f
y
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where, b, f
c

'
, and f

y
 are width of the cross-section, concrete specified compressive strength, 

specified yield strength of the rebars, respectively. d is effective depth of the beam and 

shows the distance between the centroid of the area of the tension reinforcement and the 

maximum compression fiber. β
1
 is ratio of rectangular stress block depth to the depth of 

neutral axis. Rebars Φ22 are used as both of the tension and compression reinforcement [8].  

Eighteen beam cross-sections are produced with applying the limitations. Dimensions of 

the sections were presented in Table 1. 
 

Table 1: Beam cross-sections 

No. b (mm) h (mm) 

1 300 450 

2 300 500 

3 300 550 

4 300 600 

5 350 550 

6 350 600 

7 350 650 

8 350 700 

9 400 600 

10 400 650 

11 400 700 

12 400 750 

13 400 800 

14 450 700 

15 450 750 

16 450 800 

17 450 850 

18 450 900 

 

Totally 1014 beam cross-sections were produced. Details of some of them were presented 

in Table 2. 

 
Table 2: Database used for beams [8] 

No. b (mm) h (mm) 
Number of rebars 

Cost per length ($) 
Φ22 Bot. Φ22 Top 

1 300 450 2 2 133.95 

2 300 450 2 3 135.96 

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ 
1013 450 900 12 10 301.78 

1014 450 900 12 12 305.79 
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2.2 Columns 

Fig. 2 illustrates constraints applied to the cross-sections of the columns according to ACI 

318-08. The details of the constraints are as follows: 

 a. The minimum free distance between the longitudinal rebars must be 40.0 mm (Fig. 

2b). 

 b. At least four rebars must be laid at the four corners of the cross-section (Fig. 2b). 

 c. The minimum of the concrete cover assumed to be 40.0 mm (Fig. 2b).  

 d. The stirrup size assumed to be Φ10. 

 e. The rebars must be symmetrical with respect to the vertical and horizontal axes (Fig 

2b). 

 f. The minimum and maximum longitudinal reinforcement ratio are limited to 1% and 

8%, respectively.  

The rebars used for the columns are Φ25. 

 

 
(A)         (B) 

Figure 2. Constraints for columns cros-sections 

 

The strength of each column under flexural and axial loads were calculated using P-M 

interaction diagrams. Fig. 3 illustrates a linear simplified P-M interaction diagram used in 

this paper [8]. 

 

 
Figure 3. Linear P-M interaction diagram using specified points [8] 

 

фP
n
 

фM
n
 

1 (0,P0) 
2 (0,P

1
) 3 (M

2
,P

2
) 

4 (M
3
,P

3
) 

5 (M
4
,0) 

6 (0,P
5
) 

A (фM
n
, фP

n
) 

B (фM
u
, фP

u
) 

O 



M. Danesh, A. Iraji and S. Jaafari 

 

616 

OA and OB are calculated as follows: 

 

𝐿𝑂𝐴 = √(∅𝑀𝑛)2 + (∅𝑃𝑛)2        𝐿𝑂𝐵 = √(𝑀𝑢)2 + (𝑃𝑢)2  (3) 

 

If the inequality LOB≤LOA is satisfied, the column design will be safe. 

Table 3 shows the database for the cross-sections of the columns used in this research. 

The number of columns cross-sections in the database is 55. The range for the dimensions of 

the cross-sections is 300.0 mm ~ 900.0 mm with increasing steps of 50.0 mm. The method 

of the cost calculation will be described in the next sub-sections. 
 

Table 3: Database used for columns cross-sections [8] 

No. b (mm) h (mm) 
Number of rebars Cost per length 

($) Φ25 

1 300 300 4 133.72 

2 300 300 6 140.66 

     ⋮  ⋮  ⋮ ⋮ ⋮ 
54 900 900 22 492.55 

55 900 900 24 499.48 

 

 

3. METHOD OF ANALYSIS AND DESIGN 
 

To optimize the structure design, all of the design constraints must be satisfied. Internal 

forces including the bending moments, the axial forces, and the shear forces are required to 

check the constraints. The internal forces can be determined using finite element method. To 

simplify the procedure, only the bending moments of the beams were applied in the 

calculations. Both of the axial forces and the bending moments were applied in the columns 

optimization. The analysis method checks the slenderness of the columns and if a column is 

slender the slenderness factor will be applied to the column design.  

When a column is slender the moment magnification procedure should be considered. 

Slenderness effect can be neglected for columns not braced against sidesway when: 
 

klu

r
<22 (4) 

 

where, k effective length factor, lu unbraced column length and r radius of gyration for 

compression member. The effective length factor k is calculated using the stiffness ratio ψ at 

the ends of the column. This ratio is calculated by dividing the sum of the stiffnesses of the 

columns at a joint by the sum of the stiffnesses of the flexural members framing into that 

joint in the analysis direction: 
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ψ=

Σ (
EI
l

)
c

Σ (
EI
l

)
b

 (5) 

 

where, I inertia moment of cracked section, E modulus of elasticity; l center-to-center length 

of a beam or a column. Indices b and c indicates beam and column, respectively. ψ is 

calculated for two ends of the column and then the average of ψ i.e. ψ
m

 is calculated. The 

effective length factor is calculated as follows: 

 

ψ
m

<2 :k=(1-0.05ψ
m

)√1+ ψ
m

 (6) 

ψ
m

≥2 :k=0.9√1+ ψ
m

 (7) 

 

The magnified moment for a slender column is calculated as follows: 
 

M=Mns+δsMs (8) 

 

Mns is the factored moment due to loads that cause no appreciable sidesway and Ms is the 

factored moment that due to loads that cause appreciable sidesway. δs is moment-

magnification factor for unbraced frames against lateral displacements. The magnified 

moment is calculated for two ends of the column and then the maximum of those is selected 

for column design. 

The specified compressive strength of the concrete and the specified yield strength of the 

rebars are assumed 24.0 MPa and 352.0 MPa, respectively. The analysis and design of the 

frames are performed using MATLAB [36] and OpenSees [37] by connecting of them to 

each other. 
 

 

4. FORMULATION FOR OPTIMIZATION 
 

The construction cost consists of concrete placing, the reinforcement, and form-working. 

Objective functions of these three parts are formulated as follows:   
 

C=CColumn+CBeam (9) 

CColumn= ∑[bc.ihc.iCC+AS.c.iCS+2(bc.i+hc.i)CF]

nc

i=1

Hi (10) 

CBeam= ∑[bb.jhb.jCC+ AS.b.jCS+(bb.j+2hb.j)CF]

nb

j=1

Lj (11) 

 

where, CColumn and CBeam are costs of columns and beams, repectively. nc and nb are 
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numbers of columns and beams, respectively. bc.i, hc.i, Hi and AS.c.i are width, depth, height, 

and reinforcement area for ith column cross-section, respectively. bb.j, hb.j, Lj, and AS.b.j are 

width, depth, length, and reinforcement area for jth beam cross-section, respectively. CC, CS, 

and CF are the cost per cubic meter for concrete, the cost per cubic meter for reinforcement, 

and the cost for squared meter for form-working, respectively, as follows [1-9]: 

 
CC=105

$

m3
  ,  CS=7065

$

m3
   ,  CF=92

$

m2
 

 

The frames were analyzed for load combinations as follows:  

 

1.2D+1.6L (12) 

1.2D+1.0L±1.0E (13) 

0.9D±1.0E (14) 

 

The maximum internal forces from the load combinations are determined. D and L are 

dead and live loads that were assumed 32.6 kN/m2 and 13 kN/m2, respectively. The number 

of rebars and cross-section dimensions of the columns (nT,bT)  in the top stories must not be 

greater than those (nB,bB) of the bottom story. The width of the beams at the joints must not 

be greater than that of the columns at the same joints. The practical and design constraints 

for the frames are as follows: 
 

g
1
=

Mu
+

∅Mn
+  - 1 ≤ 0 (15) 

g
2
=

|MuL
- |

∅Mn
-  - 1 ≤ 0 (16) 

g
3
=

|MuR
- |

∅Mn
-  - 1 ≤ 0 (17) 

g
4
=

LOB

LOA

 - 1 ≤ 0 (18) 

g
5
=

bT

bB

 - 1 ≤ 0 (19) 

g
6
=

hT

hB

 - 1 ≤ 0 (20) 

g
7
=

nT

nB

 - 1 ≤ 0 (21) 

 

After checking the constraints, a gravity load combination according to ASCE41-13 [38] 

is subjected to the frames as follows:  
 

Q
u

PBD
=D+0.25L (22) 
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Normalized shape modes are subjected to the frames and then the push-over analysis is 

performed. The frames are checked for the performance constraints such as the drift, the 

rotations of plastic hinges and the strong column-weak beam concept as follows: 
 

g
8
=

Dj
i

Dall
i - 1 ≤ 0   j=1,2,….ns (23) 

g
9
=

θj
i

θall
i - 1 ≤ 0   j=1,2,….nc (24) 

g
10

=
θk

i

θall
i - 1 ≤ 0  k=1,2,….nb (25) 

 

where, Dj
i and Dall

i  i=IO;LS;CP are the drift of jth story and allowable drift for the  concrete 

moment frame according to FEMA-35, respectively [39]. The allowable drifts for the three 

performance levels of IO, LS, and CP are limited to 1%, 2%, and 4%, respectively. ns is 

number of stories, θj
i
 and θk

i
 are the maximum rotation of the plastic hinge for the columns 

and the beams, respectively. θall
i

 is the allowable value for the rotation of the plastic hinge 

for the beams and the columns according to ASCE 41-13 [38]. nc and nb are the total 

number of the columns and the beams, respectively. 

The column failure is more dangerous than the beam failure during an earthquake. ACI 

318-08 introduces the concept of the strong column-weak beam as a basic principle to 

design special moment-resisting frames. This code indicates that the plastic hinge in the 

columns must occur later than the beams. This behavior prevents the structure collapse 

during strong earthquakes. The sum of nominal moment strengths of the columns must be 

greater than 1.2 times the sum of the nominal moment strengths of the beams at a joint 

according to ACI 318-08: 
 

g
11

=
1.2×(Mnb

+  + Mnb
- )

(Mnc
top + Mnc

bot)
 - 1 ≤ 0 (26) 

 

where, Mnb
+  and Mnb

-  are nominal bending moments of the beams at two sides of the joints. 

Mnc
top and  Mnc

bot are nominal bending moments of the columns at the top and the bottom of the 

joint, respectively. The optimization constraints are applied in the objective function using 

exterior penalty function method (EPFM) [40]. The objective function is formulated as 

follows: 
 

Φ = C×rp×(1+PEl+PDr+PRot+PSCWB) (27) 

 

where, PEl, PDr, PRot, and 𝑃𝑆𝐶𝑊𝐵 are penalty functions for the practical and design 

constraints, the drift, the rotation of the plastic hinge, and the strong column-weak beam, 

respectively. rp is the penalty coefficient. These penalty functions are defined as follows:  
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PEl= ∑ ∑ ((max {0,g
j
})

2

)
i

3

j=1

nb

i=1

+ ∑ ∑ ((max {0,g
j
})

2

)
i

7

j=4

nc

i=1

 (28) 

PDr= ∑ ∑ ((max{0,g
8
})

2
)

i

3

j=1

ns

i=1

 (29) 

PRot= ∑ ∑ ((max {0,g
j+8

})
2

)
i

3

j=1

ns

i=1

+ ∑ ∑ ((max {0,g
j+9

})
2

)
i

3

j=1

ns

i=1

 (30) 

PSCWB=rp ∑ (max{0,g
11

})
2

nj

i=1

 (31) 

 

 

5. NUMERICAL EXAMPLES 
 

5.1 Three-story frame 

Fig. 4 illustrates the three-story frame geometry, lateral loads, and the types of the columns 

and the beams. 

 

 
Figure 4. Three-story concrete frame 

 

Table 4 shows the optimized results from the Newton Meta-Heuristic Algorithm. Fig. 5 

shows the profiles for the drifts of the stories at the performance levels of IO, LS, and CP. 

According to the results, the constraint for the drift at the performance level of LS controls 

the design. The Demand-Capacity ratio for the rotation of the plastic hinges is presented in 

Fig. 6. The beams and the columns were separated via a red line in this Figure. 
 

Table 4: Optimized design for three-story frame 

Element Dimensions Rebars 
Total cost ($) 

Number of 

analyses Type Group b (mm) h (mm)  Bot. Top  

Beam 
1 400 500 2Φ22 5Φ22 

16313 5000 

2 400 400 2Φ22 6Φ22 

Column 

1 400 400 6Φ25 

2 450 450 10Φ25 

3 400 400 6Φ25 

4 400 400 6Φ25 

3@6m 

1                  2               2            1 

1                  2               2            1 

3                  4               4            3 

1               1               1 

1               1               1 

2               2               2 

3
@

3
.2

m
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5.2 Six-story frame 

Fig. 7 shows the geometry, the lateral loads, and the types of the beams and the columns for 

the six-story frame. Six types for the columns and three types for the beams were used in the 

optimization. Table 5 shows the optimized design using the Newton Meta-Heuristic 

Algorithm. Fig. 8 illustrates the profiles for inter-story drifts at the performance levels of IO, 

LS, and CP. Fig. 9 shows the demand-capacity ratio of the plastic hinge rotation for the 

columns and the beams. According to the results, the drift constraints at the performance 

level of LS controls the design. 

 

   
Figure 5. Profiles of inter-story drifts for three-story frame at performance levels of IO, LS, and 

CP 
 

   
Figure 6. Bar charts of demand-capacity ratio of plastic hinge rotation for columns and beams at 

performance levels of IO, LS, and CP, three-story frame 
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5.3 Twelve-story frame  

Fig. 10 illustrates the geometry, the lateral loads, and the types of the columns and the 

beams for the twelve-story frame. Nine and five types applied in the optimization for the 

columns and the beams, respectively. Table 6 shows the optimizaed design using the 

Newton Meta-Heuristic Algorithm. Fig. 11 shows the profiles of the inter-story drifts at the 

performance levels of IO, LS, and CP. Fig. 12 shows the demand-capacity ratio of the 

plastic hinge rotation for the beams and the columns. The results show that the drift 

constraints at the performance level of LS controls the design. 

 

 
Figure 7. Six-story concrete frame 

 

Table 5: Optimized design for six-story frame 

Element Dimensions Rebars 
Total cost ($) 

Number of 

analyses Type Group b (mm) h (mm) Bot. Top  

Beam 

1 350 650 2Φ22 3Φ22 

39120 17000 

2 350 550 2Φ22 6Φ22 

3 350 550 2Φ22 4Φ22 

Column 

1 550 550 8Φ25 

2 550 550 8Φ25 

3 400 400 6Φ25 

4 650 650 12Φ25 

5 550 550 12Φ25 

6 450 450 8Φ25 

 

 

6. EVALUATION OF SEISMIC PARAMETERS OF OPTIMIZATION 
 

The optimizaed frames are analyzed via nonlinear static method according to the FEMA-

356. The produced capacity diagrams are converted to bi-linear diagrams using Yang 

3@6m 
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2                  5               5            2 
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method. Then, the seismic strength parameters are extracted from the results.  

 

6.1 Three-story frame 

Fig. 13 shows the bi-linear capacity diagram for the three-story frame. Table 7 shows the 

seismic strength parameters for the three-story frame. The results show low amounts for the 

over strength and the absorbed plastic energy for the three-story frame. This can be 

attributed to the optimization of this frame using the objective function for the construction 

cost. Because the structure satisfies the design constraints, the service, and the performance 

using the minimum materials, therefore it cannot experience high over strength and ductility 

at the state of nonlinear – inelastic behavior.  

 

   
Figure 8. Profiles of inter-story drifts for six-story frame at performance levels of IO, 

LS, and CP 

 

   
Figure 9. Bar charts of demand – capacity of plastic hinge rotation for columns and 

beams at performance levels of IO, LS, and CP, six story frame 
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6.2 Six-story frame 

Fig. 14 shows the bi-linear diagram for the capacity of the six-story frame. Table 8 shows 

the seismic strength parametrs of the optimized six-story frame. Because the frame was 

optimized using the objective function for the construtction cost, the over strength and the 

amount of the absorbed energy for the frame are very low. The optimization provides the 

minimum materials for the design while satisfies the design constraints and the needed 

service and performance. Applying the minimum materials, the structure cannot provide 

high over strength and ductility at the state of nonlinear – inelastic behavior. 

 

 
Figure 10. Twelve-story concrete frame 
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Figure 11. Profiles of inter-story drifts for twelve-story frame at performance levels of 

IO, LS, and CP 
 

   
Figure 12. Bar charts of demand – capacity of plastic hinge rotation for columns and beams 

at performance levels of IO, LS, and CP, twelve-story frame 
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Figure 13. Bi-linear diagram of capacity for three-story frame using Yang method 

 

Table 8. Seismic strength parameters of optimized six-story frame 
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6.3 Twelve-story frame 

Fig. 15 illustrates the bi-linear diagram of the capacity for the twelve-story frame. Table 9 

shows the seismic strength parametrs of the twelve-story frame. The results show low 

amounts for the over strength and the absorbed plastic energy. This is attributed to 

optimizing this frame using the objective fuction for the construction cost. Because the 

optimization gives minimum amount for materials and satisfies the design constraints, the 

needed service and performance, therefore, the structure cannot provide the high over 

strength and ductility during the nonlinear – inelastic behavior.  
 

Table 9. Seismic strength parameters of optimized twelve-story frame 
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Figure 14. Bi-linear diagram of capacity for six-story frame using Yang method 

 

 
Figure 15. Bi-linear diagram of capacity for twelve-story frame using Yang method 

 

 

7. CONCLUSIONS 
 

Three-story, six-story, and twelve-story frames were optimized using Newton Meta-

Heuristic Algorithm using the objective function for the construction cost and design, 

service, strength, and performance constraints. The optimized frames were analyzed using 

the nonlinear static method. The bi-linear diagram for the capacity was provided using the 

Yang method. Then, the seismic strength parameters were extracted.  

The optimization procedure showed that the constraint of inter-story drifts has a decisive 

role. With satisfying this constraint, other constraints such as the plastic hinge rotation and 

the strong column – weak beam concept are satisfied simply.  
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The low amounts for the over strength, the absorbed plastic energy, and the ductility 

factor for the optimized frames using the objective function of the initial cost shows that this 

function is not suitable for the seismic optimization based on the performance of the 

reinforced concrete frames. Therefore, the objective function of the total cost is prefarable to 

the objective function of the initial cost.  The total cost consisits of the construction and 

service costs. If the use of the only initial cost is unavoidable, the choice of the values for the 

performance costraints must be more strict than the constraints of the design codes.  
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