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Abstract. Methods for structural  analysis and design optimization of large passenger ships are described and evaluated. They include a determination of design loads, FEM response calculation, feasibility evaluation via failure criteria, design synthesis and sensitivity calculation. Practical examples of design optimization of a 2200 passengers/600cars Baltic ferry and full-ship 3D FEM analysis of a new Italian first class passenger ship are presented. Reliability based design of SWATH ship structure is presented as example of future trends.  


1
Methodologies in concept, reliability and preliminary structural design

A very competitive market of passenger ships as well as a number of novel concepts, including advanced marine vehicles, has created a need for improvement in design methods.  Improvement should be made both in applicable analysis tools and in synthesis (decision making) techniques to form a balanced design procedure. The methods should be capable of validating new concepts as well as generating competitive designs. Requirements on design method for application in structural design include:

· Response calculations for  large complex structural models (e.g. 13-deck passenger ship)

· Stochastic definition of loading (ship in a seaway) for reliability calculations. 

· Numerous safety criteria including ultimate strength in various modes of failure under combined loads (e.g. few hundred thousand safety checks).

· Safety criteria might be expressed in the deterministic or reliability formats, implying therefore time consuming reliability calculations even for semiprobabilistic approach.

· Structural redundancy and plastic collapse mechanisms should also be assessed as ultimate strength criteria involving time consuming non-linear models.

· Some form of system reliability should also be included in the design process.

· Design criteria should include relevant aspects of design, besides safety, such as building cost, maintenance cost, weight, ship stability, etc. implying multicriterial approach.

· Design variables should include geometry of structure, scantlings of structural elements, material selection. However, topology (layout) of structural elements is usually fixed for the structural designer by requirements of general design. Variables used could be continuos or discrete (e.g. number of stiffeners) or given by available values (e.g. thickness of plates, available rolled profiles, etc.) Dimensionality can reach thousands.

· Final selection of preferred design is influenced by subjective reasoning of structural and general designer, owners and shipyard management. Accommodation for subjective decisions should be part of the design process.

· Design method should be practical for use in design offices, easily modified and interactive due to complexity of the passenger ships.

· Design method should be applicable in case studies of advanced concepts of such attractive ships, and therefore capable of expansion to new criteria and methods. 

· Each good new design contains its own ‘grain of salt’ and flexibility of the design model definition should be one of the first priorities to accommodate such design needs.

Finite element calculations are affecting design procedure (1) as a basic tool for obtaining satisfactory accuracy of stress / displacement / vibration levels and (2) as a time penalty in synthesis alghoritams. In meeting these conflicting requirements some of the advantages should also be taken into account, as well as the advances in modern engineering hardware:

· Design procedure requires only a comparison of competing designs, therefore relative and not absolute values of design attributes are needed.

· All considerations that are the same, or similar, for different designs could be excluded from the design process. The real quality of the design process is not based on inclusion of all possible or available complex calculations but, on the contrary, on a reasonable exclusion of all unnecessary considerations by concentrating only on relevant ones used in key decisions on the design characteristics.

· Development of parallel processing on modern computers or parallel work on workstations fit very well with design methods where, despite the spiral character of the overall design process, many of the calculation steps are parallel in nature. The increased speed of engineering workstations is also opening the possibility of incorporating complex design criteria into realistic design procedure.

1.1 Passengers ships

Large passenger ships have in recent years again become objects of considerable market interest. Stringent demands for safety and comfort including noise and vibration levels, combined with conflicting demands for light and efficient structure, require sophisticated design approach.

 Assessment of the primary strength of large passenger ships (i.e. ship hull bending and torsion in a seaway) becomes a more complex task due to the effects on hull girder of the newly required recess for life-boats, large openings in the side shell and internal structure as well as due to the unknown upper decks efficiency and shear lag. Shear stress and shear buckling in longitudinal bulkheads, buckling of upper decks in superstructure and problems of deformations and stress concentrations around large openings in bulkheads and windows, also require accurate calculations.

Methodologies in deterministic concept (C), reliability based concept design (R) and deterministic preliminary design (P) capable of accommodating those needs will be considered in the sequel together with examples of their application to designed and built passenger ships. Basic design phases are defined first.

· Concept design is defined as the phase in structural design when geometry and topology are open to modification and structural variants are analyzed in accordance with needs of general design. Applied loads are usually taken as deterministic. Selection of appropriate scantlings is only important for approximate assessment of structural weight, achievable clearances regarding height of beams and girders in structure etc. with a goal to define best structural layout. 

· In theory, full probabilistic analysis is always superior to any lower level method of equal level of complexity due to higher threshold of realism when dealing with phenomena in uncertain environment. However we must not expect that these methods will ever become replacement for simple deterministic models due to number of decisions to be made and due to underlined need for simplicity [1]. However, compromise in concept design phase can be in performing reliability-based design with aim only to compare designs, while value of failure probability is only approximate. The only requirement on such analysis is that design variants maintain mutual order w.r.t failure probability. 

· Preliminary design is the phase in structural design when most scantlings and some topological variables are determined to obtain the approval of the structure from classification societies. Topological variables can typically be number or type of stiffeners in stiffened panels and sometimes stiffener orientation.

Classical finite element modeling, giving good insight into stresses and deformations is not capable of giving efficient and fast answers regarding feasibility criteria particularly in structural optimization context. And it is feasibility that is of primary interest to the designer, not stresses and deformations.
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Table 1: Structural design methods

Most of the local failure criteria, e.g. different buckling failure modes of stiffened panels, require specified force and displacement boundary conditions.  They are available only if logical structural parts such as complete stiffened panels between girders and frames are modeled. This mesh size is also sufficient for vibration analysis. Superelement modeling may help in this respect but it is usually impractical except for some particularly complex parts where stress or deformation levels are needed. 

Specially developed macroelements, combining numerical and analytical approaches to logical metastructures (stiffened panels, bracketed and locally reinforced girders, cell elements) could be a fruitful alternative. Their use is grossly simplifying and speeding up design work in all described design procedures. 
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Figure 1: 2 and 3-D Half Ship FEM Models

1.2 Description of applied design procedures, software and examples of usage

The developed basic calculation blocks (rows) for all three procedures (columns) are given and labeled in Table 1. Six methodological blocks are discussed and compared in Sections 1-5. Software and examples of usage are discussed in the sequel:

· Software used to demonstrate concept and preliminary design blocks 2.1 to 6.4 is a variant of program SHIPOPT. It is developed for American Bureau of Shipping and its philosophy is given in [2]. SHIPOPT is further developed as SHIPOPT ZAGREB VERSION. Detailed stress analysis, general superelements, graphic output, AFOSM reliability analysis are added and used [3],[4].

· Programs SHIPOPT and MAESTRO are respectively used to demonstrate preliminary design blocks P3.1 to P5.3 for design and analysis of two passenger ships. MAESTRO is developed by O.F. Hughes [6],[7]. It 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 R2.1 to R6.5 are demonstrated on software system OCTOPUS developed in Zagreb and extended to parallel processing at Glasgow University [8]. Its FEM shear flow part R3.1 is described in [9].

Three design methods are synthesized in Section 6 using examples of selected case studies of passenger ships: 

· Practical example of concept and preliminary design optimization of a 2200 passengers/600cars Baltic ferry [3] is presented in Section 6.1. Sensitivity study is also performed to obtain weight differential due to change of transverse frame spacing [4] 

· Full-ship 3D FEM analysis for preliminary design of a new Italian first class passenger ship [10] is presented in Section 6.2. 

· In Section 6.3 example of smaller passenger SWATH ship reliability based design [8] is used as an example of future developments. 

Concept and preliminary design of two large passenger ships are performed at University of Zagreb as orders from shipyards or design firms. Reliability based design is performed at Department of Naval Architecture at Glasgow University as a research study.

2
Modeling of design loads

Determination of design loading is always the most difficult and far reaching part of structural analysis since its unrealistic determination leads to either oversized and heavy structure that decreases ship's carrying capacity or to 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 for these expensive ships. The method of equivalent design waves, causing maximal response of different types, is used to transform dynamic problem of 6DOF linear or nonlinear oscillator  with stochastic excitation (ship in a seaway) into quasistatic design loadcases. Their amplitudes are obtained from the (long term) most probable extreme values of response based upon prescribed probability of occurrence and maximal response in the frequency domain for excitation  in regular waves.

Only a fraction of equivalent design waves (corresponding to different wave amplitudes, wave-ship length ratio, ship heel, speed, wave crest position relative to ship, ship course relative to wave direction) is finally selected. They are transformed into equivalent nodal loading on wetted surface of the ship and into corresponding acceleration factors multiplying ship's masses. Wave induced slamming pressures also have to be investigated to obtain full definition of dynamic loads at sea. 

To obtain free floating ship, a balancing of all loads has to be performed and reactions at artificial supports brought to zero. Extreme pressures are in most cases used only as design pressures [4] for stiffened panel design while FEM loading of the panel corresponds to given design loadcase with usually only one loadcase component being at its extreme value. More details of loading are given in examples of Section 6.
Specially for passenger ships ISSC-1997 suggests [1] that due to rather uniform distribution of lightship weight and concentrations of buoyancy toward the midship portion, the cruiser vessels are usually experience very high water hogging bending moments. If the Rule 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 result in buckling problems on upper decks where scantlings have to be minimized.

Deck loading on cruise ships is lower than tweendeck loading on cargo ships but special loadcases should be included into load set like eg. ice, racking loads and docking loads: 

· The racking behavior (due to application of transverse forces) of cruiser ships is generally guaranteed by the fire subdivision bulkheads and by the additional transverse strength given by the main stairways/lift trunks and engine casing [1]. In car/passenger ferries due to omission of bulkheads on car decks transversely unsymmetrical loadcases are checked. 

· In modern cruise vessels the upper decks are extended aft. Increased weight of stern is supported by the skeg structure when the ship is docked. 3D-FEM calculations have been preformed for big cruiser ships to check docking loads [1].

· Ice loading would cause strengthening of affected ship structure as in example 6.1.

3
Structural response calculation 

General structural problems are again best summarized in  [1] as top structural forum of naval architects : Internal open spaces such as big atriums, restaurants and theaters with reduced number of pillars and larger openings on structural bulkheads so as to give more and more light to internal publics areas  represent a challenge of increased difficulty in the necessity of fulfilling both static and dynamic structural requirements. Further problems include shell recess, end connection of the superstructures, openings for shell doors and windows at ¼ and ¾ of ship length where there are considerable shear forces. Introduction of the lifeboats recess separating a lower hull from an upper superstructure (to reduce the distance form waterline) and the presence of internal longitudinal elements contributing to the hull bending, complicate the behavior of the hull girder.

For concept design sufficient structural models are (Figure 1):

· 2D beam and shear flow FEM for transverse structure assessment (used in all examples).

· 2D FEM idealization of the entire structure projected to longitudinal symmetry plane of the ship (used in example 6.1) 

In such way approximate distribution of stresses due to bending of entire ship is obtained and then redistributed using 2D idealization of the transverse structure. However such approach is only applicable for symmetric loadcases and for rather monotonous structure without large interruptions. Otherwise simplified 3D models should be used.

Shear flow program used in all examples  [9] is based on extended beam theory and is performing calculation of deplanation field of the ship cross section due to hull bending, pure and warping torsion. FEM element is summarized in the sequel.  

Reliability based design requirements on speed of FEM model are especially strong. In the reliability based design the models used are of the same complexity as in deterministic concept design. Careful assessment of random variables is performed to simplify the model.

Sufficient FEM models for preliminary design are partial 3D and the full ship 3D models. Since 2D models are used for generation of boundary conditions at structural “cuts” accuracy is strongly dependent on these data. Therefore large partial 3D models have to be created. However for preliminary design of passenger ships with large lifeboat recess only full ship 3D FEM analysis is considered sufficient [1] to correctly assess the structural static and dynamic response i.e.:

(1) Global deformations, (2), Effectiveness of upper decks, distribution of longitudinal stresses at each level and control of buckling of upper decks, (3) Transfer of forces between lower hull and upper superstructure, shear stress in way of the intermediate recess, shear lag in the relevant decks level, (4) Stress concentrations around openings in longitudinal substructures, (5) Local deformations around doors, windows, etc., (6) Compression or tension forces in pillar lines.

These responses are needed to 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.

In preliminary design, detail stress analysis is an obligatory part and it is fully automated in postprocessing assessment of final design. Boundary conditions obtained on macroelement level are transferred to local micromesh solver and subjected to local loads. It is demonstrated in Section 6.3 when PATRAN/NASTRAN is used as micromesh solver using all of its processing capabilities.

The most efficient way to deal with the mesh type problem for such complex ships is to develop suitable finite elements compatible with macromesh as described in 1.1. These elements should be used to: 

· Generate response fields of accuracy required in preliminary or concept design

· Response should be calculated on structurally 'logical' portion of structure w.r.t. failure modes and their mathematical definition.

· Numerical and analytical knowledge should be combined to obtain primary (hull girder), secondary (girders supporting plating) and tertiary (plate between stiffeners) response  needed for some of the failure modes.
Macroelements are summarized bellow:

· A  shear flow in cross section of ship hull in (1) vertical and (2) horizontal bending, (3) free and/or  (4) warping torsion is obtained by combining responses due to the respective section deplanation fields. They are obtained using FEM modeling of complex cross  section by 1D elements (segments) with 1DOF/node to obtain the, mean shear flow in each element of the cross section. Analytically calculated, response of each element is then superimposed on the mean flow giving parabolic shear flow intensity [9]. The element is used for automatic generation of forces at ends of partial model in preliminary design and in concept design phase when 2D model is used. 

· A bracketed beam macroelement is permitting modeling of brackets on beams. It is obtained by combining axial superelement and beam with rigid length replacing brackets. 

· Stiffened panel macroelement is obtained by placing discrete stiffeners on displacement field of a membrane and of a plate. Special stiffened membrane macroelement is obtained with 3DOF per node (u,v,(z)  to allow for in-plane rotation in modeling of larger portions of ship sides.

· A family of isoparametric quadrilateral stiffened shell elements is in development. It consists of eight and nine-node elements with 48 and 54 d.o.f. respectively. The eight-node element is plane element and nine-node element can be of plane or cylindrical/conical shape. The stiffeners are modeled at their right position but they follow plate shape function. The element developed on the base of this approach is especially good for coarse mesh modeling of ship’s structures [12] as well as for creating cell superelements in preliminary design. 
· A new nine-node quadrilateral Reissner-Mindlin plate element with 27-d.o.f. valid for the analysis of thick to very thin isotropic and orthotropic plates has been developed [13]. The element is shown to avoid shear locking, and generally exhibits excellent behavior on a series of standard problems and tests. The applicability for macroelement modeling of double walled structures as ships double bottoms or sides has been established on the model of a orthotropic double bottom structure which is tested by Williams and Chapman [6]. For comparsion with the experimental value and the values of other analytical methods, a quarter of the double bottom model is discretized by 4x4 finite elements. Tests show that e.g. maximum deflection is only 1% larger than the experimental value. Response field in upper and lower plating is adequate for failure analysis. It is applicable is also for sandwich structures used in some decks of passenger ship presented in the example 6.2.

Finally it should be mentioned that non-symmetric loadcases, eg. in racking analysis of passenger ships, could be treated as combination of symmetric and anti-symmetric loads with complementary boundary conditions to speed up multiple FEM analyses in optimization process.

4 
Evaluation of structural feasibility

The procedure for determination of structural feasibility is at the heart of design procedure since satisfaction of those criteria is the only guarantee of structural integrity. It is particularly severe for large passenger ships.

NO.
   LIMIT STATE
                    DESCRIPTION
(

1
PCSF
PANEL COLLAPSE - STIFFENER FAILURE
1.18

2
PCCB
PANEL COLLAPSE - COMBINED BUCKLING
1.18

3
PCMY
PANEL COLLAPSE - MEMBRANE YIELD
1.18

4
PCSB  
PANEL COLLAPSE - STIFFENER BUCKLING
1.18

5
PYTF
PANEL YIELD - TENSION FLANGE
1.04

6
PYTP
PANEL YIELD - TENSION PLATE
1.04

7
PYCF  
PANEL YIELD - COMPRESSION FLANGE
1.04

8
PYCP  
PANEL YIELD - COMPRESSION PLATE
1.04

9,10
PSPB
PANEL SERVICEABILITY-PLATE BENDING
1.04

11
PFLB  
PANEL FAILURE - LOCAL BUCKLING
1.11

12
GCT
GIRDER COLLAPSE TRIPPING
1.18

13
GCCF
GIRDER COLLAPSE COMPR. IN FLANGE
1.18

14
GCCP
GIRDER COLLAPSE COMPR. IN PLATE
1.18

15
GYCF
GIRDER YIELD COMPRESSION IN FLANGE
1.31

16
GYCP
GIRDER YIELD COMPRESSION IN PLATE
1.31

17
GYTF
GIRDER YIELD   TENSION IN FLANGE
1.31

18
GYTP
GIRDER YIELD  IN TENSION IN PLATE
1.31

19-21
FCPH
FRAME COLLAPSE, PLASTIC HINGE
1.50

22-24
FYCF
FRAME YIELD, COMPRESSION IN FLANGE
1.31

25-27
FYTF
FRAME YIELD, TENSION IN FLANGE
1.31

28-30
FYCP
FRAME YIELD, COMPRESSION IN PLATE
1.31

31-33
FYTP
FRAME YIELD, TENSION IN PLATE
1.31

Table 2: Feasibility criteria and Det norske Veritas safety factors [7] 

Failure functions, treated as equalities define nonlinear failure surface dividing design space into feasible and unfeasible region. Due to large number of failure functions involved in large scale structural design, the contribution of each criterion defines only a fraction of the envelope surface which is bounding feasible designs. The form of functions is analytical since they are applied to regions of regular shape between girders or girders themselves (macroelements) and numerical FEM approach is not necessary. However some of the criteria used for local buckling are checked using semi-analytical FEM approach particularly for sandwich panels. The normalized form of deterministic criteria is given in format: 
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, where C and D are structural capability and demand (load effect) expressed as functions of structural and load parameters. D is obtained from the macroelements in FEM response model and C is macroelement capability mostly obtained using analytical formulae.  Deterministic safety factors obtained from corresponding usage and load factors (( and () are given in Table 2. for DnV Rules together with the library of feasibility criteria for SHIPOPT/MAESTRO. The safety analysis of the fast passenger/car ferry example uses 5725 linearised safety constraints and full ship analysis performs around 150 000 safety checks demonstrating size of feasibility problem. Global, ship-as-a- beam, criteria can hardly be used in design of large passenger ships and they are excluded here. 

A subset of criteria from the Table 2 is used in the reliability based concept design example in Section 6.3. Safety indices ((i) are used as measure of structural safety in block R4.  They are obtained via combination of two semi-probabilistic alghoritms:

· FOSM   to exclude overly satisfied criteria from reliability calculations

· AFOSM to calculate relevant failure mode safety indices and bimodal correlation coefficients (ij with needed accuracy

The aim is to minimize number of evaluations of the streamlined FEM response model. Using safety index  approach the modal Pi and bimodal Pij failure probabilities are estimated for library of failure criteria given in Table 2. That enabled standard calculation of upper and lower bounds on failure probability Pf. For comparison of designs the system is treated in series form and failure probability is less than Dietlevsen's upper bound PU:
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Value of PU is used only as relative measure of quality to compare design variants and not to determine failure probability. Uncertainties involved in the input Sparameters are too large to rise reliability analysis on the level of the ship design tool. (A simple calculation of sensitivity of the failure probability to correlation coefficients in multivariate models is given in (14( to simplify calculations by excluding unnecessary parameters). 

The more complex system failure modes can be deterministically assessed using some measure of ultimate strength in blocks 5.3 of Table 1. In the SWATH ship incremental collapse load is used as additional measure of design quality. Probabilistic extension is not applied there (Block C,R 4.3).

Caution should be used to avoid increased possibility of multimodal failures. If we treat structural feasibility using reliability format via eg. upper Dietlevsen bounds on failure probability as measure of structural quality, designs inclining to multimodal failures could be successfully avoided in many cases.

5
Structural optimization methodology 

To establish a framework for development of procedure capable of fulfilling the design requirements some very basic considerations are needed. 

Each design can be represented as a point in the design space X spanned by NV design variables. Co-ordinates of the point are values of design variables (e.g. web height). It can also be  considered as a point in the attribute space Y spanned by NA design attributes. Attribute values (e.g. weight) are co-ordinates of design points in this space. 

Design constraints in X space bound the subspace of feasible designs. The evaluation process is mapping from X on Y space, i.e. calculation of attribute functions values for given values of design variables. The design process is mapping from Y to X space, i.e. calculation of most appropriate values of design variables for desired levels of  attributes.

While evaluation is a straightforward procedure, the inverse mapping implied  in the design process has many mathematical problems, particularly if requirements on discrete values of  variables are to be satisfied or if criterial ‘functions’ are actually procedures. They lead to different methods in operations research tailored to characteristics of objective and constraint functions of the problem at hand.

Long experience with structural optimization in number of practical problems have shown that during the design process a number of design alternatives has been investigated, each requiring execution of non-linear programming modules with sophisticated convergence checks, linearisation techniques, etc.

However, the increased 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 evaluation process by intentionally creating a large number of design variants. If sufficient density of non-dominated (efficient, Pareto optimal) designs is generated one may obtain a ‘discrete’ inversion of X on Y mapping for the most important part of the design space. Therefore it is possible to replace the optimization oriented approach with a much simpler one which implies only simple evaluation and selection procedure. 

Present increased interest for simulation, random generation and Monte Carlo methods shows that a new simple approach to complex problems of operations research is at hand in many engineering disciplines. Based on hardware development, increased computational speed makes these simple methods feasible for many mathematically cumbersome problems. These so called ‘last resort methods’ seem to have the potential of the analytical methods if implemented on fast workstations or parallel computing environments. This situation resembles the period of fast replacements of complex analytical methods in the mechanics of continua (e.g. structural analysis) by simple finite element methods as soon as the solution of large systems of linear equations become possible in reasonable computing time. 

The concept design process is divided in to two phases, that is, the phase of design generation in affine space (where no relationship among design attributes is specified) -blocks C6.1-C6.4,  and the phase (block C6.5) where design selection is performed which may require introduction of distance in the attribute space, (e.g. ‘distance’ of design from the given goal design). It is important that the set of designs obtained in the first phase is sufficient for application of different goals and preference requirements in the second phase. Process is illustrated in Section 6.3 on SWATH ship design.

In preliminary design of real ships emphasis is also given to the simplest approaches capable of solving the multilevel nonlinear optimization problem. As experience proves 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 transformed into a piecewise linear hypersurface. If the design objectives are monotonous in structural scantlings optimal designs would lie in that surface.

The objective functions (weight and/or cost of labor and material) are monotonous in design variables and it opens possibility to use most simple and efficient method of operations research e.g. linear programming. Its dual formulation is used since number of constraints greatly surpases number of design variables.

Use of "parabolisation" (2nd order terms are involved in linearisation process [2] ) instead of simple linearisation of failure surfaces speeds greatly design process. Sequential linearisations are needed to solve nonlinear design problem and sequential linear programming is used in both examples of preliminary design. Linear programming is also efficient in concept design of transverse section of the vessel since it can be used for optimal distribution of material regarding structural safety.

For the particular case of optimization of ship scantlings it is sufficient to include only those costs which are directly dependent on scantlings. The cost is defined as:
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where NM is the number of macroelements, and all four cost terms are on macroelement  basis. The cost of stiffened panel e.g. implies material cost, penalty for plate thickness and lineal cost of work as a function of total length of stiffeners.

6
Structural design examples

6.1 Structural Optimization[3] and Sensitivity[4] Analysis of Large Passenger/Car Ferry 

The optimization is performed during the conceptual design period. The main objectives of this study are, fast development of structural optimization model for weight critical design and cost sensitivity study with respect to frame spacing (800, 850 and 900 mm). 

The main particulars of Passenger/Car Ferry structure are (Fig. 2.):

Length overall 

176.0 m
Speed trial

22 Kn

Length between perp. 
169.0 m 
Capacity 

2200 passengers, 600 cars

Breadth max. o.f

32.0 m
Design draft
10.0 m  
Design draft                        10.0 m " \l 3



Normal strength structural steel is used as a basic material in whole optimization process. Only in the highly stressed regions high strength steel is used.

The whole calculation procedure is performed for model subjected to three quasi static  loadcases. The loadcases are combined from:

· static hydrostatic pressures at the ship’s design draught,

· dynamic pressures acting on bottom and side,

· design pressures acting on decks for passengers and crew,

· design pressures for decks with cars and trucks,

· 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 bending moments.

All of load parameters are calculated according to DnV requirements. 

3D FEM SHIPOPT ZAGREB model is generated for 12 frame spacings dominating  scantlings for 0.6L of the ship in accordance with DnV requirements for direct calculation.  2D center plane FEM model and 2D FEM shear flow model are used for determination of cross section loads (Fig 1). By use of these auxiliary models the realistic influence of the rest of the ship is included in calculation.

Plated areas such as decks, shell, bulkheads are represented by special stiffened membrane macroelements. The bending stiffness of primary transverse frame or girder is modeled with special bracketed beam macroelement. Membrane triangular elements with appropriate thickness are applied for modeling of bulkheads and non-standard ship’s parts.tc "TRIA membrane triangular elements were also applied with appropriate thickness. " \l 4
The final structural model is defined by 1490 degrees of freedom (1076 active), 485 macroelements, 5 superelements and 34 ordinary elements.

The feasibility (evaluation) model is generated with 19404 safety criteria in 49 strakes. Safety factors are adjusted to DnV requirements for direct calculation.

In centerline plane symmetry restraints are generated. To prevent singularity of the free ship stiffness matrix two nodes in side shell at model’s ends are restrained in the global Y (vertical) direction and one of them is restrained in global X (longitudinal) direction. The whole model has to be balanced by means of loads and consequently the reaction forces in these three nodes have to be negligible.

Design objectives are minimization of weight and consequently minimization of cost and fabrication work. 

List of safety factors and list of failure criteria is given Table 2. Performed design process can be divided into two parts. The first part is optimization for weight critical design and the second part is cost sensitivity study with respect to frame spacing.

In the optimization model are 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:

· Problem of structural adequacy is solved by simultaneously resolving 49 unsatisfied failure criteria of the very sophisticated prototype (Fig. 4)

· 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 (Fig. 3).

· Sensitivity study shows that the cost of structure per meter is rather insensitive to frame spacing, in given interval, due to cancellation of the effects of structural modifications and smaller number of web frames.
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Figure 2 : Longitudinal Section
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Figure 3: Optimization Procedure
Figure 4: Dangerous zones of failure criteria

6.2 Full Ship Safety Analysis of First Class Passenger Ships [10]

The objective of the analysis is to investigate the structural strength of the first class passenger vessel in fulfillment of requirements for direct calculation of the classification society Registro Italiano Navale (RINA) [11]. 

The main particulars of the first class passenger vessel (Fig. 5.) are:

Length overall


189.70 m
Design draft

6.70 m

Length between perp.

168.05 m
Scantling draft

7.00 m

Breadth max. o.f


29.20 m
Gross Tonnage

40000 GRT

Depth to bulkhead deck
9.00 m 
Deadweight

3900 t

Two R.I.N.A approved material qualities are used: (1) Steel Grade A, (2) Steel Grade ER 36.

For present calculation two test static loadcases are generated using weight distribution and adjusted to the given longitudinal weight distribution. Each loadcase comprised four loadsets: (1) structure weight, (2) outfit weight, (3) deadweight items corrected to fit GHS data, (4) buoyancy loading. They can all be factored to suit needs of pressure and acceleration data supplied from seakeeping analysis.

The loadcase 1 represents loading for full load-departure with base plane draft 7.114 m at x=–0.750 m and trim angle –0.2976334(. 

Corresponding maximal still water hogging bending moment reads: MS,H = 970 867 kNm 

The loadcase 2 represents ship with loading for full load-departure, balanced on superimposed sinusoidal wave h  = 11.1 m with crest at x =87.75 m from frame 0. 

Required total hogging bending moment (at x=84 m) reads: MTOT,H = 1 968 516 kNm
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Figure 10: Adequacy Parameters  for Macroelements of Longitudinal Bulkhead
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Figure 7: 3-D Full Ship FEM. Model
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Figure 10: Deformed F.E.M  Model for Ship on Wave
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Figure 9: Adequacy Parameters for Macroelements in Bottom and Side 
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Figure 6: 3-D Substructure
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Figure 7: PATRAN-NASTRAN model of windovs
Design loads obtained from the seakeeping is not analyzed in this paper.

Full ship 3D FEM MAESTRO model (Fig.5, 6 )  and 3D FEM NASTRAN models (Fig.7) for critical structural details are generated in accordance with: (1) R.I.N.A requirements for direct calculation (2) International Ship and Offshore Structures Congress (ISSC 1997) recommendations.

Plated areas such as decks, shell, bulkheads are represented by special Q4 stiffened shell macroelements. TRIA membrane triangular elements are also applied with appropriate thickness. Each primary transverse frame or girder is modeled with special bracketed beam macroelement.

The final MAESTRO half model comprised of approx. 5000 grid points having approximately 30 281 degrees of freedom. 7615 stiffened shell macroelements, 8208 bracketed beam macroelements, 357 bar and pillar elements, 442 triangles, 90 brackets and 108 superelements are generated in the half model. Full model is almost double in size.

The preliminary fine mesh NASTRAN model for windows comprised 15935 grid points and  16947 Q4 elements.

To prevent singularity of the free ship stiffness matrix, two nodes in centerline at collision bulkheads 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 direction for half model. Symmetry restraints in centerline plane are generated automatically.

Significant displacements are tabled below:

Maximal displacements
X

(w.r.t  midship section) 
Y

(w. r. t.  keel )
Z  

(w.r.t. centerplane)

 Loadcase 1
13.15 mm
67.26 mm
-4.71 mm

 Loadcase 2
6.29 mm
129.41 mm
-1.81 mm

Design objective is maximization of structural safety. List of failure criteria is given in Table 2. Deformed plot of the complete ship is shown for each loadcase in Fig.8.

Minimal value of adequacy parameters achieved in loadcase 2 for all its failure modes are presented for bottom and side shell in Fig.9 and for longitudinal bulkhead in Fig.10.

The behavior of the ship's structure in terms of global deformation is considered satisfactory from the structural aspect in both loading conditions considered. General distribution of longitudinal stresses obtained confirms the fact stated by ISSC’97 that all continuous decks participate in global hull bending for large cruise ships. Further, that 'a complete 3-D FEM model of the hull seems to be the only practical and effective method' to obtain accurate results for global deformations, effectiveness of upper decks, distribution of longitudinal stresses at each level, transfer of forces between lower hull and upper superstructure, shear stresses in way of intermediate recess, stress concentrations around significant openings in way of side shell and longitudinal bulkhead etc.

This preliminary analysis shows that:

· regarding longitudinal strength the effectiveness of upper decks considerably reduces longitudinal stresses in bottom structure compared to the stresses obtained from 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 areas of maximal shear force, may cause shear buckling. Increase of the plating thickness or introduction of more vertical stiffeners 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 region also require special consideration.

· Deck 12 is stressed in region surrounding the pool so that a careful shaping should be done to avoid stress concentrations.

6.3 Reliability Based Design of SWATH Ship Structures [8]

Due to better seakeeping performance SWATH (Small Waterline Area Twin Hull) ships are used in a variety of naval roles and as passenger ships, ferries and research vessel. SWATH concept is weight and cost critical and an optimized design is required to satisfy different limit state criteria with acceptable cost or weight. These complex, often conflicting design requirements can best be solved using multiple criteria decision making techniques to achieve competitive designs. The various particulars of the SWATH structure are (Fig.11):

Displacement
169 tones
Lower hull length
31.05 m 
Box width B
13.0 m

Mean draught
2.70 m
Box depth D

1.0 m 
Section depth D
5.9 m       
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Figure 11: Concept Design Model
Figure 12: RAO of side force(beam sea)
Length overall
36.5m
Lower hull diameter
1.80 m 
Strut height SH
1.65 m

The structure is made of aluminum (AlMg4.5Mn(5083)NS and AlMgSi1-T6Mn(6082)HE30).
As illustration of block 2 the following loads and load components are considered [5],[8]:

- Wave Induced Loads, - Slamming, - Buoyancy, - Structural weight and superimposed loads.

In spectral analysis, the Pierson-Moskowitz spectrum is adopted (with spectral moments m0, m2) and the design wave height is 3m. Five headings between 0° and 180° are considered. The speed of ship is zero. Characteristic values are ‘most probable extreme value’ and ‘extreme values with 99% assurance during one sea state. They are obtained from formula [7]:

Extreme Value = 
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The largest side force and bending moment occurred in beam sea. The side force in beam seas is 2180 kN, which is in good agreement with the design value (2030 KN). A similar check is made for the maximum transverse bending moment at mid transverse frame with the 2-D FEM model result. A bending moment of 8130 kNm obtained from the wave loading program compares well with the FEM output at the center cut of 7983 kNm. A typical RAO of side force is shown in Fig.12. It may be noted that the design value of 2030 kN assumes a wave height of 3 m whereas the side force calculated is also based on 3 m wave height.

To get an instantaneous pressure distribution, which is required in the finite element analysis, an ‘equivalent wave’ procedure is adopted. From Fig.12 it is shown that the largest side force, 1620 kN, occurs at the period 5.236 sec. So the equivalent wave of 5.326 second wave period and 1.25 wave amplitude is used to calculated the pressure distribution.

The vertical acceleration at two points is also calculated. Point 1 at the center of gravity and point 2 is that at which the mid-transverse frame is taken. The significant value of acceleration at point 2 is 1.37 m/s2. The slamming pressure of the wet deck is used as design pressure in appropriate ultimate strength constraints.

Therefore, two load combinations are considered regarding response, namely, prying and squeezing forces combined with inertial and buoyancy forces.

Consideration of design loads have shown that beam sea conditions is critical for determining structural scantlings and influence of longitudinal bending for this type and size of ship is of secondary importance. To simplify design process, stresses due to longitudinal bending and torsion are omitted. 2D FEM model is developed for standard and collapse load calculations.

Design Attributes Y: structural mass (WT), lowest achieved safety factor (GMI) and reliability measure (DIU=-(-1(PU) from upper Ditlevsen bound for serviceability failure modes. They have been selected since mass and cost are of primary importance with SWATH designs. Cost is assumed mass proportional but other cost functions can be used.

Upper bound on probability of failure for serviceability failure modes can be used in assessment of cost of repair for structure in service. Deterministic normalized safety factors are used in this example for ultimate strength modes. In addition, three other attributes are added: internal energy density (UE), maximal deformation recorded (DIS) and collapse load factor (COL). These attributes are transferred to goals by request to maximize GMI, COL and DIU and minimize WT, UE, DIS. Therefore all non-dominated designs are based on them. Constraints on attributes are: WT ( 700 (kg); DIU ( 3; GMI ( 0; DIS ( 100 mm; COL ( 1.

A library of structural feasibility constraints is similar to one given in Table 2.

Design Variables X: see( Fig 11) for the cross-deck box are: height of box (HW1), thickness of web (TW1), thickness of plating of wet deck (TP1), thickness of upper deck (TF1), for haunch: web heights HW3 and HW7, plating thickness TP3 and TP7.
Design process is divided in two phases after initial definition of loads. The first phase of design generation is executed in several steps:

· Primary screening of the whole design space with 500 experimental designs: 169 feasible and 156 non-dominated designs are generated.

· Minicube (subspace around nondominated design obtained in previous step) generation with only 30 points per minichube are executed: 4483 feasible and 1063 non-dominated designs are obtained. The cumulative number of points is 5180.

· Minicube range is decreased to test convergence of the method. The number of feasible designs reached 14700 while the number of non-dominate designs is 1522.

· Refinement of extreme points is executed for 6 attributes. Total are 17180/15400/2022 respectively. 

This completes phase 1 in affine space. Its results are presented in Figs 13 and 14. They represent projections of generated hypersurface of nondominated designs on plane spaned by attributes mass and safety factor or reliability measure. Each point represents one nondominated design. Size of design marker represents graphicaly distance from ideal design (utopia) whose coordinates are the best value obtained for each attribute.

The difference between deterministic and reliability based designs can also be investigated. If we permit, for example, weight increase of 4% from the minimum (to 541 kg), we may compare the best design with respect to deterministic safety measure to best design with respect to reliability safety measure. Deterministic safety measure GMI is both cases 0.08 but reliability is considerably increased from DIU=3.66 for the former to DIU=4.6 for the letter. The interactive capability of proposed design procedure therefore opens the possibility of gaining significant improvements in design quality upon inspection of selected points in diagrams. All subjective designer’s decisions can be immediately quantitatively verified.
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Figure 13: Mass vs safety factor 
Figure 14: Mass vs reliability
7 CONCLUSIONS

Today for new complex passenger vessels sophisticated design and analysis (eg. using  macroelements) calculations, finishing with large scale 3D FEM models, are necessary as concluded in recommendations of International Ship and Offshore Structures Congress. 

We can thus safely conclude that their implementation, as a part of standard design procedure (concept and preliminary) is a necessity rather than an option and that owners, shipyards, operators and passengers should benefit from these developments and presented experiences.
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