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Abstract

Corrugated bulkhead has been adopted for cargo tank bulkheads of commercial vessels such as bulk carriers, product oil carriers and
chemical tankers. It is considered that corrugated bulkhead is a preferred structural solution, compared to the flat stiffened bulkhead, due to
several advantages such as lower mass, easier maintenance and smaller corrosion problems. Many researches to find the optimum shape of
corrugated bulkhead have been mostly carried out for bulk carriers. Compared to corrugated bulkheads of bulk carriers, ones of chemical tankers
are more complicated since they are composed of transverse and longitudinal bulkheads, and they are made of higher priced materials. The
purpose of this study is the development of minimum weight design method for corrugated bulkhead of chemical tankers. Evolution strategy is
applied as an optimization technique. It has been verified from many researches that evolution strategy searches global optimum point prom-
inently by using multi-individual searching technique. Multi-individual searching methods need excessive time if they connect to 3-D finite
element model for repetitive structural analyses. In order to resolve this issue, 2-D beam element connected to deck and lower stool is substituted
for a corrugated structure in this study. To verify the reliability of the structural responses by idealized 2-D beam model, they have been
compared with ones by 3-D finite element model. In this study, optimum design for corrugated bulkhead of 30 K chemical tanker has been
carried out, and the results by developed optimum design program have been compared with design data of existing ship. It is found out that
optimum design is about 9% lighter than one of existing ship.
Copyright © 2017 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Corrugated bulkhead is used as the bulkhead of cargo hold
compartment of the some kinds of vessels for having easier
maintenance, easier loading and unloading and more flexible
shape in shrinkage and expansion by thermal load compared to
the flat stiffened bulkhead. Corrugated bulkheads can be
commonly seen in bulk carriers, product oil carriers and
chemical tankers.

A lot of researches on optimal design of corrugated bulk-
head have been mostly conducted with bulk carriers. Yim et al.
(1987), Yum (1990) and Lee and Roh (2001) performed the
researches focusing on optimization method itself and Shin
and Nam (2003) performed optimal design of corrugated
bulkhead of bulk carrier considering both optimization method
and workability to make it applicable to the field work.

As a research except bulk carriers, Shin and Ko (2009)
developed the minimum weight design program for product
oil carriers including longitudinal corrugated bulkheads.

Chemical tanker is composed of the most complex cargo
hold among vessels adopting corrugated bulkheads. And
austenitic stainless steel which is corrosion resistant and has
high weldability and ductility is appropriate as the material of
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chemical tanker. Lightweight of tank can be reduced by using
duplex stainless steel, so cargo loading capacity can be
increased (Thomas, 2004). If optimal design could be suc-
cessfully carried out for chemical tanker made of higher priced
materials, a significant economic effect might be expected.

The purpose of this study is the development of minimum
weight design method for corrugated bulkheads of the chem-
ical tankers which are composed of vertical and horizontal
ones. Andric et al. (2010) show that horizontal corrugated
bulkhead is more economic than vertical one through their
study. However, when it comes to 30 K class actual ship which
has been built by domestic shipbuilder, the portion of vertical
bulkhead reaches 540 ton and the portion of horizontal bulk-
head 220 ton. In this study, therefore, optimum designs have
been carried out for the vertical corrugated bulkhead that ac-
counts for more than 70% of the weight of bulkhead. For
reference, both bulk carrier and product oil carrier adopt
vertical type corrugated bulkhead 100%.

In this study, evolution strategy is applied as an optimiza-
tion technique. It has been verified from many researches that
evolution strategy searches global optimum point prominently
by using multi-individual searching technique. Multi-
individual searching methods need excessive time if they
connect to 3-D finite element model for repetitive structural
analyses. In order to resolve this issue, 2-D beam element
connected to deck and lower stool is substituted for a corru-
gated structure. To verify the reliability of the structural re-
sponses by idealized 2-D beam model, they have been
compared with ones by 3-D finite element model. As a real
application, optimum design for the corrugated bulkhead of
30 K chemical tanker has been carried out, and the results by
developed optimum design program have been compared with
design data of existing ship.

2. Corrugated bulkhead of chemical tanker

Chemical tanker shall have many cargo hold compartments
to contain various chemicals and as the structure to accom-
modate such needs, corrugated bulkheads are installed as
shown in Fig. 1 in consideration of safety, cargo capacity,
cleaning efficiency, etc. And because of the importance of
cleanliness of cargo hold, the arrangement of strength member
inside the cargo hold compartment is often not allowed and
thus deck longitudinals and deck transverses are installed on
the upper side of deck (Sim et al., 2013).

There are connection structures between corrugated bulk-
heads and the section of corrugated bulkhead shall be designed

in consideration of the characteristics of the cargo in each
compartment. The material of the structural member, tem-
perature and density of the cargo are the important design
factors as well.

As there are many compartments in a chemical tanker and
many types of corrugated bulkhead with different character-
istics, in this study, corrugated bulkheads are categorized into
several typical types and the constraint conditions were
determined for optimization. By analyzing the existing ships,
corrugated bulkheads are categorized into vertical corrugated
bulkhead and horizontal one and vertical type is again clas-
sified into 3 types which include I type installed laterally
alone, T type which crosses in longitudinal and lateral direc-
tion and general type which have multi zones, which are
indicated in Figs. 2e4.

3. Optimization method

Optimization method used in this study is evolution strat-
egy which was first introduced by Rechenberg (1973) and
further developed and systemized by Schwefel (1981), which
is similar with genetic algorithm that is based on the law of
survival of the fittest and natural selection.

Evolution strategy is classified into plus-strategy of (m þ l)
form and comma-strategy of (m, l) form. Difference between
two strategies is whether the parent individuals participate in
selection stage. In plus-strategy, both parent and child in-
dividuals participate in selection while child individuals alone
participate in comma-strategy.

Fig. 1. Compartments of a chemical tanker.

Fig. 2. Definition of I type bulkhead.
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In this study, plus-strategy was used. In plus-strategy, m
numbers of parent individuals generate l numbers of child
individuals through the process of recombination and muta-
tion. Then, new m numbers of parent individuals which have
good suitability are selected among (m þ l) numbers of total
individuals.

3.1. Design variables

Design variables of I type corrugated bulkhead, as indicated
in Fig. 5, are comprised of three variables (x1, x2, x3) while
those of T type are comprised of total six including 3 lateral
(x1, x2, x3) and 3 longitudinal variables (x4, x5, x6). Among
design variables, x1 and x4 refer to the depth of waveform, x2
and x5 refer to the width of waveform, x3 and x6 refer to
projected length of inclined waveform plate (Fig. 6).

When it comes to general type corrugated bulkhead, design
variables vary depending on the number of bulkheads that
meets. For instance, when meeting N number of bulkhead, the
number of zones to be defined will be (N þ 1), then as the
depth of waveform (x1) shall be equal over entire area and two
design variables by zone (x2, x3), making (2N þ 3) design
variables in total (Fig. 7).

Fig. 3. Definition of T type bulkhead.

Fig. 4. Definition of general type bulkhead.

Fig. 5. Design variables of I type.
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3.2. Constraint conditions

Constraint condition of I type comprises 7 kinds as follows
which are indicated in Eqs. (1)e(7).

gð1Þ ¼ q� 55� 0 ð1Þ

In Eq. (1), q refers to the angle of waveform section as shown
in Fig. 8.

Small angle could lead to insufficient transverse strength.
There are some classifications who request calculations of
transverse strength, if the angle of waveform section is smaller
than required angle.

gð2Þ ¼ 1� tc
25

� 0 ð2Þ

where tc refers to plate thickness and Eq. (2) indicates that it
shall not exceed the limit value of bending process in ship-
building yard, 25 mm. The limit value depends on ability of
bending machines which shipbuilding yard possesses.

gð3Þ ¼ 1� 600

lend
� 0 ð3Þ

In Eq. (3), lend refers to the length of remaining part at the end
of the boundary as shown in Fig. 9. 600 mm has been selected
taking into account work efficiency of workers.

gð4Þ ¼ 1� tend
tc

� 0 ð4Þ

In Eq. (4), tend refers to the thickness of remaining part at the
end of the boundary as shown in Fig. 9.

gð5Þ ¼ 1� dmin

da
� 0 ð5Þ

In Eq. (5), da refers to the distance between upper bracket of
lower stool and diaphragm installed along the web of wave-
form and dmin refers to minimum distance needed for work.

gð6Þ ¼ 1� smid

sc

� 0 ð6Þ

gð7Þ ¼ 1� send

sallow

� 0 ð7Þ

Eqs. (6) and (7) are constraint conditions for structural anal-
ysis. smid refers to the stress at the center of waveform, sc
critical buckling stress, send the stress at the lowest part of
waveform and sallow refers to allowable stress of each class
rule.

Constraint conditions of T type include the conditions of I
type in longitudinal and transverse direction basically and one

Fig. 6. Design variables of T type.

Fig. 7. Design variables of general type.

Fig. 8. Angle of waveform section.

Fig. 9. Connection part to boundary.
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additional condition, so it becomes 15 constraint conditions in
total. Additional constraint given in Eq. (8) is that the number
of pitch in transverse direction on port and starboard shall be
equal or different by even number. In Eq. (8), con is the value
calculated by dividing the sum of pitch on port and starboard
by 2 and I(con) refers to integer part of con value.

gð15Þ ¼ 1� 4� ½con� IðconÞ� � 0 ð8Þ
When it comes to general type, constraint conditions of I

type corrugated bulkhead are all applied by zone and thus 7N
number of conditions are generated if N number of zone exists
and additional constraint conditions are necessary if even
number of pitch is required for certain zones.

3.3. Objective function

Objective function in this study is the total weight of entire
corrugated bulkheads except lower stool structure.

The planes of projection of corrugated bulkheads are
categorized into three groups such as rectangular (Type A),
pentagonal (Type B) and hexagonal type (Type C) as shown in
Fig. 10. The program developed in this study is what made it
possible to reflect three types of objective functions.

4. Simplified structural analysis

Optimum design process to determine the optimum design
variables requires high cost to carry out numerous structural
analyses. If 3-D finite element analyses are performed as much
as all number of cases, it takes too much time to find the
optimum solution for a limited time. In order to resolve this
issue, a Generalized Slope Deflection Method (GSDM)
developed by Jang and Na (1992) was introduced for the
simplified structural analysis.

4.1. 2-D beam model

Fig. 11 shows an idealized beam element model for the
strength calculation of the corrugated bulkhead. 2-D beam
element connected to deck and lower stool is substituted for a
corrugated structure.

The spring on top of model is intended to reflect the effect
of horizontal stiffness by deck and the spring on top of the

lower stool is intended to reflect the effect of both the torsional
rigidity and the horizontal stiffness by the lower stool. Vertical
spring on bottom side of lower stool is intended to consider
vertical stiffness effect due to torsional rigidity of lower stool.
Each spring constant is represented as follows.

k1 ¼ 0:81� b�E

���
L2
c

384� Ic
þ 0:325

Bef � td

�
L2
c

�

k2 ¼ 0:9� 3:08� J�E� b
�ðhlLlÞ2

k3 ¼ 2� a

b
� k2

where b, width of model; E, Young's modulus; Lc, cargo tank
length of each direction; Ic, moment of inertia of each direc-
tion; Bef, effective breadth of deck; td, deck thickness; J, tor-
sion constant of lower stool; hl, height of lower stool; Ll, lower

part breadth of lower stool; a ¼ 1

�"
1þ

�
hl
Ll

�2
#
; b ¼ 1� a.

4.2. Comparison with 3-D FEA

Figs. 12 and 13 show stress curve obtained from 3-D FEA
at the center of corrugated bulkhead, where the maximum
stress appear, for existing ship e 30 K chemical tanker. As
seen in the figures, the stress appeared to be greater at the
middle part than upper or lower part in terms of height. Fig. 12
shows the stress at the center location of I type corrugated
bulkhead and Fig. 13 shows the case of general type, showing
very similar stress distribution except the upper part of
corrugated bulkhead.

Table 1 shows the comparison of the results from 3-D FEA
(3-D cargo hold analysis) and beam model analysis using
GSDM with regard to the stress at the center of waveform that
has the greatest effect on design. Though some error reached
about 15%, it is mostly within 10% error comparing to 3-D
FEA results. This indicates that proposed simplified analysis
method (i.e. beam model analysis using GSDM) represents
actual structural behavior properly. As the stresses obtained
from beam model analysis are mostly greater than 3-D FEA
results, these errors are acceptable from a safety design
standpoint.

Fig. 10. Planes of projection of corrugated bulkhead.
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Fig. 11. Beam model.

Fig. 12. Stress curve at central location of I type corrugate bulkhead.
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5. Optimum design result

For vertical corrugated bulkhead of existing ship (30 K
chemical tanker), the results from optimum design process
proposed in this study are compared with the scantlings of
existing ship. Table 2 shows comparison results for I type
corrugated bulkhead, Table 3 for T type corrugated bulkhead
installed in the cargo hold compartment of length 11,200 mm
and breadth 9000 mm. And Table 4 shows comparison results
for general type corrugated bulkhead with 5 zones.

In existing ship design, waveform depth, the most critical
design variable, was determined as 1000 mm through repeated
3-D FEA and then, the width and thickness of corrugated plate
were determined through again repeated 3-D FEA keeping the
projected length of inclined plate not to exceed 700 mm (to
maintain the angle of waveform q � 55�). It was a difficult
and time-consuming process.

On the contrary, design time was significantly reduced
when applying the optimum design process proposed in this
study. From optimization result in Tables 2e4, it can be seen

that dimensions of waveform are mostly greater than existing
ship data but less in thickness. 3-D FEA with optimization
result was conducted for final strength verification and anal-
ysis result showed that structural strength have been main-
tained to a similar level of existing ship.

As a result of optimization design, total weight of vertical
corrugated bulkhead of 30 K chemical tanker was changed
from 538.6 ton to 488.3 ton, reduced by 50.3 ton or 9.3%.

Fig. 13. Stress curve at central location of general type corrugate bulkhead.

Table 1

Results of FEA and GSDM.

Type FEA (MPa) GSDM (MPa) Error (%)

I x2 ¼ 1250 128.1 131.5 2.7

x3 ¼ 700

T x2 ¼ 1200 113.8 109.9 3.6

x3 ¼ 650

x5 ¼ 1200 101.9 109.3 6.7

x6 ¼ 600

General x2 ¼ 1000 126.0 128.8 2.1

x3 ¼ 600

x2 ¼ 1250 110.3 120.8 8.7

x3 ¼ 675

x2 ¼ 900 103.6 121.3 14.6

x3 ¼ 400

Table 2

Optimum results of I type bulkhead.

Item Existing ship Optimum result

x1 (mm) 1000 1075

x2 (mm) 1250 1280

x3 (mm) 700 715

Thickness (mm) 20.0 18.5

s (MPa) by FEA 128.1 130.4

s (MPa) by GSDM 131.5 131.4

Weight (ton) 18.9 17.8

Table 3

Optimum results of T type bulkhead.

Item Existing ship Optimum result

Longi. x4 (mm) 1000 1110

x5 (mm) 1200 1210

x6 (mm) 600 610

Thickness (mm) 20.0 18.5

s (MPa, FEA) 113.8 107.9

s (MPa, GSDM) 109.9 106.4

Trans. x1 (mm) 1000 1075

x2 (mm) 1200 1210

x3 (mm) 650 700

Thickness (mm) 21.0 18.5

s (MPa) by FEA 101.9 109.5

s (MPa) by GSDM 109.3 114.1

Weight (ton) 42.2 39.1
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6. Conclusion

In this study, minimum weight design method for vertical
corrugated bulkhead of chemical tanker was developed, which
was then applied to existing ship (30 K chemical tanker) and
the conclusion was made as follows.

1) A beam model that can simulate the vertical corrugated
bulkhead of chemical tanker in various shapes was pro-
posed and a simplified structural analysis method using
GSDM was applied so as to reduce the time for structural
analysis required for optimization process.

2) Minimum weight design parameters for vertical corru-
gated bulkhead of chemical tanker were identified and
total optimal points were searched effectively by using
plus-strategy of evolutionary strategy.

3) Thanks to optimization, weight reduction by 9.3%
(50.3 ton per vessel) was accomplished when comparing
to existing ship design which is expected to make a
commitment to reducing the design process accordingly.
Simplified structural analysis method proposed in this
study showed the error range about 10% when comparing
to 3-D FEA and thus, more reduction in weight is expected
when increasing the analysis level.

4) It is designed to cull the design value when violating the
workability even in case of optimal design value, thereby
enhancing the practicability of optimization program. For
the future work, optimum design process for horizontal
corrugated bulkhead will be developed as well.
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