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1. Introduction 

 
Structural optimization problem has been investigated in 

many studies. The main purpose of this problem is to obtain 
minimum or maximum values of objective function such as 
minimum weight of total structure, maximum buckling 
load, maximum frequency or minimum cost of the 
structures. As a structure member, grillage systems are 
widely used in structures to cover large areas. These 
structures are generally optimized for the minimum weight 
of the total structures by selecting a discrete set of the 
available steel profiles. Displacement of the middle point 
and the stress ratio of the all grillage member are taken as 
constraint of the optimization problem. Until now, some 
researchers deal with the optimization of these structures. 
Kaveh and Talatahari (2010a) presented a study by using a 
meta-heuristic optimization technique named as charged 
system search (CSS). This algorithm inspired by the 
governing laws of electrostatics in physics and the 
governing laws of motion from the Newtonian mechanics 
(Kaveh and Talatahari 2010b). A study was conducted by 
Saka et al. (2000) to find optimum spacing of grillage 
structure by using genetic algorithm (GA). Application of 
GRID computing for optimization of grillages was 
presented by Šešok et al. (2010a). Using simulated 
annealing and high performance computing, global 
optimization of grillage structures was given by Šešok et al. 
(2010b). Ramanauskas et al. (2017) proposed a new genetic 
algorithm with modified crossover operator for the 
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optimization of grillage structures. Saka and Erdal (2009), 
and Erdal and Saka (2008) used the harmony search (HS) to 
design the grillage structure. 

The aim of the optimization algorithms is to find global 
optimal results with certain design variables. Also, the 
number of function evaluation and the CPU time used by 
the optimization algorithms are the most important 
parameters when comparing the performance of the selected 
algorithm. Among these optimization algorithms genetic 
algorithm (GA), ant colony optimization (ACO), particle 
swarm optimization (PSO), harmony search (HS) and 
simulated annealing (SA) are the most popular optimization 
algorithms. GA, which is a search strategy that models 
mechanism of genetic evolution, was first described by 
John Holland in the 1960s, and further developed by 
Holland and his students (Holland 1975, Goldberg 1989). 

Artificial Bee Colony Algorithm (ABCA) is used to 
optimize the stacking sequences of simply supported 
antisymmetric laminated composite plates with critical 
buckling load as the objective functions by Topal and 
Öztürk (2014). Ant colony optimization inspired by the 
foraging behavior exhibited by real ant colonies was 
proposed by Dorigo (1991) for the solution of hard 
combinatorial optimization problems. Kaveh and Mahdavi 
(2015) developed meta-heuristic algorithm, called Colliding 
Bodies Optimization (CBO), for size and topology 
optimization of steel trusses. Social spider optimization 
algorithm with spider jump technique is used for the 
Optimum design of steel space structures by Aydogdu et al. 
(2017). The particle swarm optimization which is based on 
the behavior of animals was first developed by Kennedy 
and Eberhart (1995). This algorithm simulates a simplified 
social model. Fish schooling, physical movement of birds to 
avoid predators, and seeking food of insect are example of 
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social sharing of information of animals. Harmony search 
developed by Geem et al. (2001) as an optimization 
algorithm is based on natural musical performance 
processes that take place when a musician searches for a 
better state of harmony (Kaveh and Abadi 2011). Simulated 
annealing was produced independently by Kirkpatrick et al. 
(1983) and Černý (1985). This algorithm simulates the 
annealing process of metals to solve optimization problems. 
A comparative study on optimum design of multi-element 
truss structures using Harmony Search (HS) and Genetic 
Algorithms (GA) is presented by Artar (2016a). Zula et al. 
(2016) studied on the MINLP optimization of a composite I 
beam floor system. Design of steel frames by an enhanced 
moth-flame optimization algorithm is made by Gholizadeh 
et al. (2017). Optimum design of braced steel frames via 
teaching learning based optimization and optimization of 
long span portal frames using spatially distributed 
surrogates have been presented by Artar (2016b) and Zhang 
et al. (2017), respectively. 

In this study, a new optimization algorithm named as 
Jaya (a Sanskrit word meaning victory) is used to optimize 
the grillage structures. This new technique originally was 
developed by Rao (Rao et al. 2016). In the optimization 
process, displacements, moments and shear force 
constraints are taken into account as defined in the LRFD-
AISC (Load and Resistance Factor Design-American 
Institute of Steel Construction) constraints. 

 
 

2. Jaya algorithm 
 
In the Jaya algorithm, based on the best and worst 

solutions in the current population, the new solutions are 
created for the new population by using the Eq. (1). 
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Xi,j,k is the value of the ith variable for the jth candidate 

(solution) during the kth iteration, Xi,best,k and Xi,worst,k are the 
values of the ith variable for the best and worst candidate 
during the kth iteration, respectively. r1,i,k and the r2,i,k are the 
random numbers in the range [0, 1]. The simple MATLAB 
code can be given by the following Equations. 
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Xi,j,k is the value of the ith variable for the jth candidate 

(solution) during the kth iteration, Xi,best,k and Xi,worst,k are the 
values of the ith variable for the best and worst candidate 
during the kth iteration, respectively. r1,i,k and the r2,i,k are the 
random numbers in the range [0, 1]. The simple MATLAB 
code can be given by the following Equations. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Flow chart for Jaya algorithm
 
 

3. Objective function of the optimization problem 
 
3.1 Finite element analysis of grillage structures 
 
There are two rotational degrees and one translational 

degree of freedom in the node of the grillage member. 
These freedoms are shown in Fig. 2(a). For a grillage 
member, displacements vector “D” and joint forces vector 
“F” are given as 

 
{ } { }zjyjxjziyixiD δθθδθθ=  

{ } { }zjyjxjziyixi QMMQMMF =  (3)

 
Where Mxi and Myi are the moments and the Qzi is the 

shear force. 
The element stiffness matrix ke and transformation 

matrix T for a rigidly connected member shown in Fig. 2(b) 
are given in Eqs. (4) and (5), respectively. 

 
 

Fig. 2 A grillage member 
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Where G is shear modulus, J is torsional constant, L is 

length of grillage member, E is modulus of elasticity, and I 
is moment of inertia. If there is a hinge in the grillage 
element (Fig. 2(c)), the stiffness matrix must be changed. 
For a grillage member with a hinge at the first end (Myi = 0), 
the element stiffness matrix and the joint forces vector are 
given as 
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In this case, the second column and second raw of 

transformation matrix must the extracted from the 
transformation matrix. 

 
3.2 Design of grillage structures to LRFD – AISC 
 
A beam member as a structural element of grillage 

structures is designed for flexure and shear as defined in 
LRFD-AISC (1999). The design strength for flexural 
members is ϕbMn, where ϕb is the resistance factor for 
flexure which is given as 0.90, and Mn is the nominal 
flexural strength which is computed as 
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In this equation, Mp is plastic moment, Fy is specified 
minimum yield strength, Z is plastic section modulus, S is 
section modulus, Mcr is buckling moment, and Mr is limiting 
buckling moment which is given as 
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where FL is smaller of [(Fyf – Fr) or Fyw],FLB: flange local 
buckling, WLB: web local buckling, Fr is compressive 
residual stress in flange which is given as 10 ksi (69 
N/mm2) for rolled shapes, Fyf is yield strength of flange, Fyw 
is yield strength of web, and Re is hybrid girder factor 
which is given as 1.0 for non-hybrid girders. Fcr is critical 
stress and it is given as for rolled shapes LRFD-AISC 
(1999). 
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Where, λ is slenderness parameter, λp is the largest value 

of λ for which Mn = Mp, λr is the largest value of λ for 
which buckling is inelastic and they are given as, 
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Where bf and tf are the width and thickness of flange, 

respectively. h is clear distance between flanges less the 
fillet or corner radius, and tw is thickness of web. The values 
of bf/(2tf) and h/tw can be taken from the tables of the 
properties of W-shapes. 
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Minimum value of Mn computed for flange or web 

according to the values of λ is taken as the nominal moment 
strength for the section under consideration. The design 
shear strength of web is φvVn, where φv is the resistance 
factor for shear which is given as 0.90, and Vn is the 
nominal shear strength which is computed as 
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where Aw is cross sectional area of web. 

 
3.3 Optimization process of grillage structures 
 
The objective function for the grillage structure can be 

formulated as 
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Where, W is the objective function which is also the 

minimum weight of the structure, ρ is the density of 
materials, A is the cross-section area of the each member, nk 
is the number of member belonging to the group k in 
grillage structures, and ng is the number of group. When the 
grillage system is optimized, the displacement and strength 
constraints are taken into account. 
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Where δi and δu are the calculated and allowable 

displacement for point “i”, respectively. p is the number of 
points with restricted displacements. Mu,i and Vu,i are the 
factored service load moment and the factored service load 
shear for member “j”, respectively. nm is the total number 
of member of the structure. 

To obtain an unconstraint objective function a penalty 
function calculating value of violation of constraints is 
determined. By means of this function, the objective 
function is changed to a function including constraints. 
Penalty function is calculated as the summation of the 
violation of displacement, moment and shear constraints. 
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Where, m is the number of the constraints. Objective 

function is changed to penalized objective function by 

adding penalty function to it. The penalized objective 
function,Φ, can be formulated as 

 
[ ]CW +=Φ 1  (20)

 
At the end of the optimization process, penalized 

objective function must be equal to the objective function 
W. 

 
 

4. Numerical examples 
 
To show the efficiency of the Jaya algorithm, grillage 

systems from literature are considered. The material 
properties of all grillage structures are A 36 mild steel. The 
other material properties; yield stress is 250 Mpa, modulus 
of elasticity is 205 kN/mm2, and shear modulus is 81 
kN/mm2. W-sections are used to optimize this example as a 
discrete set of the available steel profiles. Allowable 
displacement is 25 mm for all examples. 

As a first example, 23 member grillage, whose members 
are collected in three groups, is given in Fig. 3. The outer 
and inner longitudinal beams are considered to be group 2 
and group 3, respectively, and the all transverse beams are 
considered to be group 1. The external loading for F1, F2 
and F3 are 50 kN, 100 kN and 200 kN, respectively. The 
length of transverse beams is 4 m (Ly = 2×2 m), and the 
length of longitudinal beams is 10 m (Lx = 5×2 m). 

Weight of this structure is obtained as 4,644kg with Jaya 
while it is 4,718.40 kg, 4,488 kg, and 4,688 kg for the HS 
(Erdal 2007), Saka and Erdal (2009), and for the TLBO 
(Dede 2013), respectively. The maximum strength ratio is 
0.69 (Rmax) and displacement is 24.83 mm. Comparison of 
the results with those of HS (Erdal 2007), Saka and Erdal 
(2009), and Dede (2013) is given in Table 1. 

 
 

Fig. 3 23-member grillage structure
 
 

Table 1 Comparison for the 23-member grillage structure 

Element 
group 

Erdal 
(2007) 

Saka and Erdal 
(2009) 

Dede 
(2013) This study

(HS) (HS) (TLBO) (Jaya) 
1 W150×13.5 W150×13.5 W150×13.5 W150×13.5
2 W840×176 W690×125 W690×125 W760×134
3 W530×66 W846×176 W840×193 W840×176

δmax(mm) 24.5 25.0 24.83 22.97 
Rmax 0.79 0.77 0.69 0.75 

W (kg) 4,718 4,488 4,668 4,644 
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Fig. 4 24-member grillage structure 
 
 

Table 2 Comparison for the 24-member grillage structure 

Element 
group 

Erdal and Saka 
(2008) 

Dede 
(2013) This study 

(HS) (TLBO) (Jaya) 
1 W610×174 W150×13.5 W150×13.5 
2 W610×262 W920×253 W1000×249 

δmax (mm) 15.6 23.33 21.16 
Rmax 0.99 0.59 0.58 

W (kg) 15,712 9,616 9,447 
 

 
 
As seen from this table, the minimum weight is obtained 

by Saka and Erdal (2009) with the algorithm HS, but the 
maximum vertical displacement obtained from this solution 
is so close to its bound. The weight of structure obtained by 
using Jaya is lighter than the design by the HS (Erdal 2007), 
TLBO (Dede 2013) and is heavier than that of the Saka and 
Erdal (2009). 

The second example is the 24-member grillage structure 
is shown in Fig. 4. The transverse beams are considered to 
be group 2 and the longitudinal beams are considered to be 
group 1. The loading for all inner joints is 240 kN. The 
length of all beams is 12 m (Lx = Ly = 4×3 m).Weight of 
this structure is obtained as 9,447 kg by using Jaya in this 
study while it is 15,712 kg for the HS (Erdal and Saka 
2008) and 9,616 kg for TLBO (Dede 2013). The maximum 
strength ratio is 0.59 and maximum displacement is 23.33 
mm. Comparison of the results with those of HS (Erdal and 
Saka; 2008) and TLBO (Dede 2013) is given in Table 2. As 
seen from this table, the minimum weight of structure 
obtained by using Jaya algorithm. 

Another example is 60-member grillage structure shown 
in Fig. 5. This example is optimized for two different cases. 
Member of structure are collected in two groups and four 
groups for case I and case II, respectively. Definitions of the 
groups can be found the study Dede (2013). 

The external loading for all inner joints is 86.4 kN. The 
length of each beam is 12 m (Lx = Ly = 6×2 m), beam 
spacing is 2 m in all directions, and this grillage structure 
covers a square area of 12 m by 12 m for each case. 

For case I, weight of this structure is obtained as 
11,358.00 kg with Jaya, while it is 14,384.00 kg for the HS 
(Erdal and Saka 2008). The results are the same as TLBO 
(Dede 2013). For case II, the minimum weight of this 

Fig. 5 60-member grillage structure
 
 
Table 3 Comparison for the 60-member grillage structure 

(two groups) 

Element 
group 

Erdal and Saka 
(2008) 

Dede 
(2013) This study 

(HS) (TLBO) (Jaya) 
1 W200×22.5 W150×13.5 W150×13.5 
2 W690×217 W840×176 W840×176 

δmax (mm) 25.0 24.2 24.2 
Rmax 0.48 0.54 0.54 

W (kg) 14,384 11,358 11,358 
 
 
Table 4 Comparison for the 60-member grillage structure 

(four groups) 

Element 
group 

Kaveh and 
Talahatari 

(2010) 
Dede (2013) This study 

(CSS) (TLBO) (Jaya) 
1 W150×13.5 W150×13.5 W150×13.5 
2 W910×201 W920×201 W920×201 
3 W300×21 W310×23.8 W310×23.8 
4 W300×32.5 W310×28.3 W310×28.3 

δmax (mm) 24.3 24.19 24.19 
Rmax 0.99 0.97 0.97 

W (kg) 9,251 9,153 9,153 
 
 
structure is obtained as 9,153 kg with Jaya, while it is 
9,251.00 kg for CSS (Kaveh and Talahatari 2010a). The 
maximum strength ratio is 0.97 and maximum displacement 
is 24.19 mm. The results are given in Tables 3 and 4 for 
each case. As seen from these tables, the results obtained 
from this study (Jaya) are lighter than the results obtained 
harmony (HS) search, Charged System Search (CSS) and 
equal to the TLBO (Dede 2013). 

The last example is the 112-member grillage structure 
shown in Fig. 6. Member of this structure is collected in 
two cases as defined by Dede (2013). The external loading 
for all inner joints is 44.1 kN, the length of each beam is 12 
m (Lx = Ly = 8×1.5 m), beam spacing is 1.5 m in all 
directions. 

For case I, minimum weight of this structure is obtained 
as 13,471 kg with Jaya, while it is 16,198 kg and 13,519 kg 
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Fig. 6 112-member grillage structure 
 
 

Table 5 Comparison for the 112-member grillage structure 
(two groups) 

Element 
group 

Erdal and 
Saka (2008) 

Kaveh and 
Talahatari 

(2010) 

Dede 
(2013) 

This 
study 

(HS) (CSS) (TLBO) (Jaya) 
1 W690×170 W150×13.5 W150×13.5 W150×13.5
2 W200×22.5 W770×147 W760×147 W760×147

δmax (mm) 24.1 24.3 24.07 24.07 
Rmax 0.45 0.45 0.48 0.48 

W (kg) 16,198 13,519 13,471 13,471 
 

 
 

Table 6 Comparison for the 112-member grillage structure 
(four groups) 

Element 
group 

Erdal and Saka 
(2008) 

Dede 
(2013) This study 

(CSS) (TLBO) (Jaya) 
1 W150×13.5 W150×13.5 W150×13.5 
2 W840×176 W760×161 W310×21 
3 W150×13.5 W150×13.5 W150×13.5 
4 W300×21 W250×17.9 W760×161 

δmax (mm) 24.4 23.45 23.92 
Rmax 0.75 0.92 0.74 

W (kg) 11,548 11,329 11,527 
 

 
 

for the HS (Erdal and Saka 2008) and CSS (Kaveh and 
Talahatari 2010a), respectively. The maximum strength 
ratio is 0.48 and maximum displacement is 24.07 mm. For 
case II, minimum weight of this structure is obtained as 
11,329 kg with Jaya, while it is 11,548 kg for the CSS 
(Kaveh and Talahatari 2010a). The maximum strength ratio 
is 0.92 and maximum displacement is 23.45 mm. The 
results are given in Tables 5 and 6 for each case. As seen 
from these tables, the results obtained from this study (Jaya) 
are lighter than the results obtained harmony (HS) search, 
Charged System Search (CSS) and heavier than the TLBO 
(Dede 2013). 

In this study, the proposed algorithm was run in a 
personal computer havingIntel(R) Core(TM) i5-3470 CPU 
@3.20 GHz 8,00 GB RAM. To show the performance of 

Table 7 Optimization parameters 

Example Size of 
population

Design variables Constraints CPU
timeType Size Displacement

23 member 30 discrete 3 ≤ 25 mm 111.34s

24 member 30 discrete 2 ≤ 25 mm 99.56s

60 member
(2 group) 30 discrete 2 ≤ 25 mm 219.64s

60 member
(4 group) 40 discrete 4 ≤ 25 mm 815.53s

112 member
(2 group) 30 discrete 2 ≤ 25 mm 111.34s

112 member
(4 group) 30 discrete 4 ≤ 25 mm 385.34s

 
 

Fig. 7 History of the best solutions of all grillage structures
 
 

Fig. 8 Best, mean and std solutions of 23 member grillage
 
 

Fig. 9 Analysis results of 23 member grillage structures

Ly 

Lx 

168



 
Jaya algorithm to solve single objective size optimization problem for steel grillage structures 

the developed algorithm the constraints, number of design 
variables, the CPU times and the size of optimization model 
are given in Table 7. 

As seen from the Tables 1-6, the jaya algorithm 
generally found a good result when it compared with the 
other optimization technique. This case shows the 
efficiency of this algorithm. In the last example, the results 
obtained by jaya are not the best, but it is so close to the 
optimum results. 

It will not always be possible to say that an algorithm 
will yield the best results compared to other algorithms. But 
performance measures such as CPU time and population 
size are taken into account for preferring the algorithm. In 
the view of this point, applying the Jaya algorithm on the 
optimization of structural optimization problem is simple. It 
does not require much computation time and effort. 

The convergence history for all grillage structures are 
given in Fig. 7. As seen from this figure, the convergence is 
achieved after about 30 generations. 

To demonstrate the robustness and efficiency the Jaya 
algorithm, the best and the mean values of objective 
function for 23 member grillage structures are given in the 
Fig. 8. As seen from this figure, the best and the mean 
solutions have a convergence and the standard derivation of 
solutions becomes a small value when the best solution 
getting close to the global optimum. 

For different 10 run, in the design process, the 
maximum displacement, maximum stress ratio and the total 
weight of the 23 member grillage structures are given in the 
Fig. 8. As seen from this figure, the constraint of the 
optimization problem is not violated for al run cases. Also, 
the weights of the structure obtained from 10 run are close 
to each other. 

 
 

5. Conclusions 
 
In this study, a recently proposed new optimization 

technique called Jaya algorithm is implemented for the 
optimization of steel grillage structures. By taking into 
account two different structural constraints which are the 
joint displacement and stress ratio, the original jaya 
algorithm is tested for the constrained single objective 
problem. The steel grillage structures are optimized by 
taking into account the LRFD-AISC. In the design, W-
shapes are considered as design variables. 

The jaya algorithm showed a good performance when 
searching minimum weight of the grillage system.  It does 
not require control parameters as in other optimization 
technique. The design results are compared with the results 
given in literature. Comparison between the results clearly 
shows that the proposed algorithm named Jaya can be 
effectively used in the design of grillage structures. 
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Nomenclature 
 

A : cross-section area 
bf  : width of flange 
C : penalty function 
D : vector of joint displacements 
Dn : number of design variables 
E : modulus of elasticity 
F : joint forces 
Fcr : critical stress 
FLB : flange local buckling 
Fy : yield strength 
G : shear modulus 
J : torsional constant 
k : element stiffness matrix 
M : moment 
Mcr : buckling moment 
Mn : nominal flexural strength 
Mp : plastic moment 
Mr : limiting buckling moment 
pop : population 
r : random vector 
T : transformation matrix 
tf : thickness of flange 
tw : thickness of web 
V : Shear force 
Vn : nominal shear strength 
W : objective function 
WLB : web local buckling 
X : a set of design variable 
Z : plastic section modulus 
ϕb : resistance factor 
λ : slenderness parameter 
ρ : density of materials 
δu : allowable displacement 
Ф : ffapenalized objective function 
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