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Abstract: Optimization of RoPax ship structural design is presented. Sensitivity analysis of structural weight with respect to web frame spacings of 2400, 2800 and 3000 mm was performed. Three models (12 web frame spacings long), dominating ship structure, were used. Program MAESTRO was used for minimal weight optimization of each model. Designer identified 264 design variables and has specified min-max and proportionality requirements. Each 3D FEM model includes 5850 degres of freedom. Models are capable of solving nonsymetric loadcases. 1067 macroelements and 212 ordinary elements were modeled for  response calculation. 7 loadcases were defined according to DnV and designers requests. 52416 safety checks were performed on each model. Significant savings to the shipyard have been obtained: decrease in price of construction steel and weight (up to 10%), increase of deadweight, improvement of design (decrease of ship height), etc. Results show that structural optimization is a mature designers tool.
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analiza i optimizacija konstrukcije ro-pax broda

Sažetak: Na primjeru analize i optimizacije Ro-Pax broda prikazane su značajke stukturne optimizacije koja brodogradilištima donosi niz ušteda u obliku: povećanja nosivosti, smanjenja cijene ugrađenog čelika i smanjenja težine konstrukcija, te  unaprijeđenja projekta (smanjenje visine broda, pozicije težišta, ...). U isto vrijeme projektant ima bolji uvid u ponašanje strukture, što je osnova za brzo i racionalno donošenje odluka na razini cijelog projekta te na razini konstruktivnih rješenja. Modeliranje konstrukcije makroelementima (ukrepljeni panel, greda s koljenom,...) omogućuje brzu izgradnju FEM modela što je bitno s obzirom na rokove u toj fazi projektiranja. Ciljevi provedene studije:

1. Strukturna optimizacija sa stajališta minimalne težine Ro-Pax broda po zahtjevima DnV. Struktura je bazirana na zadanoj topologiji i geometriji.

2. Analiza senzitivnosti težine konstrukcije u odnosu na razmak okvirnih rebara od 2400, 2800 i 3000 mm.

Strukturna optimizacija je provedena na modelu dugom 12 okvirnih rebara, koji predstavlja dominantnu strukturu (kontrolna konstrukcija) između rebara 30 i 278. Program MAESTRO je korišten za modeliranje, analizu i optimizaciju konstrukcije. Projektant je identificirao 264 projektne varijable, definirao pripadna min-max ograničenja, te ograničenja proporcionalnosti varijabli u skladu s tehnologijom i praksom BRODOSPLITA. 3D model konačnim elementima sadrži 5850 stupnjeva slobode, 1367 makroelemenata i 212 standarnih elemenata te nesimetrične slučajeve opterećenja. Prema pravilima DnV-a i zahtjevima projektanta definirano je 7 kritičnih slučajeva opterećenja, te je provedeno 52416 provjera sigurnosti (za 33 kriterija oštećenja po svakom orebrenom panelu i jakom nosaču) za sve modele zadane razmakom okvirnih rebara. Rezultati pokazuju uštedu od oko ~10 % težine strukture u odnosu na vrlo dobar prototip, te u isto vrijeme povećanje sigurnosti konstrukcije. Za teretni prostor moguća ušteda na težini strukturnog materijala i istovremenom povećanju nosivosti je oko 560 t , uz smanjenje visine broda za oko 300 mm. Debljine limova i dimenzije jakih nosača (rebro/podveza) su standardizirane (standardizacijom profila će se donekle smanjiti ušteda). Studija senzitivnosti međutim  pokazuje daljnje moguće uštede.
Ključne riječi: strukturna optimizacija, MKE analiza, ro-ro brodovi, putnički brodovi

1. Introduction

At the request of Shipyard BRODOSPLIT, the University of Zagreb, Faculty of Mechanical Engineering and Naval Architecture has carried out the three-dimensional finite element analysis and optimization of the structure: RO-PAX 966. The vessel is roro panamax ship with the following characteristics:
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Figure 1. General arrangement of the vessel.

The following tasks were performed:

· Safety analysis of prototype structure, based on Yard documentation.

· Optimization of three structure models with different web frame spacing (Sw = 2800, 2400 & 3000),

· Safety analysis of structural model 1 and 2.

Shipyard design team defined design objective, prototype geometry and topology, design loadcases, design parameters, design variables and constraints on them in accordance with Yard practice. The analysis was performed according to Det Norske Veritas Rules for Direct Strength Calculations (January 1997). Faculty design team performed FEM modeling of all design variants, response and safety analysis, structural optimization and proposals for scantlings standardisation. The program MAESTRO Version 7.1.2, implemented at the University of Zagreb, FSB, was used in the performing of the calculations (Refs. 1-4).

2. Design Requirements

Design task is to analyze and optimize structure of RO-PAX Ship.  

Design objective is a structure of minimum weight.

Control structure is segment of 48 frame spacing starting at frame 123. It includes 3 tank spaces. The model is three-dimensional and one half is analyzed via FEM.

Design variables are scantlings of structural members. PROTOTYPE scantlings (starting dimensions) were taken from DELTAMARIN design proposed to the Yard. PROTOTYPE 1 has same frame spacing as PROTOTYPE. PROTOTYPES 2 and 3 are generated from it by parametrically changing web frame spacing.

Design parameters are given by the designer:

(1) Basic geometry and topology

(2) PROTOTYPES                      1                  2                  3 

             Frame spacing :                   700 mm       750 mm       800 mm

Web frame spacing:          2800 mm     3000 mm     2400 mm

(3) Spacing of longitudinals:                610 mm  

(Experiment on  PROTOTYPE 1 :  305 mm in deck 5)

(4) Position of all girders.

(5) Fixed values for certain number of scantlings (bulkheads, bilge structure, double bottom, etc.)

(6) Material characteristics (NS, AH36)

Structural idealization for PROTOTYPE 1, 2 & 3 is identical to structural idealization of  PROTOTYPE.

Scantlings of PROTOTYPE  correspond to shipyard documentation. Scantlings of PROPOSAL 1 and 2 described in this report are chosen by designer on the basis of optimal designs OPTIMAL 1 and 2 

Design requirements: 

(1) Minimal and maximal scantlings are prescribed by the designer,

(2) Proportionality constraints are also given by the designer, 

(3) Set of collapse and serviceability constraints based on failure criteria are described in Table 1.

Safety factors used in constraints correspond to DnV Rules. Thickness is taken without corrosion addition Structural adequacy is checked using library of failure criteria (Table 1) in-built in MAESTRO. For the purpose of the presentation of results the strength ratio R is defined as follows:


R(X) = Q(X) /QL(X),

where: 
X is vector of current values of structural parameters including scantlings,


Q( ) is load effect and 


QL( ) is its limit value for particular failure mode. 

Failure criterion is given by :


( R(X) < 1,

or in normalized form using ‘adequacy parameter’ g(R):

g(R) > 0, g(R) = (1-( R) / (1+( R)  and -1<g<1 

[image: image2.wmf]q1

T

q1

q1

q3

q2

D0

D1

D3

D5

D7

FTD7

FTD5

FTD3

FTD1

Ts

Te

T

pe

pc.l

ps


Loading conditions. Seven load conditions were analyzed. Load conditions were selected to fulfill the requirements of DnV Class. Starboard side is mirrored to port side in load condition 6 and 7. All structural load cases are summarized in Table 2 and described in Section 4.

3. MATHEMATICAL MODEL AND BOUNDARY CONDITIONS

Three models were developed with web frame bay spacing 2800, 2400 & 3000 mm. In the view of request for non-symmetrical loading the response for the entire hull width was obtained on the half model using concept of division of non-symmetric load cases into symmetric and anti-symmetric components. Figure 3 shows the plot of  structural model (control structure) representing 3 bulkhead spacings of structure between frames 123 and 171 generated for the purpose of structural optimization. 

First and last two bays were not analyzed to avoid influence of boundary conditions on optimization process for actual model (8 bays long) in present study. MAESTRO macroelements were used to build ship 3D FEM model. (MAESTRO DSA can be used for 3D fine mesh analysis of stress concentrations in case further analysis is requested). Plated areas such as decks, outer shell, bulkheads, etc. were represented by special Q4 stiffened shell macroelements. TRIA membrane triangular elements were also applied with appropriate thickness. Each primary transverse frame or girder was modeled with special bracketed beam macroelement. The final MAESTRO full model comprised of approximate 975 grid points having approximately 5850 degrees of freedom in non-symmetric loading. Due to symmetry of structure, half model with 456 (strakes) + 71 (bulkheads) different stiffened shell macroelements, 540 bracketed beam macroelements, 30 triangles, 182 brackets was generated. Full model was almost double in size.
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Figure 4. 3D Plot of Adequancy for Stiffned Panels on the prototype model
Bulkhead structure was modeled according to provisional structural scantlings. Docking frames in tunnel keel were not modeled. Since transverses are located on every fourth frame spacing the model frames are identified as Fr0, Fr1, Fr2, …,Fr12. Position of model in hull structure is given in Fig.1. Extend of optimized dimensions is marked. Details of no importance for structural design are omitted
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Figure 3. 3D view of deformed FEM prototype model for LC7
4. LOADING

Longitudinal strength. Normal stresses due to vertical hull bending moment in hogging and sagging load conditions were considered. It was supposed that in all load cases the demanded vertical bending moment acts in the middle of the ship’s model. This moment is equal to the sum of the still water bending moment and 59% of the wave bending moment (according to DnV) for the dynamic load cases. On the request of the designer the bending moment for the sagging condition was reduced for 30%. Equivalent moment and shear force at the position of reference bulkhead were calculated to satisfy the total bending moment.

Shear stresses due to shear force at Fr. 123 were distributed in form of equivalent forces following shear analysis.

External loads. Water pressures on bottom, side and deck platting for head sea condition were calculated. For the program reasons they were divided in static (ship’s draught) and dynamic part on bottom and side plating. Sea pressures were calculated according to DnV Rules.

Deadweight loading was represented by equivalent concentrated forces in all nodes. In dynamic load cases these forces were multiplied by the corresponding acceleration factors calculated according to DnV Rules.

Cargo loads for upright and heeled condition were calculated according to DnV Rules. Cargo loads were prescribed in form of pressures on decks and horizontal forces for the heeled loading conditions.

Water ballast was included in the analysis as a weight and pressure in heeling water ballast tanks.

Self weight. Based on the model geometry and the scantlings of the elements used, a modeled weight for the hull was generated within the program. The weights of partial superstructure above 7th deck were not applied. The prototype  mass  was 1356 t for the model considered.

Design pressures used for local analysis of plating and longitudinals have the same values as pressures used in the FEM analysis.

Loadcases. Seven loading conditions were submitted by the Yard designer based on DnV requirements. They are summarized below:

LOAD

CASE
Description

1
Full load on decks + dynamic / Scantling draught / SAGGING

2
Full load on decks + dynamic / Scantling draught / HOGGING

3
Full load on decks except D1 + dynamic / Scantling draught / SAGGING

4
Full load on decks except D1 + dynamic / Scantling draught /HOGGING

5
Ballast condition /Draught 5.8 m / HOGGING

6
Full load on decks + dynamic / Heeled condition / SAGGING

7
Full load on decks + dynamic / Heeled condition / HOGGING

Table 2. Applied loadcases
Each loadcase comprised three loadsets: (1) structure weight, (2) deadweight items (trucks, trailers, cars as decks pressure) and (3) buoyancy loading and dynamic sea pressure. They are all factored to suit needs of pressure and acceleration data supplied from DnV requirements or seakeeping analysis. Example of application of these components for the selected test loadcases is shown on Figure 2.

5.1  Prototype analysis 

Deformed plot of the complete model is shown for loadcase LC 7 in Figure 3. Displacements have been magnified in order to provide a clear visual impression of the deformation behavior. 

MACROELEMENT


PROPORTIONALITY CONSTRAINTS

 PANEL
HSW  /  BBS  <   0.8

TSW  /  TPL   <   1.0 

HSW  /  TSW <  36.0

HOLLAND PROFILE PROPORTIONS 

ARE ENFORCED BY SEPARATE

 CONSTRAINTS 

GIRDER
HGW  /  TGW  <  90.0

BGF  /  HGW   >   0.2

BGF  /  HGW   <   0.8

...................................

FRAME 
HFW  /  TFW  <  90.0 

BFF  /  HFW   >   0.2

BFF  /  HFW   <   0.8

..................................

COMBINATIONS
TGW  /  TPL  <   2.0

TFW  /  TPL   <   2.0

0.7  HFW  -  1.0  HSW  >   30.0           

....................................................

Table 3. Proportionality constraints

In order to present an overall view of the principal areas of high stress, plot of values of von Mises stress for the significant parts of the model have been plotted for the dominant loadcases. Example of minimal values of adequacy parameter for the stiffened panels (with respect to the minimal DnV factors) achieved in all loadcases, for each element, for all its failure modes, are shown in Figure 4. 
Conclusions on prototype. The design loadcases represent approximation of extreme condition of entire prototype model in accordance with DnV requirements.All conclusions are based on these loadcases:

· The behavior of the ship's structure in terms of global deformation is considered satisfactory from the structural aspect in all loading conditions considered. 

· General distribution of stresses is obtained satisfactory. 

· Maximal HMH stress on macroelement was obtained through checking all critical locations (corners, midsides and midelement). They are calculated through combining membrane and bending effect of stiffened panel macroelement and its edge girders and frames. Local bending of plating and stiffeners was not taken into consideration while calculating HMH stresses.

· Safety analysis. Description of failure modes and corresponding constraints is given in (1). Mnemonics for the failure modes are given in Table 1. Histogram of safety criteria not satisfied by the design is given in Technical Report SPT1-PROJECT 966. Prototype safety analysis shows that PROTOTYPE fails in 35 criteria.

· In general ,PROTOTYPE has problems in: 


- double bottom structure (stiffened panels and frames)


- tankside structure (stiffened panels)


- middle of deck 5 (stiffened panels)
Primary strength. 

Section modulus (full scantlings) is:
1.65*1010 mm3 - DECK7 ( 1.17*1010 mm3 (DnV)

Moment of inertia is:

2.19*1014 mm4 (7.60*1013 mm4 (DnV)

6. Optimization process 

Remarks regarding optimization process for PROTOTYPE 1:

· The structure of PROTOTYPE 1 is optimized and OPTIMAL 1 design was generated. It was the base for PROPOSAL 1 design. In the sequel the optimization process for POROPOSAL 1 is presented. For PROPOSALS 2 and 3 procedures are similar.

· Proportionality and min-max criteria are given in Table 3.

· Optimization process included  264  design variables of which 230 are active. Note : Selection of standardised equivalent stiffener profile or flange on girders or frames is done on the basis of Yard practice using e.g. height of stiffener(HSW) and stiffener thickness (TSW), obtained in optimisation,  as guidance for selection of profiles. 

· The constraint set includes 460 min-max criteria and for each strake 26 proportionality criteria and 33 nonlinear safety criteria or in total 52416 safety calculations for 7 loadcases.

· Most variables are blocked on minimal or maximal values prescribed by the designer who also prescribed design parameters such as frame and longitudinal spacing. Constraint activity is given by MAESTRO to enable designer to identify or modify criteria blocking further decrease in weight. 

After standardization of dimensions PROPOSAL 1 design has the mass of 1220t. For PROPOSAL 1 saving is 9.97% of structural mass of the influenced cargo space. Weight per meter is 36.31 t/m instead of 40.33 t/m of the PROTOTYPE design. Similar results were obtained for PROPOSALS 2 and 3. 

MODEL
Geometry

sw      LFEM
(mm)
Weight of optimization

model (t)

Wstart    Wopt
Weight per length

Wopt / LFEM
( t / m)
Savings before final standard.

(Wstart – Wopt )
Wstart
Global safety

(adequacy)

measure
Weight of design model

W=L*k*wL
( t )
Increased deadweihgt =

decreased steel weight ( t )

PROTOTYPE
2800     33600
1355         -
40.33
-
0.9622
5646
-

PROPOSAL 1
2800     33600
1355     1220
36.31
9.97%
0.9905
5083
563 t

PROPOSAL 2
2400     28800
1202     1046
36.32
9.94%
0.9889
5085
561 t

PROPOSAL 3
3000     36000
1416     1282
35.61
(11.70%)
0.9719
4985
661 t

PROPOSAL 4
2800     33600
1382     1139
33.90
experiment
0.9683



Table 4. Optimization results

Optimization results are  presented in Table 4 for all  considered designs. (Estimate length of design model (cargo space): L= 175 m. Estimate factor for reduction of prismatic structure: k= 0.8.):

As mentioned before the mathematical model is stored so that the response calculation or safety assessment can be easily obtained for any change in scantlings at the request of the designer. 

7. Safety evaluation of optimized structures proposal 1 and proposal 2 

7.1  PROPOSAL 1 

Deformed plot of the complete model is shown for LC 2 (hogging) in Figure 5. Plots of von Mises stresses have been presented for LC 2 (hogging) in Figure 6. 

PROPOSAL 1 is 9.97 % lighter and satisfies 22 unsatisfied safety criteria of  PROTOTYPE. It can also be concluded that:
· The behavior of the ship's structure in terms of global deformation is considered satisfactory from the structural aspect in all loading conditions considered. 

· General distribution of stresses obtained is satisfactory. 

· HMH stresses : Maximal HMH stress on macroelement was obtained by checking all critical locations (corners, midsides and midelement). In Figure 6. maximal stresses are in the range 138-160 N/mm2
· Histogram of safety factors shows that PROPOSAL 1 is low in only 13 criteria but they remain within permitted g > - 0.05. They will be satisfied in further refinement of model when final scantlings are standardized.

Primary strength.

Section modulus (full scantlings) is: 
1.4773*1010 mm3-DECK7 ( 1.17*1010 mm3 (DnV)

Moment of inertia is:

 2.0226*1014 mm4(7.60*1013 mm4 (DnV)
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Figure 6. 3D Plot of HMH Stresses of Stiffned Panels for LC2
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Figure 5. 3-D View of Deformed FEM Model for LC2 - PROPOSAL1

7.2 PROPOSAL 2 

Minimal value of adequacy parameters with respect to the minimal DnV factors achieved in all loadcases  for stiffened panels is shown in Figure 7 and for frames in Figure 8.

PROPOSAL 2 is 9.94 % lighter and satisfies 19 unsatisfied safety criteria of PROTOTYPE. It can also be concluded that:

· The behavior of the ship's structure in terms of global deformation is considered satisfactory from the structural aspect in all loading conditions considered. 

· General distribution of  stresses obtained is satisfactory. 

· Safety analysis shows that PROPOSAL 2 is low in only 16 criteria but only within permitted range of g > - 0.05.

Primary strength

Section modulus (full scantlings) is:
1.4881*1010 -DECK7 ( 1.17*1010 mm3 (DnV)

Moment of inertia is:

 2.01*1014 mm4 ( 7.60*1013 mm4 (DnV)

All other information on PROPOSAL 2 and PROPOSAL 3 is stored electronically at FSB-Zagreb and can be obtained at request.

8. Conclusions and recomendations

Presented results show that weight savings of ~10 % were obtained by simultaneously resolving structural problems of given prototype and increasing safety :

· For cargo space length savings in material and increased deadweight of about 560 t are possible.

· Paralell increase in safety can be seen through increase of global safety (adequacy) measure. 

· Gain of at least 300 mm in ship height.

Plate and frame /girder thickness are standardized (standardization of profiles will somewhat decrease the savings). Sensitivity study shows further possible savings.

Yard design team should include support of experienced head ship and structural designer in defining design loadcases, upper and lower bounds on design variables and proportionality criteria regarding balanced scantlings in accordance with Yard practice, two structural designers trained in automated structural design and QA and an assistant help.
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Figure 8. Plot of Adequancy for Beams - PROPOSAL 2 Model

We can thus again conclude (5), (6) that implementation of automated design procedures supporting standard design procedure  is improving Yard competitivness and that owners, shipyards and operators should benefit from presented experiences.
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Figure 7. Plot of Adequancy for Stiffned Panels - PROPOSAL 2 Model
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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�
1.04�
�
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 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�
GYTF�
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 1. Failure modes and safety factors (DnV)














Principal dimensions�
�
Length overall�
221.2	m�
�
Length between perpendiculars�
207.0	m�
�
Breadth max. o.f�
29.0	m�
�
Depth to bulkhead deck�
9.8	m�
�
Depth to deck 5�
16.4	m�
�
Design draft�
7.0	m�
�
Scantling draft�
7.4	m�
�
Lanemeters�
3500	m�
�
Speed at design draft with 


4 engines at 85%�
24.5	Kn�
�












Ref.�
Value�
Ref.�
Value�
Ref.�
Value�
�
Te�
4.38 m�
q1�
21.57 kN/m2�
FTD1�
155.82 kN/sec.�
�
Ts�
9.42 m�
q2�
34.32 kN/m2�
FTD3�
256.97 kN/sec.�
�
pe�
43.84 kN/m2�
q3�
5.00 kN/m2�
FTD5�
280.25 kN/sec.�
�
pcl�
74.00 kN/m2�
av�
12.42 m/s2�
FTD7�
44.51 kN/sec.�
�
ps�
94.21 kN/m2�
ah�
3.14 m/s2�
MTOTS�
1.485*106 kNm�
�
�
�
�
�
Type�
SAGGING�
�



Figure 2. LC6 - Full load on decks+dynamic/Heel condition/SAGGING




















