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Abstract
Concept and preliminary structural design methods, including large scale FEM analysis and
optimisation, for large passcnger ships, car passenger and RoRo / passenger ships are dis-
cussed. Applications and experiences in practical design usage are presented.
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1 Introduction

A very competitive market of passenger and RoRo passenger ships as well as a number of novel
concepts has created a need for improvement in design methods. Stringent demands for safety
{Moan and Berge 1997) and comfort including noise and vibration levels, combined with conflict-
ing demands for light and clficient structure, require sophisticated design approach. The modern
design procedures include: (a) design load determination; (b) 3D FEM response analysis based
on ‘direct calculation’ approach; {c) large scalc optimization of ‘control structure’ with respect
to design scantlings; (d) sensitivity analysis with respect 1o design parameters such as web frame
spacing, cle. Improvements should be made both in analysis and in synthesis techniques (decision
making) to form a balanced design procedure for those (as a rule) high cost ships.

Methodologies developed (Table 1) and used over past 20 years(Hughes et al 1980, Zanié et al
1993), in deterministic concept design (C), reliability based concept design (R) and deterministic
preliminary design (P} capable of accommodating design requirements for passenger and RoRo
ships will be considered in the sequel together with examples of their application to designed and
built ships:

e Concept design process presented {Table 1, column 1) is defined as the phase in structural
design when geometry and topology are open to modification and structural variants are
analyzed in accordance with the needs of head designer. Applied loads are usually taken as
deterministic. Selection of appropriate scantlings is only important for approximate assess-
ment of structural weight, achievable clearances (regarding height of beams and girders in
structure ctc.) with a goal to define acceptable structural layout.
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» Higher threshold of realism in design(Moan and Berge 1997) can be achieved by performing
reliability-based design (Table 1, column 2} with aim only 1o compare designs. while value
of failure probability is only approximate. The requircment on such analysis is that design
variants maintain mutual order w.r.t. failure probability.

¢ Preliminary (basic) design (Table 1, column 3) is the phase in structural design when most
scantlings and some topological variables are determined to obtain the approval of the struc-
ture from classification societies. Problem dimensionality is high (hundreds or thousands of
design variables).

Classical finite clement modeling, giving good insight into stresses and deformations is not ca-
pable of giving cfficient and [ast answers regarding feasibilily criteria particularly in structural
oplimization context. But it is feasibility of design that is of primary interest to the designer, not
stresses and deformations. Most of the local failure criteria, c.g. different buckling lailure modes
of stiffencd pancls, require specificd force and displacement boundary conditions. They are avail-
able only il logical structural parts such as complete stiffencd panels between girders and frames
arc modeled. Superelement modeling may help in this respect but it is usually impractical except
[or some particularly complex parts where stress or deformation levels are needed. Specially de-
veloped macroelements, combining numerical and analytical approaches to logical metastructures
(stiffened panels, bracketed and locally reinforced girders, cell clements) could be a fruitful alier-
native. Their usc greally simplifies and speeds up design work in all described design procedures,
particularly if structural modeling is based on general arrangement plans and follows process of
destgn development from carly stage. This ts absolutely required when the yard time constraints
are imposed on design work.

Practical design methodology applied is further elaborated through three case studies of design
analysis and optimization of ships buill or designed in Croatia and Ttaly. Exampics include: (1)
car/passenger ships (2200 pass., 600 cars.- four buill) and novel designs: (2) a first class passenger
ship (800 pass., 40000 GRT) and (3) RoPax vessel (3200 lanemeters/ 350 passengers). Presented
casc studics show that structural optimization is a mature tool offering significant savings to the
shipyard and shipowner: (a) incrcase of deadweight, (b) decrease in price and weight of construc-
tion steel. {c) obtaining of special class with classification societies regarding maintcnance and (d)
rational approach to structural modifications and refit based on developed mathematical model of
the structure.

2 Description of applied design procedures and software used

The developed basic calculation blocks ( Table 1, rows 1-6) for all three procedures (columns 1-
3) are labeled. discussed and compared in Sections 3-5. Applicability of simplified 2D and 3D
models for concept exploration and / or generation of force boundary conditions for optimization
of key portions of ship structure is presented in Scction 6.

& Software used to demonstrate concepl and preliminary design blocks 2.1 to 6.4 s a variant of
program SHIPOPT. It is developed for American Burcau of Shipping and its philosophy is
given in Hughes ct al(1980). 1t is further developed as SHIPOPT ZAGREB. Detailed stress
analysis, general superelements, graphic output, AFOSM reliability analysis are adided and
used(Zani¢ and Jan&ijev 1986. Zanié and Janéijev 1989},
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o Programs SHIPOPT and MAESTRO are respectively used to demonstrate preliminary de-
sign blocks P3.1 to P5.3 for design and analysis of two passenger ships. MAESTRO is
developed by O.F. Hughes(Hughes 1983, McBeth 1998). 1t is an extension of SHIPOPT
to multi structure, multimodule capability with excellent graphic pre and post-processing.
The sound philosophy of SHIPOPT / MAESTRO is best illustrated on complex calculations
needed for passenger ships.

» Calculation blocks C/R2.1 10 C/R6.5 are demonstrated on software system OCTOPUS de-
veloped in Zagreb and cxlended o parallel processing at Glasgow University(Zanié et al
1993}.

Concept and preliminary designs arc performed at the University of Zagreb as order from ship-
yards or design companies. Loads calculations for example 6.2 is preformed at the Untversity of
Trieste.

3 Modeling of design loads

Determination of design loading is always the most difficult and far reaching part of structural anal-
ysis sincc its unrealistic determination leads to either oversized and heavy structure that decreases
ship’s carrying capacity or (o the unsafe structure of passenger ship. In blocks C2. R2 and P2 of
Table 1 main load procedures are outlined. C2, R2 and P2 are calculated sequentially and cross
checked. P2 is usually an extended version of R2. The method of equivalent design waves, caus-
ing maximal response of differcnt types, is used to transform dynamic problem of 6DOF linear or
nonlinear oscillator with stochastic excitation (ship in a seaway) into quasistatic design loadcascs.
Their amplitudes are obtained from the (long tcrm) most probable extreme valucs ol response
based upon prescribed probability of occurrence and maximal response in the frequency domain
for excitation in regular waves. In Section 6.2 quasi-static load cases are obtained from 6 DOF
seakeeping analysis for extreme sea states. The ship motions have been calculated using lincar
theory, which was used as a basis for suitable extension to nonlincar wave loading. The com-
putational method accounts for 3D shape of the hull and the effects of wmbled infout sections.
Different design waves are selected with periods which resulted in maximum values ol vertical
midship bending moment or in maximum values of shearing forces at relevant stations along the
ship. Head wave conditions are considered by computing the resulting 6DOF kinematics, bending
moments, shearing forces and pressurc distribution at each section.

Racking loads for the hecled ship and other relevant loadcases are also considered.

They are transformed into equivalent nodal loading on wetted surface of the ship and into corre-
sponding acceleration factors multiplying ship’s masses. Wave induced slamming pressures also
have to be investigated to obtain [ull definition of dynamic loads at sea. To obtain [ree floating
ship, a balancing of all loads has to be performed and reactions at artificial supports brought to
zero. Extreme pressures are in most cascs used only as design pressures(Zanic¢ and Jandijev 1989)
for stiffened panet design while FEM loading of the panel corresponds to given design loadease
with usually only one loadcase component being at its extreme value. More details of loading
arc given in cxamples of Section 6. Specially for passenger ships [SSC-1997 suggeststMoan and
Berge 1997) that due to rather uniform distribution of lightship weight and concentrations of buoy-
ancy toward the midship portion, the cruiser vessels usually experience very high water hogging
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Table 1: Structural design methods

CONCEPT NESIGN RELIABILITY BASED DESIGN PRELIMINARY DESIGN
l. M Cl STRUCTURAL LDEALIZATION R.1 STRUCTURAL WEALIZATION 21 STRUCTURAL IDEALIZATION
(8] o1l 2D FEM models{longitudinal) R.i.1 2D FEM models(longitudinat) Pt pantial 313 FEM miodels
n 1.2 2D FEM models{transverse) R.1.2 20 FEM models{Iransverse) P2 full ship 312 FEM modcts
E C.1.3 Partial 312 FEM models R.13 Fartial 312 FEM models
I
2. 2.l STATIC STANDARD 2.1 STRUCTURAL IDEALIZATION Pzl EXTREME MOTIONS
LOADS R.22 SHIP MOTIONS (STRIP AND 1LOADS:
L | c22 STANDARD WAVE LOADS MELHOD FOR REGULAR EQUIVALENT WAVE
[&] PRESSURES. WAVES), PRESSURES, ACCELERATIONS.
A MUOMENTS, ACCELERATIONS PRESSURES. MOMENTS
[ SIIEAR FORCES R.23 DESIGN LOAD COMBINATIONS SUEAR FORCES
5 -SHIP'S RESP. AMPLITUDE P22 DYNAMIC LOADS AND
OPERATURS PHASING BETWEEN
-SHIP OPERAT. MATRIX EXTREME LOADS
3. R C3l APPROXIMATE R APPROXIMATE P3.1 COMBINATION O
[EY STRESS ANALYSIS: STRESS ANALYSIS: -SHIP (FULL/PART) 30 FEM
5 -FEM SHEAR FLOW -¥EM SHEAR FLOW MACROELEMENT
P (EXT. BEAM THEORY) FOR (EXT. BEAM THEORY) FOR RESPONSE
3] LONGITUD. STRENGTH LONGIT. STRENGTH CALC. -LOCAL RESPONSE OF
N -FEM FRAME MODEL -FEM FRAME MODEL STIFFENED PANELS
s FOR TRANSVERSE FOR TRANSVERSE (ANALYTICAL METHODS)
E STRENGTH CALC. STRENGTH CALCULATIONS -MICROMIESTH S'TRESS CONC.
4. b Cdi LIBRARY OF DESIGN R4.1 QCEAN WAVE STATISTICAL Pd.1 L1IBRARY OF DESIGN
[} FEASIBILITY CRITEELA: ANALYSIS FEASIBILITY CRITERA:
-ULTIMATE STRENGTH R.42 -DYNAMIC STRESS FREQ -UITIMATE STRENGTIE
5 (buckling,yiclding.fract } DISTRIBUTION {huckling,yielding.fract.}
i -EABRICATION -EXTREME STRESSES PRODAB. -FADRICATION
B CONSTRAINTS DISTRIBUTION SUPERIMPUSED ON CONSTRAINTS
1 -SERVICEABILITY MOST PROB. EXTREME VALUE -SERYVICEABILITY
[ CONSTRAINTS -CORRELATION ESTIMATES CONSTRAINTS
1 B3 LIBRARY (C4.1) OF DESIGN
T FEASIBILITY CRITER1A + RAND.
Y YARIABLES INFORMATION
R.44 Fall.URE PROBAB. CONSTRAINT
5 C5.1 MINIMISED COST AN R51 MINIMISED COST AND P51 MINIMISED COST AND
WEIGIIT OF STRUCTURL WLEIGHT OF STRUCTURE WELGHT DL RUCTURLE
3.2 MAXIMISED SAFETY K.5.2 MAXIMISED SAFETY P52 SATISFIED PRESCRIBED
Q DETERMINISTIC AND/OR MEASURE BASED ON SAFETY MEASURE
U PARTIAL SAFETY DETERMINISTIC SAFETY BASED ON
A C53 MAXIMISED QOLLAPSE FACTORS LEVELS DETERMINISTIC AND/OR
L CAPABILITY FOR: k.53 MAXIMISED COLLAPSE PARTIAL SAFETY
1 SYMMETRIC AND NON- CAPABILITY FOR FACTORS LEVELE
T S¥MMETRIC (rucking) SYMMETRIC AND NON- P55 SATISFIED PRESCRIBED
Y LOADCASES SYMMUETRIC LOADCASES MINTMAL COLLAPSE
RS54 MINIMISED PROBABILITY OF CAPABILITY FOR SYMMETRIC
-COMPONENT FAILURES AND NON-SYMMETRIC
-SYSTEM FAILURE (FOSM AND AFQSM) (racking) LOADCASES
43 6 ELIMINATION OF RG61 ELIMINATION OF INFEASIBLE DESIGNS P61 ELIMINATION OF INFEASIBLE
INFEASERLE DESIGNS R.G.2 GLOBAL - SHIP TRANSV. DESIGNS
C.h.2 GLOBAL - SHIP TRANS. SECTION OPTIMIMISATION P62 GLOBAL - 51117 TRANS.
s SECTION OPTIMES ATION {SEQ. LIN. POGGRAMING) SECTION OPTIMISATHON
Y (SEQ. LIN. POGRAMING} R.G.3 LOCAE - MULTICRITERIAL (SEQ.LIN. POUGRAMING)
N Co63 LOCAL- MULTICRITER. VFTIMIZATION FOR R5.1-3 6.3 LOCAL OPFTIMIZATION
T VP TIMIZATION 1"OR C5.1-3 {FRACT. FACTORIAL OF SHIFS PARTS (IR
il {IRACT. FACTORIAL EXPERIMENTS - FEE)Y SUBSTRUCTURES { SEQ.
K EXPERIMENTS - FFE) R.G4 COORDINATION OF R.6.2 LINEAR PROGRAMING, FFE)
S co4 COORDINATION OF AND R.G.3 AND CONFLICT P64 COORDINATION OF
1 C.6.2 ANDCH3 AND RESOLUTHIN P62 AND O3 AND
S CONFLICT RESOLUTION R.6.5 MULTICRITERLAL CONFLICT RESOLUTION
Cas MULTICRITERIAL DESIGN DESIGN SELECTION IN P6.5 MINIMIS ATION OF
SELECTION IN METRIC SPACE MISTRIC SPACE (ROAL MULTICRITERIALVALLUE
(GOAL PROGRAMENG) PROGRAMING) FLINCTION
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Figure 1a
S S 2 D Full Ship C.L. Model [C1.2] , Analy51s blocks £2:C3 -
CONCEPT
£ DESIGN
: (initial optinised

scantlings)
LOADS:

2D Transverse structure: {C1.1

Automated Design (LC34
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3D . m] DESIGN
{optimal scambings)
LOADS:
P2
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3D Partial models : fixed [P1.1 | interpolated [P1. 1] interpolated [P1.1] fixed

Automated Design ‘scantlings P36 scantlings [P3-6] scamiings P39 scantlings

Figure lc
Qe Full Ship Model: 1.2}, Analysis >  PRELIMINARY DESIGN
(final scantlings)
LOADS

Local Automated Redesign for selected parts
Figure 1: Overall design procedure )

bending moements, If the Rute loads are used in block C2, combination of the rule hogging wave
moment and the maximum still water hogging gives the maximum longitudinal stress. while the
combination of the rule sagging wave moment and the minimum still water hogging can still re-
sult in buckling problems on upper decks. Deck loading on cruisc ships is lower than tweendeck
loading on RoRo ships. Special loadeases should be included into load sel like eg. ice, racking
and docking loads.

4 Macroelement based structural response
For concept design structural modets are given in Figure 1:

e 2D FEM idealization of the ship projected onto longitudinal symmetry planc {example 6.1)
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e 2D (ramc FEM and 2D shecar flow FEM for transverse structure responsc(examples 6.1 and
6.3)

In this way approximate distribution of stresses due to bending of entire ship is obtained and
then redistributed using 2D idealization of the transverse structure, Feasibility is checked for fail-
ure criteria based on superimposed response fields, However such approach is only applicable
for symmetric loadcases and for rather monotonous structure without large interruptions.  Oth-
erwise simplified 3D models should be used. Reliability based design requirements on speed of
FEM model arc especially strong. Carcful assessment of random variables is done to simplify the
model. Sufficient FEM models [or preliminary design are partial 3D and the full ship 31 models.
Since 2D models arc used for generation of boundary conditions at structural “cuts™ accuracy is
strongly dependent on these data. Therefore large partial 3D modcls have to be created. However
for preliminary design of passenger ships with large lifeboat recess only [ull ship 3D FEM analysis
is considered sufficient according 10 Moan et al(1997) for the correct assessment of the structural
static and dynamic response i.e.: (a) global deformations, (b) elfectiveness of upper decks and dis-
tribution of fongitudinal stresses at cach tevel with control of buckling of upper decks, (¢) transfer
of forces between lower hull and upper superstructure, (d) shear stress in way of the intermediate
recess, (€) shear lag in the relevant decks level, (f) stress concentrations around openings in lon-
gitudinal substructures, (g) local deformations around doors, windows, ctc.. (h) compression or
tension forces in pillar lines.

These responses are needed (o evaluate structural failure criteria for yield, buckling. ultimate
strength, vibration and fatigue. They also provide accurate boundary conditions for the fine mesh
FEM models of structural details.

The most efficient way to deal with the mesh size for such complex ships is to develop suitable fi-
nite elements compatible with macromesh. Macroelements uscd or tested are summarized bellow:

o A bracketed beam macroclement is combining axial superelement and rigid Iength beam,

e A family of isoparamelric quadritaleral stiffened shell elements is in development. 1t con-
sists of eight and ninc-node elements with 48 and 54 d.o.f. respectively. The cight-node
clement is plane element and ninc-node element can be of the planc or cylindrical/conical
shape. The stiffcners arc modeled at their right position but they follow plate shape func-
tion, The element developed on the base of this approach is especially good for coarse mesh
modeling of ship's structures (Janéijev 1999) as well as for creating cell superclements in
preliminary design.

e A new nine-node quadrilateral Reissner-Mindlin plate element with 27-dlo.l. valid for the
anatysis of thick (doublc bollom structurc) to very thin isotropic and orthotropic plates has
been developed (Pack 1997), Response field in upper and lower plating is adequate for
failure analysis

Full ship 3D FEM modeling, using standared elements, macroelements and superclements, per-
mits response, salety cvaluation, optimization and vibration analysis to be performed on a singic
modcl. In preliminary design, detail stress analysis is an obligatory part and it is fully automated
in postprocessing assessment ol final design, Boundary conditions obtained on macroelement
level arc transterred to local micromesh solver and subjected 1o local loads. [t is demonsirated
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in Section 6.2 when PATRAN/NASTRAN is used as micromesh solver using all ol its processing
capabilitics.

5 Automated structural synthesis

Regarding structural synthesis cmphasis is given to the absolutely simplest approaches capable
of solving multilevel, multicriteria, optimization problem. The objective functions (weight and/or
cost of labour and material) are monotonous in design variables and appropriatc optimization
methods are selected for local and global optimization level. Sensitivity analysis, as standard part
of any good engineering procedure, is performed to obtain the material and workmanship cost
diffcrential with respect to the variable web frame spacing, stiffencr ortentation and material /
labor cost in examples 6.1 and 6.3.

While evaluation of structure is a straightforward procedure, the design process has many math-
emaiical problems, particularly if requirements on discrcte values of variables are (o be satisfied
or if criterial ‘functions’ are actually procedures. Long experience with structural optimization in
number of practical problems have shown that during the design process a number of design alter-
natives has been investigated, each requiring execution of non-linear programming modules with
sophisticated convergence checks, lincarisation techniques, etc. However, the increascd speed of
workstations provides the opportunity to model the complex design problem (at least in concept
design phase and in local optimization subproblems in preliminary design) as a multiple cvalvation
process by intentionally creating a large number of design variants. If sufficient density of non-
dominated {(efficient, Pareto oplimal) designs is generated it is possible to replace the optimization
oriented approach with a much simpler one which implies only simple evaluation and selection
procedure (Zanié et al 1993).

The concept design process is divided into two phases, thal is, the phasc of design generation in
affine space (where no relationship among design attributes (cost, safety, weight,..) is specified
(blocks C6.1-C6.4), and the phasc where design sclection is performed (block C6.5) which may
require introduction of distance in the attribute space, (e.g. ‘distance’ of design from the given
goal design). Tt is important that the set of designs obtained in the first phase is sufficient for
application of different goals and the hcad designer’s preferences in the second phasc.

In preliminary design experience proves that for large scale structural problems, portion of failure
surface contributed by each failure function is small and can be successfully linearised. Therefore,
the envelope of feasible designs is (ransformed into a pieccwise linear hypersurface. Il the design
objectives arc monotonous in the structural scantlings the optimal designs would lic in that sur-
face. The objective functions (weight and/or cost of labor and material) are monotonous in design
variables which opens a possibility Lo vse the most simple and cfficient method of operations re-
scarch i.e. lincar programming. Its dual formulation (Hughes et al 1980) is uscd since number
of constraints greatly surpasscs number of design variables. Sequential lincarizations arc needed
to solve nonlingar design problemi and sequential linear programming is used in both cxamples
of prefiminary design. For the particular case of optimization of ship scantlings it is sufficient
to include only those costs which are directly dependent on scantlings. Linear programming and
fractional factorial experiments are also efficient in concept design of transverse scction of the
vessel since they can be used for optimal distribution of maierial regarding structural safcty.

20
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6 Case studies in design procedures

6.1 Structural optimization and sensitivity analysis of large passenger/car ferry

The four ships of this type have been built in Croatia and they operate in Baltic. The optimization
was performed due o the owner’s conflicting requirements on ship weight and vibration criteria,
Cost sensitivily study with respect to frame spacing (800, 850 and 900 mm) was performed during
design updates [or the third and fourth ship.
Model(C1/P1): The main particulars of Passenger/Car Ferry structure are (Figure 2):

Lo = 176.0rmSpeed trial: 22 Kn Capacity: 2200 passengers, 600 cars

Lypp = 169.0rn Breadth max: 32.0m Design draft: 10.0m
Normal strength structural steel is usec as a basic material in the whole optimization process. Only
in the highly stressed regions high strength steel is used.
3D FEM SHIPOPT ZAGREB modcl is generated for 12{ramespacings. dominating scanilings for
0.6L of the ship in accordance with DnV requirements for direct calculation. 2D center plane FEM
model and 2D FEM shear flow maodel are used for determination of cross section loads (Figure
la). By use of these auxiliary models the realistic influcnce of the rest of the ship on P1.1 design
model (Figure 1b) for midportion of the ship is included in calculation.
Loads (C2): The whole calculation procedure is performed for model subjected to three quasi
static loadcases. The loadcases are combined from:

e static hydrostatic pressurcs at the ship’s design draught,

¢ dynamic pressures acting on bottom and side,

» design pressures acting on decks for passengers and crew,

& (esign pressures for decks with cars and trucks,

e structure weight increased by vertical acceleration caused by ship’s motion and

& global bending moment for hogging condition which consists of still water and wave bend-
Ing moments.

All of load parameters are calculated according to DnV requirements,

Response(P3). Plated areas such as decks, sheli, bulkheads are represented by special stiffened
membrane macroelements. The bending stiffness of primary transverse frame or girder is mod-
eled with special bracketed bcam macroclement. Membrane (riangular clements with appropriate
thickness are applied for modeling of bulkheads and non-standard ship’s parts.

The final structural model is defined by 1490 degrees of freedom (1076 active), 485 macroele-
ments, 5 supcrclements and 34 ocdinary clements. In centerline planc symmetry restraints are
generated. To prevent singulacity of the free ship stiffness matrix two nodes in side shell at model’s
cnds arc restrained in the global Y (vertical) direction and onc of them is restrained in global X
(longitudinal) direction. The whole model has 1o be balanced by means of loads and consequently
the reaction forces in these three nodes have to be negligible.

Feasibility (P4) model is gencrated with 19404 safety criteria in 49 strakes. Safcty Factors are
adjusted to DnV rcquircments lor dircct calculation,
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Figure 2: Longitudinal section Figure 3: Optimization procedure

Synthesis (P3-6): Performed design process can be divided into two parts. The first part is optt-
mization for weight critical design and the second part is the cost sensitivily study with respect 1o
frame spacing. The optimization modcl included 492 scantlings of structural elements as design
variables. On the basis of designers decision 291 variables are fixed and excluded from further
optimization process and 141 blocked at minimal or maximal prescribed values.

Results of performed calculations are:

e Problem of structural adequacy is solved by simultancously resolving 49 unsatisfied failure
crilcria ol the very sophisticated prototype.

& Weight decrease of 600 kg/m has been achieved for critical weight constrained design, as
compared to the minimal weight prototype, giving 60 tons of weight reserve to the designer
(Figure 3) to be used in satis{ying vibration ¢riteria etc.

¢ Sensitivity study shows that the cost of structure per meter is rather insensitive o frame
spacing, in given interval, duc to cancellation of the effects of structural modifications and
smaller number of web [rames.

6.2 Full ship safety analysis of first class passenger ship

The objective of the analysis is 1o investigate the structural strength of the first class passenger
vessel in fulfillment of requirements {or direct calculation of the classification socicty Registio
[taliano Navale (RINA) (Gassct 1997). DnV modified design was also developed. Coordination
between ship design firm and auwtomated design support teams was investigated, Interface pro-
cessing was developed 10 enable fast and reliable response 1o the head designers requests when
supporl was given from dilferent cxperis and institutions. This is particularily important w.r.L.
loading daia.

Model(P1): The main particulars of the [irst class passenger vessel (Figure 4) are:

Full ship model was selected for the ship due to large lifeboat receses and was also requested by
R.I.N.A and Moan ¢t al(1997). This single model enables class. sociely evaluation, optimisation
and vibration analysis as well as input to (he detail stress analysis. Two R.LIN.A approved materials
arc used: Steel Grades A and ER 36. Mesh size 1s generated in accordance with: (1) RILN.A
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Figure 4: General plan of first class passenger ship

requirements for direct calculation, (2) recommendations from Moan el al(1997). Software used:
MAESTRO and PATRAN/NASTRAN.

Loads (P2): arc generated using given weights adjusted 1o the GHS longifudinal weight distribu-
tion Each loadcase comprised four loadscts: (1) structure weight, (2) outfit weight, (3) deadweight
items corrected to fit GHS data. (4) buoyancy loading. They are factored to suil the needs of pres-
sure and acceleration data supplied from seakeeping analysis. Loadcases selected correspond o
My maz OF Qumaz in hogg and sagg al respective locations. Locally critical loadcases arc also
considered.

The reference loadcase 1 represents oacing lor full load-departure with base plane draft 7.114 m
at x=-0.750 m and trim angle -0.2976334. Corresponding maximat still water hogging bending
moment reads: Mg i =970 867 kNm .

Loadcase 2 {(uscd in Figurcs 5-8) represents ship with loading for (ulf load-departure, balanced on
superimposed sinusoidal head wave A/L = 1.1,k = 11.1m with crest at x =87.75 m from frame
(. Required total hogging bending moment (at x=84 m) reads: Mror,;r = 1968516 kNm
Response(P3): Plated areas such as decks, shell, bulkheads are represented by speciat Q4 stiff-
ened shell macroetements. TRIA membrane triangular elements are also applied with appropri-
ate thickness. Each primary transverse frame or girder is modeled with special bracketed beam
macroelement. The final MAESTRO hall model comprised of approx. 5000 grid poinis having
approximately 30 281 degrees of {reedom. 7615 stiffencd shell macroelements, 8208 bracketed
beam macroclements, 357 bar and pillar clements, 442 triangles, 90 brackets and 108 supcrele-
ments are generated in the hall model. The preliminary fine mesh NASTRAN model lor windows
comprised 15935 grid points and 16947 Q4 clements. It can be further expanded in detail design
phase. To prevent singularity of the free ship stiffness matrix, two nodes in cenierline at colli-
sion bulkhecads at keel level are restrained in the global Y direction. One node in intersection of
transverse bulkhead and side shell is restrained in global X dircction for hall model, Symmetry
restraints in cenlerplane arc generated automatically.

Feasibility (P4) model: 502 590 salcty criteria checks in 5 substructures having in total 31 3D-
FEM modules. Safety factors arc adjusied (0 RINA requirements. Minimal value of adequacy
paramcters achicved in loadcase 2 for all its failure modes are presented for botlom and side shell
in Figure 6 and for longitudinal bulkhead in Figure 8. Plot of the deformed complete ship is shown
in Figure lc.

Synthesis (P5-6): Dcsign objective is maximization of structural salety. The bebavior of the
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Figure 6: Adcquacy paramelers for
Figure 5: 3-D full ship FEM model macroclements

Figure 7: PATRAN-NASTRAN model Figure 8: Adequacy parameters for
of windows long. bulkhead

ship’s structure in terms of global deformation is considered satisfactory from the structural aspect
in loading cascs considered. General distribution of longitudinal stresses obtained confirms the
fact stated by ISSC"97 in Moan et al{1997) that all continuous decks parlicipate in global hull
bending for large cruise ships and that "a complete 3-D FEM model of the hull secms to be the
only practical and effective method o obtain accurate results as stated in Section 4.

Results : This preliminary analysis shows that:

* regarding longitudinal strength the effectiveness of upper decks considerably reduces lon-
gitudinal stresses in bottom structure compared to the stresses obtained [rom analysis of
structure up to ‘strength” deck 8 only. Savings in hull material may be achieved.

* stresses in longitudinal bulkhead at 2080 from centerline, in arcas of maximal shear force.
may cause shear buckling. Increase of the plating thickness or introduction of more vertical
stiffencrs is needed in these regions to meet RINA buckling requirement.

¢ Overall adequacy parameter in side structure between decks 6 and 8 in area of maximal
shear force is lowered compared with average value. Careful analysis of windows between
decks 7 and 8 has to be performed. Deck beams in way of pillars in recess require special
consideration,

s Deck 12 is stressed in region surrounding the pool so that a careful shaping should be done
0 avoid stress concentrations,
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1.ongitudinal Section and Extemal View

Figure 9: General plan of Ro-Pax ship
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Figure 10: Load case description - LC7

e The redesign of any of structural modules can now be performed like in case study 6.1 as
well as overall vibration calculation using automatic generation of added and other masses.

6.3 Case study in structural design, analysis and optimization of Ro-Pax ship

The objective ol the case study is 10 demonstrate possible achicvements of modern structural op-
timization in concept design phase of Ro-Pax ships. Initial design of the ship (LOA =221.2 m,
Lanemeters = 3500 m SPT-Project 966) under DnV requirements was produced by very expe-
rienced designers, To increase competitiveness of its offer, Yard ordered (1) weight/cost opti-
misation. (2) racking analysis. (3) sensitivity analysis of ship structural weight with respect to
design parameters. The results for variation of web frame spacing (2400, 2800 and 3000 mm)
arc prescnted. Other possibilities were also successtully investigated within very demanding time
constraint.

Model (C1/P1) includes 12 web frame spacings that are dominating ship structure scantlings
between frames 30 and 278. Program MAESTRO is vsed.
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Table 2: Load case description - LC7

Ref. Value Ref. Value
T, 4.38m ap 3.14m/s*
T 9.42m Pro 155.82EN/sec.

pe | 13.84kN/mg | Prps | 256.97kN/sec.
py | TAO0EN/m? | Frps | 280.25kN/sec.
ps | 94.21kN/m? | Frpr | 44.51kN/sec.
ql | 2L.57kN/m? | Mrors | 2.25 « 108kNm
q2 | 34.32kN/m? | Type HOGGING
q3 | 5.00kN/m?
@y 12.42m /52

Loads (C2): 7 loadcases are defined according to DnV and designers requests.

Response (P3): 3D FEM model includes 5850 degres of freedom for model capable of solving
non-symmetric loadcases. 1067 macroelements and 212 ordinary elements are used for response .
Feasibility (P4): 52416 safety checks are performed on each model ol webframe spacing. with
safety factors adjusted to DnV requirements.

Figure 12: 3-D plot of adequacy param-
Figure 11: 3-D plot of deformation and eters {(min value) of stiffened pancls for
HMH stress stiffened panels for LC7 LC7

Synthesis (P5-6): Designer identificd 264 design variables and has given min-max and propor-
tionality requirements. Active constraints arc recorded and discussed with the designer.

Results of performed calculations show hat savings in weight are obtained by simultancously
resolving structural problems of given prototype and increasing safety:

= For cargo space length material savings and increased deadweight of aboul 560t are pos-
sible

e Parallel increase in safety is demonstrated through increased adeqacy parameter and in-
creascd minimal safety [actors for structural elements w.r.t P4.1 failure criteria.
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» Parallel gain of at least -300 mm in ship height.

Standardization of profiles (platc and [rame /girder thickness arc standardized) will somewhat
decrcase the savings but sensitivity study shows further possible savings with change of other
structural parameters eg. PROPOSAL 3 and 4.

7 Conclusions

Main arcas of implementation and benefits of the procedure arc outlined in the introduction, Prob-
lem of structural adequacy starting (rom infeasible design/prototype is solved in all case studics
together with simultaneous weight decrease giving the deadweight reserve o the designer. The
case studies have proved the lollowing additional points:

» Considerable modifications of the structural model, even changes in cross section geometry
arc quickly performed following the head designer’s requests.

e Sensitivity study regarding change in cost duc to some maodification of the structure can be
produccd in short time {eg. one day) even during negotiations with ship owner.

e [Full ship analysis does nol require modeling ol loads at structural “cut”™ end sections. Gross-
crrors due 1o unknown normal and shear stress distribution are thus avoided.

o The complex {ull ship macroclement model can be generated simultancously with develop-
ment of classification documentation starting from general arrangement. This means that
structural modeling and loadcase selection should start as soon as possible and analysis can
constantly follow, support and simplify the decision making to the designer.

» Yard design team should include support of experienced head ship and structural designer
in defining design loadcases, upper and lower bounds on design variablcs and proportion-
ality criteria regarding balanced scantlings in accordance with Yard practice, two structural
designers trained in automated structural design and QA and an assistant help.

We can thus salely conclude that implemcentation of avtomated design procedures., as a part ol
standard design procedure {(concept and preliminary) is a nccessily rather than an option and that
owners, shipyards. operators and passengers should benefit from these developments and presented
cxpericnces.
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