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Case Studies in Structural Design and Optimization

Case studies in structural design and optimization  show, using ships built or designed in Croatia, that structural optimization  is a mature tool offering significant savings to the shipyard

: decrease in price of construction steel and weight, increase of deadweight, fast calculation of the most complex ships, obtaining of special class (by e.g BV )which assume 3-D FEM model.

Full ship 3D FEM modeling permits response, safety evaluation, optimization, vibration analysis to be performed on a single FEM model. Modeling with large macroelemets (stiffened panel, bracketed beam, double wall element) allows fast development of the model.

The models of large passenger and car/passenger ships, product carrier,double wall tanker and reefer/ro-ro ship are used to demonstrate those benefits.
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Introduction to Full Ship Analysis and Optimization

Purpose of the presentation of the following case studies in structural design and optimization is to show, using real ships built in Croatian shipyards, that: 

· structural optimization  is a mature tool offering significant savings to the shipyard, particularly if applications starts in early (concept) design stage. 

· full ship 3D FEM modeling permits a number of different calculations to be performed on the single model (response, safety evaluation, optimization, vibration) that simplifies and speeds up the design process.

· modeling with large macroelets (stiffened panel, bracketed beam, double wall element) in the presented calculations allows fast development of the single finite element model (FEM) applicable in:

a)   ship design and construction 

      The model is used for:

· calculation of response and safety analysis during  development and approval of the classification documentation

· optimization of ship structure with the objective of decreasing (at least 3-7%) price of  construction steel and with parallel increasing of structural safety and deadweight

· fast and accurate calculation of the stress concentrations at stress critical parts of the structure

· calculation of overall structural vibration (dry and wet modes) in the same FEM model

· generation of necessary stiffness and mass matrices for the forced vibration calculation for  different parts of structure

· special calculations (docking, racking, extreme load, launching,..)

b)    shipping :

      The model is used for:

· fast calculation of structural safety in the case of ship conversion/refit

· estimation of necessary replacement of ship plating and stiffeners due to  corrosion in a agreement with the classification society

· estimation of maximum allowed structural enfeeblement in the different phases of conversion

Modern computers allow fast development of mathematical model of the complete structure (full ship modeling) and closely follow design process even with a possibility to accelerate it.

It is obvious that is the time using that aproach when shipyards must recognize their interest in in a way of:

· decreasing price of construction steel 

· decreasing of structural weight and increasing of deadweight

· increasing competitiveness of shipyard through possibility of calculation even the most complex ships (where the savings are greatest)

· possibility for shipowner to get special class (which assume 3-D FEM model) for maintenance of the ship.

It is important to underline that direct expenses of these calculations are less than 10% of a savings that calculation brings (in the price of construction steel for only one ship in series).

At the same time the designer has better overview of the behavior of ship structures and the base for fast and rational decisions in design, building, launching and outfitting of the ship.  

Some of the ships presented in this paper, designed between 1985 to 1991 were some of the first examples of the analysis and optimization with programs SHIPOPT and MAESTRO.

The program SHIPOPT ZAGREB VERSION was used in case studies 1 to 4 and program MAESTRO was used in case study 5.

Program SHIPOPT was developed between 1975 and 1983 and its philosophy is given in the following:

Hughes, O.F., Mistree, F., Žanić, V., “A Practical Method for the Rational Design of  Ship Structures”, Journal of Ship Research, 1980, Vol. 24, pp101-113.

“In the field of ship structures, the phrase “practical design methods” is usually interpreted as the use of simplified and easy-to-use formulas for the scantlings, obtained from the rules of a classification society. This approach saves time in the design office and it also saves time in the approval process. The disadvantage is that, because the rules are simple and are intended for a variety of design situations, they have large in-built margins, of unknown magnitude. They therefore do not give a truly efficient design, and the extra steel may represent a significant cost penalty in the life of the ship. More importantly these formulas involve a number of simplifying assumptions and can be used only within certain limits. The history of structural design abounds with examples of structural failures- in ships, bridges and aircraft – which occurred because a standard simple rules was used, unknowingly, beyond its limit of validity. For this reason, and also for the potential cost benefits, structural designers are increasingly adopting a “rational” design procedures in which the designers seeks to determine, as comprehensively and rigorously as possible, the factors affecting the safety and performance of the structure throughout its life, and to use this information in determining a good design. 

This process involves far more calculations, but can be more than offset by using computers. In this case, rational design becomes automated, or computer-aided, structural design. If a quantitative measure of structural quality is given, the process leads to an optimal structural design. After development, this type of design procedure is in fact more practical then the earlier type.

Automated optimization involves three main tasks: 

1. ANALYSIS: the calculation of the structural response (stresses, deflection,…) and hence the demand on the individual members. For large complex structures such as ships, the required accuracy can be achieved only by a thorough analysis of the full 3-D structures (an entire compartment in the case of ship); using some form of the finite element method.

2. EVALUATION: the accurate prediction of the critical or failure values of these responses ( for example ultimate strength of a stiffened panel) in other words, the evaluation of the capability of the structures as a function of the design variables. This requires an accurate and efficient method for determining the various modes of ultimate strength and other critical response values.

3. OPTIMIZATION (or REDESIGN): the application of a systematic method for determining the design variables, which optimize a specified objective while satisfying the constraints. For the ship structures the constraints are numerous and many of them are highly nonlinear. Likewise the objective, such as least initial cost, is a nonlinear function of design variables.”

SHIPOPT was further developed in Zagreb as SHIPOPT ZAGREB VERSION. Detailed stress analysis, general superelements, graphic output, AFOSM reliability analysis were added in 1983-1991. 

Program MAESTRO developed by O.F.Hughes is an extension of SHIPOPT to multistructure,  multimodule capability with excellent graphic pre and postprocessing. 

The sound philosophy of SHIPOPT / MAESTRO is best illustrated on calculations needed for  passenger ships. 

Proceedings of 13th International Ship and Offshore Structures Congress, Edited by T. Moan, S.Berge , Trondheim, Norway, 1997.
“For passenger ships the modeling of large number of cut-outs in side plating is a problem when a global finite element analysis is planned at the preliminary stage.

From the recent applications the analysis of a complete 3-D F.E. model of the hull seems to be the only practical and effective method. Idealizing each primary structural element and the main openings, these models are reaching 50 000-60 000 degrees of freedom for half ship symmetric in C.L. (Figure 8).”

Fig. 1         Finite element global model

Macroelement  modeling (stiffened panels, bracketed beams etc.) for the full ship models is far simpler than that for detailed meshes needed in NASTRAN or SESAM. Full ship macroelement mesh is also applicable for generation of boundary conditions for structural detail calculations and overall vibration analysis, at fraction of cost. 

In the sequel the flow chart of the design procedure is given. First three boxes represent the structural and optimization model formulation using Tables A, B ,C of input data samples. Next five boxes represent fast automatic analysis and optimization calculations. The last row of boxes contains reports and vibration analysis. 

As illustration five case studies are described through (A) objective, (B) mathematical details of structural analysis and optimization and (C) presentations of results of performed calculations.

All analyses were performed at the Faculty of Mechanical Engineering and Naval Architecture University of Zagreb as an order  from shipyards or design firms.

Today for new and more complex type of vessels these calculations are necessary as given in e.g recommendations of International Ship and Offshore Structures Congress for passengers ships. We can thus safely conclude that their implementation, as a part of standard design procedure is a necessity rather than an option and that shipyards should benefit from these developments and presented experiences. 
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INPUT DATA

· (Table A)     F.E.M  MODEL  - These data are supplied  by the shipyard.

GEOMETRY OF SHIP

PRELIMINARY SCANTLINGS
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RULES OF CLASSIFICATION SOCIETY

· (Table B)   SAFETY MODEL - These data are adjusted to classification society   requirments by FSB*.

Failure modes in program MAESTRO and safety factors according to DnV.

   No.
   Limit state
                    Description
(

1
   PCSF
Panel Collapse - Stiffener Flexure
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
1.0

6
PYTP
Panel Yield - Tension Plate
1.0

7
PYCF  
Panel Yield - Compression Flange
1.0

8
PYCP  
Panel Yield - Compression Plate
1.0

9,10
PSPB
Panel Serviceability - Plate Bending
1.0

11
PFLB  
Panel Failure - Local Buckling
1.11

12
GCT
Girder Collapse Tripping
1.18

13
GCCF
Girder Collapse Compression in Flange
1.18

14
GCCP
Girder Collapse Compression 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
1.5

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 C)   SAMPLE OF OPTIMIZATION MODEL DATA 

These data are supplied by FSB* and approved by the designer of the ship.

PROPORTIONALITY


CONSTRAINTS


 MIN– MAX  CONSTRAINT

DATA
TYPE
No.
Constraint

Position
No.
Strake
P
A
N
E
L



1
TS ( 0.6 TP*




NS
TP
HS
TS
BF



2
TP ( TS



min

13.2
340
13


1
All strakes
3
TFF ( TFW


1
fix
3







4
HS* ( 20  TS*



max

22
370
15




5
2 TFW ( TFF

Bottom

min

13.2
340
13




6
HF ( 2.5 HS + 75


2
fix
3







7
45 TS ( HS



max

22
370
15


2
Bottom 
8
TFF ( 0.8 TFW



min

13.2
320
12



strakes
9
1.5 TFW ( TFF

Bilge
3
fix
1












max

22
340
16


FSB* - Faculty of Mehanical Engineering and Naval Architeture, University of Zagreb, Croatia

TP*- thickness of plating, TS*,HS*- thickness and hight  of stiffener, e.t.c
Case Study 1:          Structural Design, Analysis and Optimization of Passenger/Car Ferry

                                       (LOA=169 m, 11 decks) Newbuilding Yard no. SPLIT 356/357

A) Objective of case study is to demonstrate: 

· fast development of structural optimization model for weight critical design

· cost sensitivity study with respect to frame spacing (800, 850 and 900 mm) 

(B) Structural analysis and optimization is performed for 12 frame spacings dominating  scantlings for 0.6L of the ship. Modified program SHIPOPT-ZAGREB VERSION is used.

FEM model : 3D optimization model : 1490 degrees of freedom per quarter space (1076 active), 485 macroelements + 5 superelements and 34 ord. elements. 2D centerplane model  frame 10-179 and    2D cross section shear flow model are used for determination of cross section loads. 

Feasibility (evaluation) model : 19404 safety criteria in 49 strakes, 3 loadcases. Safety factors are adjusted to DnV requirements for direct calculation.

Optimization process : 492 design variables, 291 fixed by designer, 141 blocked at minimal or maximal prescribed values, 5725 failure criteria. 4 cycles of optimization. 

C) Results of performed calculations

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

· Weight decrease of 600 kg/m has been achieved for the critical weight constrained design, as compared to the minimal weight prototype, giving 60 tons of weight reserve to the designer.
· Sensitivity study shows that the cost of structure per meter is rather insensitive to frame spacing, in a given interval, due to the cancellation of the effects of structural modifications and smaller number of web frames. Result was produced in one day during negotiations with ship owner.

Fig. 2   Longitudinal Section and Optimization Procedure

Fig. 3   Loading due to passengers cars                                  Fig. 4   Dangerous zones of failure criteria (see Table B)

Case Study 2:           Structural Design, Analysis and Optimization of Ro-Ro Ship 

                 (470000 cbft) Newbuilding Yard   no.  ULJANIK 389/390

(A) Objective of case study is to demonstrate: 

· development of two coordinated structural models for optimization and analysis of details 

· torsional loads and racking analysis

· deformation analysis regarding hatch covers 

· fast redesign for new of lashing system

(B) Structural analysis and optimization are preformed for one quarter of typical hold space  (repetitive module) dominating cargo space scantlings from frame 51 to frame 140.

Second FEM model is developed between frames 35 and 65 to analyze strength deck discontinuity.

Modified program SHIPOPT-ZAGREB VERSION is used.

FEM model 1: 1183 degrees of freedom per quarter hold (1076 active), 2 models of boundary conditions – symmetric and antisymmetric, 496 macroelements,1 superelement with 142 elements.

Feasibility (evaluation) model : 40600 safety criteria in 43 strakes, 10 loadcases (2 nonsymmetric). Safety factors are adjusted to BV requirements for direct calculation.

Optimization process : 448 design variables, 353 active, 115 blocked at minimal or maximal prescribed values, 12 cycles of optimization.

(C) Results of performed calculations

· Problem of structural adequacy (starting from design with 115 unsatisfied failure criteria) is solved, including nonsymmetrical loads together with weight decrease of 1056 kg/m.

· Reinforcements at the stress concentration areas are specified

· Obtained results show that hatch deformations are within limits 

· Obtained results show that lashing system can be improved. Entirely new optimized design is obtained in a single day. 

Fig. 5   Longitudinal Section and Optimization Procedure

 Fig. 6   Symmetric loadcase 1                                                                                  Fig. 7   Non-symmetric loadcase 4
Case Study 3:           Structural Design, Analysis and Optimization Product Carrier

                                   (39500 tdw) Newbuilding Yard   no.  ULJANIK 387/388

(A) Objective of case study is to demonstrate: 
· Minimization of cost/weight of structure

· Change of classification society safety criteria. Prototype is classed according to DnV and is smaller. New ship is classed according to LR  

· Selection of design loadcases for many alternate loading combinations for this type of ship (caustic soda, oil products).
(B) Structural analysis and optimization are preformed for 3D model of five hold spaces dominating cargo space scantlings from frame 48 to 168. Modified program SHIPOPT-ZAGREB VERSION is used.

 FEM model: 1567 degrees of freedom per quarter model  for 120 frame spaces, 562 macroelements, 60 elements and 3 superelements.  

Feasibility (evaluation) model : 78300 safety criteria in 19 strakes, 10 loadcases (according to LR and ULJ365). Safety factors are adjusted to LR requirements for direct calculation.

Optimization process : 147 design variables, 107 active, 7 cycles of optimization (3 preliminary, 4 final). 1330  failure criteria constrain the feasible design space. 57 variables are blocked on prescribed minimum.

(C) Results of performed calculations

· Structural mass is decreased for 1470 kg/m or 172 t for cargo space when scantlings are standardized in accordance with shipyard practice (215 t for nonstandardized optimum).

· Problem of structural adequacy ( starting from infeasible design with 22 unsatisfied failure criteria) is simultaneously resolved. Differences between class. societies are recorded. 

· Preliminary modeling and loadcase selection should start as soon as possible. Analysis should constantly follow, support and simplify the decision making to the designer. Quality assurance and savings of this type can be even greater than material savings.
Fig. 8   Longitudinal Section and Optimization Procedure

Fig. 9   Web frame modeling-strakes and nodes                                        Fig. 10   Loadcase 5 -testing of central tank

Case Study 4:           Structural Design, Analysis and Optimization of Tanker for oil 

                                   (70000 TDW) Newbuilding Yard no. ULJANIK 406/407

(A) Objective of case study is to demonstrate: 

· Fast development of  the design model variants for optimization and analysis of details 

· Double wall modeling (FEM element +safety criteria) for ship sides

· General superelement application instead of equivalent stiffness modeling 

· Automatic detailed stress analysis (DSA) of critical regions

· Graphic output for safety analysis for global model and DSA regions 

(B) Structural analysis and optimization are preformed for cargo space from frame 77 to frame 197. Modified program SHIPOPT-ZAGREB VERSION is used.

FEM model : 3D model is developed between frames 77 and 137 ( representing cargo space scantlings from frame 77 to frame 197 ).It includes 3648 DOF, 1170 macroelements, 16 superelements, 167 standard elements. Second FEM model is developed for new ship’s depth, width of double wall, bulkhead and deck structure.

Feasibility (evaluation) model Safety analysis (including FEM response analysis) is preformed for modified structure. It includes 90070 safety checks for 6 loadcases, one nonsymmetric, according to DnV requirements.

Optimization process : 288 design variables, 114 active, 51 blocked at minimal or maximal prescribed values, 6 cycles of optimization.
(C) Results of performed calculations

· Weight of preliminary design (4260 t) is reduced to 3901 t (3766 t –nonstandardized opt.).

      Savings of 359 t per ship are obtained or 8.5% of the weight of preliminary design.

· Considerable modifications of the structural model, even for the changes in cross section geometry, are performed following the head designer’s requests.

· Extended superelement and double wall modeling are found practical.  

· DSA  and the graphic output additions to SHIPOPT  have greatly improved communication with the designer. 

                                                                                                                           Fig. 13   HMH stresses of outer plating

 Fig. 11   Longitudinal Section and Optimization Procedure 

Fig. 12   Superelements in bilge tank side                                          Fig. 14   Detailed stress analysis-HMH stresses 

Case Study 5:          Full Ship Structural Analysis of First Class Passenger Vessel Design 

                                  (800 passengers, 40000GRT) NVC-NAVIS CONSULT, Rijeka

(A)Objective of case study is to demonstrate: 

· Advantages and necessity of full ship modeling for modern passenger ships.
· The structural strength calculation for the first class passenger vessel  in fulfillment of requirements for direct calculation of the classification society Registro Italiano Navale.
· Application of single model for design optimization, design evaluation for class requirements, detailed stress analysis of substructures and overall ship vibrations analysis.
(B) Structural analysis and evaluation is performed for full ship model. Program MAESTRO is used. Full ship 3D FEM MAESTRO model and 3D FEM NASTRAN models 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.

 FEM model :  Full ship 3D half model has approximately. 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 were 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. Two test quasistatic loadcases are generated using given weight distribution  and adjusted to the longitudinal weight distribution from the corresponding GHS calculation.
Feasibility (evaluation) model : 502 590 safety criteria checks in 5 substructures having in total 31 3D FEM moduli, for 2 test ladcases. Safety factors are adjusted to RINA requirements for direct calculation.

(C) Results of performed calculations
· The case study shows that complex full ship model of the 13-deck passenger vessel is possible to generate simultaneously with the structural design process and development of classification documentation (E.g.: results have shown shear buckling in longitudinal bulkhead at 2080 from CL. Careful analysis of windows between decks 7 and 8 has to be performed. Deck beams in way of pillars in recess region require special consideration). 

· Full ship analysis does not require modeling of loads at structural “cut” end sections.  Gross-errors due to unknown normal and shear stress distribution are thus avoided( Parallel calculation with SESAM of 3D part of the structure was greatly misleading regarding stress levels, as anticipated by Italian designers and ISSC recommendations).

· Full model can immediately be used for calculation of other loadcases required by class. society obtained from the 6 DOF seakeeping analysis for extreme sea states. Racking loads for the heeled ship as well as the docking loads can also be considered. Overall ship vibration analysis using automatic generation of added mass and other masses for vibration calculation can immediately be performed. 

· Optimization of any of  31 structural module can now be preformed like in Case Study 1.
Fig. 15   Longitudinal Section

CONCLUSION

Main areas of implementation and benefits of the procedure are outlined in the introduction. The case studies have proved the following additional points:

· Problem of structural adequacy starting from infeasible design/prototype is solved in all case studies together with simultaneous weight decrease giving the weight reserve to the designer.
· Considerable modifications of the structural model, even changes in cross section geometry, lashing system etc. are quickly performed following the head designer’s requests.
· Sensitivity study regarding change in cost due to some modification of the structure can be produced in short time (e.g one day) even  during negotiations with ship owner.
· Full ship analysis does not require modeling of loads at structural “cut” end sections.  Gross-errors due to unknown normal and shear stress distribution are thus avoided.
· The complex full ship model can be generated simultanously with development of classification documentation. These means that structural modeling and loadcase selection should start as soon as possible and analysis should constantly follow, support and simplify the decision making to the designer.
To benefit from the presented modern design 

procedure it is necessary to quickly form teams 

consisting of the shipyards structural designers and 

experts in 3-D FEM modeling required for direct 

calculation and structural optimization.

This can be important element of shipyards 

competitiveness regarding cost and time savings.
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