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A B S T R A C T 

In this study, reinforced concrete frame system is generated, and all structural ele-
ments which are beam and columns are optimized according to the applied distrib-

uted loads and different concrete classes by using Matlab program. Jaya algorithm 

which is a Metaheuristic Algorithm that enables to optimization process and finds the 

best cross sections, reinforcement area as well as cost of the system, is proposed. It 

is observed that cross-section, reinforced area as well as cost of the system are 

changed when concrete classes are used differently. After finding the optimum de-
sign values for frame system, the matrix displacement method is utilized to specify 

the system displacements and all nodes forces. Furthermore, columns and beam dis-

placement results are not similar, and also internal forces are different for nodes. 

TS500 (2000) (Reinforced concrete structures design and construction rules) and 

TBDY (2018) (Turkey Building Earthquake Regulation) are used together to specify 

variables, constraints and also necessity values. The proposed method is feasible for 

frame structures consisting of different members. 
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1. Introduction 

The pace of development in any area has been in-
creasing significantly (Oliva et al. 2017) in recent dec-
ades (Mei and Wang 2021) in the world. Therefore, a lot 
of unprecedented tools, programs and systems have 
been invented recently such as artificial intelligence (Pe-
rea et al. 2008; Jones 2003; Sriram 2006). As recent exam-
ples, Cakiroglu et al. (2022a) exploited machine learning 
to estimate concrete-filled steel tubular columns’ axial 
compression capacity. Bekdaş et al. (2022a) used har-
mony search to optimize the design of cylindrical walls, 
and they utilized ensemble learning models to forecast 
the best values with high accuracy. Ensemble Learning 
Models were also applied to civil engineering problems 
such as finding the rheological properties of self-com-
pacting concrete (Cakiroglu et al. 2022b), optimization 
of reinforced concrete circular columns (Bekdaş et al. 
2022c) and retaining walls (Bekdaş et al. 2022c). Inter-
pretable machine learning algorithms were used to find 
the axial force capacity of fiber-reinforced polymer in-

cluding reinforced concrete columns by Cakiroglu et al. 
(2022c). These developments influence our lives in terms 
of the quality of the system which we utilize every time. 
They are not limited to only one area; however, they can 
be in all areas, and civil engineering is at the forefront of 
these areas. Along with the developments, important 
changes are made in the features and design stages of the 
building systems, and it is tried to enable the use of more 
convenient and sustainable systems. In general, some of 
the main requirements requested from the building are; 
It should be resistant to loads that may affect it, to be aes-
thetic, to be applicable in terms of cost (Nigdeli and 
Bekdaş 2017), and the majority of the materials used 
should be designed without harming the environment 
(sustainable systems). Design engineers have to con-
sider these while performing the design, and they use 
different computer programs for these circumstances. In 
this way, designs are made according to the loads that 
may affect the structure (earthquake, wind) and the pur-
pose of use of the building, taking into account the re-
gional soil classes. The realization of designs in this way 
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prevents deviations from the regulations, and by doing it 
in accordance with its purpose, in case of any possible 
impact (earthquake load), it prevents the systems or the 
structure from being significantly damaged. Nonethe-
less, regulations allow structures with certain safety co-
efficients to be damaged in a controlled manner, instead 
of the structure being damaged unexpectedly. Demand-
ing this type of damage like this is to prevent loss of life. 

Frame systems are used extensively in certain regions 
of some countries. In the case of seismicity in some re-
gions and higher than certain story heights, it is not pre-
ferred much. Even if it is preferred, it should be sup-
ported with different building carrier elements. The 
most important reason for the overuse of these systems 
is their low cost. Since the energy dissipation that will 
occur in earthquake effects is less than other building 
systems, they are the systems that suffered the most 
damage or collapse under the effects of earthquakes 
(Doğangün 2019). As a consequence, to increase the 
earthquake performance, the rigidity of the structure is 
increased by adding shear walls to the framed systems. 
In this way, most of these dynamic loads are covered by 
shear walls in case of earthquake or wind effects. Ulusoy 
et al. (2020) studied to find the optimal design of rein-
forced concrete beams by examining the strength of con-
crete, and they used Metaheuristic Algorithm in this pro-
cess. Leps and Sejnoha (2003) utilized simulated anneal-
ing, which is a metaheuristic algorithm, to optimize the 
continuous beam. In order to reach the optimum cost for 
reinforced concrete slabs, Shayegan (2022) used various 
metaheuristic algorithms and hybrid algorithms, and 
Ghandi et al. (2017) utilized cuckoo search algorithm.    

In this study, the cross-section designs of the ele-
ments of the frame system are carried out using me-
taheuristic algorithms which have been utilizing engi-
neering problems to reach optimum value, and optimum 
section designs are carried out in accordance with the 
regulations such as TS500 (2000) and TBDY (2018). Be-
fore the sections are determined by optimization, some 
material properties and constraint conditions and the 
maximum-minimum values of the variables which are 
taken by Balling and Rao (1997) are added to the algo-
rithms. As a result of these, the forces (shear and axial 
forces) formed in all joint areas and the resulting dis-
placement values are found and compared using the Ma-
trix Displacement Method according to the optimum 
cross-section dimensions. 
 

2. Methodology 

2.1. Design of reinforced concrete frame structures 

Reinforced concrete frame structure which consists 
of columns and beams has to be designed by using regu-
lations. These regulations include some design values, 
constraints as well as limitation length of column and 
beam size. All features are used in the optimization pro-
cess to reach optimum size by Mayencourt and Mueller 
(2020) and cost design.  

Beam and column have various features to calculate  

the appropriate design. Some formulas show below for 
beam calculations. Eq. (1) demonstrates the decreasing 
amount of materials values to stay safe design. Beams 
have 2 sides which are the compression region as well as 
tensile region, and these effects should same to balance 
themselves Eq. (2). In addition, Eq. (3) shows stress 
block depth. Fig. 1 shows the beam section. 

 

Fig. 1. Beam cross-section. 

Regarding the given equations which are related to 
beam and column design, a is the stress block depth, M is 
the moment that has an impact on the structure, d is the 
distance from center of longitudinal tensile reinforce-
ment from over tightening, fyd is the design yield strength 
for steel, fcd is the compressive strength of concrete de-
sign, fck is the concrete's characteristic compressive 
strength,fctk is the characteristic axial tensile strength of 
concrete, 𝜌𝑏 is the balanced reinforcement ratio, and k1 
changes according to the concrete class. 

𝑓𝑐𝑑 = 
𝑓𝑐𝑘

1.5
   and 𝑓𝑦𝑑 = 

𝑓𝑦𝑘

1.15
 (1) 

𝐹𝑐 = 𝐹𝑠 = 0.85 × 𝑓𝑐𝑑 × 𝑏𝑤 × 𝑎 (2) 

𝑎 = 𝑑 − √𝑑2 −
2×𝑀

0.85×𝑓𝑐𝑑×𝑏𝑤
  (3) 

For Eq. (4), after finding the reinforcement area, it is 
compared whether it is between the maximum and min-
imum reinforcement ratio.  

0.8 ×
𝑓𝑐𝑡𝑑

𝑓𝑦𝑑
≤ 𝜌 = 

𝐴𝑠

𝑏𝑤×𝑑
= 

𝑀

𝑓
𝑦𝑑×(𝑑−

𝑎
2)

𝑏𝑤×𝑑
 ≤  {

 0.85 × 𝜌
𝑏

0.02

0.235 ×
𝑓𝑐𝑑

𝑓𝑦𝑑
  

 (4) 

Some formulas show below for column calculations. A 
reinforced concrete column has to provide adequate ca-
pacity to withstand axial force and bending moment 
(Camp and Hug 2013). Fig. 2 shows the column section. 
In order to find column cross-sections, it is necessary to 
use some of the equations. With Eq. (5), neutral axis dis-
tance is determined for balanced conditions, while Eqs. 
(6) and (7) are used for finding stress block depth and 
for finding axial pressure force respectively. d' is known 
as concrete cover. 
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𝑐𝑏 =
600

600+𝑓𝑦𝑑
𝑑 (5) 

𝑎𝑏 = 𝑘1 × 𝑐𝑏 (6) 

𝑁𝑏 = 0.85 × 𝑓𝑐𝑑 × 𝑎𝑏 × 𝑏 (7) 

After finding the axial pressure force, it is compared 
with Eqs. (8) and (9), and therefore, it is checked 
whether rebar is needed or not. While stress block depth 
can be found by Eq. (10), reinforcement area for the col-
umn can easily be found by Eq. (11). 

𝜓𝑐 = 0.85 ×
𝑑′

ℎ
×

600

600−𝑓𝑦𝑑
 (8) 

Control = 
𝑁𝑑

𝑏×ℎ×𝑓𝑐𝑑
 (9) 

𝑎 =
𝑁𝑑

0.85×𝑏×𝑓𝑐𝑑
 (10) 

𝐴𝑠𝑡 = 2 ×
𝑀− 𝑁𝑑 × ( 

ℎ

2
 − 

𝑎

 2
)

𝑓𝑦𝑑 × ( 𝑑− 𝑑′)
 (11) 

2.2. Matrix displacement method 

There are many displacement methods and one of 
them is the matrix displacement method, which is the 
method that generates the unknowns of the displace-
ment components of the system. The matrix displace-
ment method is the determination of the displacement 
value of the structure under the static and dynamic loads 
that may be effective on the structure, the internal force 
values and the deformation effects that may occur. Im-
pact such as loads, displacements and reaction force in 
the system are defined in the global coordinate system. 
Despite this, the section effects are formed by changing 
relative to the global coordinate system according to the 
location of the building element and it is called the local 
coordinate system. Transitions from the global coordi-
nate system to the local coordinate system (Fig. 3) or 
completely reversible can be done easily with angles. 

Some of the names of the angles in formulations are 
abbreviated. It can be easily comprehended to how they 
can use it. 

For abbreviation:  S = sin(𝜃),   C = cos(𝜃)  

𝑋𝐿 = 𝑌𝐺 × sin(𝜃) + 𝑋𝐺 × cos(𝜃)  
                                                       𝑋𝐿 = 𝑌𝐺 × 𝑆 + 𝑋𝐺 × 𝐶 (12) 

𝑌𝐿 = 𝑌𝐺 × cos(𝜃) − 𝑋𝐺 × sin(𝜃)  
                                                       𝑌𝐿 = 𝑌𝐺 × 𝐶 − 𝑋𝐺 × 𝑆 (13) 

Although the global coordinate’s axis names are XG 
and YG, the Local coordinate’s axis names are XL and YL. 
Thus, these can easily be seen in Equations. Eqs. (12) and 
(13) are used to reach Local coordinate locations and 
these abbreviations can be seen respectively. A matrix 
which is given as Eq. (14) enables finding Local Coordi-
nate property. The stiffness matrices in local and global 
coordinates have the relation given in Eq. (15). Node dis-
placement (Kaveh and Zaerreza 2022) can be found in 
Eq. (16), while internal loads can be found in Eq. (17). 

 

Fig. 2. Column cross-section. 

 

Fig. 3. Global-local coordinate system. 
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=  
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𝐶 𝑆 0 0 0 0
−𝑆 𝐶 0 0 0 0
0 0 1 0 0 0
0 0 0 𝐶 𝑆 0
0 0 0 −𝑆 𝐶 0
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 .
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𝑋𝐺𝑖

𝑌𝐺𝑖

𝜃𝐺𝑖

𝑋𝐺𝑖

𝑌𝐺𝑖

𝜃𝐺𝑖 ]
 
 
 
 
 

 (14) 

[𝐾𝐺] = [𝑅]𝑇 ∗ [𝐾𝐿] ∗  [𝑅] (15) 

[∆𝐿]𝐹 = [𝑅]𝐹 ∗  [∆𝐺]𝐹  (16) 

[𝑃𝐿]𝐹 = [𝐾𝐿]𝐹 ∗  [∆𝐿]𝐹  (17) 

P refers to internal force, K refers to stiffness matrix 
and ∆ refers to displacement. Moreover, some features 
of materials and cross-section values are necessary to 
know in order to find stiffness matrix results. As seen in 
Eq. (18), these features are seen as E, A, I as well as L on 
the matrix. E is the modulus of elasticity, A is the area of 
cross-section, I is the moment of inertia as well as L is the 
length of structure elements.  

[𝐾𝐿]𝐹 =

[
 
 
 
 
 
 
 
 
 

𝐸𝐴

𝐿
0 0 −

𝐸𝐴

𝐿
0 0

0
12𝐸𝐼

𝐿³

6𝐸𝐼

𝐿²
0 −

12𝐸𝐼

𝐿³

6𝐸𝐼

𝐿²

0
6𝐸𝐼

𝐿²

4𝐸𝐼

𝐿
0 −

6𝐸𝐼

𝐿²

2𝐸𝐼

𝐿

−
𝐸𝐴

𝐿
0 0

𝐸𝐴

𝐿
0 0

0 −
12𝐸𝐼

𝐿³
−

6𝐸𝐼

𝐿²
0

12𝐸𝐼

𝐿³
−

6𝐸𝐼

𝐿²

0
6𝐸𝐼

𝐿²

2𝐸𝐼

𝐿
0 −

6𝐸𝐼

𝐿²

4𝐸𝐼

𝐿 ]
 
 
 
 
 
 
 
 
 

 (18) 



 Çoşut et al. / Challenge Journal of Concrete Research Letters 14 (1) (2023) 10–17 13 

 

2.3. Jaya algorithm 

Metaheuristic algorithms include Particle Swarm Op-
timization (PSO) developed by Kennedy and Eberhart 
(2001), Jaya Algorithm developed by Rao (2016), the 
Teaching Learning Based Optimization (TLBO) devel-
oped by Rao (2012). Design time, cost and sufficient de-
sign (Giran et al. 2017) can be also designed by algo-
rithms. Jaya algorithm is working more efficiently in var-
ious problems to reach objective functions in a short 
time. To exemplify for one of the column problems, 
Cakiroglu and Bekdaş (2022) carried out the maximum 

axial load for a concrete filled steel tubular column by us-
ing Jaya algorithm which is 10759 kN. Jaya algorithm 
process is generally similar just some formulations can 
be changed according to problems. After generating the 
initial matrix, solutions are compared according to the 
Jaya algorithm’s generated new solutions and initial ma-
trix solutions to choose the best one in order to reach the 
minimum objective function. Eq. (19) is the Jaya algo-
rithm equation that is used in the optimization process.  

𝑋𝑖,new
′ = 𝑋𝑖,𝑗 + 𝑟( )(𝑋𝑖,𝑔best

− |𝑋𝑖,𝑗|) − 𝑟( )(𝑋𝑖,𝑔worst
− |𝑋𝑖,𝑗|) (19)

 

Fig. 4. Optimization process using Jaya algorithm.

Fig. 4 delineates the flowchart which is related Jaya 
algorithm. There are several steps to reach objective 
function, and they consist of preparing optimization, 
solving equations as well as comparing matrices to find 
the best values for problems. Iteration steps continue 
until the iteration number completes exactly its maxi-
mum values. 
 

3. Numerical Example 

Fig. 5 demonstrates the frame system which is opti-
mally designed via the Jaya algorithm. 

Table 1 consists of variables, constants and cost val-
ues. The clear cover is chosen as 30 mm. 
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Fig. 5. Frame structure. 

The given frame structure is solved by Jaya Algorithm 
in order to reach the most design cost. To complete this 
process, the algorithm and necessary equations are 
added to Matlab program. The objective function is spec-
ified as Eq. (20). 

FrameSystemCost = TotalConcreteVolume × 𝐶𝑐 +

       TotalSteelArea × 𝐶𝑠 + TotalArea × (𝐶𝑘,𝑚+𝐶𝑘,𝑖) (20) 

Table 2 has different constraints for the design of the 
frame system which consist of a beam and two columns. 
These constraints are about comparing maximum and 
minimum reinforced area, checking stress block depth 
and also comparing axial force. 

Table 1. Design values. 

Explanation Symbol Unit Value 

Beam min-max section width bw,min-max mm 250-400 

Beam min-max section height hk,min-max mm 400-600 

Column min-max section width bmin-max mm 300-600 

Column min-max section height hmin-max mm 300-600 

Live load - Dead load q-g kN/m 12-10 

Beam length - Column height L-H m 6-3 

Yield strength of concrete fyk MPa 420 

Specific gravity of steel γs t/m3 7.86 

Cost of concrete per unit volume Cc TL/m3 

C25/30 - 790 
C30/37 - 820 
C35/45- 875 

Cost of steel per unit weight Cs TL/ton 14900 

Cost of formwork material - Labour Ck,m -Ck,i TL/m 104-60 

Axial load Nd kN 300 

Stirrup  ∅  8 

Table 2. Constraint for the design of the frame system. 

TS500 Constraints 

 
Column 

𝑔1 = 𝜓 <
𝑁𝑑

𝑏 × ℎ × 𝑓𝑐𝑑

 

𝑔2 = 0.04 

𝑔3 ≤ {
𝑏/3

100 𝑚𝑚
 

Beam 

𝑔4 = 0 < 𝑑 − √𝑎 < ℎ𝑘  

𝑔5 =  beam reinforcement area < {

0.85 ×  𝜌
0.02

0.235 × 
𝑓𝑐𝑑

𝑓𝑦𝑑

 

𝑔6 =  beam reinforcement area ≥  0.8 ×
𝑓𝑐𝑡𝑑

𝑓𝑦𝑑
 

In this problem, the Jaya algorithm is used as Me-
taheuristic Algorithm to find cost and cross sections. The 
result of this system is shown in Table 3 and the maxi-
mum cost occurs by using C25/30. Although concrete 

cost is the lowest compared to others, the necessity rein-
forced area (As) is the biggest one. That’s why the cost of 
using C25/30 is more expensive. 

Fig. 6 shows the positive direction notation and num- 
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bering of the frame structure. Positive direction prop-
erty is used, when these notations show. With the Matrix 

displacement method, these notations are used in the al-
gorithm to reach internal forces as well as displacement. 

Table 3. Results of optimization. 

Explanation 
Beam  Column Cost 

b (mm) h (mm) As (mm²)  b (mm) h (mm) As (mm²) F(x)(TL) 

C25/30 250 400.0 834.0  327.17 342.75 1214.5 3290.0 

C30/37 250 400.0 814.0  300.00 350.70 1052.0 3232.0 

C35/45 250 404.6 789.3  300.00 348.20 1044.5 3284.6 

 

Fig. 6. Frame structure with numbering and direction rotation.

The process of the Matrix displacement method has 
different steps. It should be followed as below orders.  
• The global axis stiffness matrix is translated to the lo-

cal axis for each element. 
• Transformation matrix is created for each element. 
• Global axis stiffness matrix is found for each element 
• The stiffness matrix of the system is found by super-

posing the global axis stiffness matrices for all ele-
ments. 

• Displacement calculations are completed for each 
point by using loads affecting the system. 

• The internal forces of each point are found according 
to the displacement values found. 
Table 4 includes F1’s data as internal force and dis-

placement while Table 5 includes F3’s data as internal 
force and displacement and also Table 6 includes F2’s 
data as internal force and displacement. There are 12 
nodes that have different features because of their loca-
tions. Looking at the tables in more detail, there is no dis-
placement in 1-2-3 nodes and 1-7 nodes are the same 
amount of force with different directions. Table 3 con-
sists of beam responses. All nodes have displacement be-
cause of non-fixed features.

Table 4. Internal forces and displacement for F1. 

Explanation 
1 

(kN) 
2 

(kN) 
3 

(kNm) 
7 

(kN) 
8 

(kN) 
9 

(kNm) 

[PL]F1  
(Internal Force) 

-99.60 33.19 33.04 99.6 -33.19 66.53 

[∆L]F1  

(Displacement) 
0 0 0 1.66*10−4 4.98*10−5 0.0037 

Table 5. Internal forces and displacement for F2. 

Explanation 
4  

(kN) 
5 

(kN) 
6  

(kNm) 
10 

(kN) 
11 

(kN) 
12 

 (kNm) 

[PL]F2  
(Internal Force) 

-99.60 -33.19 -33.04 99.6 33.19 -66.53 

[∆L]F2 

(Displacement) 
0 0 0 1.66*10−4 -4.98*10−5 -0.0037 
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Table 6. Internal forces and displacement for F3. 

Explanation 
7 

(kN) 
8 

(kN) 
9 

(kNm) 
10 

(kN) 
11 

(kN) 
12 

(kNm) 

[PL]F3  
(Internal Force) 

−33.19 
2.6
∗ 10−15 

33.07 33.19 -2.6*10−15 -33.07 

[∆L]F3 

(Displacement) 

−4.98
∗ 10−5 

1.7 ∗ 10−4 0.0037 4.98*10−5 1.66*10−4 -0.0037 

It is shown in Tables 4-6 by finding displacements and 
internal force values for each bar. From these tables, the 
displacements for the fixed numberings (1 2 3 4 5 6) for 
the frame systems are found to be zero, while the dis-
placements will occur at the non-fixed (7 8 9 10 11 12) 
nodes and these displacements will take the same values 
in two opposite points. 

 

4. Conclusions 

In the case of using different concrete classes, rein-
forced area calculations were made in such a way that 
the values of the cross-section dimensions of the frame 
system elements and the boundary conditions were pro-
vided, and cost optimization was made for each concrete 
class, and the objective function was achieved, which all 
optimization steps are generated on Matlab. It is seen 
that the beam cross-section values for each concrete 
class are 250 mm and nearly 400 mm, while the column 
cross-section values take values in the range of 300-350 
mm. Concrete classes have different cost values while 
the price of reinforcement is taken as the same price on 
a per-ton basis. In other words, the cost of the reinforce-
ment varies depending on the area of reinforcement that 
is required to be used in the system. From this, it has 
been calculated that the design with concrete class 
C25/30 is more expensive than other concrete class de-
signs, but there is not much change in the section dimen-
sions. There is a cost difference of approximately 1.75% 
between the C25/30 and C30/40 concrete class design 
costs. While between the C25/30 and C35/45 concrete 
class design costs difference is roughly 0.16%. Moreover, 
after all these processes such as finding the optimum 
cross-section area, the necessary features are utilized to 
reach the system of internal forces and all nodes dis-
placements. By using the Matrix displacement method, 
the system is divided into 3 parts which are F1, F2, as 
well as F3 and these are calculated separately. Non-fixed 
points can displace according to loading. The internal 
load can easily be seen that all separated parts same val-
ues in the same direction.  
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