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Abstract -

Use of stiffened plates is very common in a large range of naval and civil engineering structures. Such
is the case for hydraulic structures with lock gate, movable weir, canal bridge,... and in shipbuilding
where stiffened plates are the basic components of ships, vessels, barges and in many components of
offshore structures. This paper introduces an effective method to facilitate and improve the design of
these stiffened structures. With this model (called LBR-5), even at the preliminary design stage, we
can perform a least cost structural optimization. LBRS is a judicious combination between a strength
analysis module and an optimization module and is particularly relevant to perform design assessment
at the preliminary stage. To illustrate this concept, the method is applied to a 36-m span floating gate
designed for the “Caiial du Centre” in Belgium.
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1. INTRODUCTION

The guidelines and major orientations of a structural design are always defined during the earliest
phases of a project, i.¢. the preliminary design stage or the first draft that corresponds in most cases to
the offer. It is thus not difficult to understand why an optimization tool is attractive, especially one
designed for use at the preliminary stage. This is precisely the way the LBR-5-optimization sottware
for stiffened hydraulic and naval structures was thought through, created and developed [Rigo 1998,
1999]. ‘

The target is to link standard design tools (steel structure CAD. hull form. hydrostatic curves, floating
stability, weight estimation...) with a.rational optimization design module that, as of the first draft (or
preliminary design), allows for:

o a 3D analysis of the general behaviour of the structure. or at least of the basic transverse cross-
section (midship section); . ’

o to explicitly take into account all the relevant limit states of the structure (service limit states and
ultimate limit states) thanks to a rational analysis of the structure based on the general rules of
solid-mechanics and structure behaviour. By rational analysis. we mean a coherent and
homogeneous group of analysis methods based on physics. solid mechanics. strength and stability
treatises, etc. and that differ from empirical and parametric formulations:

o as of the first draft, an optimization of the sizing/scantling (profile sizes. dimensions and spacing)
of the structure's constituent elements;

e integration of construction and manufacturing costs in the optimization process (through the cost
objective function).

The advantages of this optimization module appear mainly at the preliminary stage. It is indeed during

the first stages of the project that flexibility, modelling speed and method's easy use provide precious
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help to designers. At this moment. few parameters/dimensions have been definitively fixed and a
coarse modelling by standard finite elements is often unusable for reasons of budget, modeling
duration. available data.... and this. particularly for design offices and modest-sized yards (small and
medium-sized enterprises).

This optimization module can also be used in final stage of the project to perform a general
‘verification or to refine the scantling.

Application fields of LBR-5 include hydraulic structures and naval structures. For the former, the
application domain is clearly the ship's central parts (cylindrical and prismatic zones of cargo ships,
passenger vessels, etc.). This zone is the most important in length for the big floating units. For smaller
units (sailboats, small craft, etc.). the cylindrical zone is smaller. or even non-existent. In this case, the
LBR-5 model can be used to perform transverse cross-section optimization (midship section).

The LBR-5 optimization tool is based on important know-how in the stiffened structures domain that
was materialised in 1988 by the development of the LBR-4 linear analysis software for stiffened
structures analysis [Rigo 1992a and b]. The scientific environment in which the optimization part was
developed mainly concerns naval architecture. This work was made possible by unifying analysis
methods and by using rational approaches to assess structure limit states. LBR-5 definitively favors an
unified optimisation approach.

2. LBR-5 AND THE CONCEPT OF OPTIMIZATION-ORIENTED
MODULES

The general prablems to be solved can be summarised as follows:

m X;i=1.N.
the N design variables.
F(Xi) the objective function to minimize.
CiXpsCM, j=1IM
the M structural and geometrical constraints. ,
Ximin S Xj € Ximas upper and lower bounds of the X, design variables: technological bounds (also
called sidle constrainty).

The objective is to create a user-oriented optimization technique. in permanent evolution, i.e. that
evolves with the user and his individual needs. We define these as “Programming-Oriented Modules".
The LBR-5 optimization model is based on this new concept and is composed of several modules.
Neither the module number nor their type is imposed. At the start. the whole model is made up of 3
basic modules (Figure 1) and forms the framework of the tool (COST. CONSTRAINT and OPTI).

-

Figure 1 shows the basic configuration of the LBR-3 software with the 3 fundamental modules
(COST. CONSTRAINT and OPTI) and the "DATABASES" in which the user can do his "shopping”.
i.e. choose the relevant constraints and cost data. Figure 3 succinetly shows the LBR-3 software chart.

With regard to structural constraints. the user must first choose the types of constraints (yielding.
buckling. deflection. etc.) then. for each type of constraint. select the method. the code or the rules to
use and finally the points/areas/panels where these constraints will be applied.

The structure is modelled with stiffened panels (plates and cylindrical shells) (Figure 2). For each
pancl one can associate. up to 9 design variables (XI). These 9 design variables are respectively:
o  Plate thickness.
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e For longitudinal members (stiffeners. crossbars. longitudinals, girders, etc.):
- web height and thickness,
- . flange width, .
- spacing between 2 longitudinal members. -

e For transverse members (frames. transverse stiffeners, etc.):

- - web height and thickness.

- flange width,
- spacing between 2 transverse members (frames).

Design Variables : X(i), i=1,N

Material Cost

Plate Buckling
(5 min)

Design
Details

Geom. Const.
- Setn®2

Building
Costs

o(ultimate)
Stitt. Panels
Paik

CONLIN)

R

% s,

' 4 . Progressive Collapse
Hull Girder —-—‘ Analysis (ULS)
Ultimate Strength l

Smith (Mu-®)+
g—¢ curves of Yao

Fioure 1: Basic configuration of the LBR-5 optimization model

FLILE %A LA

K Secondary Longitudinal stiffeners

\] 9 KMain frames

Secondary transversal stiffeners

Figure 2; Basic stiffened panel (or basic element) used to model the structures.
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Figure 2: Basic stiffened panel (or basic element) used to model the structures.

1 FREAN ARG AL R S B o 10 ARSI AT A ST TR M
o Selection and initialisation of design variables (X1
upper bounds (Xmin £ XI <

e

e Geometrical constraints (C(x1)) and sensitivities (8C/dxi).

e Structural constraints related to the global structure an
sensitivity analysis (stress, displacements,...)

o LBR-4 (Linear Elastic Analysis)
Computation of deformations,
forces and stresses (o, w, ...)

SENS

Sensitivity Analysis (6o/0xi, ....)

o Other Structural Constraints and Sensitivities.
- Plate
- Stiffeners Buckling...
- Stiffened Plates Ultimate Strength...
- Box/Hull Girder

S SR B IARLE CA T o ey oo ety
A PO N o SR TR T

KT

OPTI-MODULE
Link with data from the CONSTRAINT and COST modules.
Research of the Optimum =~ — CONLIN ~—PNew XI

Updating the Design (dimensions) with new values for the design variables
provided by CONLIN

A R i S e D L

P -
To a new re-analysis

UG Y g

TION

TR T

Figure 3: Chart of the LBR-5 model with CONSTRAINT, COST and OPTI modules

3. DESCRIPTION OF THE 3 BASIC MODULES: OPTI, CONTRAINT
AND COST

The OPTI module contains the mathematical optimization algorithm (CONLIN) that allows solving
non-linear constrained optimization problems. It is especially effective because it only requires a
reduced number of iterations. In general, fewer than 15 iterations (including a structure re-analysis) are
necessary, even in presence of several hundred design variables (X1) (Figure 4). CONLIN is based on
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a convex linéarization of the non-linear functions (constraints and objective functions) and on a dual
approach [C. Fleury, 1989 and 93]. This module uses as inputs the results/outputs of the two other
basic modules, i.e. CONTRAINT for the C(XI) _constraints and COST for the F(X1) objective function.

The main difficulty in solving a dual problem is dealing with the non-linear and implicit constraints. In
order to avoid a large number of time-consuming re-assessments of these non-linear and implicit
functions, Fleury suggests applying convex approximations. At each iteration, all the functions
(objective function and constraints) are replaced by an approximation called 'convex'. In a word, the_
complex initial optimization problem is decomposed in a sequence of more simple convex
optimization problems (obtained through a convex linearization) that can be easily solved using a dual
approach (Figure 4).

7 PN B SR Y AN A S R R AR

THE REAL MATPEMATICAL PROBLEM:
CONSTRAINED PROBLEMS with
NON LINEAR and IMPLICIT EQUATIONS

v

The CONLIN model: A SERIES OF APPROXIMATED CONVEX PROBLEMS
. . Convex linearization of the constraints and
convex apprZlea’tlonS the objective function (explicit forms)
an v

dual approach.

Figure 4:

MR S A S DN

i

( DUAL APPROACH )

A QUASI UNCONSTRA'INED PROBLEM (A >0)
Problem solved with the Conjugated Gradient Method
(first order) or with the Newton Method (second order)

The CONSTRAINT module helps the user to select relevant constraints within constraint groups at
his disposal in a databank (Figure 1). In fact, the user remains responsible for his choice. However, in
order to facilitate this selection, several coherent constraint sets are proposed to the user. These sets are
based on national and international rules/codes (Eurocodes, ECCS Recommendations, Classification
Societies, etc.).

To date, only a limited number of modules are available (in general 1 or 2 for each constraint type). It
is up to the user to complete, adapt and add new modules according to his specific requirements (type
of structure, codes and regulations to be followed, technical and scientific level, available hardware,
etc.). The objective is to enable the user himself to build the tool he needs.

Constraints are linear or non-linear. functions, either explicit or implicit of the design variables (XI).
These constraints are analytical “translations” of the limitations that the user wants to impose on the

design variables themselves or to parameters like displacements, stresses, ultimate strength, etc.

So, one can distinguish:

- Technological constraints (or side constraints) that provide the upper and lower bounds of the
design variables. :
For example: Xi min =4mm < Xi £ Xi max = 40 mm,
with:  Ximin a thickness limit dues to corrosion, etc;
Xi max a technological limit of manufacturing or assembly.
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- Geometrical constraints impose relationships between design variables in order to guarantee a
functional, feasible, reliable structure. They are generally based on “good practice” rules to
avoid local strength failures (web or flange buckling, stiffener tripping, etc. ), or to guarantee
welding quality and easy access to the welds. For instance, welding a plate of 30 mm thick with
one that is 5 mm thick is not recommended.

Example: 0.5<X2/X1 <2
with X1. the web thickness of a stiffener and X2, the flange thickness.

- Structural constraints represent limit states in order to avoid yielding, buckling, cracks et¢. and
to limit deflection, stress, etc. These constraints are based on solid-mechanics phenomena and
modeled with rational equations.

Thus. these constraints can limit:-
* Deflection level (absolute or relative) in a point of the structure,
* Stress level in an element (G, Oy and G = Oy Mises)s
* Safety level related to buckling. ultimate resistance, tripping. etc.
(example: 6/ oy, £ 0.5).

For each constraint (or solid-mechanics phenomenon), the selected behaviour_model is especially
important since this model fixes the quality of the constraint modeling.

The list of constraints included in the LBR-5 model is intimately bound to the types of structures
targeted by this research. Let us recall that these are mainly metallic, prismatic (box girders) and
stiffened (orthotropic) structures used for hydraulic and marine structures. These structures are
composed of stiffened panels that are either cylindrical or plane. The panels are joined one to another
by generating lines (edges of the prismatic structure) and are stiffened longitudinally and transversely
(Figure 5).

When going from the "local”" to the Stiffened
"general" components (Figure 5), PRaneiay
one differentiates three types of

./

constraints: L
-constraints  on  panels and T /
components, A :

-constraints  on  frames and
transversal stiffening.
-constraints  on the  general
structure,

A\

7]
; ;[ B

| : ! ./""'/"

| T Sseerdary Jrame e
, Figure 5: A stiffened panel B X/ ,
| , Cadvleindnfance ou principal

, o Constraints on stiffened panels (Figure 5).

Panels are limited by their lateral edges (junctions with: other panels. AA' and BB') either by
watertight bulkheads or transverse frames. These panels are orthotropic plates and shells supported
; on their four sides, laterally loaded (bending) and submitted. at their extremities. to in-plane loads
(compression/tensile and shearing).

The global buckling of panels (including the local transverse frames) must also be considered.
Supports of panels and. in particular those corresponding to the reinforced frames, are assumed
infinitely rigid. This means that they can distort themselves significantly only after the stiffened
panel collapse.

o Constraints on the transverse frames (Figure 5)
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The frames take the latéral loads (pressure, dead-weight, etc.) and are therefore submitted to
combined loads (large bending and compression). The rigidity of these frames must be assured in
order to respect the hypotheses on panel boundary conditions (undeformable supports).

e Constraints on the global structure (box girder/hull girder).
The ultimate strength of the global structure or a section (block) located between two rigid frames
(or bulkheads) must be considered as well as the elastic bending moment of the hull girder (aoamst
yielding).

The limit states that will be considered are:
-A service limit state that corresponds to.a situation where the structure can no longer assure the
service for which it was conceived (examples: excessive deflection cracks).
-An ultimate limit state that corresponds to collapse/failure.

The COST module: In 2000, even for a first draft, a least weight optimization process can no longer
be justified and should be replaced by a least construction cost or, even better, by a minimum global
cost (including operational costs).

Up to now, the objective function of the LBR-5 software has considered both construction costs
(COST module) and weight (example: 60% of the cost and 40% of the weight). In order to link the
objective function (Euro) to the design variables (Xi), the unit.costs of raw materials (Euro/Kg), the
productivity rates for welding, cutting, assembling, ... (man-hours/unit of work = m-h/unit) and labour '
costs (Euro/m-h) must be specified by the user.

These unit costs vary according to the type and the size of the structure, the manufacturing technolog
(manual welding, robots....), the experience and facilities of the construction site, the country, etc. It is
therefore obvious that the result of this optimization process (sizing optimization) will be valid only
for the specific economic and production data under consideration. Sensitivity analysis of the
economic data on the optimum scantling can also be performed, providing the manager with valuable
information for improving the yard.

4. OPTIMIZATION OF A FLOATING GATE

The present optimization with the LBR-5 model concerns a 36-m span floating gate designed for the
“Canal du Centre™ in Belgium.

N
Iul

Huydrostatic pressune

SNVISRINNENRNRNNV

-\.\ \'*' EX r/
N £
) B -
-
5352 <

+ * JEEE0 £ —

N ,

u L4

Figure 6: The Plan view and pressure in working state.

This structure can be used for maintenance of the canal or in the emergency case. when there is an
accidental, such as breaking of the banks of the canal. It will be placed transversally to interrupt the
water spilling to-the neighbor area.

We consider responses of the floating gate with three load cases which correspond to the sunk state,
the floating state, and the working sate. Figure 10 shows the pressures acting on the structure at
working state.
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To model exactl); the response of the floating gate. we estimate the loads applied on the whole
structure, (see Figure 8). The associated shearing force and vertical bending moment are 9.366 t and
16.708 t.m, respectively. These forces will be inserted in the data file as boundary conditions.

The structure is modeled as in Figure 9 into 12 panels. Following are the main parameters of the

problem: ‘

- 96 design variables: A-A
+ Plate thickness. :

T r 3 T T T T T T
+ For frame : 1 e
* web height and thickness. _ . ‘III ) S 12010
. # flange width, 2 = ., ';‘ EMPTY CASE ' -
* frame spacing. ” N Py
+ For stiffel?er: idem. 1 \‘\W .
- 61 equality constraints 1o 1 2 T T I I ;

guarantee standardized sizes.

- 84 geometrical constraints to
avoid local web and flange
buckling and to consider welding
and manufacturing feasibility.

a e - ~, 1A IFE 300 12 1PE 450
- 113 structural constraints are used e
to consider the response of the B - ye =
structure  members. such as: o
+ von-Mises combined 1 ' I I CH I
stresses. 1,56, € o, . 12 IPEIND BETOM BALLAST C&SE

+ ultimate strength of stiffened 1 1 T T T T T T
plate. o/oy <. 0.7

+ deflections smaller than 7cm.

+ the minimum plate thickness
should always be larger than the value at Figure 7: The cross section.
which buckling or vielding happens. '

2L "'.Tt 55

o
L
T

=4
B

a0
A
T

<

bt

R

(]

N
=
r~a

Here. we study the complete floating gate structure butthe analysis is concentrated on sizing
(scantling) optimization. The other problems such as stability. propulsion. ... are ignored.
Nevertheless, solution of the optimization problem is changing with these parameters. Therefore we
gradually alter the side constraints, compare the objective function between configurations to pick out
the most attractive one. Because the software allows to choose the objective function either least cost
or least weight, cost parameters should also be considered..

For cost evaluating. we use the following pal ameters:

- Reference plate thickness 14 mm
- Unitary labor cost/ Unitary material uost 0.02
- Unitary price (for plate) : Cl1=0.644 Euro for | kg of steel AE355(HTS)
. C1=0.570Euro for | kg of steel AI:““J(MS)
- The unitary price of Ikg of stiffener o 1.25*CI
- The unitary price of 1kg of frame o 1.30*%CI
- Working load for welding 1m of both ‘
longitudinal and transverse members @ P4 =P5=1.Im-h/m
- Welding cost per meter : 1 Euro/m

Table 2 shows the results of 32 scenarios corresponding to different parameters:

‘= For least cost objective function, when the side constraints (8 < 8,,,, ) are released, the weight
ol the structure increased and the total cost goes down.
The solution with a least cost objective function usually goes with a more attractive price.
Specially. when there is no equality constraint. the least cost problem get us a costis
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(6.9 -19.2)% lower than the corresponding least weight.

= With the same objective function, when the problems have a very large feasible design space,
the optimized solutions are not very different from one to the others. There is not any obstacle
in searching optimized results, see the columns with Bimax = 25mm and 8, = 30 mm in table 2

1
ki 397 #/m 35 [
««f’ﬂfﬂ | 11 : [ f [ Tree.
[T 2ets[T1T] [TT2mel [ 111
5352 | 10338 . | 52 | 10,338 | mwm2
Figure 8: Load on the floating state.
- . 1
® 8 @ >
& T T T T T T 4
11r JL?’
8 X}
Oe—T1——T 1T T T T ® T , T
;Tﬁ.'l : o ‘ ; '''''
‘—i h@f ) l._l, ' I
._'\.f—{ I-:!LE; bt . -
11
— -
+1”‘ 10 - 2.8 j
3 @ : EEEE RS '
I I T T T T — -
6 4 @
Figure 9: Mesh model.
: plate number | BT SRS B

{fir : node number
Figure 10: Hydrostatic pressure (N/m?) acting
on the working state.

= With the least cost objective function, the frame spacing increases as the plate thickness
becomes thicker to maintain the strength of the structure. The result is a smaller cost as the
manpower requirements change with the frame quantity. The same process does not happen
for least weight problem. We see that for the least weight problem, the frame spacing is
reduced, while the other parameters of panels are changed. This phenomenon reduces the total
weight of the structure but doesn’t decrease.the total cost. in some cases. the cost is even
increased. ‘

= The stiffener spacing in least weight cases is usually smaller than for least cost. Generally, the
stiffeners dimension for least weight problem are also smaller. In addition, their height almost
takes the lower bound of the side constraint. These effects with the frame spacing adjustment
induce a reduced total weight of the structure.

Conclusion : Obviously. we do not recommend to use the unequalitv constraint models with inherent
comphcatlons in manufacturing because these models require scantling with various plate thickness’.
" Moreover it is no aesthetic, (see Figures 11 and 13). Our concerns for a floating structure is not only
the least cost but also stability of the floating process. Finally. we choose a least cost
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Table | : Side constraints in plates

5 Hy Ty Wy Ar H; T, W, A
Min 0.00500}0.10000 | 0.00800 | 0.05000 | 0.25000 | 0.05000 | 0.00500 | 0.02000 0.25000
I Max dmax |0.50000]0.040000.30000 | 3.50000 | 0.30000 | 0.02000 | 0.20000 1.00000
Notations:

3 : plate thickness. W : Flange width. A Frame spacing,
H: Web height. T: Web thickness.  f. s : frame and stiffener.

contiguration: 1294735 Euro. 161.875 t. Ouay = 30 mm. steel AE235. (see shadowed square in table 2).
The weight 161.875 t of this model is almost heavier than weight of the other ones. Hence. we have a
more stable structure and we will save time for ballasting water when placing the structure in working
state,

By comparison between the chosen optimum solution and the initial design, we will save 8.2% in total
cosl. but an improved safety is the main benefit. For the initial design,the maximum stresses occur in
the middle cross section A-A and are:
- 0,263 MPa in SEM of frame at
node 3 in panel 10 - Figure 9.
- 0,= 202 MPa in JAB of frame at
node 5 in panel 10. )
- 0.= 289 MPa in JAS of frame at
node 9in panel 10.
and the maximum displacements are:
Upn = 0.0135 m.
Vi = 0.0038 m.
- Waun=0.0135m.
While in the optimum. they are :
- 0,= 120 MPa in SEM of frame at
node 2 in panel 12,
- O.= 140 MPa in JAB of frame at
node 4 in panel 4.
- O.= 140 MPa in JAS of frame at
node in panel 12.

without equality constraint .
and the maximum displacements are:

Ry
7 5

Figure 11: The optimum frame web height (m)
without equality constraint (8,,,, < 30. AE 235).
Upax = 0.0124 m,
anx =(.0038 m,
Wiax = 0.0120 m.

Figure 12:. Locations of
the computing stresses. .

F'igure 13: The optimum plate thickness (mm) without equality constraint (8., < 30, AE 235)
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Initial scantling is not mandatory to star optimization analysis. Designers can directly
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CONCLUSIONS

LBR-5 is a structural optimization tool for structures composed of stiffened plates and stiffened

cylindrical shells. It is an integrated model to analyze and optimize naval and hydraulic structures at
LBR-5 is composed of 3 basic modules (OPTI, CONSTRAINT and COST). The user selects the

relevant constraints (geometrical and structural constraints) in external databases. Standard constraint

automatic search for optimum sizing (scantlin

dimensions and their spacin

their earliest desi
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sets are proposed to users. Since the present optimization deals with least construction costs, unitary
material costs, welding, cutting and labor costs must be specified by the user to
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Figure 14: Structure in service. Figure 15: Structure in floating condition.

define an explicit objective function. Using all these data (constraints, objective function and
sensitivity analysis), an optimum solution is found using an optimization technique based on convex
linearizations and a dual approach. Independently of the number of design variables and constraints,
the number of iterations requiring a complete structural re-analysis is limited to10 or 15.

Optimum analysis of a floating gate of 36m long is presented as an application of the LBR-5
optimization process.

6. REFERENCES

[1]  Fleury C. (1989). CONLIN, An Efficient Dual Optimizer Based on Convex Approximation
Concepts, Structural Optimization, vol 1, pp81-89. ~ -
[2]  Fleury C. (1993). Mathematical Programming Methods for Constrained Optimization: Dual
Methoas, Chap7: Structural Optimization: Status and Promise. (M.P. Kamat ed.), serie: Progress LT
in Astronautics and Aeronautics, AIAA. vol 150, pp 123-150. L
[3] Rigo Ph. (1992a), Stiffened Sheathings of Orthotropic Cylindrical Shells, Joumal of Structural
‘ _ Engineering, ASCE. vol 118, n°4, pp926-943. :
) [4] Rigo Ph. (1992b). The Computatlon of Prismatic Structures, Apphed to Naval Architecture,
Marine Structures. Elsevier. vol 5. n® 3. pp313-332.
[5] Rigo Ph. (1998a). Développement d un modéle intégré d optimisation des structures navales et
hydrauliques, Theése d*Agrégation de I'Enseignement Supérieur. University of Liege. 378 p. (in
French).
[6] Rigo Ph. (1998b). Optimization of Ship Structure — Minimum Cost: Second International
Shipbuilding Conference. ISC’98. Krylov Shipbuilding Research Inst.. St. Peterburg, Russia,
Section C, pp304-311.
[71 Rigo Ph. (1999), Least Cost Optimum Design of Stiffened Hydraulic and Floating Structures,
P.LLAN.C. Bulletin. n°101. pp33-45.

3

806




