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A B S T R A C T 

Section design is an important process for designing reinforced concrete structures 

because of the existence of factors such as bearing capacity and cost. After defining 

the initial cross sections for reinforced concrete elements, reinforcement amounts 

are calculated within the framework of certain rules and regulations. In the classical 

method, optimum cost and reliable structure can be designed by trial and error. De-

signing with the classical method is quite time-consuming. As in different fields, me-

taheuristic algorithms are employed to civil engineering applications to reach the op-

timum solution. In this study, unlike other examples from the literature, the optimum 

cost design of reinforced concrete beam cross-section was done, adding torsional 

moment to bending moment and effects of shearing force through the use of the JAYA 

algorithm. The optimum cost design of a reinforced concrete beam section under the 

effects of torsional moment, bending moment and shear force is performed. The de-

sign is done according to the rules specified in ACI 318 (Building code requirements 

for structural concrete), as it is well-known and used in many international projects. 

For the purpose of this study, cross-sections of 10 different reinforced concrete beam 

cross-sections were designed under 5 different loads for 2 different concrete classes 

through MATLAB software, with the aim of finding the optimum beam cross-section. 

A reinforced concrete beam is designed under different torsional loads and for dif-

ferent concrete classes and it is aimed to find the optimum beam cross-section. It 

shows the effect of torsional force on reinforced concrete beam cross section and re-

inforcement by using different torsional loads. It was observed that the algorithm 

used tends to approach the optimum result, increasing the area of concrete with 

lower unit cost or reducing the distance between stirrups. It was concluded that Jaya 

algorithm performs effectively with respect to optimizing reinforced concrete beams. 

The algorithm used can be applied to different reinforced concrete elements. 
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1. Introduction 

The design of reinforced concrete structural elements 
is a complex and important process in engineering prac-
tice. In this process, civil engineers determine various in-
itial element sizes in structural design and these sizes 
form the basic reference points for reinforcement de-
sign. One of the important objectives of the engineer is to 
solve the design economically. However, the first choice 
does not always guarantee an economical design be-

cause factors such as economic design, durability and 
safety of the structure must be considered. Therefore, it 
is important to experiment with different element sizes 
to get a better design. It is important to know about the 
behaviors of engineering structure elements. Studies 
were conducted in connection with behaviors of struc-
ture elements in many fields. El-Sayed and Shaheen 
(2020) experimentally and analytically examined the be-
haviors of reinforced concrete beams containing recy-
cled steel fiber and recycled wheat straw ash-based geo-
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polymer. El-Sayed (2019) conducted a study on increas-
ing beams' resistance strengths through the addition of in-
dustrial lathe wastes to reinforced concrete beams. Ghali 
et al. (2024) conducted a research examining the behavior 
of beams with reinforced concrete rectangular beams as 
reinforced with metallic and non-metallic fibers. 

For an experienced engineer, several factors influence 
the economic design of reinforced concrete elements. 
These factors include various elements such as material 
properties of the structural elements, load carrying, 
structural integrity and aesthetics. However, it is not 
possible to try thousands of different combinations of 
sizes with the classical method of trial and error. There-
fore, a process called optimization is used to find the best 
design that satisfies all design constraints. Optimum de-
sign methods have been proposed for different rein-
forced concrete elements and it is possible to apply these 
methods by using mathematical methods. Some meth-
ods have been developed for the optimum solution of en-
gineering problems. Among these methods, optimization 
algorithms have an important place. Therefore, me-
taheuristic algorithms are a suitable option to perform a 
practical optimization. Metaheuristic algorithms are 
used to solve complex optimization problems by com-
bining different search strategies and algorithm tech-
niques. These algorithms can be tuned to suit the solu-
tion of a specific problem and are usually implemented 
through computer-based software. Thus, it may be pos-
sible to obtain optimum designs in large and complex re-
inforced concrete construction projects. 

Consequently, the design of reinforced concrete ele-
ments is carried out with a combination of both engi-
neering skill and mathematical optimization techniques. 
In this process, using an experienced engineering ap-
proach and appropriate optimization methods, it is pos-
sible to build economical, durable and safe structures. 
This can save cost and time in building projects, while at 
the same time improving the performance and quality of 
the structures.  

Many heuristic and metaheuristic algorithms are used 
in civil engineering. One of the metaheuristic algorithms 
used in civil engineering is the artificial bee colony (ABC) 
algorithm. Jahjouh et al. (2013) in the optimal cost de-
sign of continuous beams. Tapao and Cheerarot (2017) 
used artificial bee colony (ABC) algorithm in cost design 
of reinforced concrete frame systems, Sönmez (2011) in 
weight minimization and optimum cost design of truss 
systems, Öztürk and Durmuş (2013) in optimum cost de-
sign of reinforced concrete columns.  

Çakıroğlu et al. (2021a) conducted a study on the 
stacking of composite laminates with carbon fiber rein-
forcement with harmony search algorithm. Çakıroğlu et 
al. (2020a) used harmony search algorithm for the de-
sign of connection slabs under effect of cutting twisting 
and lateral twisting torsion and tried to find minimum 
cross-section areas that are to meet lateral torsion twist-
ing loan and cutting tensions and to reduce the cost. 
Çakıroğlu et al. (2020b) used harmony search algorithm 
in order to find the highest possible twisting load, keep-
ing the cost and weight of rectangular laminated compo-
site plates at a minimum. Çakıroğlu et al. (2021b) made 
use of harmony search algorithm to reduce CO2 emission 

which also offers the best performance in the design of 
steel columns with concrete filling. Bekdaş et al. (2022a) 
used harmony search algorithm for optimum design of 
cylindrical walls and created a database using 7744 sam-
ples and machine learning models were developed based 
on such database. Bekdaş et al. (2022b) prepared 3125 
different data samples for the design of reinforced con-
crete circular columns and for their optimum cost and 
ensured that machine learning models focusing on data 
were developed. Çakıroğlu et al. (2023a) created 40569 
data sets using harmony search algorithm for the design 
of console shoring retaining walls and worked on ma-
chine learning techniques. 

Another algorithm used in the optimal design of rein-
forced concrete elements is the teaching-learning based 
optimization (TLBO) algorithm, which is inspired by the 
two different stages of training developed by Rao et al. 
(2011). Kayabekir et al. (2020), Temur and Bekdaş 
(2016), Bekdaş and Temür (2017), and Öztürk et al. 
(2020) used the teaching-learning based optimization 
(TLBO) algorithm for the design and cost optimization of 
retaining walls; Niğdeli et al. (2018) for the design and 
optimum cost of reinforced concrete single foundations, 
Dede and Ayvaz (2015) for shape and size optimization 
of truss systems and elements, Bekdaş and Niğdeli 
(2016) for cost optimization of reinforced concrete col-
umns of different heights.  

Another algorithm used in structural optimization is 
the genetic algorithm (GA) developed from evolutionary 
theory (GA) (Goldberg and Samtani 1986). Guimarães et 
al. (2022) in the optimal design of concrete-filled compo-
site columns; Rao and Babu (2006) in the cost optimiza-
tion design of short columns by combining with artificial 
neural network method; Pierott et al. (2021), Yousif and 
Najem (2013), Deliktaş et al. (2009), and Govindaraj and 
Ramasamy (2005) in the cost design of reinforced con-
crete simply supported and continuous beams; Alqedra 
et al. (2011) in the design of reinforced concrete pre-
stressed beams; Sahab et al. (2005) and Nimtawat and 
Nanakorn (2010) in the design of slabs; Shooli et al. 
(2019) and Mergos (2021) in the optimal cost design of 
reinforced concrete frames; Dos Santos et al. (2023) an-
alyzed the cost and CO2 emission of reinforced concrete 
beams with the help of genetic algorithm. The Jaya algo-
rithm, which is also used in this study, has not been stud-
ied in the field of civil engineering. Öztürk et al. (2020) 
used Jaya algorithm for cost and design optimization on 
retaining walls and Yücel et al. (2023) used Jaya algo-
rithm to minimize the weight of steel truss systems of 
different sizes. Kaveh and Hamedani (2023) compared 
the results of certain examples from the literature 
against the hybrid set-theoretical Jaya algorithm (ST-JA) 
classic Jaya algorithm and other metaheuristic algo-
rithms because of classic Jaya algorithm's likelihood of 
early convergence and getting stranded in the local opti-
mum under certain circumstances. They revealed that 
convergence speed and results performed better based 
on numerical results when compared to ST-JA classic 
Jaya algorithm and other metaheuristic algorithms. 
Pham and Nguyen (2024) took advantage of a Jaya-based 
optimization algorithm demonstrated to be innovative 
for the analysis of fuzzy displacements of two-dimen-
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sional and 3D cage beams under static loads. Du et al. 
(2018) conducted a study intended to determine sites of 
damage at structures and their scope, using Jaya algo-
rithm. Çakıroğlu et al. (2023b) used Jaya algorithm and 
Manta Ray Foraging Optimization in order to ascertain 
optimal cross-section dimensions of steel pipe columns 
with concrete filling and minimize CO2. Dede (2018) 
used Jaya algorithm to conduct analysis and optimal de-
sign of design and steel grillage structures and con-
cluded that Jaya algorithm was effective in the analysis 
of steel grillage structures. 

In this study, the Jaya algorithm developed by Rao 
(2016) is used for the optimum design of reinforced con-
crete beam sections under the effect of shear force, mo-
ment force and torsional force. Different torsional mo-
ment effects are considered to see the effect of the tor-
sional moment on the reinforced concrete beam section. 
As part of this study, 5 different torsional moment sizes 
were used for 10 different beam designs. For the pur-
pose of design of reinforced concrete cross-section, de-
sign restrictions and building rules specified in ACI 318 
(Building Code Requirements for Structural Concrete) 
regulation were taken into account and two different 
concrete classes; i.e. C30 and C35, were used for the de-
sign of beam cross-sections. 

 

2. Methodology 

Jaya algorithm is a population-based algorithm com-
posed of a single part and it is an algorithm that is easier 
to use when compared to algorithms made of 2 phases 
such as teaching- and learning-based optimization algo-
rithms used prevalently in the field of civil engineering, 
flower pollination algorithm, harmony search algorithm, 

genetic algorithm and differential evolution algorithm. 
In Jaya algorithm, design variables are randomly as-
signed and the algorithm works on the principle of mov-
ing away from the worst solution and converging to the 
best solution. The algorithm determines, at the first phase, 
the best and the worst values at the population, and each 
new solution is updated so that it remains between the 
best and the worst solutions, then the updated solution is 
evaluated based on updated design restrictions, the best 
solution is chosen. The process continues via iterations. 
The process is terminated when it reaches a certain num-
ber of iterations or appropriate values. The equation of 
the one-part algorithm is shown in Eq. (1) below. 

xi j,t+1= xi j,t + r1( xi*- |xi j,t| ) - r2 (xiw-| xi j,t|) 

i=1, 2, …,n ; j=1, 2, …,p ; t=1, 2, …,tmax (1) 

In Eq. (1), (xi*) is the best available solution and (xiw) 
is the worst available solution. In the formula, r1 and r2 
are random numbers between 0 and 1. r1 (xi*- |xij,t|) por-
tion of the equation ensures that the solution converges 
to the best result whereas the term r2 (xiw-|xij,t|) makes 
sure that the solution gets away from the worst result. 
Real numbers r1 and r2, randomly created in the equa-
tion, ensure that design space is more effectively in-
spected while absolute value |xij,t| further increases the 
search capability of the algorithm. The Jaya algorithm 
compares its results with each other in the current solu-
tion and continues by updating itself to find the better 
solution in the next solution. This process continues un-
til the stopping criterion is met. The stopping criterion is 
usually constrained by a result threshold or number of 
iterations. The flowchart about Jaya algorithm is given in 
Fig. 1.

 

Fig. 1. Flow chart of the optimization method.  
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One of the basic requirements of engineering optimi-
zation algorithms is to clearly define the problem. This 
process involves the identification of the problem data, 
design variables, definition of the design constraints and 
the determination of the parameters of the algorithm. 
The design constants and design variables are shown in 
Table 1. In reinforced concrete beam optimization, the 
design variables are width (bw), height (h), area of longi-
tudinal reinforcement, size of shear reinforcement and 
spacing of shear reinforcement. A cross-section of the 
beam design is shown in Fig. 2. 

 

Fig. 2. Details of beam cross-section and reinforcement. 

Table 1. Design variables and design constants. 

Explanation Symbol Unit Value 

Beam width h mm 250‒400 

Beam depth b mm 350‒600 

Compressive strength of concrete fck MPa 30‒35 

Yield strength of steel fyk MPa 420 

Modulus of elasticity E MPa 27800 

Specific density of concrete γc t/m3 2.5 

Specific density of steel γs t/m3 7.86 

Concrete cover d’ mm 40 

Stirrup Ø mm 8‒14 

Since ACI 318 is used as a reference for reinforced 
concrete design in international projects and many 
countries have adopted ACI 318 directly, this study con-

siders ACI 318 (Building code requirements for struc-
tural concrete and commentary) for design constraints 
and construction rules.

 

Fig. 3. Assumption of the equivalent load distribution.

As shown in Fig. 3, the resultant force forming in the 
concrete pressure region in the upper part of the neutral 
axis is called Fc whereas the resultant force forming in 
the tensile region in the lower part of the neutral axis is 
called Fs. 

Fc  = 0.85∙ f ‘c ∙ b ∙ a (2) 

In Eq. (2), concrete compressive strength was multi-
plied by 0.85 and a indicates equivalent pressure block 
depth.  

a = β1∙ c (3) 

where c is the depth of the neutral axis in the pressure 
region. At ACI 318, β1 represents a rectangular pressure 
block, which is shown in Eq. (4). 

β1 = 0.85     17 MPa < f ′c < 28 MPa 

β1 = 0.85 – 0.0071428 (f ′c  – 28)     f ′c > 28 MPa (4) 

The resultant tensile force occurring in the tensile re-
gion is shown in Eq. (5). 

Fs  = As ∙ fy (5) 

where As means the reinforcement region. A balanced 
breakage occurs when concrete unit shortening (εc) 
reaches concrete ultimate unit shortening (εc=0.003), and 
unit shortening of tensile reinforcement (εy) reaches the 
yield strength of the reinforcement at the same time. Ac-
cording to ACI 318, breakage in beams must be designed 
according to sub-equilibrium breakage. Calculations for 
sub-equilibrium breakage are calculated according to the 
balanced reinforcement ratio. 
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Balanced reinforcement ratio ρb is calculated with the 
following equation based on form changing status shown 

in Fig. 4 with known material characteristics and dimen-
sions.

 

Fig. 4. Internal forced forming in the beam cross-section.

ρb = 0.85∙ β1
𝑓′𝑐

𝑓𝑦
 (

600

600+𝑓𝑦
) (6) 

The maximum reinforcement ratio (ρmax) must not be 
higher than 0.75 times the balanced reinforcement and 
the maximum reinforcement ratio (ρmax) must be lower 
than the value 0.025 for beams to demonstrate ductile 
behavior. 

In ACI 318, the minimum longitudinal reinforcement 
ratio of beams is calculated as shown in Eqs. (7) and (8). 

As,min  ≥  
√𝑓′𝑐

4𝑓𝑦
 𝑏 ∙ 𝑑 (7) 

As,min  ≥  
1.4

𝑓𝑦
 𝑏 ∙ 𝑑 (8) 

If reinforcement ratios so calculated are lower than 
the minimum conditions specified in Eqs. (7) and (8), the 
ratio of minimum longitudinal reinforcement will be 
taken into account. If the longitudinal reinforcement ra-
tio proves to be higher than the maximum reinforcement 
ratio, the dimensions of the cross-section are changed 
and calculations are repeated. Once reinforcements 
about the beam are calculated, the stirrup design is done. 
Rules and restrictions of required regulation for the de-
sign of stirrup should satisfy the following requirements; 

Shearing strength provided by concrete; 

Vc = 0.17√𝑓′𝑐 𝑏 ∙ 𝑑 (9) 

Shearing strength provided by reinforcement; 

Vs = 0.67√𝑓′𝑐 𝑏 ∙ 𝑑 (10) 

Minimum shearing reinforcement region; 

Av,min = 0.35  
𝑏𝑤𝑠

𝑓𝑦𝑡
 (11) 

where s refers to the distance between stirrup reinforce-
ments. Distance between shearing reinforcements; 

s ≤ {
𝑑/4

8ф𝑚𝑖𝑛

150 mm

 (12) 

The existence of a torsional moment in a structure 
system is a mandatory condition, this is called conform-
ity torsion and hyperstatic systems generally have con-
formity torsion. Torsional moment load to shearing ten-
sions and shearing reinforcements are used at elements 
to meet such tensions. According to ACI 318, if shearing 
force and conformity torsional have an impact at the 
same time, rules and restrictions introduced by the reg-
ulation are shown in the equations below. 

Dimension check of the required cross-section is car-
ried out according to Eqs. (13) and (14) to be able to 
keep diagonal cracks driven by torsional moment under 
control. 

𝑇

𝑆
+

𝑉

𝑏𝑤𝑑
≤ 0.22 𝑓𝑐𝑑 (13) 

√(
𝑉

𝑏𝑤𝑑
)

2

+ (
𝑇𝑝ℎ

1.7𝐴𝑜ℎ
2 )

2

≤ Ø (
𝑉𝑐

𝑏𝑤𝑑
+ 0.66√𝑓′𝑐) (14) 

In Eq. (14), T means torsional moment, ph perimeter 
of cross-section remaining between reinforcements 
whereas Aoh means the area remaining between corner 
reinforcements, Vc means shearing force and Ø means re-
duction coefficient. 

Calculation of torsion stirrup; 

At = 
𝑇 𝑠

2Ø𝐴𝑜𝑓𝑦𝑡𝑐𝑜𝑡θ
  (15) 

Calculation of shearing reinforcement; 

Av = 
𝑉 𝑠

𝑓𝑦𝑡𝑑
 (16) 

The value calculated for the torsion stirrup in Eq. (15) 
is for one arm of the stirrup whereas the value calculated 
in Eq. (16) is for two arms of the stirrup. The total area 
of the stirrup area is shown in Eq. (17). 

Av+t = Av + 2At (17) 

Distance between stirrups for elements under the ef-
fect of both torsional effect and shearing effect should 
not exceed conditions specified in Eq. (18). 
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s ≤ {
𝑑/2
𝑢𝑒

8⁄

300 mm

 (18) 

The total area of closed stirrup arms for elements un-
der the effect of both the torsional effect and shearing ef-
fect is shown in Eq. (19). 

Av + 2At = 0.062 √𝑓′𝑐
𝑏𝑤𝑠

𝑓𝑦𝑡
≥ 0.35

𝑏𝑤𝑠

𝑓𝑦𝑡
 (19) 

The minimum longitudinal reinforcement area for the 
torsional moment is shown in Eq. (20). 

Al = 
𝐴𝑡

𝑠
𝑝ℎ

𝑓𝑦𝑡

𝑓𝑦
𝑐𝑜𝑡2𝜃 (20) 

3. Numerical Example 

In this study, the sizing and reinforcement of 10 dif-
ferent reinforced concrete beam sections were opti-
mized. The external loads consist of shear force, bending 
moment and torsional moment as shown in Fig. 5. Differ-
ent torsional moments are applied on the section and the 
effect of torsional moment on the beam section size and 
reinforcement is investigated. 

The shear force and bending moment acting on the 
section are taken as 100 kN and 100 kNm, respectively. 

The torsional moment was taken as 10, 20, 30, 40, and 
50 kNm. The external loads acting on the beam section 
and the concrete classes used in the beam section are 
shown in Table 2. Table 2 shows 10 different beam cross-
sections. 100 kN bending moment of shearing force hav-
ing an impact upon the beam cross-section was selected 
as 100 kNm and remained stable at all samples, torsional 
moment and concrete classes were changed and their 
impact upon the concrete cross-section was examined. 
In Table 2, B shows that the cross-section is a beam and 
the numerical value shows the torsional moment having 
an impact upon the beam whereas L shows the concrete 
compressive strength is 30 MPa and H shows concrete 
compressive strength is 35 MPa. 

 
Fig. 5. Loads acting on the beam section.

Table 2. Sectional effects and concrete classes. 

Sample 
number 

Shear force 
(kN) 

Bending moment 
(kNm) 

Torsional moment 
(kNm) 

Concrete 
class 

B10L 100 100 10 C30 

B10H 100 100 10 C35 

B20L 100 100 20 C30 

B20H 100 100 20 C35 

B30L 100 100 30 C30 

B30H 100 100 30 C35 

B40L 100 100 40 C30 

B40H 100 100 40 C35 

B50L 100 100 50 C30 

B50H 100 100 50 C35 

Conducting an optimization study by adding a tor-
sional moment of differing sizes to a beam cross-section 
was tried for the first time with this study and 10 differ-
ent beam cross-sections were designed according to ACI 
318 regulation, using Jaya algorithm. In addition to dif-
ferent torsional moments, 2 different concrete classes 
were used in the beam cross-section. In respect of sam-
ple numbering in Table 2, B indicates that the element is 
a beam, numbers at the middle part indicate the tor-
sional moment having an impact upon beam cross-sec-
tion, cross-section L indicates that the class of concrete 
used is C30, and H indicates that the class of concrete 
used in the cross-section is C35. Table 3 shows varying 
torsional moment and bending reinforcement area of 

samples of beam designed according to concrete classes, 
body reinforcement area, diameter and range of stirrup 
and dimensions of beam cross-section. 

A total of 10 beam sections are studied in the study 
and the optimum results are given in Table 3. 

 

4. Conclusions 

Unlike existing studies from the literature, the effect 
of torsional moment was examined in this study. The op-
timum values of reinforced concrete beam sections are 
analyzed with the help of Jaya algorithm. The effect of 
torsional moment is seen by examining the optimum 
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beam section results. As the torsional moment increases, 
the cross section and body reinforcement of the beam in-
creases and the stirrup spacing decreases. In the first 
phase, the algorithm increases the cross-section area 
since the unit cost of the concrete is lower than the unit 
cost of the reinforcement. In a case satisfying minimum 
material cost, the algorithm increases cross-section 
height (h), from among dimensions of cross-section, at 
beams whereas cross-section width (bw) makes sure that 
it remains at minimum limit, where possible. An increase 
in torsional moment increases the area of longitudinal 
reinforcement at the beam cross-section and reduces the 

ranges of stirrups. The Jaya algorithm used in the study 
is found to be effective in finding the optimum values of 
the beam cross-section. Jaya algorithm is a suitable algo-
rithm for solving optimization problems of reinforced 
concrete elements. It is considered to be usable for other 
reinforced concrete elements or systems. The ability to 
design reinforced concrete elements under many load 
combinations in a very short time through optimization 
algorithms will save a great deal of time for engineers. 
Structures built using optimum cross-sections will ena-
ble us to use our world's limited resources more effi-
ciently.

Table 3. Optimization results. 

Sample 
number 

Concrete 
class 

Torsional  
moment 
(kNm) 

Flexural  
reinforcement 

(mm2) 

Web  
reinforcement 

(mm2) 

Stirrup 

(d/s) 

Section 

(bw/h) (mm) 

B10L C30 10 kNm 538.35 308.62 Ø8/147.5 250/500 

B10H C35 10 kNm 535.18 308.62 Ø8/147.5 250/500 

B20L C30 20 kNm 481.85 598.32 Ø8/99.1 250/550 

B20H C35 20 kNm 479.59 598.32 Ø8/103.6 250/550 

B30L C30 30 kNm 481.85 897.48 Ø8/67.9 250/550 

B30H C35 30 kNm 479.59 897.48 Ø8/69.9 250/550 

B40L C30 40 kNm 534.66 1034.75 Ø8/60.7 300/500 

B40H C35 40 kNm 532.08 1034.75 Ø8/62.7 300/500 

B50L C30 50 kNm 534.66 1293.40 Ø8/50.0 300/500 

B50H C35 50 kNm 532.08 1293.40 Ø8/50.1 300/500 
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