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a b s t r a c t

Designing sophisticate ship structures that satisfy several design criteria simultaneously with minimum
weight and cost is an important engineering issue. For a ship structure composed of a shell and stiffeners,
this issue is more serious because their mutual effect has to be addressed. In this study, a two-stage
optimization method is proposed for the conceptual design of stiffeners in a ship's prow. In the first
stage, a topology optimization method is used to determine a potential stiffener distribution based on
the optimal results, whereupon stiffeners are constructed according to stiffener generative theory and
the material distribution. In the second stage, size optimization is conducted to optimize the plate and
stiffener sections simultaneously based on a parametric model. A final analysis model of the ship-prow
structure is presented to assess the validity of this method. The analysis results show that the two-stage
optimization method is effective for stiffener conceptual design, which provides a reference for designing
actual stiffeners for ship hulls.
© 2018 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/).

1. Introduction

Optimization techniques are powerful tools for improving
traditional structural designs in many real applications, particularly
in aerospace and marine engineering. A remarkable phenomenon
seen in recent years has been the rapid growth of theoretical
studies and practical applications of topology and size optimization
for conceptual and detailed design in structural optimization. To-
pology Optimization (TO) is aimed at finding an optimal structural
configuration within a given domain, and mainly includes the
following methods. Bendsøe and Kikuchi (1988) proposed the
method of homogenization optimization, in which the structure is
optimized in terms of a perforated microstructure of continuously
varying density and orientation, leading to gray-scaled structures.
Although there have been various successful applications based on
this homogenization method (Allaire et al., 2004; Niu and
Gengdong, 2008), the corresponding size variables of each unit
cell are modified iteratively in the optimization process, meaning
that its general application is impeded by its mathematical and
solution complexity. Later, Bendsøe (1989) proposed the SIMP
(Solid Isotropic Material with Penalization) method based on the

much simpler assumption of pseudo-density, in which the material
density is selected as the design variable and any intermediate
density is penalized. Because of its simplicity, the SIMP method has
been the commonly used method in TO and is widely applied in
structural design (Rozvany, 2014). Meanwhile, as a detailed opti-
mization tool, size optimization has also developed rapidly. In that
approach, the optimal structural dimensions are obtained by
changing the element properties. Size optimization has been
applied to the detailed optimization of structural design (Sekulski,
2009; Grihon and Bassir, 2009).

During the past decades, topology and size optimization have
been developed also to predict the optimal layout and/or size of the
stiffeners used in mechanical structures. As is known, having the
proper distribution and size of stiffeners on a shell structure can
improve its structural dynamics, stability, and static performance
(Akl et al., 2008). There are two main ways to generate a stiffener
layout by means of a TO method. The first way, based on the
optimal thickness distribution, uses stiffener generative theory to
transform the problem of stiffener-layout design into that of
optimal material layout. The second way involves discretizing a
plateebeam structural model (ground structure method), in which
a large amount of stiffeners are pre-established in the structure.
This method searches for the optimal stiffener layout by controlling
stiffener growth and fade based on growth theories and a TO
method.

Of the two aforementioned approaches to generating a stiffener
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layout, the first is the more commonly applied in practical design.
Krog et al. (2004) used that approach based on the SIMP method to
obtain new and better fixed leading-edge stiffeners and fuselage-
door intercostal. Wang et al. (2011) used the same approach
based on the subset method to design a new stiffener layout for an
aircraft wing, making the stiffeners lighter than the originals. There
have been many other successful stiffener-layout optimizations
that have adopted this approach (Locatelli et al., 2011; Maute and
Allen, 2004). This approach intends to find an optimal stiffener
layout within a given design domain for specified objectives and
boundary conditions, but the optimized stiffener shapes are diffi-
cult to manufacture. The other approach to stiffener-layout design,
namely that aided by a discretized truss structure, has also devel-
oped rapidly. Oberndorfer et al. (1996) proposed such a method for
generating a model stiffener by discrete elements, and the results
showed a significant improvement in performance over conven-
tional design. Liu and Yan (2007) proposed a discrete method for
generating automobile stiffeners. This approach can obtain a good
performance stiffener layout based on the potential possible pre-
specified locations of the stiffeners. Meanwhile, some other
stiffener-generating methods have been proposed as follows.
Motivated by the growth mechanism of branching systems in na-
ture, Ding and Yamazaki (2005) proposed a bio-inspired method
known as the adaptive growth method. Bojczuk and Szteleblak
(2008) proposed a heuristic way to find an optimal stiffener
layout. And both of these methods got better structural
performance.

The aforementioned examples of stiffener layout optimization
are based on two-dimensional (2D) structures. However, there are
also some successful examples involving three-dimensional (3D)
models; for certain manufacturing techniques (Ishii and Aomura,
2004; Liu et al., 2015), the optimization processes are more com-
plex than for 2D optimization.

In recent years, some researchers have proposed a two-stage
optimization method in which topology and size optimization are
combined to form a synthetic tool for the conceptual and detailed
structural design of stiffeners. Not only can this two-stage method
optimize stiffener location by the aforementioned TO techniques, it
can also optimize plate and stiffener dimension by size optimiza-
tion. Optimization based on topology and size optimization has
been applied in numerous application cases, the results of which
have shown that the two-stage method is feasible. Locatelli et al.
(2011) used two-stage optimization to optimize the leading-edge
ribs of a supersonic wing, reducing the rib weight by 18.4%.
Meanwhile, there have also been some successful examples in the
shipbuilding industry. Rais-Rohani and Lokits (2007) used a two-
stage method to optimize a composite submarine sail structure;
the results showed a weight saving of up to 19% over the original
model. Qiu et al. (2016) used two-stage optimization to generate
stiffeners for the cargo tank of a tanker. Two-stage optimization has
also been used to improve 3D stiffener layouts (Grujicic et al., 2008;

Fan and Li, 2011). 3D TO with manufacturing constraints can avoid
the accumulation of materials and cavity generation in the opti-
mization process. Impelling the material is distributed within a
certain range in the optimization result, which establishes the
foundation for the initial stiffener shape selection and size opti-
mization. Therefore certain manufacturing technologies are often
considered in the first stage of 3D stiffener layout optimization to
obtain better manufacturability (Leiva et al., 2004; Zhu et al., 2013;
Vatanabe et al., 2016), which proves to be a reliable design strategy
for stiffener layout optimization. Size optimization is considered as
a detailed design stage that can obtain a more rational structure.

In this paper, two-stage optimization is used to optimize the
layout and size of the stiffeners in ship prow (SP). In the first stage,
because the distribution of material based on 3D optimization is
closer to the actual stiffener layout than is that from 2D optimiza-
tion, 3D TO with manufacturing constraints which is applied to
determine the stiffener location and profile, This is followed by
arranging T-shaped stiffeners in ship's prow based on TO results
according to stiffener generative theory and compliance balance. In
the second stage, size optimization is performed for the plate and
stiffener structures. Before doing so, we construct an associated
parametric model connecting plate thickness and stiffener
dimension, making the plate and stiffener dimensions change
connectedly during the optimization. The final results prove that
the two-stage optimization method is able to provide a reasonable
stiffener layout and a smaller load-transferred path. To the authors'
knowledge, there are only a few studies on this topic.

Based on the aforementioned papers, a flowchart of the opti-
mization procedure is shown in Fig. 1.

2. Methodology for layoutesize optimization

In this section, we mainly discuss the stiffener design process
and the detailed optimization method and theory.

2.1. Stiffener layout optimization

Topology optimization has become a reliable method for
designing the layout of stiffeners. Stiffener layouts based on TO are
simply approximations of topologically optimized material layouts.

We adopt the SIMP interpolation scheme in this study. The
relationship between elasticity modulus and material density is
given by the following exponential function:

Ee ¼ Emin þ rpeðE0 � EminÞ: (1)

Here, re is a pseudo-density defined as the TO design variables,
E0 is the original material elasticity, and Ee is the interpolated
computational material elasticity. The term Emin is the material
elasticity of cavity part (removed material during optimization);
Emin is usually limited by a minimum value to avoid generating a

Fig. 1. Flowchart of the optimization process.
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singular matrix (here, we set Emin ¼ 0.001). The exponent p is a
penalty factor that is greater than unity. During optimization, the
element stiffness is penalized to a rather small value when an in-
termediate density is assigned to the element. The effect of this
penalization is to drive the pseudo-density to more extreme values
(i.e., solid or void), thereby obtaining a definite material layout.

As for the objective function, in this study we use compromise
programming to establish a multi-objective TO mathematical
model. Both the compliance and eigenfrequencies are regarded as
objective functions, for which compromise programming is used to
define the objectives of a multi-stiffness TO and the mean-
frequency method (Ma et al., 1995) is used to solve for the eigen-
frequencies of free-vibration optimization. This approach over-
comes the shortcomings of single-objectivemethods, which cannot
consider other objectives simultaneously. We adopt the volume
fraction as a constraint function, this being a frequently used
method for stiffener-layout optimization design. The multi-
objective function of stiffener layout optimization based on
compromise programming is formulated as follows:

Here, Ck is the compliance objective function of the k-th
working condition, with Cmin

k and Cmax
k being the minimum and

maximum compliance objection functions, respectively, of the k-th
working condition. The term u is the objective-function weighting
factor that determines the extent to which the objective function
affects the synthetic objective function FðrÞ; uk is theworking-case
weighting factor that determines the extent to which each case
condition affects the compliance objective function. TermsLmin and
Lmax are the minimum and maximum frequency objection func-
tions, respectively. The total number of finite elements in the
designable domain area of the structure is given by M, and r is the
design variable and the artificial element density in the SIMP
method. Term Vn is the volume of the analysis finite element, and
V0 is the maximum volume of the designable structure. During TO,
we must attend to the following problems.

2.1.1. Checkerboard patterns
Checkerboard-like material distributions are frequently

encountered in TO. Being a mesh-dependent problem, measures
that can achieve mesh-independent solutions should be adopted to
overcome this problem. A modified method based on constraining-
density slope control (Petersson and Sigmund, 1998) is used in this
study to suppress the checkerboard problem. The modified math-
ematical model can be formulated as follows:

ri � max
h
m; rj � ð1:0� rminÞdistði; jÞ=rmin

i
; (3)

where subscripts i and j denote the element location in the coor-
dinate system, m is the lower limit of relative density, rj is the
highest density of element j at the previous iteration among all
elements that are adjacent to element i, distði; jÞ denotes the dis-
tance between the centers of elements i and j, and rmin is half the

predetermined minimum member diameter. Additionally, using a
quadratic mesh in the optimization process can avoid the check-
erboard problem to some extent.

2.1.2. Manufacturing constraints
To ensure a reasonable stiffener layout, manufacturing con-

straints should be considered during the TO process. In this study,
we design the stiffener layout optimization under casting con-
straints to avoid cavities being generated inside the structure. The
mathematical formulation of the casting constraints based on
pseudo-density is as follows:

�
0 � ri � rj � … � rn � 1

�
k

k ¼ 1;…K: (4)

Here, ri, rj … rn represent the pseudo-densities of elements
along the same line in the casting direction as shown in Fig. 2, K is
the number of sets of elements in the draw direction, and n is the
number of elements in a row. On account of Eq. (4), the cavities
inside the structure have to be open in the casting direction of the

die and all exterior and interior boundaries have to keep the signs
of their slopes relative to the casting direction unchanged, The ef-
fect of the optimization result within the casting constraint is
shown in Fig. 3 (http://www.altairhyperworks.com/product/
OptiStruct) shown, in which there are no cavities and material
barrier are generated. The result proves that the manufacturing
constraint is suitable for generating a stiffener in a solid structure.

The TO problem under casting constraints can be formulate as
follows:

RC14: Min FðrÞ
s:t:

XM

m¼1
rnVn � V0 n ¼ 1;2…M�

0< rmin � ri � rj � …r � rn � 1
�

k ¼ 1;2…kk

(5)

Besides the casting constraints, there are some other
manufacturing constraints that need to be considered in this study,

Fig. 2. Finite-element model with a prescribed casting direction.

R1C4 : min FðrÞ ¼
(
u2

"Xm
k¼1

uk
CkðrÞ � Cmin

k

Cmax
k � Cmin

k

#2
þ ð1� uÞ2

�
Lmax � LðrÞ
Lmax �min

�2)1 =

2

s:t:
PM
m¼1

rnVn � V0 n ¼ 1;2;…M

0< rmin � r � 1

(2)
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such as symmetry constraints and controlling the minimum and
maximum sizes of members (Vatanabe et al., 2016; Zhou et al.,
2001). These constraint effects during optimization procedure are
as follows. The maximum and minimum member size control
penalize the formation of members within prescribedmember size.
The symmetry constraints can save optimization calculation time.
Manufacturing constraints can make stiffener layout more clearly
and reasonable.

2.2. Stiffener size optimization

Size optimization (parameter optimization) is applied in the
detailed structural design stage based on the determined structural
style; an overview of size optimization is summarized by Kirsch
(1993). Size optimization merely changes the structural-element
parameters (e.g., element thickness, cross-sectional area) to
satisfy the design requirements. Size optimization is performed
analytically. A nonlinear objective function or constraint is trans-
formed into a linear expression by a linear approximation method.
However, the structural topological relationship and element shape
remain unchanged during the solution procedure, which is why
size optimization merely changes the structural-element proper-
ties. The stiffeners and the skin size are optimized simultaneously
in this study, the relationship function between stiffener and skin is
shown in part 4.2.

One of the most important contributions of stiffeners is their
effect against buckling. Hence, in this study we consider a buckling
constraint (in the form of a buckling factor, BF) in this optimization
step. This problem can be formulated as follows:

S ¼ ½A1;A2;…Am; t�
Min f

�
Ai;t

� ¼ M1ðA1;A2;…AmÞ þM2ðtÞ
s:t: smax � ½s� � 0

n� BF � 0

(6)

Here, A1;A2;…Am are the stiffener cross sections whose initial
values are same, and assuming every section cross value varies
equally for saving computation time;m is the stiffener number; t is
the plate thickness, M1 is the total stiffener weight, M2 is the plate
weight, ½s� is the allowable structural stress, and n is buckling factor
value.

2.3. Optimization algorithm

In the TO stage, we adopt a sequential quadratic-programming
solution algorithm, which is a gradient-based optimization algo-
rithm that is suitable for solving TO problems. This algorithm finds
solutions of constrained nonlinear optimization problems. The
aforementioned objective function and constraint function are
linked together by Lagrange multipliers as follows:

Lðx;m1;m2Þ ¼ fðxÞ þ m1bðxÞ þ m2cðxÞ: (7)

Here, f(x) is the objective function, and b(x) and c(x) are
equality-constraint and inequality-constraint functions, respec-
tively. Terms m1 and m2 are Lagrange multipliers, which can be
solved for using the KuhneTucker condition (Nocedal and Wright,
2006). Here, the optimization problem can be simplified as Eq. (7).

We use the method of feasible directions (MFD) to solve the size
optimization problem. A search direction is determined based on
the gradients of the objective function and critical constraints, and
then a line search is performed along this search direction. The
solution procedure of MFD algorithm as follows, given a feasible
point Xk to search optimal point,

Xkþ1 ¼ Xk þ dksk: (8)

Here, dk is the increment and sk is the iterative search direction.
The solution procedure stops when objection function value
f ðXkþ1Þ< f ðXkÞ.

3. Ship prow structure and load cases

3.1. Prow structure

In this study, we consider the fore peak structure and the bot-
tom area collectively as the research object known as the SP.We use
low-alloy Q345 steel as the structural material. The principal di-
mensions are as follows: longitudinal length 30,000mm; trans-
verse width 42,800mm; vertical height 15,500mm; draught depth
9000mm. The structural model is shown in Fig. 4.

No goods are stored in the SP. Rather, it is regarded as a ballast
tank with which to adjust the ship's stability and floating condi-
tions. The SP bears local external force mainly during voyage. The
load conditions borne by the SP differ from those at midship.

In this paper, we consider the working conditions of the ship as
being the common structural rules (CSR) published by the Inter-
national Association of Classification Societies. Computing the
loads when the ship is fully loaded with goods, the ship reaches its
maximum draught line and is therefore in its ultimate state. The
load cases borne by the SP are as follows.

3.2. Load cases

3.2.1. Dynamic load conditions
The dynamic loads associated with each dynamic load case are

based on the equivalent design wave (EDW) concept. This involves
applying a consistent set of dynamic loads to the ship such that the
specified dominant load response is equivalent to the required
long-term response. Each dynamic load case that corresponds to an

Fig. 3. Optimization result (casting constraint).
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EDW is given in Table 1: there are four types of EDWand eight load
cases. In Table 1, HSM1 (HSM2) refers to the head-sea EDW that
minimizes (maximizes) the vertical wave bending moment, FSM1
(FSM2) refers to the following-sea EDW that minimizes (maxi-
mizes) the vertical wave bending moment, BSR1 (BSR2) refers to
the beam-sea EDW that minimizes (maximizes) the downward
(upward) roll motion, and BSP1 (BSP2) refers to the beam-sea EDW
that minimizes (maximizes) the hydrodynamic pressure.

3.2.2. External pressure
The SP bears hydrostatic pressure (ps) and wave pressure (pw)

simultaneously during a voyage. The formula for computing pres-
sure is obtained from the CSR based on the eight load cases given in
section 3.2.1.

3.2.3. Bottom slamming pressure
Relative acceleration between the ship bottom and a wave can

produce a violent slamming pressure. To guarantee structural
design reliability of the SP, all dynamic load conditions should be
considered in the optimization process. The dynamic load condi-
tions can be connected together through load combination factors
as explained in the CSR. Load cases above mentioned are connected
together through the working-case weighting factor uk .

4. Two-stage framework for layoutesize optimization

We optimize the stiffener using a two-stage optimization

procedure that is composed of TO followed by size optimization.
The detailed two-stage processes are described below.

4.1. Layout optimization

The majority of papers on generating stiffeners are based on 2D
models; only a few consider 3D models. Of those latter studies,
those that were successful in generating stiffeners based on 3D
models show that applying appropriate manufacturing constraints
to the TO process can make the solid elements equivalent to a
design space modeled with 2D elements. In the present paper, we
utilize the aforementioned manufacturing constraints, adopting a
3D model to optimize the stiffener layout.

According to shipbuilding design rules, we assume a minimum
skin thickness of 28mm (which does not change during the opti-
mization process) and set the thickness of the optimization area to
roughly 120mm. The aim at this stage is to obtain the optimum
distribution of material under the prerequisites of obtaining the
minimum compliance and maximum eigenfrequency. We adopt
the optimal criteria as described in section 2.1. With regard to Eq.
(2), we set uk ¼ 1, meaning that every load condition is equivalent
for the compliance objective function, and u ¼ 0.5, meaning that
the compliance and eigenfrequencies are equivalent for the syn-
thetic objective function FðrÞ.

The optimization process stopped after 33 iteration steps; the
contours of material layout given in the final iteration step are
shown in Fig. 5 based on the optimal principle mentioned above.
The blue regions represent low material density and red regions
represent high material density (r � 0:3). There are no cavities and
material barrier are generated, the material distribution range is
reasonable, and vertically-walled stiffeners of variable heights
based on the manufacturing process are in the optimization result.
These contours are used to determine a design with optimal load
paths. Regions with low material density are deemed to be holes;
the structure with these holes removed is shown in the right-hand
image in Fig. 5. Regions with high material density are where the
structural rigidity requires strengthening. The combined weight of
these high-density areas is 36.2 ton, which can be considered as
supporting the global deformation of the structure and minimizing

Fig. 4. Ship prow.

Table 1
Definition of load cases.

Load case HSM1 HSM2 FSM1 FSM2 BSR1 BSR2 BSP1 BSP2

EDW HSM FSM BSR BSP
Wave type Head sea Following sea Beam sea Beam sea
Effect Max. bending

moment
Max. bending
moment

Max. roll Max.
external
pressure

VWBM (þ) (�) (þ) (�) (þ) (�) (þ) (�)

(þ) represents the sagging state; (�) represents the hogging state.
VWBM: vertical wave-induced bending moment.

Fig. 5. Potential stiffener layout.
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the total compliance. Hence, these areas can be interpreted as a
potential stiffener model by the designer.

The results of analysis conducted on the basis of this potential
stiffener model are shown in Fig. 6. The structure is subjected to a
maximum stress of 279.4MPa, the maximum structural deforma-
tion is 1.397mm, and the first-order frequency is 0.435 Hz. The
analysis results prove that the stiffener layout based on TO within
the manufacturing constraints is reasonable. This method can
improve structure performance, while reducing materials. Curved
stiffeners, as shown in Fig. 3, are difficult to manufacture for an
irregular shape and size; thus, we should instead arrange regular
stiffeners in the high-density areas as far as possible in real
applications.

We construct stiffeners in the above high-density areas based on
stiffener theory and stiffener construction rules in the shipbuilding
industry. Regular stiffeners are arranged in the high density area,
keeping the skin thickness as 28mm. We adopt the T-shaped
stiffener shown in Fig. 7 because this type of stiffener has a satis-
factory moment of inertia, thereby decreasing structural deforma-
tion. We maintain structural compliance and weight balance as
much as possible by adjusting the section area and location of
stiffeners. The appropriate transverse and longitudinal intervals are
1000mm and 850mm, respectively, along the side of the ship, and
750mm and 800mm, respectively, along its bottom. The initial
stiffener dimensions are given in Table 2, with the total stiffener
weight equal to the potential stiffener weight.

Another difficulty arises in constructing a geometrical model.
The SP surfaces are irregular curved surface, so to guarantee

calculation accuracy and stiffener continuity in one direction, we
need to establish the normal vector at each node and construct
numerous displacement coordinate systems. We must also connect
the shell elements together with beam elements through the
nodes. The initial layout of the stiffener structure in the SP is shown
in Fig. 8; the initial skin and stiffener weights are equal to the po-
tential skin and stiffener weights respectively. Detailed patterns of
node connection are shown in Fig. 9.

We then carry out analysis for the initial stiffener model as
shown in Fig. 8. The structure is subjected to a maximum stress of
288.2MPa, the maximum deformation is 1.484mm, and the first-
order frequency is 0.376 Hz. We find that the mechanical perfor-
mance of the initial stiffener model is lower than that of the po-
tential stiffener model. To improve the utilization of materials, a
further detailed design (size optimization) is conducted to optimize
the initial stiffener model.

4.2. Size optimization

The aim of this stage is to optimize the plate shell thickness and
stiffener cross section simultaneously to minimize the structural
mass. We pay close attention to the skin and stiffener design-
variable ranges prior to size optimization, constructing a

Fig. 6. Analysis results for potential stiffener configuration.

Fig. 7. Stiffener type.

Table 2
Initial stiffener dimensions.

Height (L) 120mm Width (Lf ) 110mm
Thickness (tf ) 23mm Thickness (tw) 25mm

Fig. 8. Initial stiffener layout.

Fig. 9. Conjunction of nodes.
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reasonable parameterized model to avoid producing invalid di-
mensions. The parameter relationship between the shell plate
thickness and the stiffener dimension is expressed as

Lwmax ¼ 2Lfmax ¼ 10twmax ¼ 10tfmax ¼ 10t
tf � L<0
tw � Lf <0

(9)

Here, t is the basic shell thickness, ranging from 15mm to
45mm. For the meanings of the other terms in Eq. (9), please see
Fig. 7. We then construct an associated parameter model that links
the stiffener section dimensions and plate thickness as an objective
function; the relational expression is as follows:

D ¼ S0 þ
X

coefi*dvi: (10)

Here, D is the parameter to be optimized, S0 is a constant (in this
paper, we assume S0 ¼ 0), and coefi refers to coefficients associated
with the design variable. The term dvi is the extent to which each
design variable affects the objective function D. Here, we set dvi ¼ 1
so that each design variable affects the objective function equally.

Because of the thin-walled structure of the ship, the structure is
more likely to fail by buckling (elastic instability) than by plastic
deformation. Because the most important effect of stiffeners is
against buckling, we consider the buckling constraints here. The
design philosophy does not allow buckling of the structure below
the ultimate loads, so the buckling constraints for optimization are
defined so that the buckling load factor in linear-eigenvalue buck-
ling is greater than the ultimate load. To avoid creating bucking
state, we set a buckling factor value n¼ 1 in Eq. (6). For the stress
constraints in Eq. (6), the allowable stress is 310MPa, and we set a
minimum size variation of 0.1mm during the size optimization
process. The size optimization results based on Eq. (3) are given in
Table 3.

We construct a new model based on the size optimization re-
sults, and then carry out analysis to obtain the following results.

Fig. 10 shows that the maximum stress is located at the linkage
between the ship's bottom and its side, and its value is 282MPa.
Themaximumdeformation of 1.412mm is located in the upper part
of the ship's side as shown in Fig. 8. Furthermore, the first-order
frequency is 0.416 Hz. All these parametric optimization results

satisfy usage requirements, and the mechanical properties of the
optimized stiffener model are better than those of the initial model.
The stiffener mass increases to 47.26 ton, skin stiffener mass re-
duces to 277.85 ton, and the total optimized model mass decreases
by roughly 6% compared with the total initial model mass.

In any practical application, it would be difficult to reproduce
fractional values of the structural dimensions, so instead we round
the optimized dimensions of the stiffener model to the values given
in Table 4, stiffeners location are not changed during optimization
process. The analysis results of the final stiffener model (rounded
stiffener model) are omitted because the final result contours are
similar to the results of the optimized stiffener.

From subsequent analysis based on these rounded values, we
obtain contours that are similar to those for the optimized stiffener
model, even though the values themselves differ slightly between
the two models. That is because there is little change in the
structural model dimensions, which leads to little change in the
strain energy in the process of rounding. Hence, we omit the result
contours of the rounded values of the stiffener model. The final
comparison among the results of the various stiffener models is
given in Table 5.

From the Table 5 result, we find that the mechanical properties
of the final stiffener model meet the material performance re-
quirements. Meanwhile, the total SP mass is reduced by 6.42%
compared with that for the potential stiffener model.

5. Conclusions

This paper adopts a two-stage optimization method with mul-
tiple load cases based on a 3D model to optimize the location and
size of SP stiffeners. First, SIMP-based TO with manufacturing
constraints is used to find the optimal load paths and material
layout in the SP, whereupon the stiffeners are arranged based on
the obtained contours of material location. Subsequently, size
optimization based on parametric modeling is used to optimize the
skin and stiffener geometrical dimensions simultaneously. The
analysis results for the optimal structure satisfy the structural
performance requirements and reduce the mass of the SP
appreciably.

To obtain even better structural performance, the following

Table 3
Size optimization results.

Structure size Dimension range Initial value Optimized value

Shell (t) 10e45mm 28mm 25.10mm
Lf t~5t 110mm 113.20mm
L t~10t 120mm 124.80mm
tf t~5t 23mm 28.30mm
tw t~5t 25mm 30.20mm

Fig. 10. Analysis results for optimized stiffener configuration.

Table 4
Rounded dimensions of stiffener model.

Rounded stiffener dimensions

Height (L) 125mm Width (Lf ) 113mm
Thickness (tf ) 28mm Thickness (tw) 30mm

Rounded skin dimensions

Thickness (t) 25mm
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points should be considered. 1) The SIMP method uses a gradient
optimization algorithm whose results converge toward a local op-
timum. Manufacturing constraints and appropriate optimization
parameters are adopted in this study, which guide the research
closer to a global optimum. Hence, an appropriate algorithm should
be explored that can avoid local convergence in 3D model opti-
mization. 2) During the optimization process, stiffener distance
optimization should be considered in any future study to improve
the optimization effect further. 3) Before arranging stiffeners on the
shell elements, more shipbuilding experience and knowledge
should be accumulated to guarantee a more reasonable effect
associated with the layout of the stiffeners, in particular one that is
closer to actual requirements.

Despite some insufficiencies in the optimization process ac-
cording to certain measures, the SP analysis results vindicate the
two-stage optimization method as applied to the conceptual and
detailed design of stiffeners for a ship's hull.
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Table 5
Comparison of parameter values among stiffener models.

Result Type

Potential stiffener model Initial stiffener model Optimized stiffener model Final stiffener model

Stress 279.4MPa 288.2MPa 282MPa 282.6MPa
Displacement 1.397mm 1.481mm 1.412mm 1.412mm
Frequency 0.435 Hz 0.376 Hz 0.416 Hz 0.416 Hz
Skin mass 309.95 ton 309.95 ton 277.85 ton 276.74 ton
Stiffener mass 36.20 ton 36.20 ton 47.26 ton 47.18 ton
Total mass 346.15 ton 346.15 ton 325.11 ton 323.92 ton
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