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The current trend in shipyard industry is to reduce the weight of ships to support the reduction of CO2
emissions. In this study, the stiffened plate was optimized that is used for building most of the shipstructure. Further, this study proposed the hybrid Genetic Algorithm (GA) technique, which combines
a genetic algorithm and subsequent optimization methods. The design variables included the number
and type of stiffeners, stiffener spacing, and plate thickness. The number and type of stiffeners are
discrete design variables that were optimized using the genetic algorithm. The stiffener spacing and plate
thickness are continuous design variables that were determined by subsequent optimization. The plate
deformation was classiﬁed into global and local displacement, resulting in accurate estimations of the
maximum displacement. The optimization result showed that the proposed hybrid GA is effective for
obtaining optimal solutions, for all the design variables.
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1. Introduction
Currently, shipyard industries, especially global ones, are facing
many challenges in designing structures with optimal weight,
strength, and cost (Kim and Paik, 2017). Rising raw material cost is
also one of the challenges in managing the proﬁtability of shipyards. Further, this sector is under pressure to reduce CO2 emissions, and therefore the next challenge is to manufacture
lightweight ships. Structural design optimization is one of the solutions to this problem.
As we know that most ship structures are composed of stiffened
plates such as bottom, side, and deck structures as shown in Fig. 1.
The stiffened plate of ship structure is playing an important role in
the strength of the structure that comprised many stiffeners was
focused in this study. The structural optimization considered the
number and type of stiffeners, stiffener spacing (distance between
stiffeners), and plate thickness. The studies related to stiffened
plate, such as the one performed by (Kallassy and Marcelin, 1997) in
which Genetic Algorithm (GA) was used to optimize the number of
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stiffeners, were based on topology optimization (Marcelin, 2001).
describes the use of the Ritz method in creating approximations
function for use in computationally intensive design optimization
based on genetic algorithms, which are applied on stiffened plates
(Alinia, 2005). optimized the number of stiffener in plates subjected
to the shear loading, which plays the vital role in design of such
structures (Wang et al., 2015). presented an efﬁcient and simple
hybrid framework for the buckling analysis and optimization of
hierarchical stiffened plates. Further (Nonami et al., 2014), also
optimized the stiffened plate using the calculation method for
evaluation of the strength structures without recreating Finite
Element Method (FEM) models.
In the optimization problem, genetic algorithms are useful for
combining multiple design variables, and many studies have
addressed design optimization in similar way (Sekulski, 2009).
used a genetic algorithm to solve the problem of weight minimization of a high-speed passenger-vehicle catamaran structure with
speciﬁc design variables, such as the dimensions of the plate
thickness, longitudinal stiffeners, transverse frames, and spacing
between stiffening members (Caprace et al., 2010). also applied a
genetic algorithm to obtain an optimal solution for nine design
variables, including the plate thickness, web height and thickness,
ﬂange width, and spacing between frames (for longitudinal and
transverse members). And (Maeda et al., 2014) applied a genetic
algorithm to optimize mid-ship structural sections. The recent
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stiffener and stiffener spacing which is not optimized in previous
research, and consequently, the best optimal result is gotten, and
then compare the result with initial data.
2. Optimization method

Fig. 1. Stiffened plate on the structure.

study by (Um and Roh, 2015) created a method for lightning the
ship weight achieving optimization with a Cþþ program based on
sequential quadratic programming (Shin and Ko, 2017). Developed
a weight design method for corrugated bulkheads in chemical
tankers using a genetic algorithm. Most of the researchers use the
genetic algorithm to optimize structure which proved that it is a
powerful technique to obtain the best optimal result in structure
designs.
However, when four design variables are optimized using a
genetic algorithm, an enormous number of bits are needed to express the design. In addition, when continuous variables are treated
as discrete design variables in a genetic algorithm, the gene length
becomes very long, resulting in a heavy computational burden to
solve optimization problem. To reduce the variables handled by the
genetic algorithm, the hybrid GA technique was developed that
combines the genetic algorithm and subsequent optimization
methods, that divide the design variables into continuous variables,
and discrete variables. The purpose of the study is to develop a
minimum mass design of the stiffened plate. The genetic algorithm
and subsequent optimization methods were proposed to optimize
number and type of stiffener, stiffener spacing, and plate thickness.
The new improvisation in this study is to optimize the type of

In this study, an optimization method was proposed which
combined genetic algorithm and subsequent optimization method
to generate the optimal solution which called Hybrid GA. This solution is designed to use heuristics to create the initial population
and improve its subsequent outcome by crossover. The initialization heuristics algorithm is used to initialize a part of the population and, the rest of the population is initialized randomly. The
offspring are obtained by the crossover between randomly selected
parent pairs (Jayalakshmi et al., 2001).
The genetic algorithm generates distinct models with the design
variables of stiffener number and type, and the subsequent optimization method provides a suitable stiffener spacing and plate
thickness for each individual. A ﬂowchart for the hybrid GA optimization is shown in Fig. 2.
2.1. Genetic algorithm
A genetic algorithm is an adaptive method that can be used to
solve optimization problems and search for better solutions
(Beasley et al., 1993). This optimization technique enables to obtain
the best design of a structure under the given conditions (Kitamura
and Uedera, 2003). Over the past 30 years, large number of studies
have used GAs to solve the optimization problems (Biegel and
Davern, 1990), (Storer et al., 1993), (Vaessens et al., 1996). They
are based on the genetic processes of biological organisms. According to ﬁrst scientiﬁc research published in The Origin of Species
by Charles Darwin, over many generations, natural populations
evolve according to the principles of natural selection, which are
also known as survival of the ﬁttest (Futuyma, 2014). By mimicking
this process, Gas are able to develop the solutions to real-world
problems, if they have been suitably encoded (Gonçalves et al.,

Fig. 2. Hybrid GA (left) and subsequent optimization method (right).
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Fig. 3. Representation of discrete variables as genetic strings.

2005). In this case, the GA selects the number of stiffeners and
stiffener types as discrete variables. To perform optimization by the
genetic algorithm, the design variables are expressed by genetic
strings, as shown in Fig. 3.
2.2. Subsequent optimization method
The next optimization process is to determine the continuous
variables, which include the plate thickness and stiffener spacing.
These can be determined by a stiffener spacing or thickness optimization method, namely, the subsequent technique. The plate
thickness is determined by the stiffener spacing, if an inequality
constraint condition is imposed on the maximum displacement
and stress constraint conditions. The maximum displacement wmax
and the maximum stress smax of a rectangular plate whose size is
La  Lb , are given by the following equations, where the wmax and
smax locations are usually in the center of the plate, dependent on
the boundary conditions as shown in Fig. 4.

wmax ¼ bw

smax ¼ bs

pL4a
Et 3

(1)

pL2a
Et 2

(2)

Eqs. (1) and (2) are well-known relationships observed for a ﬂat
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plate, where La is the breadth of a plate, p is the uniformly
distributed load, and bw and bs are the coefﬁcients depending on
the boundary condition and aspect ratio of the plate, respectively.
When the plate is attached to stiffeners as shown in Fig. 5, these
equations apply to each segment of plate between the stiffeners.
Thus, each stiffener spacing has its thickness. In other words, these
equations are used for estimating the displacement and stress of
the plate between stiffeners. In this study, the stiffener spacing li is
used to represent La instead of the plate width Lx, as shown in Fig. 5,
and therefore, the target function is considered to depend only on
the stiffener spacing. Therefore, the structure design based on
updating the stiffener spacing is optimized.

2.2.1. Update of stiffener spacing
The stiffener spacing update from the current step a to the next
step a þ 1 is performed using Eq. (3) with a modiﬁed steepest
descent method. The vectors la and laþ1 represent all the stiffener
spacing at the current and next steps, respectively. The parameter g
takes an arbitrary value and d0 represents a searching direction for
the design variables of stiffener spacing determined by a modiﬁed
steepest descent method.

laþ1 ¼ la  gd0 :

(3)

In the stiffener spacing update process, the sum value of all
stiffener spacing must be equal to the plate width. Initially, the
spatial gradient vector d of the weight is obtained corresponding to
the searching direction vector in the conventional steepest descent
method. The gradient vector d is calculated by examining how the
target function varies by changing each stiffener spacing. Fig. 6
shows the case where ﬁve stiffeners are on the ﬂat plate and the
stiffener spacing l0 is changed by a small spacing Dl. The values for fi
are given by Eq. (4), which gives the value of the target function fi
when the stiffener spacing li is changed to approximate the
gradient vector d. This vector is calculated by the difference between the initial objective function finit and fi, as shown in Eq. (5).
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Fig. 4. wmax and smax locations as determined by boundary conditions.

(4)
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Fig. 5. Flat plate and stiffened plate.

Fig. 6. Process to maintain a constant total stiffener spacing by searching direction d0 .

The gradient vector of weight d of the conventional steepest
descent method cannot satisfy the constraint condition that the
n
P
summed stiffener spacing
li ¼ Lx is constant. Therefore, the
i¼0

searching direction of the design variables of the stiffener spacing
d0 is obtained as shown in Eq. (6), which adjusts the gradient vector
d to satisfy the equality constraint condition. Fig. 6 shows the
process for adjusting the total stiffener spacing when l0 is changed
by Dl0 , which is noted in Eq. (4). As shown in Eq. (3), the stiffener
spacing vector laþ1 is updated using the searching direction d0 and
line search parameter g.
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2.2.2. Update of plate thickness
The plate thicknesses are the ﬁnal design variables at this stage,
because the increased plate thickness does not require reconsideration of the previous design stages (Kitamura et al., 2011). The
plate thickness is updated from the prediction of each displacement, maximum stress, bending stress, shear stress, and buckling
stress.
Initially, the displacement of a ﬂat plate with attached stiffeners
was considered. The ﬂexural rigidity of the stiffener is greater than
that of the ﬂat plate considered in this study, and as a result they
have different moments. Fig. 7(a) shows the distribution of ﬁve
stiffeners attached to a ﬂat plate at different stiffener spacing,
where the plate is 8 mm thick and the stiffener parameters are
130 mm  90 mm  7 mm. The dashed line in Fig. 7(b) indicates the
displacement wðx; ycenter Þ along the centerline of the plate. The
global displacement wGi ðxi Þ and local displacement wLi ðxi Þ for the ith stiffener spacing are introduced as follows:
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(8)

where li and xi are the i-th stiffener spacing and its local coordinates, respectively. The global displacement wGi ðxi Þ is given by
the approximate equation of a Hermitian beam element, where wi ,
wiþ1 , and qxi , qxiþ1 are the displacements and rotations around the
x-axis at both ends of the i-th stiffener spacing, respectively. The
dashed and solid lines in Fig. 7(b) are wðxi Þ and wGi ðxi Þ, respectively,
and the dashed and solid lines in Fig. 7(c) are wLi ðxi Þ and wref ðxi Þ,
respectively. The reference displacement wref ðxi Þ is the solution for
a clamped plate of width li , which is subjected to uniformly
distributed load value p. Because wLi ðxi Þ and wref ðxi Þ almost coincide, therefore, Eqs. (1) and (2) are assumed that can be used for the
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Fig. 7. Global displacement wGi and local displacement wLi .

stiffened panel by considering local displacement wLi ðxi Þ.
The global displacement at stiffener wGs is determined by the
ﬂexural rigidity of the stiffener and the load handled by the stiffener, and consequently the load changes according to the change in
the stiffener spacing. The global displacement is divided into the
stiffener global displacement wGs and plate global displacement
wGp. The stiffener global displacement is estimated by Eq. (9) using
the stiffener spacing on both sides of the stiffener. It is used to
estimate the plate global displacement using the approximation
equation, as shown in Eq. (7), where xi is the local coordinate in
stiffener spacing i whose origin is located at stiffener i.

waþ1
Gsi ¼

aþ1
laþ1
i1 þ li
waGsi :
a
li1 þ lai

(9)

The approximation equation Eq. (7) needs to be veriﬁed, to
ensure that it works accurately before proceeding with optimization procedure. Three different cases were used to study optimization. In Case 1, a plate was studied with a stiffener layout and only
the plate thickness is changed. In Case 2, a plate was also studied
wherein only the stiffener spacing is changed. In Case 3, both the
thickness and the stiffener spacing are changed. All the three cases
have the same initial thickness and stiffener spacing. Initially, all
the cases were executed to maximize the displacement and stiffener global displacement. From the initial stiffener global
displacement waGsi , the next stiffener global displacement waþ1
Gsi can
be estimated using Eq. (9). Subsequently, the maximum plate global
displacement waþ1
Gpi is calculated using Eq. (7). To estimate the next
displacement, the plate local displacement waþ1
is calculated using
lpi
Eq. (8).
All the results in Fig. 8 show that the difference between the

estimated displacement and the FEM solution displacement is
small. The orange line in Fig. 8 is the total displacement estimation
waþ1
est and the yellow line is the total displacement from the FEM
solution waþ1
FEM . Fig. 8(a) shows that the estimation and FEM results
for case 1, where only the thickness changes, are similar. Furthermore, Fig. 8(b) and (c) show results similar to those in Fig. 8(a). The
overall results are consistent with those presented in the previous
section for the total displacement ratio between the plate and the
beam, as shown in Fig. 7, in which the maximum and the minimum
ratios are slightly different. This means that the approximation
equation is accurate for estimating new displacements and the
structure optimization.
The plate thickness update process is carried out by Eq. (10), as
derived from the expression of the maximum displacement of the
plate bending problem. Where a is a step, wLc is the local
displacement constraint, wc is the total displacement constraint,
and WLc is the difference between the total displacement constraint
and the global displacement. Further, updating of plate thickness is
also derived from the expression of maximum stress smax , bending
stress sbd , buckling stress sbc , shear stress ssh as shown in Eq. (11) to
Eq. (14), where sc represent a stress constraint. The ﬁnal plate
thickness will be chosen from the thickest plate of these equations.
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Fig. 8. Displacement estimation process using approximation equation.

a
t aþ1
smax ¼ t

a
t aþ1
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a
t aþ1
ssh ¼ t
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3. Case study

sﬃﬃﬃﬃﬃﬃﬃ

sabd
sc

sabc
sc

laþ1 sash
la s c

(12)

(13)

(14)

3.1. Model
The stiffened plate of ship structure is considered as the target
model of this study (refer Fig. 9). Most parts of the ship structure
such as a deck, bottom, and side structures, are composed of the
stiffened plate. The stiffened plate is composed of a particular
number stiffener which are attached to a ﬂat plate selected from
the existing steel plate. The ﬁxed support is given as a boundary
condition around the ﬂat plate, the loading condition is the weight
load, and a uniformly distributed load p is applied to the upper

Fig. 9. Stiffened plate design.
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Table 1
Initial data.
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Table 2
Stiffener type descriptions.

Item

Unit

Initial Design

Lx (width)
Ly (length)
p (Load)
Material
Density
Stiffener number
Plate thickness

mm
mm
N/mm2

2935
3450
0.0686
Mild steel
7800
5
10

Kg/m3
mm

surface of the ﬂat plate in the z-direction. The physical and mechanical properties of the plate and stiffeners are provided in
Table 1.
3.2. Design variables
Design variables are quantities whose values can be independently changed by the designer to deﬁne an object design
(Department of Aeronautics and Astronautics of MIT, 2009). The
variables in this study are the stiffener number n, stiffener type si,
stiffener spacing li, and plate thickness ti. The conﬁguration of the
model in the case of n ¼ 5 is shown in Fig. 10.
The stiffener exhibits eight possible forms, which are numbered
in descending order of their rigidity in Table 2. In this study, the
stiffener number and stiffener type were considered as discrete
variables, and the stiffener spacing and plate thickness as continuous variables.
3.3. Constraint conditions
A constraint is a condition which the optimization solution must
satisfy. According to (Venkataraman, 2002), there are speciﬁc types
of constraint problems, such as the unconstrained problem,
equality constrained problem, inequality constrained problem, and
equality and inequality constrained problem. The constraint conditions in this study are the maximum displacement, the maximum
of component stress, the maximum and the minimum plate
thickness, and the sum of all stiffener spacing. The maximum
displacement constraint can be provided as shown in Eq. (15),
where the maximum displacement of the structure wi is less than
or equal to the displacement constraint wc. The constraint for the
stress is expressed by Eq. (16), where the maximum stress of the
structure si is less than or equal to the stress constraint sc. As for the
plate thickness, the upper and lower limits are set as shown in Eq.
(17). The total stiffener spacing must be equal to the width of the
stiffened plate Lx, as shown in Eq. (18).

wi  wc

(15)

si  sc

(16)

tmin  ti  tmax

(17)

Stiffener type

b (mm)

h (mm)

ts (mm)

A (mm2)

Ix (mm2)

1
2
3
4
5
6
7
8

50
60
70
80
90
100
110
120

130
130
130
130
130
130
130
130

7
7
7
7
7
7
7
7

1211
1281
1351
1421
1491
1561
1631
1701

9.94  106
1.11  107
1.22  107
1.33  107
1.44  107
1.55  107
1.67  107
1.78  107

n
X

li ¼ L x :

(18)

i¼0

3.4. Objective function
An objective function is a mathematical function, which is to be
maximized or minimized, subject to certain constraints (Kumar
2000). As mentioned above, the design objective of this study is
to minimize the mass of the structural design, as calculated by Eq.
(19).

fmin ðn; A; t; lÞ ¼

n
1
X

Ai Ly r þ

i¼0

n
X

!
ti li Ly r

(19)

i¼0

Where
n ¼ stiffener number,
Ai ¼ cross-sectional area of stiffener (mm2),
Ly ¼ width or length in y-direction (mm),
r ¼ material density (kg/mm3),
ti ¼ plate thickness of the i-th stiffener (mm), and
li ¼ stiffener spacing of the i-th stiffener (mm).
4. Structural optimization
Hybrid GA program integrated with FEM to optimize the stiffened plate design, which combines the GA and the optimization of
stiffener spacing or thickness. All four variables were optimized,
which are the number of stiffeners, stiffener type, stiffener spacing,
and plate thickness. The number of stiffeners n ranged from 3 to 6.
For each group of stiffeners, the remaining three variables were
optimized, namely the stiffener type, the stiffener spacing, and the

Fig. 10. Design variable conﬁguration.

816

G.L. Putra et al. / International Journal of Naval Architecture and Ocean Engineering 11 (2019) 809e818

Table 3
Hybrid GA parameter.
Parameter
tmin
tmax
Population number
Elite number
Selection
Mutation

4 mm
15 mm
50
10
Tournament
5%

plate thickness with the hybrid GA technique, and compared the
results. The GA parameters are shown in Table 3. When the number
of stiffeners changes, it is necessary to change the FEM model. In
this study, a separate FEM model was prepared for each number of
stiffeners in advance and used the same in the analysis.
The comparison result of ﬁnal design and the initial design is
shown in Table 4. From this table, the number of stiffeners was
increased from ﬁve to six, where some stiffener size has a downgrade from 8 to 1 type and the plate thickness was changed from
10 mm to 5.4 mm which the bending stress are satisﬁed in this
condition as shown in Fig. 11. In this study, it is shown that the
proposed method is effective to optimize the problem that
converging at 23 generations. As shown in Fig. 12, the maximum

stress is 134.7 N/mm2 which does not satisfy, because the bending
stress is bigger than the maximum stress for a particular plate
thickness value, which is based on the maximum the plate thickness obtained from all stress component. In this case, bending
stress satisﬁed at 150.4 N/mm2 in which the plate thickness from
bending stress constraint is large due to the load is exerted as
lateral pressure only to surface of the plate (called as bending load).
Buckling stress and shear stress is very small near 0 N/mm2 due to
the load is exerted as lateral pressure or bending load only, and the
boundary condition is clamped, resulting in no displacement in xdirection and y-direction. The effect this condition is resulting in no
axial force and shear force.
The maximum displacement as shown in Fig. 13 is satisﬁed in
the center of the plate, which is 9.34 mm. As an optimization result,
the mass was decreased from 1,018.4 kge651.5 kg, reduced by 36%.
Therefore, the Hybrid GA proposed here is effective to optimize a
stiffened plate which is composed of the plates and the stiffeners. It
is in accordance with the studies of (Kitamura et al., 2000) that the
optimum result can be reached better compared to another conventional optimization method such as thickness optimization
method without the number of stiffener and stiffener type changing as shown in Table 4 and Fig. 11. This method can optimize a good
number of stiffeners, type of stiffener, stiffener spacing, and plate

Table 4
Comparison result of initial design and ﬁnal design.
Item

Unit

Constraint

Initial Design

Final Design

Conventional Method

Generation number
n (number of stiffener)
s (type of stiffener)
l (stiffener spacing)
t (plate thickness)
Maximum stress
Bending stress
Maximum deﬂection
Total mass

e
e
e
mm
mm
N/mm2
N/mm2
mm
kg

e
e
e
e
e
188
150.4
10
e

e
5
8; 8; 8; 8; 8
489; 489; 489; 489; 489; 489
10
106.7
120.4
4.3
1,018.4

23
6
8; 1; 1; 1; 1; 8
357.1; 394.7; 476.7; 478.0; 476.7; 394.7; 357.1
5.4
134.7
150.4
9.34
651.5

e
5
8; 8; 8; 8; 8
489; 489; 489; 489; 489; 489
6.05
136.6
150.4
6.05
706.11

Fig. 11. Comparison of design variable conﬁguration.

Fig. 12. Comparison of the stress distribution of initial design (left) and ﬁnal design (right).
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Fig. 13. Comparison of the displacement of initial design (left) and ﬁnal design (right).

thickness to achieve the optimal design.
Hybrid GA can be applied with constraints following the IACS
(International Association of Classiﬁcation Societies) rules, where
the constraints for the stiffened plate depend on the location of the
installation which will affect the load and minimum thickness
required. This study can provide recommendations to the shipyard
industry to reduce the mass and weight of the structure, especially
reducing the mass of the stiffened plate using this method.
5. Conclusion
This study proposes an optimization technique for decreasing
structural weight. The target model of this study was a stiffened
plate. To solve the optimization problem, a hybrid GA was developed, which combines a proposed the stiffener spacing and the
plate thickness optimization method with a genetic algorithm. The
objective of the hybrid GA is to optimize the layout and characteristics of stiffeners on the stiffened plate. The genetic algorithm
optimizes the number of stiffeners and stiffener type as discrete
variables. The proposed stiffener spacing or thickness optimization
method optimizes the stiffener spacing and the plate thickness as
continuous variables. In addition, FEM and theoretical equations of
elasticity were used to reduce the computational cost. Moreover, a
mechanism to satisfy the equality constraint was added using the
steepest descent method. Further, to increase the accuracy of the
plate thickness optimization that follows the displacement rules,
the displacement into global and local were divided. The
displacement and stress constraint conditions were applied in the
model. The results showed that the hybrid GA effectively optimized
the solution for the number of stiffeners, stiffener type, stiffener
spacing, and plate thickness. In addition, it was possible to obtain a
structure was lighter than that of the existing design.
The optimization uses the plate thickness and stiffener spacing
as the constraints, where the plate thickness has lower and upper
limits, and the stiffener spacing cannot exceed the total length of
the plate. Because there is a possibility that it could provide a more
optimal solution, it is desirable to devise a method to update the
plate thickness in a future study. In addition, this study considered
the plate thickness as a continuous variable selected from the
existing steel plates. It is necessary to modify it after obtaining the
continuous variable.
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