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SUMMARY

The optimum ship hull design solution has always been a concern, and in recent years, genetic algorithms to optimise the ship hull structure have been developed. The genetic algorithm’s fundaments generate alternative solutions and compare them with pre-defined constants and objectives. The development of design solutions evolves through competition and controlled variations. Minimising the ship hull structure weight is essential in reducing the ship’s capital (construction) expenditure and increasing the cargo capacity. The risk of the ship is associated with the loss of the ship, cargo, human life, environmental pollution, etc. It is a governing factor impacted by the chosen structural design solution and the measures taken to reduce the structural weight. A genetic algorithm will be employed to study the weight minimisation of a multi-purpose ship hull structure, controlling the associated risk by accounting for several structural design variables. The risk and best design solution are defined by the probability of compressive collapse of the stiffened plates, integral ship hull structure, and the associated cost due to failure. The Pareto frontier solutions, calculated by the non-dominated sorting genetic algorithm, NSGA-II, will be employed to determine feasible solutions for the design variables. The first-order reliability method will estimate the Beta reliability index based on the topology of the stiffened plates and ship hull structure as a part of the Pareto frontier solutions. The algorithm employed will not account for any manufacturing constraints and consequences due to the encountered optimal design solution.
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NOMENCLATURE

%WAHSWeight percentage of AHS structure per unit length,

AArea (m2),

aSectional area (m2),

BBreadth of the ship (m),

bWidth of the panel (m),

CBBlock coefficient,

CAHSCost of AHS (€),

CshipCapital cost of the ship (€),

C̄steelAverage cost of steel (€),

CWWave coefficient,

DDepth of the ship (m)/Bending stiffness (Nm2),

EYoung’s modulus (N/mm2),

EalYoung’s modulus aluminium (N/mm2),

EsYoung’s modulus steel (N/mm2),

EeqEquivalent elastic modulus (N/mm2),

EfYoung’s modulus of the facing material (N/mm2),

E(i)Mean value of an i-th element,

FObjective function,

F1,0Original ship’s lightweight (metric tonnes),

F2,0Permissible stress of 390 MPa steel (N/mm2),

fMaterial factor,

frReduction factor related to service restrictions,

FMVWWeibull distribution of the wave-induced bending moment,

FMWGumbel distribution of the wave-induced extreme values of the bending moment,

fMULognormal probability density function of the ultimate bending moment,

GShear modulus (N/mm2)/Limit-state function,

GcCore shear modulus (N/mm2),

GeqEquivalent shear modulus (N/mm2)

GfFacing skin shear modulus (N/mm2),

hDistance between facing skin centres (m)/Weibull shape parameter,

hcHeight of the core (m),

IyInertial moment (m4),

IRyRequired inertial moment (m4),

KOptimisation criterion,

K1, K2, K3AHS coefficients,

kMaterial factor,

kbMaterial factor bottom,

kdMaterial factor deck,

LLength of the ship (m),

l(Panel) beam span (m),

MSWStill water bending moment (MNm),

MSW-hPermissible vertical still water bending moment hogging (MNm),

MSW-sPermissible vertical still water bending moment sagging (MNm),

MUUltimate bending moment (MNm),

MW,eExtreme value of MWV (MNm),

MWVWave-induced bending moment (MNm),

nNumber of cycles,

PApplied load (kN),

pPartial time in full-load seagoing conditions,

PbCritical buckling load (kN),

PfProbability of failure,

qUniformly distributed load (kN/m)/ Weibull scale parameter,

RResistance,

ReHUpper yield strength (yield point),

ReH-bUpper yield strength bottom,

ReH-dUpper yield strength deck,

ReH-mUpper yield strength mid-section,

SLoad effect,

sCell size (mm),

TDraught (m),

tcCore thickness (mm),

teqEquivalent thickness (mm),

tfThickness of facing skin (mm),

tiPlate thickness if i-th panel (mm),

tminMinimum plate thickness (mm),

TrReference time (s),

TWAverage wave period (s),

URandom variable,

WAHS, steelWeight per unit meter of the hybrid structure (metric tonnes/m),

WsteelWeight per unit meter of the steel, structure (metric tonnes/m),

zaVertical distance from the baseline or deck line to the point below or above the neutral axis (m),

ZBSection modulus at bottom (m3),

ZDSection modulus at deck (m3),

ZminMinimum section modulus (m3),

znVertical distance from the baseline or decline to the neutral axis of the hull girder (m),

xDesign variable,

xiUncertainty factors,

xLLower bound of the design variable,

xUUpper bound of the design variable

Z(Geometrical) Modulus (m3),

znZ-coordinate of the horizontal neutral axis (m),

αmGumbel location parameter,

βReliability index,

βmGumbel scale parameter,

γRPartial safety factor for the ultimate bending capacity,

δallAllowable deflection (mm),

€Strain,

ηUsage factor,

λBending correction factor for Poisson’s ratio effect,

μMUMean ultimate bending moment (MNm),

υPoisson’s ratio,

ρDensity (kg/dm3),

ρalDensity of aluminium (kg/dm3),

ρsDensity of steel (kg/dm3),

σalAllowable stress (N/mm2),

σal-bAllowable stress bottom (N/mm2),

σal-dAllowable stress deck (N/mm2),

σcCritical buckling stress (N/mm2),

σCRCritical facing skin stress (N/mm2),

σfFacing skin yield stress (N/mm2),

σMUUltimate bending moment variance,

σSLoad effect variance,

σRResistance variance,

σyYield stress (N/mm2),

σy,alAluminium yield stress (N/mm2),

σy,sSteel yield stress (N/mm2),

τcShear stress in core (MPa),

χCurvature,

AHSAluminium Honeycomb Structures,

BVBureau Veritas,

COVCoefficient of Variation

DNVDet Norske Veritas,

DWTDeadweight Tonnage,

EDWEquivalent Design Wave,

EEDIEnergy Efficiency Design Index,

EMOOExcel-based Multi-objective Optimisation,

FEMFinite Element Method,

FEUForty-foot Equivalent Unit,

FORMFirst Order Reliability Method,

FRPFiberglass Reinforced Plastic,

IACSInternational Association of Classification Societies,

IMOInternational Maritime Organization,

LCFsLoad Combination Factors,

LWLightship Weight,

MSMicrosoft,

NSGANon-dominated Sorting Genetic Algorithm,

TEUTwenty-foot Equivalent Unit,

VBAVisual Basic for Applications,

1.INTRODUCTION

Ship design is a complex process due to the considerable number of technical aspects; their optimisation may differ in the distinct stages of design and result in conflicting solutions. Design tasks, such as ship main dimensions, hull form and resistance, general arrangement, propulsion, structure, stability and manoeuvrability, safety, production, etc., initially performed with Sequential Engineering, described by Evans (1959) as a Design Spiral, made ship design a process where multiple iterations achieved the pseudo-optimum solution.

The development of genetic algorithms (GAs) in recent years has contributed to optimising the ship hull structure, possibly integrating multiple criteria in the decision-making. Minimising the ship hull structural weight is essential in reducing the ship’s capital (construction) expenditure and increasing the cargo capacity. The risk of the ship is associated with the loss of the ship, cargo, human life, environmental pollution, etc., a governing factor impacted by the chosen structural design solution and the measures taken to reduce the structural weight.

The advantage of GAs in ship hull structural optimisation is their ability to deal with non-linear problems. In this work, design variables, such as plate panel thicknesses, bulb profiles, span, aluminium honeycomb core density and materials, are discrete variables not dealt with in a standard linearisation approach involving gradients in the search process. Therefore, the complexity of this optimisation lies in translating the discrete nature of the design variables into a model, considering many constraints given by the Class Societies’ Rules. With this respect, GAs allow obtaining a set of Pareto-optimum solutions which provide a complete view of the problem, rather than applying classical approaches, among others, objective weighting, distance functions and min-max formulations, to obtain a single point solution (Srinivas, et al., 1994). The obtained Pareto-optimal front allows the decision maker to compare multiple solutions as a function of additional measures of merit, in this case, the β-reliability index.

Applying alternative design solutions, such as aluminium honeycomb structures (AHS), may reduce the hazardous and polluting emissions throughout the ship’s lifecycle (Nepomuceno de Oliveira, et al., 2022). Aluminium is a versatile and recyclable material (Mahfoud & Emade, 2010). It can contribute to fuel savings, power reduction, increased cargo capacity and improvement of the Energy Efficiency Design Index (EEDI) for new ships (IMO, 2011).

However, potential applications of AHS to strength parts of the structure, such as the inner shell, are still limited due to the lower capacity of AHS to resist axial compressive loads generated by the vertical bending moment.

The measure of reliability by use of a reliability -index was introduced by Cornell (1969). Hasofer and Lind (1974) proposed a First-order Reliability Method (FORM) to calculate the -index, of which the solution of the constrained optimisation problem can be solved iteratively with the Hasofer-Lind-Rackwitz-Fiessler algorithm (Rackwitz & Fiessler, 1978).

Aluminium is recognised as a sustainable and versatile material due to its recyclability (Mahfoud & Emade, 2010), and therefore, the application of AHS could facilitate safe and environmentally reliable recycling of ships, as addressed by the Hong Kong International Convention (IMO, 2009), along with various of benefits concerning mechanical properties, fire safety, manufacturing accuracy and fabrication price (Kujala & Klanac, 2005).

The advantages of sandwich panels include the ability of their core to absorb strain energy, making composite construction particularly suitable for slamming impact alleviation (Qin & Batra, 2009). However, despite their excellent mechanical response to different loading conditions (Palomba, et al., 2021), the critical aspect of composite sandwich structures regards the joint between sandwich panels and other metal components. One solution to this problem is to adhesively bond metal profiles to the composite structure in a prefabrication phase; this allows for welding the composite structure directly to the metal structure (Hentinen, et al., 1997).

Garbatov and Georgiev (2017) proposed a multi-objective non-linear structural optimisation of a stiffened plate subjected to combined stochastic compressive loads, accounting for the design’s ultimate strength and reliability-based constraints. Later, Garbatov and Huang (2020) extended the concept to ship structures employing an NSGA-II to minimise the structural component net-section area, lateral deflection and fatigue damage, accounting for the local fatigue damage and ultimate global strength and mapping the Pareto frontier solutions with a first-order reliability method.

This work extends the study of Palomba, et al., (2022) and aims to contribute to the analysis of the potential advantages of AHS in hybrid ship hull structures of a multi-purpose ship hull structure, given future developments in understanding the interaction between steel plate panels and AHS panels.

2.SHIP STRUCTURAL DESIGN

The ship object of optimisation is a 9800 DWT multi-purpose ship class 100 A1, equipped for the carriage of containers, strengthened for heavy cargoes, and ice class 1D.

Transversally, the midship section can host no. 4 tiers, and no. 6 rows of containers in both holds and covers, with a stacked weight of 100 t (TEU) or 120 t (FEU) in holds and a limited stack weight of 30 t (TEU) or 40 t (FEU) on covers. The main characteristics are shown in Table 1.


Table 1. Ship main dimensions

[image: image]



2.1MODEL

This section describes the multi-purpose ship’s structure and the load cases considered in the strength assessment. Loads, hull girder strength and local hull scantling are determined according to DNV rules for the classification of ships (DNV, 2021). Additional steel sandwich panel construction requirements are found in DNV-CG-0154 (2021). The buckling check of steel structures is performed according to DNV rules for classifying ships with a length of 100 metres and above (DNV, 2009). Design and buckling check of the honeycomb core sandwich panels is performed according to the Hexcel Composites manufacturer guide (HexCel Composites, 2000). The original steel structure model is shown in Figure 1. The nodes indicate the extensions of the plate panels.


[image: image]

Figure 1. Multi-purpose ship midship section



The hybrid structure comprises standard shipbuilding steels with a yield strength from 235 to 390 N/mm2, and AHS of aluminium alloy 5251-T3 replacing the inner shell of the cargo hold. The material properties of steel and aluminium are shown in Table 2.


Table 2. Assumed properties of structural materials
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The contribution of the honeycomb sandwich panels to strength calculations is considered with an equivalent single plate approach, in which the honeycomb sandwich panel is replaced by an equivalent single skin panel (Paik, et al., 1999), as summarised in Figure 2. Within this method, the plate thickness and elastic modulus are defined in such a way that the rigidity of the sandwich panel is equivalent to that of the single skin panel. This is performed by applying an equivalent rigidity method where in-plane tension, bending and shear are considered separately:


[image: image]

Figure 2. Equivalent single skin panel approach (Paik, et al., 1999)




•In tension:
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•In bending:



[image: image]


•In shear:
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The equivalent single skin panel thickness teq,0 is obtained by solving the above equations, yielding:

[image: image]

The equivalent single-skin panels are later transformed to obtain a midship section composed of homogeneous materials. By defining the ratio T=Eal/Es between the Young modulus of aluminium and steel, the new equivalent thickness is found by Equation 5:

[image: image]

The strength assessment is based on the combination of static plus dynamic load cases for complete load conditions at a probability level of 10−8. The considered equivalent design waves (EDWs) to generate wave-induced dynamic load cases for structural assessment are HSM-2 and FSM-2, which maximise the vertical wave bending moment amidships for the head and following seas, respectively. The load combination factors (LCFs) are defined accordingly.

2.2OPTIMISATION

The multi-objective optimisation problem involves K≥1 criteria and can be formulated as (Parsons & Scott, 2004; Sharma, et al., 2012):

[image: image]

Subject to the bounds on decision variables and equality and inequality constraints:
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There are now K multiple optimisation criteria f1(x) through fK(x), and each depends on the N unknown design parameters in the vector x. The overall cost function F is a vector. This problem has no single solution due to conflicts among the K optimisation criteria. A design team typically seeks a single result that is a practical compromise or trade-off among the conflicting criteria.

Structural optimisation involves the interaction of multiple sub-processes interconnected together with the use of VBA. In the first stage, a ship’s model is made as a function of the selected design variables, with complete information about midship sectional properties, loads, scantlings and buckling.

The second step is integrating this parametric model into the EMOO developed by Sharma et al. (2012) and Wong et al. (2016). The EMOO defines a set of objective functions, design variables (model parameters) and constraints. The algorithm employs NSGA-II to calculate the Pareto-optimal front by variation of the design variables. Each candidate constitutes a solution when all defined constraints are verified.

Finally, the solutions are exported to MARS 2000 for ultimate strength calculation, and the Pareto-optimal front is mapped with the FORM. This automation process is divided into a first part dealing with optimisation, see Figure 3, and the second part dealing with the β-reliability index, see Figure 4. The flow chart of the EMOO program can be found in Sharma et al. (2017).
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Figure 3. Optimisation Sub-process flowchart
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Figure 4. Reliability Sub-process flowchart



The identified objective functions in the multi-optimisation problem relate to the ship’s lightweight (LW), F1 and the yield stress at the deck for sagging in seagoing conditions, F2.

The regression formula can obtain the lightweight of the ship, as proposed by Garbatov et al. (2022):

[image: image]

The longitudinal stress at the deck in sagging conditions, induced by still water and dynamic vertical hull girder bending, can be obtained by Equation 9:

[image: image]

where Msw-s is the permissible vertical still water bending moment for sagging in seagoing conditions, Mwv is the vertical wave bending moment for the considered dynamic load case, Iy is the net moment of inertia of the midship section about its horizontal neutral axis, zd is the considered coordinate at the deck, and zn is the coordinate of the horizontal neutral axis about the keel.

In this optimisation problem, 58 discrete decision variables (Table 3) have been identified to describe the midship section fully and can be divided into seven categories:


Table 3. Design variables and their description
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•Ship hull gross plate thicknesses.

•Sandwich panel gross thicknesses.

•Sandwich plate gross thicknesses.

•Steel bulb extrusions (Corus Special Profiles, 2002).

•Span of the longitudinal members.

•Yield stress of steel (Table 4).


Table 4. Steel yield stresses and related factors (DNV, 2021)

[image: image]



•Cell (volumetric) density of sandwich panels’ core in kg/m3 (HexCel Composites, 2000).



The lower bound of steel and aluminium plates is determined by the minimum thickness requirements given by the rules, whereas the upper bound is set considering the type of the ship. Exception on the lower bound is made for variables x14 - x17, where the minimum thickness is considered suitable for regular use of grabs of up to 10 tonnes of unladen weight, as indicated in the original midship section. Guidelines on AHS scantling are further given in (DNV-CG-0154, 2021).

It is assumed that each stiffened plate panel is composed of homogeneous stiffeners. This is obtained by considering only the most loaded stiffener of each group to meet minimum scantling requirements and extend the scantling to the rest of the stiffeners. On the other hand, the buckling check follows the same rule, considering that the most loaded stiffener may not coincide with the most critical buckling-related condition.

The applicable constraints to the optimisation problem can be divided into three sets: hull girder, steel structures and AHS. Additionally, constraints on the coefficients introduced in AHS have been set to meet their domain of definition. The total number of identified constraints amounts to 167.

The constraints applicable to the hull girder are connected to the midship section and may be summarised as follows:


•Inertial moment:
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where:
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•Modulus at the bottom:
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•Modulus at deck:
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•Hull girder stress at the bottom:
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where σal is the allowable stress:
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•Hull girder stress at deck:
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where:
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The set of constraints for steel structures relate to local scantling and buckling:


•Minimum panel plate thickness:
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•Minimum sectional area of bulb profile:
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•Minimum bilge thickness concerning adjacent plates:
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•Minimum critical buckling stress σc:
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where σal is the compressive stress in plate panels, defined as:

[image: image]

where za is the vertical distance from the baseline or deckline to the point below or above the neutral axis, zn is the vertical distance from the baseline or deckline to the neutral axis of the hull girder, whichever is relevant.

The constraints applicable to AHS relate to simply supported plate and end load conditions. The constraints applicable to simply supported plates may be summarised in Equations 24–27, whereas constraints relating to end load conditions are given in Eqns (28–33).


•Minimum sectional area of bulb profile:
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•Deflection:
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where K1 is a coefficient based on the simply supported plate coefficient, q is the uniformly distributed load, b is the panel width, Ef is the modulus of elasticity of the facing skin, tf is the thickness of the facing skin, h is the distance between the facing skin centres and δall = 0.01l is the allowable deflection (DNV, 2021).


•Facing stress:
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where K2 is a coefficient based on the simply supported plate coefficient, σf = σy,al is the tensile strength of aluminium 5251-T3 alloy.


•Core shear:
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where K3 is a coefficient based on the simply supported plate coefficient.


•Local compression:
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where P is the applied load, and A is the area of the applied load.


•Facing stress:
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•Panel buckling:
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where Gc is the shear modulus in the direction of applied load, and D is the bending stiffness, given by:
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•Shear crimping:
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•Skin wrinkling:
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where σCR = σy,al is the tensile strength of aluminium 5251-T3 alloy.


•Intracell buckling:
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where s is the cell size.

3.RELIABILITY

3.1PARETO-OPTIMAL FRONT

The Pareto-optimal front is obtained with the EMOO is scaled concerning the original steel structure values by assuming a Lightweight ratio F1/F1,0, with F1,0 = 1909.9 tons, equal to the original ship’s LW, and a yield stress ratio F2/F2,0, with F2,0 = 310.6 N/mm2, equal to the allowable stress using NV-40 steel, see Figure 5.


[image: image]

Figure 5. Pareto-optimal solutions



The algorithm parameters are equal to the original papers of the EMOO, except for the maximum number of generations, which equals 200. The population size influences the number of solutions on the Pareto-optimal front; the selected population size generates a reasonable number of distinct solutions. Choosing a limited population will likely yield no solutions, whereas a large population size will likely generate multiple coincident solutions and increase runtime. With these parameters, the optimisation runtime is approximately 22 min. The algorithm achieved a 16.1% lightweight reduction compared to the original ship.

3.2ULTIMATE STRENGTH

The ultimate strength of a structure is related to the peak value of the ε-σ curve, composed of an elastic region, where stress and strain are proportional to the Young’s modulus E, and a plastic region delimited by the yield stress σy. Traditionally, the real safety margin associated with allowable stress design was difficult to determine as long as the ultimate strength of the structure remained unknown. With such an approach, no detailed information on members’ post-buckling behaviour and interactions was available; the design was usually based on elastic strength and corrected with a plasticity correction factor. The evaluation of the ultimate strength gives a better understanding of the post-buckling behaviour of the structure and, therefore, a more reliable design, where the hull girder bending capacity at any hull transverse section now must satisfy the following criterion:

[image: image]

where γR is a partial safety factor for the hull girder’s ultimate bending capacity as a function of prediction uncertainties and the effect of a double bottom in bending (when applicable).

The evaluation of ultimate strength was initially derived from analytical formulations. Today’s methods involve the incremental-iterative method and alternative methods, including non-linear finite element analysis, as recommended by IACS (2021).

Each solution of the true Pareto-optimal front is characterised by a specific hull girder’s ultimate bending capacity; the assessment is carried out on MARS 2000 (2022), which makes use of the incremental-iterative method (IACS, 2021) to determine the bending moment Mi acting on the transverse section at each curvature χi. In this procedure, the ultimate hull girder bending moment capacity is defined as the peak value of the M-χ curve. The effects of shear force, torsional loading, horizontal bending moment and lateral pressure are neglected.

The hull girder’s reliability is evaluated based on its state of operation, which can be identified as safe when it can perform its function and unsafe when it cannot. This limit is called limit-state when the structure exceeds a specific limit and cannot operate safely.

Ultimate limit-states are related to the structural collapse of part or entire structure due to corrosion, fatigue, plastic mechanism, and progressive collapse. The significant consequences of the hull girder failure require that a low probability of occurrence should characterise such a limit state.

The state of the structure can be described using resistance and load variables, x = (x1,…,xn). Therefore, the limit-state function is a function G(x1,…,xn) of these variables, such that the limit-state equation separating the safe from the unsafe region is given by:

[image: image]

The failure condition, based on the resistance, R, and the load effect, S, is defined as:

[image: image]

Therefore, the probability of failure can be written as follows:

[image: image]

In general, there is not enough information on the distribution of the limit-state variables. Therefore, these are replaced with statistical distributions, such as Normal, Lognormal, Weibull and Gumbel distributions.

The FORM method introduced by Hasofer and Lind (1974) allows for quantifying the structure’s reliability with a β-reliability index. This index can be defined as the largest β satisfying the requirement “The distance from the origin to the failure region G*(R, S) must be greater than β”.

In other words, the β-reliability index is the shortest distance from the origin to the transformed limit-state function into a standard normal space. This transformation can be achieved as follows:

[image: image]

where σi is the standard deviation, and E(i) is the mean value. Finally, the β-reliability index is the solution to the constrained optimisation problem in the standard normal space:

[image: image]

The limit-state function of the reliability assessment is based on the ship hull’s ultimate strength, the vertical still water bending moment and the wave-induced bending moments, defined as:

[image: image]

where MU is the ultimate bending moment, MSW is the still water bending moment, MWV is the wave-induced bending moment, xU is the model uncertainty on ultimate strength, xSW is the uncertainty in the model of predicting the still water bending moment, xW considers nonlinearities in sagging, and xS is the error in the wave bending moment due to linear see keeping analysis. Parunov et al. (2015) introduced the variables representing the model uncertainty in their work on the structural reliability assessment of a container ship at the time of the accident (Table 8).


Table 5. Mechanical properties of honeycomb core in compression (HexCel Composites, 2000)
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Table 6. Mechanical properties of honeycomb core shear in ribbon (L) and transverse (W) directions, respectively (HexCel Composites, 2000)
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Table 7. Pareto-optimal solutions
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Table 8. Uncertainty factors in the limit-state function
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The ultimate bending moment is fitted to the Lognormal probability density function:

[image: image]
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where MU5% is the 5% confidence level ultimate bending moment calculated by MARS 2000, μMu is the mean calculated iteratively for each MU to return MU5%, σ2Mu is the variance, and COV is the coefficient of variation assumed equal to 0.08.

The still water bending moment is fitted to the Normal distribution. Regression equations define the mean value and standard deviation of the still water bending moment as a function of the length of the ship, L, and the dead-weight ratio, W = DWT/Full Load, as proposed by Guedes Soares and Moan (1988), Guedes Soares (1990):

[image: image]

where M̅SW = 3.1 MNm is the mean still water bending moment, σ(MSW, max) = 24.3 MNm is the still water bending moment standard deviation, W is assumed to equal to 0.9 for full load conditions, MSW = –159.9 MNm is the still water bending moment according to DNV (2021).

The wave-induced bending moment for strength assessment, given by the Classification Societies Rules at a probability level of 10−8, may be modelled as a Weibull distribution considering that the wave-induced bending moment can be represented as a stationary Gaussian process:

[image: image]

where q is the Weibull scale parameter, and h is the shape parameter, according to DNV (2010):

[image: image]

The extreme values of the wave-induced bending moment at a random point over a specified time may be modelled as a Gumbel distribution (Guedes Soares, et al., 1996). The Gumbel distribution is derived from the Weibull factor as a function of the location parameter, αm, and the scale parameter, βm:
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where MW,e = (2σ2Mwln n)0.5 is a random variable representing the extreme values of the vertical wave-induced bending moment of the reference period, Tr. The number of cycles, n, is based on a reference time of one year for an average wave period TW of 8 seconds:

[image: image]

where p is the partial time in full load seagoing conditions, equal to 0.4.

The β-reliability indexes of the Pareto-optimal solutions (Table 9) are computed with VBA and compared with a target β-reliability index between 3.09 and 3.71 (DNV, 1992). A higher reliability index implies a safer structure, less prone to structural collapse, and, consequently, more expensive.


Table 9. β-reliability indexes of the Pareto-optimal solutions
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The results show that the design optimisation tends to assume the properties of a single-objective optimisation, as higher ultimate bending capacities characterise the lighter design solutions and, therefore, higher β-indexes of reliability.

This can be justified by changing the midship sectional properties of the Pareto-optimal solutions. The selection of higher tensile strength steel at the bottom and lower tensile strength at the deck, towards higher β-reliability indexes, see Table 10, impacts the structural members’ scantling requirements. This selection contributes to a shift of the neutral axis towards the deck, positively impacting the buckling of structural members and, therefore, higher values of the ultimate bending capacity of the hull girder. The ultimate bending moment does not account for non-continuous structures, including hatch coaming and bilge keel. The contribution of these structures to the ultimate bending capacity needs to be evaluated by FEM analysis.


Table 10. Midship sectional properties of the Pareto-optimal solutions

[image: image]



The obtained β-reliability indexes account for an equivalent thickness of the sandwich panels of 22 mm on average. This average equivalent thickness is calculated considering all sandwich panels of all the Pareto-optimal solutions. The model representing sandwich panels as equivalent steel plates tends to overestimate the ultimate bending capacity. The midship section is made of two different materials, but artificially, this is translated into a homogeneous material, where no interaction between two panels of different materials is considered. AHS represent an excellent application for local pressure loads, as their core is parallel to the load. In the case of axial loads, the core does not contribute to the panel’s strength. Therefore, the equivalent thickness approach does not represent the most suitable methodology for this problem. More studies of buckling failure are needed for the honeycomb core subjected to axial pressure. Furthermore, redistributing the axial loads between steel panel plates and AHS may not be as smooth as considered. This aspect needs to be resolved in future studies.

The capital cost assessment is based on the cost of steel and AHS. The cost of a sandwich panel of 3.2 m × 1.5 m is assumed to be 520 EUR. The average weight of a sandwich panel is 200 kg, leading to a price of about 2600 EUR/ton. Together with the steel prices shown in Table 11, Equation 8 may be adapted as follows:


Table 11. Steel and AHS prices

[image: image]
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The AHS is employed only in the cargo hold of the ship. The cargo area is assumed to extend 80% of the ship’s length. The cost of this portion considers the percentage of AHS weight in the midship section, %WAHS, to calculate the cost of the ship. This amounts to 7.2% of the midship section’s weight (Table 12). The cost of steel is considered an average among the steel prices in Table 11. The original ship cost equals 1,580,500 EUR.


Table 12. Economic assessment of the Pareto-optimal solutions
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4.CONCLUSIONS

A risk-based structural design optimisation of the hybrid ship hull was presented. The hybrid structure comprises honeycomb sandwich panels of aluminium 5251-T3 alloy replacing the vertical inner cargo shell. The optimisation was based on discrete variables employing a genetic algorithm, with ship lightweight and stress at the deck as objective functions. The optimisation aims to develop an automatic framework on VBA capable of joining the ship model, the EMOO software, the ultimate strength calculation with MARS 2000 and a β-reliability index code. The weight savings range between 14.8% - 16.1% concerning the original ship. High tensile steel of 390 N/mm2 at the bottom and 315 N/mm2 steel at the mid-section and deck contribute to lighter, more reliable solutions. The obtained β-reliability indexes ranged between 3.61 and 4.43. A deeper understanding of the interaction between steel panel plates and AHS is required better to estimate the hull girder’s ultimate bending capacity. The connection between these two structures creates problems due to the assumed redistribution of the axial loads to be smooth, which may differ. The honeycomb core is an excellent application for local lateral pressure; however, more analysis is needed for the honeycomb core subjected to axial loadings concerning buckling failure. The material cost increase for the lightweight hybrid structure is about 12.4%, considering an AHS cost of 2600 EUR/ton. The economic advantage of a hybrid structure requires additional investment analysis based on a ship’s typical voyage and the expected duration of the investment.

Further studies in this direction could include ultimate bending capacity as the objective function by developing an incremental-iterative method code to be included in the VBA algorithm. Such code would require less than one hour to obtain a fully optimised structure in the case of standard midship sections. The algorithm already developed is expected to get acceptable solutions without excessive overdesign.
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