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Abstract 

This report presents the structural reliability analysis of the hull girder ultimate strength for 

the ship shaped FPSO Triton. The ultimate strength of the hull girder was calculated using a 

component approach, where the behaviour of the hull is evaluated based on the behaviour of 

the single structural components. Three collapse conditions were investigated; failure 

initiated by plate compression, failure initiated by stiffener tension and failure initiated by 

stiffener compression. 

Only vertical bending moment has been considered and the hull girder loads are divided into 

stillwater and wave induced components. The two loading components have been considered 

independent and Ferry Borges - Castenheta load combination method has been applied to 

obtain load combination factors for the Full Load, Partial Load (50 % loaded) and Ballast 

condition. 

The distributions of the extreme values of the vertical wave bending moments (VWBM) 

were calculated, based on linear strip theory and a long-term formulation. The vertical 

mooring forces are small and they were considered to have an insignificant influence on the 

bending moment response. 

The reliability analysis was carried out using a SORM analysis. Annual reliability indices (ß) 

and probabilities of failures were calculated for hogging and sagging conditions. The 

calculated ß values were higher than the annual reliability indices proposed in DNV 

Classification Notes 30.6 for serious failures in redundant structures. This indicates that the 

design is safe and reliable for operation in this particular location. 
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1 Introduction 

The Floating Production Storage and Off-loading Vessel (FPSO) has become a well- 

established development concept in offshore oil and gas production. FPSOs have been 

chosen for an increasing number of field developments in recent years. High payload 

capacity, short development schedule and in-built cargo storage capacity are some important 

advantages that make `Ship Shaped' FPSOs very attractive for field developers. The 

operation and maintenance profiles of a FPSO differ from those of a traditional merchant 

ship, and these differences will significantly influence the structural reliability of the vessel. 

This report presents the structural reliability analysis of the hull girder ultimate strength for 

the ship shaped FPSO Triton. 

Both new-build FPSOs and tanker conversions have a role to play, with selection being 

based on the particular field requirements. A site-specific assessment of the global structural 

response must be carried out. FPSOs are designed to endure long-term deployment, often in 

very harsh environment, minimum production downtime may dictate that the vessels operate 

without dry-docking and survey on station. The vertical bending moment and shear forces 

for a production vessel have been estimated to be approximately 30% higher than for a 

tanker with the same main particulars (Sogstad (1995)). 

The Triton FPSO is a double-skin tanker conversion fitted with a passive turret mooring 

system. It will be moored close to the Gannet field, producing from the Bittern and 

Guillemot west fields. The vessel's Oil-storage capacity is 630,000 BBLS, which equals 6 

days of production. The main Particulars of the FPSO are: 

Length Between Perpendiculars 

Breadth Moulded 

Depth Moulded 

Design Draught 

Scantling Draught 

Tonnage 

233.0 m 

42.0 m 
21.3 m 

13.6 m 

14.7 m 

105,000 DWT 

Table 1.1 Main Particulars of Triton 

1 
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The overall aims of the project are to establish a realistic structural response of FPSOs with a 

probabilistic environmental loading and to carry out a structural reliability analysis of Triton 

considering the ultimate limit-state. The methodology will ensure a procedure to design a 

structure with consistent levels of safety, ensuring that the structure is safe throughout its 

lifetime. The report compares the as-built FPSO design with the initial tanker design and 

comments on the reliability levels. 

1.1 Ultimate Longitudinal Strength of Ships 

It is difficult to define theoretically the ultimate limit state of a complex structure like a ship. 

The hull girder is a three-dimensional structure containing many members, and its collapse 

involves various combinations of plastic deformation and inelastic bifurcation buckling of 

members. For the purpose of ultimate limit state analysis, it is necessary to move from 

classic linear elastic approaches to more effective theories, able to take into account the 

influence of non-linear behaviour of structural components on the ultimate strength 

evaluation. 

This report only addresses the case of ultimate longitudinal bending moment (UBM); that is 

the moment causing the global collapse of the ship. Simplified methods for determining the 

ultimate limit state of the hull girder have been developed throughout the last 30 years. 
Smith (1977) developed an iterative approach, where a sequence of increasing curvatures is 

imposed on the hull girder, and a complete moment curvature relationship for the ship's hull 

is obtained. Other methods based on the same general approach were later developed, 

including the simplified approaches by Billingsley (1980), Adamchak (1984) and Dow et al 
(1981). 

The Lloyds Register's LRPASS Program 20203 uses this type of simplified component 

approach, where the behaviour of the hull is evaluated based on the behaviour of the single 

structural components. The cross section of the hull is subdivided into beam column 

elements, which are assumed to act independently. Each element is composed of longitudinal 

stiffeners and an effective breadth of plate. Three collapse conditions are investigated; 

failure initiated by plate compression, failure initiated by stiffener tension and failure 

initiated by stiffener compression. 

2 



Structural Reliability Analysis of FPSOs 1. Introduction 

1.2 Loads and Load Combination 

For adequate and safe ship design, appropriate values of design loads have to be established. 

The hull girder loads may be divided into stillwater loads and wave loads. The two types of 

loading are of a very different nature. The stillwater loads relate to cargo loading and other 

controllable factors, it is therefore relatively easy to predict their characteristic values and 

their distribution parameters. The procedure of evaluating the wave loads is far more 

complex. Wave loads are probabilistic and it is a complicated task to calculate the wave 

bending moments on a ship structure in a sea state. 

In addition to the hull girder loads, local loads may be important in the design of local 

structures. However, only vertical bending moment will be considered in this project and the 

loads due to external and internal hydrostatic pressure will be accounted for during 

calculation of the Ultimate Bending Moment of the hull girder. The other extreme local 

loads have not been included in the analysis. 

The hull girder loads are divided into still water induced (SWBM) and wave induced 

components (VWBM). Autohydro 4.0 will be used to calculate stillwater vertical bending 

moments for each loading condition. A procedure for calculating the long-term distribution 

of the wave induced bending moments, based on short-term response, is presented. As a final 

step of the load analysis, the loads are combined using Ferry Borges - Castenheta load 

combination model to obtain load combination. The results from load calculations will 

together with the ultimate strength calculations make up the basis of the structural reliability 

analysis. 

1.3 Structural Reliability Analysis 

Traditionally structural engineering as been dominated by deterministic methods, where all 
factors affecting the strength of the structure and applied loads are assumed known. In 

reality, there will be a high degree of uncertainty associated with all these factors. To handle 

the design in a realistic way, the probabilistic approach considers each parameter as a 

statistical variable characterised by the probability density function. 

The probability of all values of all variables are then considered and combined, to give an 

estimate of the safety or reliability of the structure. Lewis (1994) defined reliability as "the 

probability that a system will perform its intended function for a specified period of time 

3 



Structural Reliability Analysis of FPSOs 1. Introduction 

under a given set of conditions". Structural reliability is concerned with the calculation and 

estimation of the probability of limit state violation, violation of both serviceability criteria 

and the ultimate limit state. The failure surface for the longitudinal strength of the hull girder 

may be defined by; 

9(-19 -xuMu - Msw' iVwxnlxwMw=0 Eq. 1.1 

The goal for the structural design is to achieve some target reliability for the total structure, 

and the objective of the structural reliability analysis is then to achieve this target reliability. 
A reliability analysis is carried out for Triton and safety indices obtained for various limit 

states. The safety indices are compared with target reliabilities, depending on consequence of 
failure and type of failure, proposed by the classification societies. A partial safety factor 

optimisation is carried out for Triton to establish a code format. 

The structural reliability program CALREL is used to calculate the generalised reliability 
index /3g and PI CALREL incorporates four techniques for computing these quantities; 
FORM, SORM, Directional simulation and Monte Carlo simulation. FORM and SORM are 

applicable to component reliability analysis, FORM is applicable to series system reliability. 
Directional simulation in conjunction with FORM or SORM is applicable to component or 

system reliability analysis, and Monte Carlo simulation is applicable to all classes of 

problems. 

4 
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2 Ultimate Longitudinal Strength of Ships 

2.1 Ultimate Limit State 

This report only addresses the case of ultimate longitudinal bending moment (UBM); that is 

the moment causing the global collapse of the ship. Research have shown that for a 

production ship always heading onto waves in operation, although the waves are not 

collinear, the horizontal bending and shear are negligible. Other combinations of sectional 

forces could be critical, in particular for non-conventional vessels. It may be useful for these 

vessels to extend the calculation of the limit state of the hull to include; the effects of shear, 

torque and transverse bending moment. 

It is difficult to define theoretically the ultimate limit state of a complex structure like a ship. 

The hull girder is a three-dimensional structure containing many members, and its collapse 
involves various combinations of plastic deformation and inelastic bifurcation buckling of 

members. For the purpose of ultimate limit state analysis, it is necessary to move from 

classic linear elastic approaches to more effective theories, able to take into account the 

influence of non-linear behaviour of structural components on the ultimate strength 

evaluation. The elasto-plastic methods almost invariably over-predict the ultimate bending 

moment. These elastic and plastic bending moments capacities have been evaluated using 

conventional elastic and plastic theories. 

The interaction of the individual components that contribute to the collapse may be 

evaluated using a finite element method, which would consider the material and geometrical 

non-linearity. These analyses require vast computational effort and are at the time being too 

uneconomical for design purposes. A much simpler methodology for determining the 

ultimate limit state of the hull girder has been developed throughout the last 30 years. 

Caldwell (1965) proposed a simplified procedure where the ultimate moment of the mid-ship 

section was calculated introducing a "knockdown" factor for the compressed panels. This 

factor would account for the reduced strength of the cross-section due to early failure and 

unloading of some elements. Considerable effort was spent on improving the formulation of 

the compressive behaviour of stiffened plate panels; Faulkner (1975) and Dow et al (1981) 

amongst others made valuable contributions. Smith (1977) developed a method to 

incorporate the load shortening curves of the plate elements in the calculation of the hull 

girder collapse. By an iterative approach, where a sequence of increasing curvatures is 

5 
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imposed on the hull girder, a complete moment curvature relationship for the ship's hull can 

be obtained. 

Other methods based on the same general approach were later developed, including the 

simplified approaches by Billingsley (1980), Adamchak (1984) and Dow et al (1981). The 

Lloyds Register's LRPASS Program 20203 uses this type of simplified component 

approach, where the behaviour of the hull is evaluated based on the behaviour of the single 

structural components. The most important hypothesis of these "component" approaches is 

that the global collapse of the hull is a sequence of localised collapses of individual 

components rather than a global collapse of the whole section. It is assumed that the collapse 

values of the individual elements are very different from each other, and therefore interaction 

of the different collapse modes is neglected. 

2.2 Ultimate Bending Moment 

2.2.1 Stiffened panel analysis 
As a first step in the analysis, the selected cross-section of the hull is subdivided into beam 

column elements, which are assumed to act independently. Each element is composed of 

longitudinal stiffeners and an effective breadth of plate as shown in figure 2.1. The hull 

girder subdivision of Triton into discrete elements is presented Figure 2.7. Some further 

assumptions are made in the theory: 

The overall collapse of the hull may be subdivided into two distinct and independent 

modes of collapse, the longitudinal and the transverse one. 

Any stresses acting in the transverse direction have a negligible effect on the 

elements' behaviour under longitudinal stress. This can be justified on the basis that 

the panels between transverse frames are longitudinally stiffened only, thus 

generating a predominantly longitudinal stress field. 

Any incompatibility of out-of-plane displacements between adjacent elements is 

negligible. Again, the typical design of stiffened plates between transverse frames 

and deep girders in the main strength zones of the deck and bottom involves panels 

whose element sections and properties are uniform across the plate width. Relative 

displacements between adjacent elements will consequently be small or zero. 

- The overall grillage collapse of the deck and bottom structure is avoided by using 

sufficiently strong transverse frames. 
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Longitudinal Collapse occurs only between two adjacent frames. 

The longitudinal girders are strong enough to support the panels adequately, the 

longitudinal girder failure is due to yielding only. 

Figure 2.1 Beam Column Element 

The LRPASS Program 20202 was used for obtaining load-shortening curves for the stiffened 

plate elements. The program is based on a formulation of the ultimate strength of stiffened 

panels outlined by Rutherford (1982). The ultimate strength of stiffened panels is assessed 

using a beam-column approach. The panel behaviour is typified by that of a single stiffener, 

together with an effective width of plating. The overall axial strength is obtained from a strut 
formulation in which the individual plate and stiffener strengths provide the limiting extreme 

fibre stresses. 

Two predictions of ultimate strength of stiffened plate elements are given by the program, 

one relating to plate-induced failure and the other to stiffener-induced failure. The lowest of 

these defines the ultimate condition and identifies the mode to be used in selecting a load- 

shedding response beyond the ultimate stress. In this respect, four separate theories are 
included in the program, two for plate failure and two for stiffener failure; in both cases, one 

theory allows for buckling while the other assumes pure plastic action. Panels in tension 

behave without unloading after yield, while panels in compression behave with an unloading 

pattern after collapse. 

7 



Structural Reliability Analysis of FPSOs 

Figure 2.2 Hull Girder Subdivision 

All the elements have been assumed to have residual stresses and initial deformations. The 

default values given in LRPASS 20202 have been used. These values are given by: 

2. Ultimate Longitudinal Strength of Ships 

Residual stress, a, = 0.1 x Gyp 

Local deformation, So =bx 
17vn 

200 L ao 

1 
Y2 

Overall deformation, A,., 

Eq. 2.1 

Eq. 2.2 

= 
Le 

(towards the stiffener) Eq. 2.3 
900 

Overall deformation, A,, 
p = 

Le 
(towards the plating) Eq. 2.4 

1200 

8 
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In addition to these initial imperfections, lateral sea- and cargo-pressures on the plate panels 

are included in the analysis. These pressures give rise to both local and overall bending 

effects. The DNV Rules pt. 3 Ch. 1 Sec. 4C 200 gives the cargo pressure as; 

p; = pghs + 25 kN/mz Eq. 2.5 

If the tank is assumed full, a pressure of 0.19 N/mm2 will act on the top of the double 

bottom. In a half-full tank the cargo pressure will be 0.11 N/mm2. The cargo pressure on the 

inner side shell is assumed to decrease linearly from the tank bottom to the tank top. A 

situation where the tank on one side of the longitudinal bulkhead is full, and the other is 

empty has not been analysed, although it would be necessary to do so in the local strength 

assessment. 

The same section in the DNV rules states that the design sea pressures are to be taken as 

corresponding to full draught including dynamic sea pressures. Dynamic sea pressures have 

been neglected at this stage of the analysis. The scantling draught of 14.7 in gives a pressure 

on the bottom of approximately 0.15 N/mm2. The water pressure on the side shell decreases 

linearly from approximately 0.15 N/mm2 at the bilge keel, to zero at the water line. Figure 

2.3 shows the effect of lateral pressure on a typical bottom plate panel from Triton. 

6 

Figure 2.3 Lateral Pressure on Bottom Panel 
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The hydrostatic pressure acting on the side shell will also induce transverse stresses in the 

bottom plating. If a plate is subjected to two orthogonal compressive stresses, elastic and 

inelastic buckling and ultimate strength all involves a strong interaction between these two 

stresses. The nature of the interaction depends mainly on the aspect ratio and plate 

slenderness. The problem is very complex and an exact solution requires a rigorous 

numerical analysis. However, the stress in the bottom structure resulting from pressure on 

the side shell has been estimated to be close to 20 N/mm2 as a worst case scenario, that is 

approximately 6% of the yield stress. This level of stress will have a negligible influence on 

the axial load carrying capacity of the structure, and it has therefore been ignored. Lateral 

pressure effects considered in the analysis are therefore restricted to local bending of the 

plate panels between stiffeners and overall bending of the stiffened panels between frames. 

Both of these are accounted for automatically in the theory used to generate element stress- 

strain data. 

Elements close to deck corners and longitudinal bulkheads will sometimes have adequate 

stiffness to avoid premature collapse. These hard corners may be modelled by elements 

where no unloading takes place after the stiffened panel has reached yield collapse, as shown 

in Figure 2.4. The LRPASS Program 20202 does not have a built-in feature to treat this 

phenomenon, so the stress-strain curves have to be modified or created manually. The 

inclusion of hard corners increases the ultimate hull bending moment, and gives a better 

representation of the actual behaviour of the hull girder. 
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Figure 2.4 The Effect of Hard Corners 
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2.2.2 Ultimate Bending Moment Analysis 
The phenomenon of longitudinal collapse is shown in Figure 2.4 where the curvature C =1/r, 
is progressively increased due to an externally applied hogging or sagging bending moment. 

The internal moment of resistance M of the hull cross-section increases, up to a point at 

which dM/dC becomes zero, or changes sign. This point defines the ultimate longitudinal 

bending strength M, of the hull. In general, M, will be different for hogging and sagging 

conditions. 

Figure 2.5 Hull Girder Bending Concept 

On the assumption that plane sections remain plane in bending, the strain corresponding to 

an applied curvature, C, can be calculated for each element of the cross-section using a 

simple beam bending theory. Combined vertical and horizontal bending can be 

accommodated if their relative magnitude and phasing are known and can be represented by 

incrementing horizontal and vertical curvature. For an element e the following relationship 

applies, when curvature C is imposed in the horizontal plane only: 

cý =c . v, Eq. 2.6 
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where e is the longitudinal strain in the element. Using this information in conjunction with 

input element stress-strain curves, the stress state around the hull is established and a simple 

summation process follows to determine the bending moment resulting from the applied 

curvature. For a curvature C the moment is; 

Mx-E Qe"Ae". ye Eq. 2.7 

where Qe is the element stress related to the strain Ee via the stress-strain curve for the 

element, ye is the vertical position of the element and Ae is the effective sectional area of the 

element. By performing this process in predefined steps, a trace of the moment curvature 

response of the hull incorporating the non-linear response of individual elements is achieved. 
A typical moment-curvature relationship is shown in Figure 2.6. 

--I 
-1.00E-07 0.00E+00 

Curvature (mm"') 
1.00E-07 

Figure 2.6 Bending Moment-Curvature Relationship for Triton 2 
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Initially it is necessary to estimate the position of the neutral (or zero strain) axis through 

elastic analysis, because when the curvature is small the section behaves in the elastic 
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2. Ultimate Longitudinal Strength of Ships 

domain. If the section is symmetric and the origin of the reference system is located at the 

underside of the bottom plating, the elastic neutral axis passes through a point with co- 

ordinates: 

-ýye'Ae - 
e 

Eq. 2.8 

Since the stress distribution may not be linear, the neutral axis position is adjusted using Eq. 

2.8 to maintain equilibrium of the system, during the incremental procedure. 

SHIFT 
ýj(Ae"ae) 

= C"2: Ee"Ae 
Eq. 2.9 

ý where Ee is the value of Young's modulus for the element. OUA 

wtA (A av+ý's ai l 
At high curvatures, several of the initial assumptions made on page 6 could be violated. 

Thus, the estimation of the capacity beyond the ultimate bending moment is approximate. 
Other methods of analysis, such as FEA, should be used to investigate the post-UBM 
behaviour. However, the procedure utilised in LRPASS 20203 gives a satisfactory 

estimation of the UBM, which is of great importance in the assessment of ship safety. 

2.3 Elastic and Plastic Theory 
It is of interest to compare the ultimate bending moment of a cross section to the elastic and 

plastic bending moments. The comparison will give an indication on how well the midship 

section is designed. One would generally try to achieve values of UBM as close to the elastic 
bending moment as possible. A Fortran code was developed to determine the elastic and 

plastic properties of the midship section. The theory behind this code is described on the 

following pages. 

2.3.1 Elastic Theory 

Triton has high tensile steel in the upper deck, inner and outer bottom, and to some extent in 

the side shells. The assessment of the elastic bending moment of a cross section fabricated of 
two (or more) materials requires more effort than the straightforward case of a single 
material-hull. Hughes (1983) outlines a composite beam theory that is intended for beams of 
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solid cross section, with dissimilar materials. The technique has direct application to a hull 

girder if the dissimilar portion is part of the cross section of the main hull; for example, a 

deck constructed of titanium or high tensile steel. 

The fundamental assumption of beam bending theory is that plane sections remain plane. It 

is now assumed that the dissimilar portion is an integral part of the hull girder, such that the 

bending strain F. is still linearly proportional to the distance y from the neutral axis; that is 

6= Y Eq. 2.10 
r 

The corresponding value of the bending stress at any point is or = Es, and the following 

relationship can be derived; 

a, = 
Ey 

r 
Eq. 2.11 

The next step in the derivation of elementary beam theory is the requirement that there is no 

net axial force in the beam: 

1adA= jEYdA=1 jEydA= 0 Eq. 2.12 
rr 

If there are two or more portions of the beam which have different values of s then the 

integral must be evaluated separately for each portion. An alternative approach is to chose 

one of the values of Q (say a, ) as a reference value and relate the other values to it by means 

of a transformation factor S; which is defined as. 

s, = 
, 0 

Eq. 2.13 

S, is a variable, which is a function of position within the beam cross section. Within any one 

material its value is constant, but the value changes abruptly when passing from one material 

to another. We can now write Eq. 2.12 as: 
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J6, dA + Jaz dA +... + Ja,, dA =R 
JS; y dA =0 Eq. 2.14 

The next step in elementary beam theory is the requirement of equilibrium between the 

external bending moment acting on the section and the moment of internal stress forces. 

Me = 6, JS; y dA =E JS, y' dA 
r 

Eq. 2.15 

The transformation factor Si can be regarded as multiplying dA and giving either a reduced 

or an enlarged area for each non-standard portion of the cross section. Therefore, the integral 

in (Eq. 2.14) is simply the moment of inertia of the transformed section, which can be 

denoted as I,,: 

Il, =f Si y2 dA Eq. 2.16 

This definition holds, as if the beam were a homogenous beam of o,, with I,, in place of I: 

1M 
R EI� 

Eq. 2.17 

Combining Eq. 2.11 and Eq. 2.17 gives us an expression for the elastic bending moment: 

Mc = 
I"a' 

Eq. 2.18 
y 

2.3.2 Plastic Theory 
Plastic theory is based on an idealised "elastic-perfectly plastic" stress-strain curve. As 

shown in Figure 2.7, this idealisation is quite suitable for mild steel, with its definite yield 

point, and it is conservative since it ignores the subsequent strain hardening of the material. 
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Gy 

----- Perfectly Plastic 
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C 

Figure 2.7 Idealised Elastic-Plastic Stress-Strain Curve. 

Within the elastic range, the local curvature of the beam (hull girder) is linearly proportional 

to M, and the load-deflection curve is also linear. At some value of M, say M, the maximum 
bending stress will reach the yield stress of the material. If the curvature of the beam, and 

therefore the bending moment, is further increased plasticity will spread through the depth of 

the cross-section until the section is fully plastic. The local bending moment corresponding 

to this condition is known as the plastic moment of the section M,,. Because all of the fibres 

have now reached their load-carrying capacity, the beam can absorb no further bending 

moment at this section. In practice the strain hardening of the material would delay the 

collapse slightly, to some value of M marginally greater than M, but nevertheless at M=M, 

the deflection would already be so large as to constitute effective collapse. 

Equilibrium in the longitudinal direction requires that the net axial force is zero. If there is 

no axial force, the force taken by the upper and lower portions of the cross section must be 

equal and opposite. When dealing with bending about an axis which is not an axis of 

symmetry, it is important to notice that the plastic neutral axis, where the stress reverses 

sign, does not coincide with the usual neutral axis for elastic bending. The equilibrium of 
forces can be given as: 

Eq. 2.19 
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This can be expressed in terms of stresses and areas as: 

Aunner Uv = Am, ' Qy Eq. 2.20 

If the section is made up of different steel qualities, with different o, then equivalent areas 

have to be used in the calculations. This is done by choosing one of the c (s as a reference 

yield stress and dividing on both sides of Eq. 2.20 by this or,. This generalisation of Eq. 2.20 

may be written as: 

A,.,, + Az. 
u ' 

6Z 
+... + An. u ' 

6n 

- 6/ 6i =I A1, +A11 
62 

+... +A,,. 1 " 
Q, 

- cri Q1 
Eq. 2.21 

Finding the plastic neutral axis is then an iterative process solving equation Eq. 2.21. Having 

fixed the plastic neutral axis in this way, it is a simple matter to calculate the first moment of 

area about that axis in order to determine the section modulus. 

ZP A,. 
u Y+ A,. ý ' Y+ A1 

u' 
61 

' Y+ A2. f 
QZ y+... + A,,, 

u'ý" + A,,., Eq. 2.22 
Q, Q, Q, Q, 

The full plastic moment is given by: 

Mp=ZP"a, Eq. 2.23 

Both Z,, and the elastic section modulus, Z, are geometric quantities which depend on the 

shape of the section, and it may be shown that Z,, is always larger than Z. A shape factor, S, 

can be calculated: 

nP !' 
J =-_ 

Z Mý 
Eq. 2.24 

Thus, the shape factor has physical significance; it is the ratio by which the plastic hinge 

moment exceeds the initial yield moment, at any given section of the beam. If the beam is 

statically determinate, so that only one hinge is required for collapse, then S also indicates 

the margin between yielding and collapse. However, beams in structures generally have 

ZM 

2. Ultimate Longitudinal Strength of Ships 
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more than this minimum degree of fixity and consequently their reserve of strength is 

somewhat larger than S. 

2.4 Hull Strength Results and Discussion 

Three different mid-ship sections have been analysed and compared. Triton I is the initial 

tanker design, Triton 2 is the improved, as built, FPSO design and Triton 3 is an intermediate 

design, where only the bottom panels have been strengthened. Although all three designs 

have been analysed, the focus of the analysis has been on Triton 2, as this is the as-built 

design. 

It can be seen from Table 2.1 that the main modifications from Triton 1 to Triton 2 are; the 

bottom plating has been increased by 3 mm, the deck plating has been increased by 2-3 mm 

and the steel has been upgraded to Grade D steel. The increase in plate thickness will affect 

the ultimate bending moment capacity, whereas the change of steel grade will improve 

fatigue characteristics. A drawing of the midship section is shown in Appendix A. 

Ship Bottom Plating Deck Plating Material 
Triton 1 16.5 - 18 mm 16.5-17.5 mm High Tensile, Grade A 

Triton 2 19.5 - 21 mm 19.5 mm High Tensile, Grade D 
Triton 3 19.5 - 21 mm 16.5-17.5 mm High Tensile, Grade D 

Table 2.1 Plate Thickness and Material Properties for Different Designs 

2.4.1 Elasto-Plastic Analysis 

The area of the midship section has been increased by approximately 5% from Triton 1 to 

Triton 2. The weight of the added material is estimated to 4% of the hull weight, equalling 

800 tonnes. In the Triton 3 design, the cross section area was increased by 2.5% from Triton 

1, and the weight increase estimated to 400 tonnes. A summary of the results of the elasto- 

plastic analysis is shown in Table 2.1. 
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Triton I Triton 2 Triton 3 Rule Req. Units 

Area of Cross Section 5.35.106 5.61.106 5.48.106 mm2 
Vertical N. A. 9384 9455 9164 mm 
2"d Moment of Area 3.65.1014 3.96.1014 3.76.1014 2.40.1014 mm4 
Elastic Section Modulus Bottom 5.17.1010 5.57.1010 5.46.1010 3.43.10'0 mm3 
Elastic Section Modulus Deck 3.93.1010 4.25.1010 3.93.1010 3.43.1010 mm3 
Plastic Section Modulus 4.98.1010 5.32.1010 5.04.1010 mm3 
Elastic Bending Moment 9626 10421 9604 MNm 

Plastic Bending Moment 12211 13036 12359 MNm 

Shape Factor 1.27 1.25 1.29 

Table 2.2 Elastic/Plastic results 

2.4.2 Ultimate Bending Moment 

The sagging moment-curvature relationship for Triton 2 is plotted in Figure 2.8, and the state 

of the cross section at significant curvatures is shown in sequential drawings in appendix C. 

The moment-curvature (M-C) graph follows a linear relationship up to a curvature of -60.10- 
9 mm-', where the slope decreases slightly. The first failure occurs in the stringer stiffeners at 

a curvature of -90.10-9 mm', as the curvature increases to -100.10"9 mm' the deck plates 

near the centre line collapses. Element 112 in the longitudinal bulkhead and element 144 in 

the centre longitudinal bulkhead also fails at this stage. These, somewhat premature plate 

failures could be avoided by using thicker plating in the longitudinal bulkheads. 

The ultimate bending moment of 7887 MNm is reached at a curvature of -102.10-9 mm-1, a 

further increase in curvature dramatically reduces the stiffness of the cross section. The plate 

failure in the deck propagates outwards from the centre line towards the deck edge, at the 

same time as members of the side shell and longitudinal bulkhead fails. When a curvature of 

-108.10-9 mm-1 is reached all the deck elements have failed, and the moment decreases 

slowly with increasing curvature. 
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Curvature (mm") 

Figure 2.8 Sagging Moment-Curvature Relationship for Triton 2 

A plot of the hogging moment-curvature relationship for Triton 2 indicates an onset of first 

buckling at a curvature of around 60.10-9 mm"'. At this point the moment-curvature 

relationship becomes non-linear and falls below the linear values. It is the elements in the 

longitudinal girders that fail due to stiffener failure. When the curvature is increased up to 

120.10-9 mm"', the first element in the centre longitudinal bulkhead fails and the slope of the 

M-C decreases even more. 

At a curvature of 125.109 mm"' the ultimate bending moment is reached, and the dM/dC 

becomes zero. This is the curvature where the first elements in the bottom experience plate 

failure. The plate buckling starts at element 19, close to the longitudinal wing girder, and 

propagates all the way to element 6 where the plate thickness changes from 19.5 to 21 mm. 

From this point, the stiffness of the cross-section decreases rapidly with an increase in 

curvature. The rest of the stiffened plate elements in the bottom fail when the curvature 

reaches 127.5.10-9 mm 1. The members in the inner bottom fail at a curvature of 
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approximately 135.10-9 mm', this is represented by a dramatic drop in the M-C. From this 

point onwards the moment decreases slowly, at a steady rate, as the plate failure propagates 

up trough the side shells, the inner side shells and the longitudinal centre bulkhead. 
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Figure 2.9 Hogging Moment-Curvature Relationship for Triton 2 
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The moment-curvature relationships in sagging and hogging were obtained for each of the 

three different midship sections. A summary of the results is shown in Table 2.3. The full 

output from LRPASS is shown in appendix B. 

Triton 1 Triton 2 Triton 3 Units 

UBMsag 6693 7887 6885 MNm 

UBMHog 8329 9701 9603 MNm 

UBMSagI UBMHog 0.80 0.81 0.72 

Table 2.3 Ultimate Bending Moments 
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A well-designed cross-section has an Ultimate Bending Moment close its elastic (Me) and 

plastic (Mp) bending moment capacities. If the UBM is considerably lower than these values, 

the design does not take full advantage of the material in the cross section. As a part of the 

design-process, the scantlings should be optimised so that the final UBM is close to the 

elastic bending capacity of that cross-section. The comparison in Table 2.4 shows that the 

values for the UBM in hogging condition are reasonably close to Me and Mp, especially for 

Triton 2 and 3. However, the UBM values for the sagging condition fall well below the 

elastic bending moment capacities. 

Triton 1 Triton 2 Triton 3 

UBMsag / Me 0.695 0.757 0.717 

UBMHog / Me 0.865 0.931 0.9998 

UBMsag/ Mp 0.548 0.605 0.557 

UBMHog / Mp 0.682 0.744 0.777 

Table 2.4 UBM Compared with Elastic and Plastic Bending Moment Capacities 

2.4.3 Effect of Lateral Pressure on UBM 

The effect of lateral sea and cargo pressures on the buckling strength of stiffened plate 

panels was discussed in section 2.2.1. It was shown that the collapse strength of the beam 

column element was reduced when a lateral pressure was applied. These pressures act 

predominantly on members below the neutral axis, thus the strength of the members in the 

double bottom and lower parts of the side shell are reduced. As the buckling strength of 

these elements significantly influences the ultimate strength in hogging, the hogging UBM 

will be reduced when lateral pressures are included in the model. 

In sagging, the buckling characteristics of the deck elements will be the governing factor 

influencing the UBM. No lateral pressures are applied to the deck plating, so the buckling 

strength of the deck structure will remain unchanged. Figure 2.10 shows how the lateral 

pressures affect the ultimate bending moment of the whole cross section. The ultimate 

hogging bending moment was reduced from 9920 to 9150, approximately 8%, whereas the 

sagging UBM was virtually unchanged. 
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Figure 2.10 Effect of Lateral Pressure in Strength Model 
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2.4.4 Effect of Hard Corners on UBM 

The effect of hard corners on the ultimate bending moment could be explained using the 

same reasoning as for the effect of lateral pressure. The deck and bottom elements buckling 

capacities are dominating the sagging and hogging UBMs respectively. The bottom structure 

contains four elements (1,20,25 and 31) that are treated as hard corners, thus the inclusion 

of these in the model will increase the calculated hogging UBM. The calculated increase in 

ultimate bending moment for Triton 2 was from 9150 to 9700, or approximately 6%. 

As for the deck structure, it only contains three rather small elements (72,149 and 150) that 

may be taken as hard corners. From Figure 2.11 it can be seen that the UBM in sagging is 

not significantly increased. However, the behaviour beyond the UBM is somewhat different 

as no load shedding takes place in the hard corner elements. 
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Figure 2.11 Effect of Hard Corners in Strength Model 
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2.5 Conclusions 
Three different mid-ship sections for Triton were analysed. A traditional elastic analysis 

showed that all three designs satisfied the IACS rule requirements for section modulus and 

2nd moment of area. The next step was to perform a ultimate bending moment analysis, 

which showed that the ultimate bending moment capacity was increased by 18% and 16 % in 

sagging and hogging respectively from Triton 1 to Triton 2. This increase in ultimate 

bending moment was achieved by strengthening the bottom and deck structure of the vessel. 

A calculation based on changes in cross-sectional areas estimated the weight of the added 

material to be roughly 4% of the hull weight, equalling 800 tonnes. For Triton 3 an increase 

of 15% in the hogging UBM is achieved by increasing the plate thickness in the bottom 

plates by 3 mm. The sagging capacity was just marginally increased (3%). The weight of the 

added material from Triton 1 to Triton 3 is around 2% of the hull weight, or approximately 

400 tonnes. 

2. Ultimate Longitudinal Strength of Ships 

The ultimate bending moment in sagging (UBMS, g) for Triton 2 is 7887 MNm, which is just 

76% of the elastic bending moment and 61% of the plastic bending moment. These rather 
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low ratios suggest that element failure occurs prematurely and that a more effective design 

would take advantage of more of the material in the cross-section. An improved design could 

be achieved by optimising the stiffener spacing and properties as well as plate thickness. For 

Tritonl and Triton 3 the ratios between UBMs, g and elastic and plastic bending moments are 

even lower. 

The ultimate bending moment in hogging (UBMHog) for Triton 2 is 9701 MNm, or 93% of 

the elastic bending moment capacity, which is better than the ratio of 87% found for Triton 

1. For Triton 3a value of almost 100% was achieved, implying a very effective design of the 

cross-section. 

The analysis showed that plate induced failure was the dominating failure mode in all 

designs and conditions. This, combined with the results from the elastic analysis, indicate 

that the stiffener spacing in the deck is too large to give an effective design from a structural 

point of view. The stiffeners have adequate strength, the plates are sufficiently thick, but the 

elements are too wide, resulting in plate failure. Optimising the cross-section to have 

acceptable properties in both sagging and hogging is a time consuming iterative process. The 

goal of the structural optimisation will be to fulfil predefined requirements based on some 

knowledge of the loads to which the hull girder will be exposed. In addition to the structural 

strength, there will be other parameters influencing the choice of cross-sectional properties 

in practise. These factors could typically be material cost, total labour content and 

construction methods, and it may be considered to increase the steelweight of the ship to 

minimise production cost. 

The inclusion of lateral sea and cargo pressures in the buckling strength model was shown to 

reduce the hogging UBM by approximately 8%, no reduction was found on UBMsag. The use 

of hard comers to represent longitudinal girders and corners increased UBM,, og by 

approximately 6%. It is worth noting that the effects of lateral pressures and hard corners 

almost cancels each other out, so that a simplified model, neglecting both effects, would give 

a UBM, _, og only 2.35% higher than the more accurate model. 
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3 Loads and Load Combination 

3.1 Introduction 

For adequate and safe ship design, appropriate values of design loads have to be established. 
The hull girder loads may be divided into stillwater loads and wave loads. The two types of 
loading are of a very different nature. The stillwater loads relate to cargo loading and other 

controllable factors, it is therefore relatively easy to predict their characteristic values and 
their distribution parameters. The major uncertainty in the prediction of stillwater loads is 

associated with deviations from the loading manual. These deviations are difficult to 

estimate, as they are dependent on factors as; the type of vessel, the quality of the crew and 

whether the vessel has a loading instrument or not. 

The procedure of evaluating the wave loads is far more complex than calculation of 

stillwater loads. Wave loads are probabilistic and it is a complicated task to calculate the 

wave bending moments on a ship structure in a sea state. The wave loads are usually divided 

into low and high frequency wave loads. The low frequency wave loads consists of vertical, 

horizontal and torsional loads, while the high frequency loads are due to slamming and 

springing. Procedures of extrapolation of these loads to their extreme lifetime values are 

reviewed and models for their combinations discussed in this report. 

In addition to the hull girder loads, local loads may be important in the design of local 

structures. These local loads consist of external and internal loads. The external loads are due 

to stillwater loads (static head), low-frequency wave loads (dynamic pressure due to waves) 

and high frequency local slamming loads. The internal loads can result from weight of cargo, 

inertia forces of cargo associated with ship motions and accelerations, and from sloshing of 

liquid cargo. The loads due to external and internal hydrostatic pressure are accounted for 

during calculation of the Ultimate Bending Moment of the hull girder. The other extreme 

local loads have not been included in the analysis. 

3.2 Rule Requirements 

Ship structural safety is normally taken into account by the Rules of Classification Societies, 

and IACS (International Association of Classification Societies) plays an important role in 

achieving common standards. The rules determine the extreme wave loads (global and local) 

which are to be considered as minimum requirements (safety standards). These requirements 
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are generally based on extensive calculations and tests and are verified by means of the 

statistics of damages gathered during the years of supervision. They therefore represent the 

outcome of an experience derived from more than a century of classification activity. 
The rule requirements for the midship section modulus and midship section moment of 
inertia about the transverse axis are; 

Zo =f L' B(CB + 0.7) cm3 and I= 3CW L' B(Ch + 0.7) cm4 Eq. 3.1-2 
t 

where Zo and I are the section modulus and section moment of inertia receptively, f, material 

factor depending on material strength group and Cw is the wave load coefficient given by; 

C, v =10.75-((300-L)/100)' 5 for 90 SL 5300 Eq. 3.3 

C,, = 10.75 for 300 <L <350 

C�. = 10.75-((L-350)/150)1.5 for 350 _<L 5500 

IACS gives the following recommendations for the minimum design midship still-water 

bending moments, Msw: 

In hog: M", = C, L2B(122.5-15Cb) Eq. 3.4 

In sag: Ms,, =65C�L2B(Cb+0.7) Eq. 3.5 

For the Triton FPSO, these values would be approximately 2577 MNm and 2238 MNm for 

hogging and sagging respectively. The rules also state that larger values based on load 

conditions are to be applied when relevant. The minimum design midship wave-induced 

bending moments are as follows: 

In hog: MW = 190 C�LZBCh Nm Eq. 3.6 

In sag: M,, = 110 C�L2 B(Ch + 0.7) Nm Eq. 3.7 

The values obtained for Triton are approximately 3447 MNm in the hogging condition and 
3787 MNm in sagging. The calculations of the rule values for minimum design loads and 

cross-sectional properties are shown in Appendix D. 
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3.3 Stillwater Bending Moment 

A ship floating in still water is subjected to vertical forces of weight and buoyancy which, 

although equal as a whole, are distributed differently along the length. These vertical forces 

cause shearing forces and bending moments (SWBM) at each section and the ship behaves 

like a girder under continuos uneven loading. As can be seen from Figure 3.1, a diagram of 

weight will have a series of discontinuities caused by concentrated loads such as bulkheads, 

machinery, different densities of cargo in each hold, etc. The buoyancy, which is dependent 

upon the shape of each section (Figure 3.2), will give an upward force that at certain sections 

will be less than the weight while at others it will exceed the weight. 

The variation of the still-water loads largely depends on the amount of cargo and its 

distribution along the ship. Traditionally, a load manual is used to ensure that the specified 

maximum value is not exceeded. The more frequent application of on-board computerised 

load distribution equipment gives masters as much freedom to load the ship as they want, as 

long as the maximum loads are within the limits specified by Classification Societies. The 

consequence is the loading manual is less likely to be strictly followed with a resulting larger 

variability of load conditions. This fact also produces a larger probability of exceeding the 

maximum operational load due to human decisions involved in the choice of load conditions. 

However, the reliability analysis only considers the small variations in loading conditions 

associated with the daily operation of the vessel, gross errors are not accounted for. 

Mano et al (1977) showed that the still-water midship bending moment in container ships 

could be adequately modelled by a normal distribution. Several subsequent studies have 

shown that the normal distribution is a good description for other ocean going vessels as 

well. For offshore production ships however, due to completely different loading procedures, 

and in particular to the frequent changes in the load distribution on board, the statistical 

model for still-water load substantially differs from that of conventional ships. Wang et al 

(1996) reported the outcomes of 453 actual still-water load conditions, recorded during the 

first two operational years of an offshore production ship. It was found that the cumulative 

distribution function of the individual sagging Still-Water Bending Moment is well fitted by 

a Rayleigh distribution, while the hogging SWBM follows an exponential distribution. 

Rayleigh and exponential distributions are more complicated in mathematical terms than 

normal distributions. Thus as a slightly conservative approximation in order to simplify the 
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extreme model, the SWBM was assumed to follow a normal distribution in both hog and 

sag. It is believed that the effect of this simplification will be insignificant. 

3.3.1 Characteristic Values of Stillwater Loads 

Prediction of the still-water load effects raises no difficulty once the loading procedures of 

the vessel are specified. The primary hull structure is modelled as a beam and the load 

effects are determined by integration over the length of the ship. This can readily be done in 

a number of computer packages. In determining the design value of the still-water load- 

effects, several representative load conditions must be considered. The reference value 

adopted for deterministic design is the maximum that occurs in these conditions or the 

minimum design requirement of classification societies' Rules, whichever is greater. In a 

reliability-based analysis, the SWBM for each condition is taken as the mean or 

characteristic value, and an uncertainty (e. g. aor COV) is assigned. 

The SWBM for each loading condition were calculated using Autohydro 4.5.0, which is a 

part of the Autoship package. SWBM calculation is just one of many modules in Autohydro, 

other features include calculation of hydrostatics, hull data, cross curves etc. The main input 

to the program, the weight distribution and the hull geometry, are shown in Appendix E. The 

hull geometry (Figure 3.2) was modelled in Model Maker, and then exported to Autohydro 

where weight distributions (Figure 3.1) were added to the model. 
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Figure 3.3 Hull Geometry Model of Triton 

As soon as the vessel is properly modelled, it is straightforward to calculate the longitudinal 

loads on the hull girder. The characteristic values of the SWBM were taken as the highest 

value in each loading condition. The output from Autohydro, plots of the SWBM and shear 

force distributions, the section area curves and curves of form may be found in Appendix F. 

SWBM Full Load Partial Load Ballast Load 
[Tonne-ml 57517 147971 234425 

[MNm] 564 1452 2300 

Table 3.1 Characteristic Values of SWBM 
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3.3.2 Uncertainties in Still Water Loading 

It is reasonable to expect the uncertainty on the mean SWBM for a loading condition to be 

quite high. The variation of the extreme SWBM will be somewhat smaller. While not strictly 

a "modelling error", one aspect of variability related to still water loads is that they can, with 

a given probability distribution, exceed the design value. This probability distribution can be 

expected to depend on the type of vessel, the quality of the crew, constraints on vessel 

operation, and whether the vessel has a loading instrument or not. 

Little data exists on this aspect of still water load variability, because of the admission of 1Ut 
such occurrences is not often desirable, making the collection of such data difficult. Wang et 

al. (1996) indicate that the maximum allowed value might be exceeded by 5% within the 

first two years of operation. Thus, a COV of 5% on the extreme SWBM, MSe, might be 

reasonable to apply in the reliability calculations. The relationship between mean and 

extreme values suggests that a COV of 15% could be used on the mean SWBM. 

The mean SWBM in ballast condition for Triton condition is 2300 MNm and the extreme 

value is close to 3200 MNm, 23 % higher than the rule minimum value of 2600 MNm. As an 

extreme weather countermeasure, the ship's master will probably try to avoid being in ballast 

condition in heavy weather for several reasons. This will reduce the probability of the 

extreme VWBM and extreme SWBM occurring at the same time. A truncated normal 

density could be used to represent this effect, and to account for differing loading patterns 

during the long term. As the extents of these countermeasures are not known, the effect of 

these has not been included in the analysis. Consequently, the reliability results for the 

ballast load condition will tend to be somewhat conservative. 

3.3.3 Operation Profile 

No information on the loading procedures for the FPSO was available. Thus, a simplified 

operation profile based on the production and storage capacities was estimated, and a 

rectangular pulse process was fitted. The storage capacity of the vessel is 630,000 BBLS, 

which equals 6 days production. It is supposed that offloading will take place before the 

vessel is completely full, consequently load cycles of 5 days were assumed. The number of 

occurrences of each load condition per year is given by; 

n= sw Eq. 3.8 
T 
sW 

Ts»" 
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where r,,, is the duration and TSH, is the total time per year spent in each load condition. 

Loading Condition T. Tsw n5w 

Full Load 73 days 24 hours 73 
Partial Load 219 days 72 hours 73 
Ballast Load 73 days 24 hours 73 

Table 3.2 Operation Profile 

The extreme model (ref. Chapter 3.3.4) is only dependent on the number of occurrences, not 

on the total time spent in that condition. One interpretation of this could be that the 

uncertainty is associated with changes in the loading, and not with the duration of the 

condition. This is a suitable assumption for merchant ships, where the same loading 

condition is maintained over the whole duration of the voyage. The assumption might not 

hold for a FPSO, which experience continually changing loading each day, where higher 

uncertainties would be expected. On the other hand, FPSOs are generally fitted with better 

loading monitoring instruments than traditional tankers, resulting in better load control, thus 

reducing the uncertainties on SWBM. These points were considered when assigning 

uncertainties to the SWBM in the extreme model. It should be noted that the number of 

occurrences of a particular load condition in a year, n, " for Triton is the same for all three 

conditions. This might not be the case for other operation profiles, where some loading 

condition might occur more often than others. 
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3.3.4 Extreme Model 

The SWBM was assumed to follow a normal distribution in both hog and sag. This slightly 

conservative approximation was applied in order to simplify the extreme model. When the 

values a,, and QS, y of the normal distribution are known the extreme values may be 

approximated as a Gumbel law. The Gumbel parameters were estimated by: 

usw =FW'(I--) 

n sW 

-F :W a =1' sw 

. 
ýsW 
�S 

Eq. 3.9 

Eq. 3.10 

where ns, is the number of occurrences of a particular load condition in the reference period, 

F,, -1 is the inverse cumulative probability distribution, FSW is the cumulative probability 

distribution and f�, is the probability density function. The mean and standard deviation of 

the Gumbel distribution could then be calculated as; 

P. = urw + Y Eq. 3.11 
a sW 

7r 
se 

47 

a5, V 
V6 Eq. 3.12 

Figure 3.5 and Figure 3.6 show the Gumbel probability density function f, and distribution 

functions Fce respectively for the SWBM of each of the three loading conditions. Fe and f 

are given by: 

fr (x) = aswexP(- aSN, (Ms, 
- u5W 

)- 

exp(- as, V 
(M,, - usw ))) Eq. 3.13 

F, (x) = exp(- exp(- asw (M,, 
- u,. ))) Eq. 3.14 
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Figure 3.6 Extreme SWBM Probability Distribution Functions 

The extreme SWBM calculations were carried out as a part of the load combination factor 

calculations shown in Appendix H. Table 3.3 gives a summary of the extreme values of 
SWBM obtained for Triton. The differences between sagging and hogging extreme values 

are quite significant, keeping in mind the sign convention, positive values for hogging and 

negative values for sagging. In hog the wave load and SWBM will have the same sign, both 

will give hogging moments, whereas in sag there will be a hogging SWBM and a sagging 
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VWBM. This is a very significant factor when considering the reliability of the vessel in hog 

and sag, as shown in the reliability analysis. 

Load Condition A. (MNm) a.,, (MNm) p,,, (MNm) Q,, (MNm) 
Full Load 564 84.6 770 42.4 

Hog Partial Load 1452 218 1982 109.3 
Ballast Load 2300 345 3139 173.1 

Full Load 564 85 358 
Sag Partial Load 1452 218 922 

Ballast Load 2300 345 1461 

Table 3.3 Summary of Stillwater Results 

3.4 Quasi Static Wave Bending V11U S ýClý 

42.4 
109.3 
173.1 

When a ship encounter irregular waves or swells with wave components in the range of 1/2 

to 2 times the length of the ship (shorter at oblique angles), significant bending moments are 

developed. Estimating these wave-induced loads, particularly vertical bending moments 

(VWBM), is one of the most important and complex tasks in ship design. Four methods has 

been suggested by which wave-induced loads can be determined: 

approximate methods 

strain and/or pressure measurements for full scale ships 
laboratory measures of loads on models 
direct computation of wave induced fluid loads 

l1. kA 
1 qý ýsº -.. <, ý 

Historically, approximate methods have been the most commonly used design tool for the 

prediction of a characteristic extreme load. One such method is the linear strip theory. Linear 

strip theory has shown good agreement with model and full-scale tests for small excitations 

and responses. For larger motions, however, both wave excitation and the ship responses are 

non-linear. These non-linearities have to be accounted for in the reliability analysis. The 2-D 

strip theory program TRIBON Hydro from Kockums Computer Systems was used to obtain 

transfer functions for the ship. 

The wave load analysis was performed for three operating conditions; full load, partial load 

and ballast load. The ship was assumed moored and free to weathervane within ±30° from 

the predominant wave direction. The vertical mooring forces are small and have been 

considered to have an insignificant influence on the bending moment response. 
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The wave-induced response serves as input to a post-processing program, LongTerm that 

calculates the long-term distribution of the VWBM. Short-term responses in irregular waves 

are calculated using the principle of linear superposition and wave statistics. The short-term 

responses are combined with long-term wave statistics for a specific ocean area in order to 

determine the long-term distribution of VWBM. When the long-term distribution is known, 

the most probable extreme value in any reference period may be found. The reference period 

will typically be one year for the reliability analysis, where the target reliability is given as 

an annual reliability index. 

3.4.1 Short Term 

These wave-induced moments were first determined by model tests in waves (Lewis, 1957 

and Vosser, Swaan and Rijken). Korvin-Kroukovsky developed the strip theory approach to 

the calculation of ship motions, which subsequently led to methods for calculating stress and 

bending moments in regular waves (Gerritsma and Beukelman (1967) and Salvesen, Tuck 

and Faltinsen (1970)). 

St. Denis and Pierson (1953) accomplished the extension of regular wave results to 

predicting ship responses to short-crested irregular seas, on the assumption that both the 

irregular waves and the ship short-term responses are stationary stochastic processes. The 

response of a ship in irregular waves can be taken as the summation of the individual 

responses to the regular waves, which form the confused sea. By short-term is meant periods 

of typically a few hours during which sea conditions remain essentially constant. Hence 

under these assumptions, the bending moment response can be predicted for any ship for 

which transfer functions are available. The square of the transfer functions ar e called. 

response amplitude operators (RAO), and they can be multiplied by the directional wave 

spectra to produce the directional response spectra, N Of RN pry 

SB (w, p) = SS (w, N) ý( 0, fU)J 2 Eq. 3.15 

where SB is the bending moment spectrum given by the product of the non-linear transfer 

function P for a specified relative heading and significant wave height (RAO), and the 
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seaway spectrum Sc. When these components are integrated over wave direction a single 

response spectrum is obtained, whose area and shape define the bending moment response, 

SB (co) = IS� (w, f. c)d, u Eq. 3.16 

Short-term statistics can be derived from the response spectrum by taking the various 

moments of SB(w), 

m 

mý = Jw° " SB(w)dw 
0 

For the modelling of the response the variance given by; 

m 
mo = jSB (w)dw 

0 

has special interest. 

Eq. 3.17 

Eq. 3.18 

The fundamental assumption in this approach is that the wave induced stresses are a linear 

function of suitably defined wave elevations and that the response spectrum may be 

estimated from computer packages or model test. A consequence of this assumption is that 

the wave-induced stresses must be a zero mean random Gaussian process. A further 

consequence is that the process must be statistically symmetrical. That is, the short-term 

statistics for the wave induced bending moment maxima in hogging are assumed the same as 

for sagging. 

bq, A 4 V, arý -? 
For a broad-banded response spectrum, the Rayleigh distribution is not immediately 

applicable, a more generalised distribution, involving the spectrum broadness parameter c, is 

required. The statistics of a broad-banded response are different in many respects from those 

of a narrow banded spectrum having the same mo and m2. However, Ochi (1973) showed that 

the most probable extreme value and the mean extreme value are still theoretically predicted 

by the narrow band formulae. Dalzell et al (1979) proved that for a slow, ocean going ship 

with high Ch (0.84), a Rayleigh distribution is an adequate statistical description of the short- 

term response amplitudes of bending moment. 



Structural Reliability Analysis of FPSOs 3. Loads and Load Combination 

3.4.2 Long-Term 

The long-term cumulative approach was first developed by Bennet (1962), Band (1966), 

Lewis (1967) and Nordenstrom (1971) as a means of analysing full-scale stress data obtained 

over periods of one to three years, and extrapolating to longer periods. The approach was 

then applied to calculating predicted long-term probabilities of exceedance for bending 

moment (or stress), for design use. It gave the designer an indication of the magnitude of the 

most probable wave bending moments in the ship's lifetime. Different writers have 

presented many variations of the basic long-term prediction procedure, including Compton 

(1968), Lewis et al. (1973), Nordenstrom (1971), Söding (1974), Dalzell et al. (1979), Ochi 

(1981) and Guedes Soares (1993). They are all based on the idea of predicting short-term 

probabilities and then combining them based on assumed lifetime service profiles to obtain 
long-term probabilities. Some variations in the various methods: 

- Choice of wave spectra. 
Sequence of dealing with various factors. 

Whether or not component and final distributions are fitted to specific 

mathematical formulations. 

The first step in all methods is the selection of suitable sea spectra covering a wide range of 
both severity and spectral shape. It could be the ISSC version of the Pierson-Moskowitz 

spectrum given by Wamsick (1964): 

S, = 0. I1HsT T 2ý 
S 

exp - 0.44 T 2ý 
-4 

Eq. 3.19 

where T, � is the average period and HS is the significant wave height. 

The next step is to obtain RAOs for bending moment by either model test or calculation. A 

number of computer programs are available for calculating the RAOs at all headings, 

typically in increments of 10,30 or 45°. Having the RAOs, the bending moment response 

spectra can be calculated by superposition for all of the selected wave spectra. The 

directional spectrum represents the distribution of wave energy both in frequency of the 

wave components and in direction 0. The analysis of directional buoy records has shown that 
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the spreading function is a function of both direction and frequency. If the one-dimensional 

or point spectrum is Sl(aw), the directional spectrum is assumed to be, 

Ss (w�u) = Ss (co) " G(w, f. r) Eq. 3.20 

The frequency spectrum gives the absolute value of wave energy while the directional 

spreading function, G(w�u), represents the relative magnitude of the directional spreading of 

wave energy. The directional spreading function is a dimensionless quantity that is 

normalised as: 

JG(w, fu)dp =1 -n 

Eq. 3.21 

Pierson and St Denis used a directional spreading function that became somewhat 

generalised because of its simplicity. It is a frequency independent formulation given by: 

G(p) 2_ 
-cos', u 
7r 

G( p) =0 

9 

9 

Ig 17 
2 

101 
>2 

Eq. 3.22 

Eq. 3.23 

where p is the angle between an angular wave component and the dominant wave direction. 

The long-term formulation may be expressed in many ways, but it is essentially a joint 

probability of x and m0, expressed as: 

R'(x, mo )= P(xI mo )- P(mo ) Eq. 3.24 

where p(x m0) , the probability of x for a given m0, is the conditional density function of x 

with respect to m0, which is assumed to be Rayleigh distributed. Thus, 



Structural Reliability Analysis of FPSOs 3. Loads and Load Combination 

X2 

P(xI mo ) )e zma 

m 0 
Eq. 3.25 

and p(mo) is the probability density of response variance in the considered sea states. It 

depends on several variables such as the wave climate represented by significant wave 

height (H) and wave period (Ti), the ship heading (9), speed (v) and loading condition (c), 

fR(r)dr = f(hs 
,tZ, 

B, v, c)dh, dtZ dB dv dc Eq. 3.26 

The most important of these variables to consider is the ship heading relative to dominant 

wave direction. Ship speed, which has relatively small effect on wave bending moment, is 

not applicable for a FPSO. In a more general analysis, ship speed can be eliminated as a 

variable by assuming either the design speed or the highest practicable speed for the 

particular sea condition and the ship heading under consideration. The effect of amounts and 

distribution of cargo and weights, which in turn affect draft and trim, transverse stability, 

longitudinal radius of gyration, etc., can be a complicated problem. Usually, however, it can 

be simplified by assuming two or more representative conditions of loading, such as normal 

full load, partial load and ballast condition. Then completely independent short and long- 

term calculations can be carried out for all load conditions. 

With the above simplifications, we are left with the following variables, to be considered in 

the probability calculation; HS, TZ and 0. The variables are assumed mutually independent. 

The probabilities of different combinations of HS and TZ are given in a wave scatter diagram. 

The probabilities of each ship heading 0 have to be established for different cases, but in 

general, one can say that they are random. 

The cumulative long-term distribution is defined by, 

ým 
Q(x > x; ) =JJ p(xl mo) fR (r)dr Eq. 3.27 

X; o 

And since the cumulative Rayleigh distribution is, 

-40- 
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m J p(x mo)=e 
? m0 

the probability of exceeding amplitude x for a given mo is given by: 

xz 

zm0 f Q(x>x, )- Je 
R (r)dr 

0 

Eq. 3.28 

Eq. 3.29 

Figure 3.7 shows a typical long-term distribution of Vertical Bending Moments. The 

Weibull parameters for scale (k) and shape (b), can then be estimated from this plot of 

VWBM against Q(M,,, >M; ) using the following expression: 

Q(Mw >M; )=exp 
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Figure 3.7 Long-term distribution of Vertical Bending Moments 
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3.4.3 Extreme Model 

The rationally based design of ships requires the consideration of the largest value (extreme 

value) of the wave loading, especially the wave-induced bending moment, which is expected 

to occur within the ship's lifetime. The prediction of the characteristic value, which is 

associated with a certain probability of nonexceedance in that time, is of particular interest. 

The characteristic value is that magnitude of extreme value, which has an appropriate 

probability of exceedance. 

For a very wide class of parent distributions, the distribution functions of the maximum (or 

minimum) values of large random samples taken from the parent distribution tend towards 

certain limiting distributions, as the sample becomes larger. These are called asymptotic 

extreme-value distributions. There are usually good theoretical grounds for expecting the 

variable to have a distribution functio) which is very close to one of the asymptotic 

extreme-value distributions. It has been shown that the extreme VWBM can be described by 

a Type I extreme-value distribution, generally called Gumbel distribution: 

FG. n (M. ) = expL- exp(-aW (M, 
V, - u,, ))] Eq. 3.31 

Guedes Soares (1985) showed that the Gumbel parameters can be estimated from the initial 

Weibull fit using the following equations: 

uw =k" [In(nwý]^ Eq. 3.32 

aW=k[ln(nw)] 

where n,, is the number of peaks counted in the period zs, given by: 

T 
n= 5W 

°T 
Z 

Eq. 3.33 

Eq. 3.34 

T is the average mean zero crossing period of waves. 
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The parameters uW and a, are respectively measures of location and dispersion. u, is the 

mode of the asymptotic extreme-value distribution. The mean and standard deviation of the 

Gumbel distribution are related to the uw, and aW parameters as follows: 

= uw +Y Eq. 3.35 

awe 
= 

7r 

r Eq. 3.36 

where y is Euler's constant equal to 0.5772. 

3.4.4 Results and Discussion 

The transfer functions for the load conditions where calculated using TRIBON Hydro. The 

calculations are based on the hull geometry and the weight distributions shown in Appendix 

E. The response was calculated in increments of 10°, and the results served as input to the 

LongTerm program. The transfer functions for Triton in full load are shown in Figure 3.8, 

plots of transfer functions for all loading conditions are found in appendix G. 

Due to the scantling variations, the three designs will have slightly different weight 

distributions. These differences have been deemed to have an insignificant effect on the 

wave bending response. Hence, the same transfer functions, and consequently the same 

wave loads, have been used for Triton 1,2 and 3. ISSC '91 showed that the vertical mooring 

forces are small, and have insignificant influence on the bending moment response. 

The largest amplitudes of response are found at 180° and 0°, which represent following seas 

and head seas respectively. The lowest response is found at 90°, when the vessel encounters 

the waves sideways. These results are both reasonable and in good agreement with other 

analyses. The magnitude of the maximum response is approximately 500 MNm. 
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Figure 3.8 Transfer Functions for Triton in Full Load 

The long-term prediction of wave induced bending moments takes into account the 

environment in which the vessel is operated. A FPSO is a stationary vessel, so a site-specific 

analysis has to be carried out. The Triton FPSO will be positioned close to the Gannet 

complex in the North Sea, hence Hogben's Global Wave Statistics Area 11 was assumed to 

represent the wave statistics for this location. Measurements of the directional spectrum at 

the site over many years (2-5 years) would have been the preferred basis for the wave 

statistical analysis. However, there are few sites where spectra are available for a five-year 

period, so the Global Wave Statistics are widely used for design purposes. 
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Table 3.4 Scatter Diagram Area 11 
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Based on the theory outlined in chapters 3.4.1 and 3.4.2, the LongTerm program processes 

the transfer functions and scatter diagram to calculate the long-term distribution of the 

VWBM. Each load condition has to be considered separately, so three runs were required 
for Triton. The output from the program presents the probability of exceeding certain wave 
bending moments. 
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Figure 3.9 Long-Term Distribution of Vertical Wave Bending Moments 

A Weibull distribution may be fitted to the long-term distribution, and by using the Weibull 

parameters k and b, the most probable extreme values for each load condition are found. The 

extreme value calculations and Weibull fits are performed as a part of the load combination 

procedure shown in Appendix H. 

Load Condition k (MNm) b µ, 4e (MNm) ewe (MNm) 10"8 (MNm) 10"87 (MNm) 
- 20 years -- 100 years 

Full Load 124.9 0.898 2358 239.8 3211 3452 
Partial Load 127.8 0.908 2538 236.8 3188 3421 
Ballast Load 127.6 0.914 2289 228.9 3137 3360 
Table 3.5 Summary of Wave Bending Moment Analysis 

i 
!ý 

i{ "O. -V, 
As this is (a non-linear analysis, no distinction has been made between the hogging and 

sagging moments at this stage. The effect of non-linearity is incorporated by introducing a 

correction factor, X,,,, in the reliability analysis (ref. Chapter 4.3.1 Modelling Uncertainties). 

0 
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The values obtained for each condition are very similar; the values extracted direct from the 

long-term distribution at 10-8 and 10-8.7 probability levels are virtually identical (1.5-2.5% 

difference). However, there is a 10% difference between the mean extreme values in partial 
load and ballast load, this difference advocate the use of three separate conditions in the 

analysis. 

It is worth noting that the highest extremes value, p,,, e, is found in the partial load condition, 

whereas the highest value at any probability level is found in full load. The explanation is 

that /. 4we is the most probable extreme value in one year based on the operation profile. The 

FPSO spends more time in the partial load condition per year than in full load; thus, it 

encounters a higher number of waves per year in that condition. 

3.4.4.1 The Influence of Predominant Wave Direction on VWBM results 

It was shown on page 44 that the largest VWBM response is found when the wave direction 

is predominately head-on or from the stern. It is obvious that this difference in response to 

waves from different angles will affect the overall probabilities of exceedance, depending on 

the vessels heading. It is assumed that traditional tankers have equal probability of 

encountering waves at all headings during a voyage, as opposed to FPSOs, where the waves 

will have higher probabilities of approaching the vessel from certain angles. It is important 

to keep in mind that by wave direction we o^ 
mean the predominant direction of the waves 30* `1TJ/ 

X30° 
in the sea-state, relative to the ship heading. 

Although the wave direction is 0°, waves 60', m/ý 60° 

will approach from other directions at the 

same time. This short-crestedness is 
90° 90° C- w 

achieved by introducing the spreading 

function (Eq. 3.21). 
120° 

Using the LongTerm program, five different 

models were adopted to investigate the 

effect of ship heading on VWBM results. 

The first case considered was the "Tanker" 

150° 150° 

180° 

110° 

Figure 3.10 Wave Directions 
situation where there is equal probability of 
each heading. This was modelled by calculating the probability of exceedance of VWBM for 
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seven headings from 0-180° with increments of 30°. The long-term distribution was taken as 

the average of all headings. 

The heading of a FPSO with a passive mooring system is mainly dependent on the wave- 
direction, but wind and current will also influence the heading of the vessel. It was assumed 

that the vessel weathervanes between ±30 degrees from the head sea due to of wind and 

current. In order to model this (Case 2) equal weighting was applied to 0° and 30°, whereas 

the other directions where given zero weight. 

In case 2, only two headings (0° and 30°) were used in the computations. It was believed that 

the precision could be improved by performing the calculations in the range from 0° to 30° 

with 10° increments, i. e. four steps instead of two. The LongTerm program was rewritten to 

accommodate four headings, and a situation with equal probability in the range 0°-30° was 

analysed as case 3. Case 4 was based on estimated probabilities for each of the four 

headings. The assumption was that it was most likely that most waves approached the 

vessel's bow, with decreasing probabilities for larger offsets. For reference, a last case where 

all waves encounter the vessel from 0° (head waves) was included. The main characteristics 

of each case are tabulated in Table 3.6, and plots of the results are shown in Figure 3.11. 

Case Weighting Range Increment 10 prob. 1010 prob. 
[MNm] [MNm] 

I7,7,7,7,7,7,7 0°-180° 30° 2633 2786 
2 0,0,0,0,0 0°-180° 30° 3130 3268 
3 '/4, '/4, '/4, '/4 0°-30° 10° 3180 3281 
4 0.55,0.30,0.10,0.05 0°-30° 100 3211 3452 
5 1,0,0,0 0°-30° 100 3221 3464 

Table 3.6 The Influence of Wave Direction on VWBM results 

The VWBM value for 10-8 probability was increased by 18% from case 1, the traditional 

tanker approach, to the FPSO approach in case 4. This significant increase shows how 

importance of considering the wave direction when calculating the vertical wave bending 

moments or indeed any wave induced response. Another point of interest are the relatively 

small deviation in VWBM for the cases 2 trough to 5, where there is virtually no difference 

between the results obtained. This shows that as long the wave direction is limited to within 

30° of the head seas, the methods give reasonable predictions of the long-term distribution of 
VWBM. 

1' 
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Figure 3.11 The Influence of Wave Direction on the Long-Term Distribution of VWBM 

3.4.4.2 The Influence of Ocean Data on VWBM results 

It was stated in chapter 3.4.4 that the Area II wave statistics was believed to give a good 

representation of the actual location of the Triton FPSO. Different fields may have different 

wave statistic, which may lead to variations in the wave induced loads acting on the vessel. 

The recent trend in offshore development is to develop marginal oil fields, with shorter field 

life and lower field value. Under these circumstances, it may be desirable to design the 

FPSO with a longer service life, and then operate the vessel at new locations after a field is 

depleted. If this is the case, thorough consideration during the design procedure should be 

given to where the vessel may be operated in its lifetime. Getting the design right in the first 

place may save costly improvements at a later stage. 

A sensitivity study was carried to investigate the influence of the wave statistics (HS and T1) 

on the VWBM calculations. Table 3.7 shows the most probable values for the VWBM at 

probability levels corresponding to approximately 20 and 100 year return period at different 

locations. 

The VWBM results for Area 11 are fairly close to the rule requirements, whereas the West 

of Shetlands wave statistics generates a VWBM almost 45% higher than the rule value. The 

results for different areas in the North Sea range from 2447 MNm to 4110 MNm with 20- 

year return period. 
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Area 10.8 prob. [MNm] 10.8.7 prob. [MNm] 
Area 11 3211 3452 

Central North Sea 2447 2500 
Northern North Sea 4110 4456 
West of Shetlands 4983 5425 
IACS Requirement 3447 3757' 

Table 3.7 Most Probable Values at Different Locations (Full Load) 
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Figure 3.12 The Influence of Ocean Data on the Long-Term Distribution of VWBM 

3.5 Slamming 

Slamming related to local and hull girder loads arise from bottom impact or bow flare 

immersion. Rigorous calculation of the slam impact forces includes addressing changes in 

fluid momentum, buoyancy and impulsive pressure variations as a function of time. The 

dynamic slam transient load effects are superposed on the steady state wave induced load 

effect. There is also a slam-related deceleration, which is superposed on the wave 

acceleration. In obtaining combined wave bending and slam effects, the phasing between 

wave induced and slamming load effects is important. 

DNV Rules for Classification of Ships, Part 5, Chapter 9, `Oil Production and Storage vessels': "The relation 
between probability level 10-"" (100 year return period) and 10-" (20 year return period) may be taken as 1.09" 
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Slamming does not occur with every wave encounter, and it only affects the sagging 

response. The incidences of slamming are dependent on vessel speed, heading and heavy 

weather countermeasures. The master of the vessel will usually take measures to limit the 

incidences of slamming, however this might not be possible for a FPSO with a passive 

mooring system. Slamming is known to occur on FPSOs operated in harsh weather 

condition, with steep waves. The magnitude of the slamming loads may be as much as 50% 

of the extreme Vertical Wave Bending Moment (Chalmers (1993)). 

Ochi and Motter (1973) proposed a probabilistic formulation for the prediction of slamming. 

The probability of slamming was estimated by: 

P(slam) = exp -T2+ 
v" 

2mo., 2morv 

where T is the draught of the vessel, vn is the critical velocity which is related to the length 

of the vessel through an empirical formula. The two variances in the equation are associated 

with relative motion and velocity respectively. For Triton the probability of slamming was 

found to be - 0, when this formula was applied in a sea state with H, �,,, = 33 m and T, =8s. 

The draught in ballast load is 8.6 meters at the FP, whereas there appear to be a threshold 

draught of around 7 meters, below which the probability of slamming becomes significant, 

with one slam expected in 25 years. 

Eq. 3.37 

If slamming occurs it could be taken into account by combining it with the wave induced 

bending moments. In this case, the combined extreme value MM for a sea state, heading and 

speed is given on the basis of the Square Root of Sum of Squares (SRSS) rule, by 

I + M' 
c' """ s/ Eq. 3.38 

where M and MS, are the individual (wave and slam related) extreme bending moments, 

with the two processes considered uncorrelated because of their typical frequency separation. 

These extreme values can then be combined with the stillwater loads as described in chapter 
3.6. If a peak value of the slamming induced bending moment of 50% of the VWBM is used, 
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MM will be only 12 % larger than M,. Taking this MM value into the load combination 

calculations will reduce the effect of slamming further, to less than 6% of M,, Q. 

Considering the low probability of slamming for Triton, and keeping in mind, that slamming 
is only associated with sagging, and that hogging is the dominating condition for Triton, it 

was decided to ignore slamming induced VBM in the load calculations. However, if effect of 

slamming is proven significant, it could easily be accounted for by modifications to the non- 

linear correction factor, xn,, in the reliability analysis. 

3.6 Stochastic Combination of Hull Girder Bending Moments 

Combining the vertical bending moments in an appropriate way is not a straightforward task, 

given the different random nature of the loads. Still water induced loads are very slow 

varying, wave induced loads have low frequency whereas slamming induces high frequency 

loads. Only the still water induced and wave induced components of the hull girder loads 

have been considered. These two loading components have been considered independent and 

Ferry Borges - Castenheta load combination method has been applied to obtain the load 

combination factor, V,, for the Full Load, Partial Load (50 % loaded) and Ballast condition. 

The effect of slamming was disregarded for reasons discussed in chapter 3.5. 

Historically several deterministic methods have been applied to derive load combination 

factors for M. and Ms�, for both sagging and hogging condition. The correlation between 

these two loads is negligible for the estimation of the extreme combined bending moment. In 

the existing ship rules (e. g. IACS Requirements) SWBM and VWBM are simply added 

together, assuming that the maximum values of the two loads occur at the same instant 

during a ship's design life. IACS also specifies that the maximum SWBM and VWBM 

should not exceed their respective allowable values, even if one of the moments is 

negligible. 

As the stillwater and wave bending moments are stochastic processes, the maximum SWBM 

and VWBM do not necessarily occur simultaneously in a ship's service lifetime. Söding 

combined the two loads by modelling them as random variables, although this was a step in 

the right direction, it was a simplistic model. Moan and Jiao (1988) considered both SWBM 

and V "M as stochastic processes, and, based on a particular solution by Larrabee (1981), 
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they introduced a load combination factor, derived by the combination of two stochastic 

processes: 

Mýe = MWe + TI. Mse = V'�MWe + Mse Eq. 3.39 

where T, and I,,, are load combination factors, while Ms, and M�, are the extremes of the 

still-water and wave induced bending moments. 

Wang and Moan (1996) and Wang, Jiao and Moan (1996) presented a comparison of the five 

most used load combination methods; the Turkastra's rule, the square root sum of the 

squares (SRSS) rule, the Ferry-Borges Castenheta method, the point-crossing method and 

the load coincidence method. The peak coincidence method turned out to be very 

conservative with an over-prediction of the maximum total load of 24.1%. The other 

deterministic methods are all under-predictive: Turkastra's rule giving a deviation of 8.3% 

and SRSS gave a deviation of 9.4%. As a conclusion, it was found that, in the case of an 

offshore production tanker, considered the point-crossing method as a reference solution, the 

Ferry-Borges's method is the more reliable and its use was therefore recommended by the 

authors. 

3.6.1 Ferry Borges - Castenheta Method 
In the Ferry Borges-Castenheta Method the real loading processes are greatly simplified in 

such a way that the mathematical problems connected with estimating the distribution 

function of the maximum value of a sum of loading processes are avoided. The method 

assumes that the loads change intensity after prescribed deterministic, equal time interval, 

during which they remain constant. The intensity of the loads in the different elementary 

time intervals is an outcome of identically distributed and mutually independent variables. A 

time interval for still-water loads would typically be one voyage for a conventional ship. For 

a production ship, the period between different loading conditions must be defined from the 

operational profile. 

In the method, the point-in-time distribution for load process {x) is defined as f, (density 

function) and the corresponding distribution function is Fx 
. 

The cumulative distribution 

function of the maximum value in the reference period T is then given by (Fr )", , 
i. e.: 
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Finax. x, 
(xi )=( Fx, (xi ))n' Eq. 3.40 

From load combination theory, we have that the density functions fX 
,r are determined by 

the convolution integral: 

ý 
f.; 

+X; 
(x) =J fz; (z) 'fX; (x - z)dz 

and from basic statistics we have: 

00 
(z)dz Fx; (x) = ff 

Eq. 3.41 

Eq. 3.42 

by combining these three formulas (3.37-39) we end up with the following expression: 

F. 
' s; +x; 

(x)= 
{if(z). [ 

Eq. 3.43 

Taking x; and xj as M,, and MW respectively, Equation 3.40 may be applied directly to the 

combination of stillwater and wave induced bending moments. The total vertical bending 

moment, M,, may then be estimated by: 

M ^. ew , 

P, (M, 
{(z) 

- z)dz Eq. 3.44 

The density distribution function f,, is the still-water bending moment in one year, which is a 

normal distribution. The number of occurrences of each load condition, nrn, is defined by the 

operation profile in chapter 3.3.3. [F ]"" is the Gumbel distribution of the extreme wave 

induced bending moment in one load condition derived from the Weibull distribution 

assuming n,,, wave loads in each load condition. 

z 
n�. =T Eq. 3.45 

z 
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Introducing a load combination factor, the total load might be defined as: 

F, =F (x) +WF (x) Eq. 3.46 

where the extreme distributions are considered at 0.5 exceedance level. The load 

combination factor can then be determined by the following relationship: 

ýW - 
F-'(0.5)-Fw1(0.5) 

F '(0.5) Eq. 3.47 

3.6.2 Load Combination Results 

The load combination factors were calculated for the three loading conditions, based on the 

operation profile and the extreme loads. The load combination factors were calculated for all 

load conditions in all events considered (i. e. different locations, different load models etc. ). 

The calculations for the conditions that make up the basis of the reliability analysis may be 

found in Appendix H. The cumulative distribution functions for the individual loads and the 

combined effect are shown in figures 3.13-15. 
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Figure 3.15 Load Distribution Functions in Ballast Load Condition 

The only values of interest for the load combination, are the VBMs that have exactly 50% 

probability of being exceeded. These values, shown in Table 3.8, are used in Eq. 3.46 to 

calculate the load combination factor. 

Load Condition 
Full Load 

Hog Partial Load 
Ballast Load 

Full Load 
Sag Partial Load 

Ballast Load 

MSw(0.5) [MNm] 
763 
1964 
3111 

-365 
-940 
-1490 

MM(0.5) [MNm] 
2319 
2500 
2251 
2319 
2500 
2251 

M, (0.5) [MNm] Yw 
2882 0.91 
4065 0.84 
4859 0.78 
1754 0.91 
1162 0.84 
259 0.78 

Table 3.8 Load Combination Factors 
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3.7 Conclusions 
IACS requirements give the minimum M, for Triton as 2577 MNm and 2238 MNm for 

hogging and sagging respectively. The values obtained for minimum M,,, are 3447 MNm in 

the hogging condition and 3787 MNm in sagging. By combining Ms�, and M,, the minimum 

total vertical bending moment is found to be 6025 MNm in both sagging and hogging. 

The operational profile of the vessel is such that the ship will always have a hogging 

stillwater bending moment, ranging from 564 MNm in full load to 2300 MNm in the ballast 

condition. The extreme SWBM values for the ballast load condition will tend to be 

conservative due to two assumptions. Firstly, the SWBM was assumed to follow a normal 

distribution in both hog and sag, and secondly the effect of heavy weather countermeasures 

was not included in the analysis. Both these assumptions will give higher values for the 

extreme S WBM than what might be found in reality. 

The Triton FPSO will be stationed in the North Sea, close to the Gannet complex and 

Hogben's Global Wave Statistics Area 11 was assumed to represent the wave statistics for 

this location. The vertical mooring forces on the FPSO are small, and have insignificant 

influence on the bending moment response. The same transfer functions, and consequently 

the same wave loads, was used for Triton 1,2 and 3, neglecting the slightly different weight 

distributions caused by variations in the scantling. 

Different wave statistic may lead to variations in the wave induced loads acting on the 

vessel, thus three other sites were investigated for reference. The VWBM results for Area 11 

are fairly close to the rule requirement at the 10-8 probability level, whereas the wave 

bending moment response for West of Shetlands is almost 45% higher than the 

recommended rule value. 

The two loads, stillwater and wave bending moments, were considered to be independent 

and Ferry Borges - Castenheta load combination model was applied to obtain load 

combination factors. As no information on the loading procedures for the FPSO was 

available, a simplified operation profile based on the production capacity was used, and a 

rectangular pulse process was fitted. The load combination factor was found to vary 

significantly with the ratio of stillwater load to the total load. It was also found that the load 

combination factors for hogging and sagging remain the same within each loading condition. 
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4 Structural Reliability Analysis 

4.1 Introduction 

Traditionally structural engineering has been dominated by deterministic design methods, 

where all factors affecting the strength of the structure and applied loads are assumed 

known. In reality, there will be a high degree of uncertainty associated with all these factors. 

In order to account for this, the methods of structural analysis give lower bound solutions to 

collapse loads, empirical design rules are formulated to give safe estimates of strength and 

high margins of safety are applied in the deterministic analysis to ensure some degree of 

safety. Because of this rather arbitrary way of treating the uncertainties, the reserve strength 

of the structure is rarely known, and it is in most cases far too high. 

To handle the design in a more realistic way, the probabilistic approach considers each 

parameter as a statistical variable characterised by the probability density function. The 

probability of all values of all variables are then considered and combined, to give an 

estimate of the safety of the structure. Thus, structural reliability is concerned with the 

calculation and prediction of the probability of limit state violation. In particular, the 

violation of the ultimate limit state is evaluated as a governing criterion, which controls the 

major disposition of material and hence cost. Structures fail when they encounter some 

extreme load (or load combination), of sufficient magnitude that exceeds the strength 

capacity of the structure. The problem of estimating the ultimate limit state consists of 

combining the probabilistic models for these extreme loads with estimates for the structural 

strength. 

Several methods have been developed to evaluate the safety of structures. These reliability 

methods are usually classified in three levels of generally increasing complexity: 

Level 1: Code level methods in which reliability based partial safety factors 

(PSF) are applied to characteristic values of load components and 

resistance factors in the safety check equations used in design; this is a 
deterministic format most commonly advocated for limit state design 

codes at present. 
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Level 2: Second moment methods in which the random variables are defined in 

terms of means and variances with some distribution. The joint 

probabilistic behaviour is reflected in a covariance matrix. The 

measure of reliability is based on the reliability index /3. In Advanced 

or Extended level 2 methods the design variables can have any type of 

probability distribution. 

Level 3: Methods in which calculations are made to determine the "exact" 

probability of failure for a structure, making use of a full probabilistic 

description of the joint occurrence of the various design variables, 

taking into account the true nature of the failure domain. The measure 

of reliability is the calculated probability of failure Pf. 

Structural systems are composed of individual structural components. Well-designed 

structures are often redundant, so failure of an individual component does not usually 

constitute collapse. The overall goal for the structural design is to achieve some target 

reliability for the total structure, and the aim for the structural reliability analysis is then to 

document that this target reliability is achieved. Target reliabilities, depending on 

consequence of failure and type of failure, are proposed by the classification societies. 

The results from ultimate strength calculations and load calculations serve as input to the 

reliability analysis, where the first step is to define a limit state function. This function could 

typically be oýfi the form; 1 

961) = xu Mu ' Msw ' Ww xnl xw Mw Eq. 4.1 

#re 
for the ultimate hull girder strength xu , xnl and Xw are the uncertainties associated 

with ultimate capacity, non-linear effects and uncertainty on wave load respectively. 

71 
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4.2 Structural Reliability Theory 

Level II analyses have shown to give acceptable results compared to the accurate Level III 

method. The philospohy behind the the level II methods is that each basic variable in the 

limit state function can be represented by their mean value and standard deviation. That is 

the first and second moments of their probability distributions. A level III analysis requires 
knowledge of the joint probability of the variables, such information is hardly ever av,, aýle 

for practical problems. 

The most commonly used level II analyses are the first-order reliability method (FORM) and 

the second-order reliability method (SORM). The basic concepts of thesetwo methods are 

simple; transformation of arbitrary random uncertainty vectors into independent, standard 

normal vectors and approximation of the failure surface so that the probability of failure can 

simply be estimated from the probabilities of linear (FORM) or quadratic (SORM) forms in 

normal variables. 

Freudenthal et al. (1966) proposed a formulation where the strength of the structure is made 
dependent on only one load (L) and one resistance (R) that are described by their probability 
density functions. The probability of failure is; 

m 

Pf = P(R - L) <_ 0= JFa (x)f, (x) dx Eq. 4.2 
_ý 

The geometrical relationship between the probability distribution functions for strength and 

load effect is shown in Figure 4.1. The probability of survival 9?, or the probability that 

structure will satisfy a defined serviceability requirement, is given by; 

m 

ý =1- Pf =1- J(1- F, (x))f, (x)dx Eq. 4.3 
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fJi) 
fR(r) 

Load 

ý-- Resistance 

Figure 4.1 Probability distribution functions for strength and load effect 

Although the overlapping area in Figure 4.1 gives an indication to the probaility of failure, it 

is not a direct measure. In general there do not exist close form solutions to the integrals in 

Eq. 4.2-3, except for some special cases. One such special case is the event involving two 

independent normally distributed variables. Assuming a limit state equation, 

g(R, L)=R-L 

the mean and the standard deviation of the limit state may be calculated as, 

Eq. 4.4 

A_ PR 

- , u, Eq. 4.5 

6g = 6R + 6L' 

The failure surface is a hyperplane defined by, 

Pf =(P =gp JUL JUR 

22 Qg + 6R QL 

4. Structural Reliability Analysis 

Eq. 4.6 

Eq. 4.7 
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4.2.1 Cornell 's Reliability Index 

Cornell (1969) proposed a reliability measure for cases with linear safety margins g(R, L) as a 

ratio of the expected value to its standard deviation, or the number of standard deviations by 

which ug exceeds zero; 

Pg 
ß=- 

6 
9 

The geometrical properties of ß are shown in Figure 4.2. 

Figure 4.2 Reliability Index /3 

Eq. 4.8 

The probability of failure of a structure with independent normally distributed variables may 

then be expressed as; 

Pf=OP (-ýg)=ý(-ß) 
9 

Eq. 4.9 

The main problem with the Cornell reliability index is that there is a `lack of invariance' in 

the failure function. The reliability index as defined by Eq. 4.8 will change when the 

different, but equivalent non-linear failure functions are used. Cornell's estimate of the 

reliability index for non-linear functions will depend on the choice of linearisation point. The 

easiest method, and thus most used, is to linearise the failure function at the mean point. 
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Experience shows that that calculations based on the mean point should not be used, and that 

a linearisation about a point on the failure surface where g(R, L ) =0 is more reasonable. 

Structural systems often involve more than two variables, and if x,, x,, ... , x� are the n 
independent variables, a general expression for any limit state equation is 

z=g(x,, x-� ..., xd >0 Eq. 4.10 

where z is the safety margin. The failure surface z=0 divides the n-dimensional space into a 

safe (z > 0) and a failure region (z < 0). The failure probability is the probability content in 

the failure set; 

Pf = 
jJx,..... 

xg(x,, x,,..., xn)dx Eq. 4.11 
g(x)50 

Q--0-'(Pf) Eq. 4.12 

Where f,.. 
', 

(x,, x...... x,, ) is the joint probability distribution density function for the n 

variables xn. These joint probability distributions are almost impossible to define in practice. 

Even if they are known, the multi-dimensional integration of Eq. 4.11 is very complex and 

time-consuming, if at all solvable. To overcome these problems new level II methods, 

involving iterative procedures where developed. 

4.2.2 Hasofer & Lind Reliability Index 

The Hasofer & Lind (1974) transformation provided a major advance in second-moment 

methods, extending the concept of reliability index to include correlated basic variables and 

solving the invariance problem. The set of basic variables is normalised using the following 

transformation: 

x, -, uX. 
x; = i=1,2,..., n Eq. 4.13 

6X 
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The Hasofer and Lind reliability index is defined as the shortest distance from the origin to 

the failure surface in normalised X'-space. This point x' on the failure surface is called the 

design point. The formal definition of ßf, ß is: 

/'' 
ß 

HL 
_ 

uB. 

Q SHL 

g<xl 
r=r ax r 

p( 
, 

ý öa/'r) 
" 

k=I äx'k 

Eq. 4.14 

ß�L may also be expressed in tems of the sensitivity factors a;, which show the relative 

importance of each variable within a given limit state function. 

n 
/ý " 

h NL -- 'Ciai 

; =, 

where, 

a: =; 

"g 
ax 

ag(x) ýQa ) 
ö k-, x'k 

From this, the probability of failure can be approximated by: 

Pf ý(- 
ýC1fL 

G"L ý_p ('/-'HLý 

"g(x) 
ö k-, x'k 

Eq. 4.15 

Eq. 4.16 

Eq. 4.17 

By using this definition of the reliability index, where 8 is related to the failure surface, not 

the mean point, an invariant safety measure is obtained (ref. page 61). 
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Figure 4.3 Hasofer-Lind Reliability Index in Standard Normal Space. 

X', 

4.2.3 Non-Normal Basic Variables 

When dealing with non-normal basic variables Rackwitz and Fiessler (1977) formulated a 

method for transforming the variables into standard normal space. This transformation is 

performed in such a way that the values of the original density functions f, and the original 

distribution function Fx., for the random variables are equal to the corresponding values of 

the density functions fX, and the distribution function for a normally distributed variable at 

the design point x' F. 

F., (x)=P x; -pl. 
at X; 

Eq. 4.18 A' i\ 
at 

1x -ftx, fx; (xr )- 
, 

(P 
, ux; Ux, 

Eq. 4.19 

Where the design point is defined by (x;, ... , x, , ... , x. ), and where u',, and Q;. are the 

(unknown) mean and standard deviation of the approximate normal distribution. Solving Eq. 

4.18 and 4.19 with respect to 4X, and ax', we get; 
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,- rp(GD -' (F; 
0. X; fX; X, 

Eq. 4.20 

Eq. 4.21 

The iterative procedure described in chapter 4.2.2 for calculating the reliability index must 

be modified when this transformation is used. On each step of the iteration new values for 

'X; and o must be calculated for those variables where such a transformation has been 

used. 

4.2.4 Second-Order Reliability Method 

In the foregoing FORM approach, the failure surface was linearised at the design point. It is 

obvious that this approximation will become more inaccurate for failure surfaces with higher 

curvatures. To correct for potential errors second-order methods, where the failure surface is 

replaced by a quadratic surface at the design point, were developed by Ditlevsen (1979), 

Breitung (1984), Tvedt (1988), Madsen (1986) and others. 

The definitions of Pf and, 8 in 4.2.2 were based on the assumption of a linear safety margin z. 

If z is non-linear, approximate values for pg and Qg was obtained by using a linearised safety 

margin. z is obtained by expanding the safety margin in a Taylor series about the design 

point x' and retaining only the linear terms; 

z= g(x,, x,,., x)= g(x;,.... x; ,..., x*)+ Eq. 4.22 
; _ý öx 

To improve the accuracy achieved by FORM, the failure surface in SORM is expanded into 

Taylor series around the design point up to second order; 
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" [a(x; - x, ) 
z= g(x,, x2,..., x, ý= g(x;,..., x;,..., xn )+ý 

r=1 ax 
n (x; -x') 

n azg(x -x i* + 21 ,. 
1aa 

8=1 j=1 Vxýi 
fiXýj 

Eq. 4.23 

J 
Several formulations exist for evaluating the second-order approximation of the failure 

probability. Breitung proposed the following relationship; 

=1 
-+16k 

Where k; are the main curvatures of the failure surface equation. 

Eq. 4.24 

The second-order corrections become more significant with increasing dimension, but 

vanishes as the surfaces (g; = 0) approaches linearity, or if the failure surface is sufficiently 

far from the origin. The possible improvement of classical FORM results by second-order 

corrections must be judged in view of the large numerical effort involved and the magnitude 

of other non-computational uncertainties in the reliability problem. 

4.2.5 CALREL 

CALREL is a general-purpose structural reliability analysis program developed in 

Department of Civil Engineering at University of California at Berkeley. It is designed to 

compute probability integrals of the form, 

Pf jfX,. 
_, 

(x,, x,,..., xn )dx 
g(x)SO 

ref. Eq. 4.11 

The program also calculates the generalised reliability index ßg, the sensitivities a of Pf and 

ßg with respect to deterministic parameters defining the probability distribution or the limit- 

state function. CALREL incorporates four techniques for computing these quantities; FORM, 

SORM, Directional simulation and Monte Carlo simulation. 

CALREL uses Improved Breitiung and Tvedt's methods for the SORM analysis, these 

methods are based the Breitung formulation described above, but they are slightly more 
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complex. The pros and cons of SORM were discussed in chapter 4.2.4, where the main 

objection to the method was the large numerical effort involved. With programs like 

CALREL, however, there is virtually no extra computational time associated with the more 

accurate SORM analysis, so these results have been used in this report. A study of the 

sensitivity of ß to the reliability method applied, showed good agreement between FORM 

and SORM for the ultimate hull girder reliability problem. 

4.3 Uncertainty Modelling 

The uncertainty sources that are relevant for the reliability evaluation may be classified 

according to their nature into physical, statistical, knowledge and model uncertainties. 

Physical uncertainty may be subdivided into the inherent uncertainty of the physical 

properties of the variable itself and the inherent uncertainty of the measuring device. Natural 

fluctuations of the strength parameters through a specimen of material or fluctuations in the 

wave loads on a vessel are examples of inherent uncertainty in variables. 

Statistical uncertainty originates from lack of sufficiently large number of observations. 

Appropriate probability density functions for each basic variable must then be estimated 

through mean and higher moments derived from the available data. However, these 

observations of the variable do not perfectly represent it, so a statistical uncertainty is 

present. The numerical value of this uncertainty is seldom calculated by the engineer, but 

could be based on Bayesian analysis or expert opinion. 

The knowledge about some unique variable may be more or less uncertain. Such uncertainty 

may conveniently be modelled in probabilistic terms. This type of model does not describe 

properties of the variable but properties of the knowledge about the variable. Model 

uncertainty is caused by the requirement of simplicity of the models so that they can be 

operational tools for the reliability evaluation. The errors in more elaborate models may be 

known, but at any level of detailed modelling there are errors relating to some unknown 

reality. 

4.3.1 Modelling Uncertainties 

Structural design and analysis use simplified, often deterministic, mathematical models to 

represent physical phenomena or behaviour. In the case of ultimate bending moment it is 

difficult to calculate the collapse load exactly, even if the actual value of all parameters are 
known. Thus, there is uncertainty associated with the mathematical model, in addition to the 
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uncertainty in the input parameters. This uncertainty, which is not just found in the strength 

model, is called model uncertainty and it reflects the confidence in the calculations. Model 

uncertainty is usually incorporated in the reliability analysis by a parameter, x, which is 

defined as: 

x'" Predicted (modelled) response 
Eq. 4.25 

The model uncertainties are defined by a mean value and a standard deviation, and assumed 

normally distributed. In the analysis of the ultimate limit state of the hull girder, three model 

uncertainties have been used. These are; uncertainty on ultimate strength, non-linear effects 

and uncertainty in wave load prediction. 

4.3.1.1 Uncertainty on ultimate strength 

The parameter Zu is introduced in the reliability analysis to account for the uncertainties in 

the ultimate strength model and in the material properties. The method for predicting the 

ultimate strength is continually being improved and verified by tests on statically 

determinate models or full-size elements, but some modelling uncertainty still exists. The 

modelling uncertainty have been estimated by different authors to lie in the range from 5 to 

15%, depending on the strength model used and the material properties considered. 

The main uncertainty in material properties stems from the variations in yield stress that may 

be found in steel from different steel mills, different batches or indeed within the same batch. 

CIRIA (1977) stated that there is very little practical evidence to suggest that the frequency 

of occurrence of low strengths (i. e. below the specified strength) becomes attenuated as a 

result of quality control procedures. This is because only a very small fraction of the total 

bulk of any material is actually tested, so that the chances of detecting occasional low 

strength material are very low. Common practice is to apply COV of 8%, if the steel is from 

the same batch. 

Teixeira (1997) estimated a realistic COV for the total uncertainty on ultimate strength to be 

15%, which is in good agreement with Faulkner (1992) who proposed a COV of 10-15% for 

the modelling uncertainty for flat panel collapse. As the ultimate bending moment 

calculations are directly dependent on for flat panel collapse, a COV value of 15% seems 

Actual response 
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reasonable to adopt for the reliability calculations. Thus, the basic variable . i'u is assumed 

normally distributed, with a mean value of 1.0 and a standard deviation of 0.15. 

4.3.1.2 Non-linear effects 

The wave-induced response is calculated using a linear strip theory program, where the 

linear analysis is based on several simplifying assumptions. The ship is divided into vertical 

strips and the linear response of each strip to a sinusoidal wave excitation is calculated. This 

simplification works well for most cases, but the non-linear effects are particularly important 

for finer form, higher speed, less wall-sided vessels such as container ship. Although most 

FPSOs are neither, the effect has been identified in several studies. ISSC (1991) presented an 

analysis of a FPSO where the non-linear effects on extreme wave bending moments were 

modelled by a bias of 0.85 in the hogging and 1.15 in the sagging condition. 

Guedes Soares (1991) introduced formulas for corrections in the linear response. These 

formulas were dependent on the block coefficient of the vessel, and when applied to Triton 

they gave biases of 1.01 and 0.99 for hogging and sagging respectively. Other authors 

present values somewhere in between the values presented by ISSC and Guedes Soares. A 

factor %n, with a bias of 1.10 and a COV of 8% for the sagging condition and a bias of 0.9 

and a COV of 15% was introduced to represent the non-linear effects on Triton. 

4.3.1.3 Uncertainty in wave load prediction 

In addition to the non-linear effects, there are other uncertainties associated with the linear 

strip theory programs. Different programs will use different procedures for calculating the 

hydrodynamic coefficients. Shellin et al (1996) identified large variations in long-term 

distributions of midship induced loads based on transfer functions obtained by different 

methods. Dogliani et al (1995) showed that the linear strip theory programs generally over- 

predicted the wave induced bending moments at the 10-8 probability level. ISSC (1991) 

stated that the ratio between the measured and calculated bending moments amidships was 

well modelled using a bias of 0.9 and a COV of 15%. These results were based on 

benchmark tests on a FPSO located in the North Sea, and they were adopted in the reliability 

analysis in this project. 

4.4 Structural Reliability Analysis of Triton 

For each variable the mean, standard deviation and type of distribution (e. g. Normal, Log- 

normal etc. ) were defined. This data served as input to CALREL, which was used to perform 
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a second-order reliability analysis. The same limit state function (Eq. 4.1) was used for all 

models considered; only the basic variables were changed. 

The characteristic values for were obtained through the analyses in chapter 2. Ultimate 

Strength Analysis and 3. Loads and Load Combination. Table 4.1 summarises the stochastic 

model used for Triton 2 at Area 11, the full stochastic models for the other designs, and other 
locations, are shown in Appendix I, together with the results. 

Condition XO - LogNormal M� Mse - Gumbel T, XW - Normal X, - Normal M1NA - Gumbel 
Mean STD Const. Mean STD Const. Mean STD Mean STD Mean STD 

FL 1.00 0.15 -7887 358 42.4 0.91 0.90 0.18 1.10 0.088 -2358 -240 
Sag PL 1.00 0.15 -7887 922 109.3 0.84 0.90 0.18 1.10 0.088 -2538 -237 

BL 1.00 0.15 -7887 1461 173.1 0.78 0.90 0.18 1.10 0.088 -2289 -229 
FL 1.00 0.15 9701 768 42.4 0.91 0.90 0.18 0.90 0.135 2358 240 

Hog PL 1.00 0.15 9701 1982 109.3 0.84 0.90 0.18 0.90 0.135 2538 237 
BL 1.00 0.15 9701 3139 173.1 0.78 0.90 0.18 0.90 0.135 2289 229 

Table 4.1 Stochastic Model for Reliability Analysis of Triton 2 

A negative sign on a load or strength parameter in Table 4.1, represents a sagging moment, 

and a positive value denotes hogging. One point of interest is that the SWBM is always 

positive, with the same standard deviation for both conditions. The extreme wave induced 

bending moment Mxe is the same for both hog and sag, but for reasons discussed on page 69 

it is corrected by X, and x,, in the calculations. 

The main, or the most interesting, output from the structural reliability calculations is the 

reliability index. This value gives a measure of the reliability of the structure ß. The higher 

value 8 takes, the safer the structure is believed to be. Considering Cornell's definition of ß 

as the ratio of shows that higher /ß values may be achieved by increasing the mean 

value or decrease the standard deviation (reduced uncertainty) of the limit state. 

DNV (1995) proposed values for Pf and ß as shown in Table 4.2, depending on the 

redundancy of the structure and seriousness of failure. For a FPSO, the structure is deemed 

redundant and the type of failure consequence is considered to be serious because of the 

expensive repairs that will have be carried out. Large pollution or loss of human life is very 

unlikely in longitudinal hull girder failure. The target reliability for Triton was thus set to 

-4 3.71, which corresponds to an annual probability of failure, Pf =10 . 
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Class of failure 

I- Redundant structure 

Consequence of failure 
Less Serious Serious 

Pf= 10_3 Pf= 10-4 
(ßr=3.09) (, ßr=3.71) 

II - Significant warning before the occurrence of Pf= 10-4 Pf= 10-5 
failure in a non-redundant structure (, ß, =3.71) (, ß, =4.26) 

III - No warning before the occurrence of failure Pf= 10-5 Pf= 10 6 
in a non-redundant structure (, ß, = 4.26) (fl, = 4.75) 

Table 4.2 Annual Pf and /J from DNV Classification Notes 30.6 

4.4.1 Results 
Three different structural designs of Triton were analysed; the initial tanker design called 

Triton 1, the as-built FPSO design (Triton 2), and finally the modified FPSO design (Triton 

3). The Triton 3 design was developed after initial calculations showed that the Triton 2 had 

very high reserve strength in sagging. 

The stochastic model for the structural reliability analysis of Triton 2 is shown in Table 4.1. 

The only difference in the models for the different designs are the M� values used, all other 

variables are unchanged. It could be argued that the different scantlings would change the 

weight distribution, and consequently affect the VWBM and SWBM calculations. However, 

these calculations are not very sensitive to changes in weight distributions hence the loads 

obtained for Triton 2 have been used for all designs. 

A reliability index was calculated for each condition, in both hog and sag, these 83 values 

were combined using; 

Q� 
-0 

1 
\PIF"i. + Plri + Pt. 

1 Eq. 4.26 

to obtain the annual reliability indices 8,, shown in Table 4.3. The results show that, from an 

ultimate-strength point of view, the increase in deck plating thickness from Triton 1 to Triton 

2 was unnecessary. The sagging capacity of the midship section was satisfactory, or in fact 

very high (ß = 4.62), in the initial design. It is also clear that the strengthening of the bottom 

improved the reliability in hogging to an acceptable level (3.28 4.11). Based on these 

results a third design, where only the bottom was strengthened was developed and analysed. 
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Full Load Partial Load Ballast Load A Pf 
7Sag 4.62 5.14 6.04 4.62 1.927- 10-6 

Triton 1 
Hog 4.96 4.01 3.30 3.28 5.143.104 

Triton 2 

Triton 3 

Sag 5.18 5.68 6.53 5.17 1.173.10-7 
Hog 5.55 4.74 4.12 4.11 2.004.105 
Sag 4.71 5.24 6.13 4.69 1.342.10-6 
Hog 5.51 4.69 4.07 4.06 2.498.10-5 

Table 4.3 Reliability Indices for Triton 
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Figure 4.4 Reliability Indices for Triton 

BL 

From Table 4.3 and Figure 4.4 it can be seen that the reliability index ß is well above the 

target reliability of 3.71 in all conditions for Triton 2 and 3, indicating safe designs. The only 

value that drops below the target is the ballast hog condition for Triton 1, a reliability index 

of 3.28 corresponds to one failure in 2000 years. The low ß value is mainly due to the high 

value of the extreme hogging stillwater bending moment in ballast condition (3139 MNm). 

If strict control is applied on the loading procedure, so that the calculated SWBM for ballast 

loading of 2300 MNm may be taken as the extreme value, a reliability index of 3.97 is 

achieved in hogging for the ballast condition. The annual reliability index in hogging for 

Triton I will then be 3.82, which is above the target value. 

The sensitivity factors a, show the relative importance of each variable, at the design point, 

within a given limit state function. A positive sign indicates that the corresponding basic 

variable is a "loading variable" (e. g. M5, and M,,, ), and a negative sign indicates a "strength 
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variable" (e. g. Mu). An increase in a positive sensitivity reduces the failure margin, thus 

reducing the reliability. 

Sagging Hogging 
Variable Full Load Partial Load Ballast Load Full Load Partial Load Ballast Load 
xl -X� -0.5064 -0.4815 -0.4421 -0.5598 -0.694 -0.8087 
x2 - M5C 0.0257 0.0711 0.1264 0.0249 0.0919 0.1996 

x3 - xW 0.4834 0.4872 0.4653 0.4404 0.4317 0.3613 

x4 - X,,, 0.2618 0.2698 0.263 0.3747 0.3629 0.2974 

x5 - M,,,, 0.6639 0.673 0.7092 0.5929 0.4379 0.2953 

Table 4.4 Sensitivity Factors, a, 

The relative importance of each basic variable on the failure function is plotted in Figure 4.5 

and Figure 4.6, for the load conditions with the highest probability of failure. The variables 

associated with ultimate strength and wave induced bending moments are dominating in all 

conditions. This indicates that more effort should be put into developing better methods for 

predicting these variables. It is worth noting the relatively low sensitivity of the reliability to 

the stillwater induced bending moments. 

x4-Xm 
15% 

X1 - Xu 

42% 

Figure 4.5 Sensitivity of Variables, Triton 2 Ballast Load Hogging 
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x2 - M5� 
1% 

Figure 4.6 Sensitivity of Variables, Triton 2 Full Load Sagging 

4.4.2 Sensitivity Analysis 

A study was carried out to investigate the sensitivity of 6 with respect to the distribution 

parameters for Triton 2. Whereas the sensitivity factors relate to the relative importance of 

each variable, at the design point, a sensitivity analysis consider the changes in the reliability 

index with changes in the basic variables. 

In Figure 4.7 the reliability index is plotted against different values of M,,, MW and M. Each 

graph is produced by changing the variable considered and its standard deviation (to 

maintain constant COV). The shapes of the curves indicate that the relationships between the 

variables and 8 are non-linear. The curves may be used to find the value of Mu giving the a 

required target reliability, or to establish maximum allowable stillwater loads under certain 

conditions. 
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Figure 4.7 Sensitivity Study of Basic Variables for Triton 2 in Ballast Load (Hogging) 

4.4.3 Reliability of FPSO at Different Locations 

It was shown in chapter 3.4 that the wave statistics (HS and T) influence the VWBM 

calculations. It is obvious that the wave statistics also will influence the structural reliability 

of the vessel. This effect was investigated by calculating the reliability of Triton 2 in the 

three loading conditions (Full, Partial and Ballast) in various locations. The extreme wave 

loads and the load combination factors were changed to represent the different conditions, no 

other variables were changed. The results from the analysis are summarised in Table 4.5 for 

sagging and Table 4.6 for hogging. 

Location Full Load Partial Load Ballast Load Al 

Pf 
Area 11 5.18 5.68 6.53 5.17 1.17.10' 

Central North Sea 6.31 6.87 7.71 6.31 1.40.1010 
Northern North Sea 4.18 4.69 5.54 4.16 1.57.105 
West of Shetlands 3.74 4.37 5.30 3.72 9.85.10-5 

Table 4.5 Reliability Indices for Triton 2 in Sagging 

Location Full Load Partial Load Ballast Load All Pf 
Area 11 5.5 5 4.74 4.12 4.11 2.004.10-5 

Central North Sea 6.55 5.31 4.66 4.62 1.927.10° 
Northern North Sea 4.65 3.92 3.44 3.40 3.371.10-4 
West of Shetlands 3.91 3.47 3.19 3.09 1.018.10' 

4. Structural Reliability Analysis 

Table 4.6 Reliability Indices for Triton 2 in Hogging 
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As expected there is a significant reduction in ß� from the central North Sea to the more 

severe area west of Shetlands. A reliability index of 3.09 is well below the target reliability 

chosen for Triton. The value obtained for the northern parts of the North Sea is also too low, 

due to the low reliability in the ballast condition. This may be acceptable if appropriate 

heavy weather countermeasures are taken to avoid ballast load during storm conditions. A 

separate study must be carried out to investigate the resulting reliability of the vessel, when 

heavy weather countermeasures are taken into account. 
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Figure 4.8 Reliability Indices for Triton 2 in Hogging. 

4.5 Partial Safety Factors 

A level I code is a conventional deterministic code in which the nominal values of the 

strengths of the structural members are governed by a number of partial coefficients. The 

safety and serviceability of the structure is achieved by use of suitable partial factors in the 

design. The main reason for using partial safety factors (psi), as opposed to single safety 

factors is that this is the only way to achieve a reasonable standard of reliability for different 

designs within a code. The most consistent standard is obtained when a safety factor is 

assigned to each of the main sources of uncertainties. These reliability based safety factors, 

yj, account for uncertainties in loads, load effects and limit values, and for the relative 

degrees of seriousness of the various limit states. Thus, for the reliability analysis of a mid- 

ship section ultimate strength, it will be reasonable to assign safety factors, y,,, to the capacity 

of the cross-section M,, and to the two loads M,,, and M,,. 
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These partial coefficients are related to the level 2 design point, with the co-ordinates (ßa,, 

ßa2, ... , ßa�), where a; is defined by Eq. 4.16. If the values of the design point x` were to be 

used as the design values Xd in a deterministic level I design calculation, the resulting 

structure would have a reliability index ß and a reliability 91=1-. P(--ß). Thus, if ? is an 

acceptable reliability for the structure, a satisfactory set of partial coefficients is given by: 

Y! = 
xx SPI Spi 

xd x' 

where xsP, is the specified, or nominal, value of the resistance variable x,, and by 

xdi x 
Y; = 

xsP, 
= zsP, 

Eq. 4.27 

Eq. 4.28 

where xsp is the specified value of the loading variable x,. Based on the limit state function 

(Eq. 4.1) the partial safety factors for the mid-ship section ultimate strength, yu, ys and y,, 

could be defined by: 

xsn.. 1 
Yu r 

'Xu iL u 

m' --S Yl -x3'- xm 
Sr., Sp., 

Yw 
xW w' x., ' X. ' MW 
xsp.. msnW 

Eq. 4.29 

Eq. 4.30 

Eq. 4.31 

where mfr, is the mean value of the still-water bending moment in different conditions, and 

m5, is the characteristic value of the wave-bending moment. In this project, the most 

probable extreme values of SWBM and VWBM have been used as nominal values. The 

nominal values could also be based on the load manual, or they could be defined from rule 

requirements. The Mu giving the required reliability level, may be estimated using the 

relationship: 

M. > Yý ' (YwMW + YSMs ) Eq. 4.32 
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or 

where 

M. 1/ 
w'"- w+/ 

Xw 

vw Yw- v. 

Eq. 4.33 

and ys = yu " ys. Eq. 4.34 

The psf y,,, account for non-linear effects, uncertainties on the 2D-linear strip theory and 

statistical uncertainties associated with the wave data. This means that the extreme value 

calculated for the hogging wave bending moment should be multiplied by this yW in a 

deterministic analysis. Similarly, the UBM obtained from the ultimate bending moment 

analysis and the extreme stillwater bending moments calculated, should be multiplied by 

their respective safety factors, which account for uncertainties in these variables. 

Using Eq. 4.29-31 the partial safety factors for the mid-ship section ultimate strength was 

obtained at the target reliability (ß= 3.71) design point for all conditions in both hogging 

and sagging. The full details of the design point of each condition are shown in Appendix I. 

The partial safety factors for hogging and sagging are plotted against load condition in 

Figure 4.9 and Figure 4.10 respectively. 
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The uncertainty on wave load results in partial coefficients in the range from 1.5 to 1.0 

depending on the loading condition. The relatively high uncertainty on ultimate strength 
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(COV of 15%) is reflected in a safety factor y, of approximately 1.5, increasing with SWBM. 

A safety factor of 1.0 is found for the stillwater load, indicating that there is very low 

uncertainty on stillwater loads. 
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Figure 4.10 Partial Safety Factors Sagging 
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It is important to remember that the SWBM is always a hogging moment for Triton, and it 

will act in the opposite direction of a sagging VWBM. This does not affect the sign of the 

partial safety factors, but the sagging strength and VWBM will have opposite signs to 

SWBM in the sagging condition. 

From Figure 4.10 it can be seen that the factor related to wave bending moment, yW is 

approximately 1.7 and, ys takes a value of -1.0 in all conditions. The uncertainty on ultimate 

strength gives a factor of nearly 1.35 for the partial safety factor on M. 

4.5.1 Calibration of Partial Safety Factors 

When developing design codes it is desirable to obtain partial safety factors that are 

applicable to a wide range of designs and conditions, not just one particular load condition 

for one ship. The partial coefficients are optimised at a particular safety level, typically 8, = 

3.71, and the factors calculated for one design might not give a good results for other 
designs. A more general set of partial safety factors is obtained by an optimisation 

procedure, where the factors for several vessels (and load conditions) are calibrated to reduce 

the total deviation from the target reliability. An optimisation algorithm may be defined as: 

Gýý t 

-79- 
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i=m j=n 

rn K=W;. 
j -Q, r=/ j=/ 

y 
Eq. 4.35 

where ß is the reliability index of the j`h load condition of the i'h ship, m and n is the number 

of load conditions and ship designs respectively and K is the sum of the squares of 

deviations in /J, from, ß,. 

The optimisation process could be considered as a 3-dimensional problem, with ship type 

and loading condition along two axes and, 8 along the third, where the goal is to minimise K 

by changing yW and v:. If it is not possible to minimise K to an acceptable value (i. e. the 

spread is too large), it is necessary to reduce the number of ships or load conditions, or 

increase the number of partial safety factors. On the other hand, if a good fit is obtained it 

might be useful to introduce a fourth "dimension" of optimisation. For example, the effect of 

different wave statistics could be included in the safety factors, by adding a summation term 

to Eq. 4.35 

Figure 4.11 shows an example, where the reliability indices for 10 ship designs with five 

load conditions are plotted in 3D. Ideally, all points on the surface in Figure 4.11 should be 

above a plane defined by the target reliability, but this is not always required. 

Figure 4.11 /3-Values for a Range of Vessels and Load Conditions 
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An optimisation of partial safety factors for a full range of ship designs is beyond the scope 

of this project. However, the procedure is the same for one ship as for a class of ship, thus 

the calibration was included for completeness. Based on the assumption that the basic 

variables vary linearly between load conditions, a set of partial safety factors was optimised 

for Triton in hogging and sagging respectively. These factors could be used in the design of 

a similar FPSO with the same operation profile and expected wave loading. 

The first step was to determine the Mu, required to achieve aß of 3.71 in all load conditions 

in both hog and sag. The partial safety factors were then optimised by minimising K in Eq. 

4.33 under the constraint that X> Mu,. Then the new M� based on yW, ys , and the nominal 

values of wave- and still water bending moments, was applied in the reliability analysis to 

check the resulting reliability index, ß. The results of the optimisations are shown in Table 

4.7. 

Hogging Sagging 

Msyy 
M. 

Full Load Partial Load Ballast Load Full Load Partial Load Ballast Load 
768 1982 3139 -358 -922 -1461 
2358 2538 2289 2358 2538 2289 

Mu, 6084 7825 8977 5166 4299 2877 
Qr 3.71 3.71 3.71 3.71 3.71 3.71 

yu 1.22 1.22 1.22 1.68 1.68 1.68 
%ys 1.05 1.05 1.05 1.14 1.14 1.14 

v.. 1.77 1.77 1.77 1.47 1.47 1.47 
1.28 1.28 1.28 1.92 1.92 1.92 
2.16 2.16 2.16 2.48 2.48 2.48 

M. 
Q 

6084 8031 8977 5166 4530 2877 
3.71 3.84 3.71 3.71 3.81 3.71 

Table 4.7 Calibration of Partial Safety Factors 

The two sets of partial safety factors shown in Table 4.7 are supposed to represent the 

uncertainty on the separate basic variables for all three load conditions. They are optimised 

to give the lowest total deviation from the target reliability, they are not immediately related 

to the factors obtained at the design point for each load condition shown in Figure 4.9 and 

Figure 4.10. The optimisation of psf for the sagging condition give relatively high values for 

yS' and y,, ̀. It is important to keep in mind that the stillwater bending moment has a negative 

sign, so that these high values cancels each other out when the required ultimate bending 

moment is calculated. 
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The fl-values obtained by calculations based on partial safety factors for Triton, are quite 

close to the target reliability (see also Figure 4.12). There are some deviations in the values 

obtained for the partial loading condition for both hogging and sagging, but the results are 

within acceptable limits. This indicates that the psf give a good representation of the ultimate 

strength model for all load conditions. The next step in the calibration of psf would be to 

analyse a class of vessels, and then optimise a set of partial safety factors to represent this 

class of ships. 
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Figure 4.12 Reliability Indices for Triton in Hogging, Based on Partial Safety Factors 

The partial safety factors may be used in the design of vessels that are similar to Triton. If 

the loads are known, a design value for Mu may be obtained using the partial safety factors. 

A vessel designed with this ultimate bending moment will satisfy a reliability requirement of 

3.7, as long as the operational profile (Stillwater loads) and wave loading is the same as for 

Triton. 
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4.6 Conclusions 

The reliabilities of three different structural designs of Triton were investigated. The 

structural reliability analysis was based on input from the ultimate strength and load 

analyses. For each design annual reliability indices f3, were obtained for both hogging and 

sagging condition. These values were compared with the proposed target value from DNV of 

one failure in 10,000 or A=3.71. 

The reliability analysis showed that the as-built FPSO design, Triton 2, has annual reliability 

indices of 5.17 and 4.11 in the sagging and hogging respectively. This indicates that the 

vessel is safe against longitudinal collapse of the hull girder. The hogging ß value 

corresponds to one failure in 50,000 years, or one failure a year in 50,000 structures. 

The initial tanker design Triton 1 has a probability of failure of 5.143x 10-4 per year in 

hogging. This equals a ßa value of 3.28, or roughly one failure in 2,000 years. If some 

control is applied on the loading procedure of the FPSO, a reliability index of 3.97 is 

obtained in hogging for the ballast condition. This gives an annual reliability index in 

hogging for Triton 1 of 3.82, which is above the target value. 

Based on the relatively high reliability index obtained for Triton 2 in sagging, a design 

(Triton 3) where only the bottom structure was strengthened was analysed. This design has a 

reliability index in sagging of 4.69, which is an improvement from the value of 5.17 for 

Triton 2. As a part of the design process, an optimisation should be carried out in order to 

reduce the excess strength in both sagging and hogging. 

The results show that, from an ultimate-strength point of view, the strengthening of the deck 

structure from Triton 1 to Triton 2 was unnecessary. The sagging capacity of the midship 

section was satisfactory, or in fact very high (, 6= 4.62), in the initial design. The hogging 

reliability was increased from one failure in 2,000 for Triton 1 to one in 50,000 for Triton 2, 

so the strengthening of the bottom structure reduced the probability of failure to an 

acceptable value. However, if the load control discussed above is applied, the initial design 

would satisfy the target reliability. 
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The influence of wave statistics (H5 and T=) on the reliability of Triton 2 was investigated by 

calculating the reliability of the vessel in various locations. It was found that the annual 

reliability indices for sagging ranged from 3.72 west of Shetlands to 6.31 in the central North 

Sea, and in hogging the values were between 3.09 and 4.62, for the same areas. These results 

show the importance of carrying out a site-specific analysis, and the necessity of obtaining 

ample wave data for that location. 

Two sets of partial safety factors were optimised to represent the uncertainty on the separate 

basic variables in all three load conditions. For hogging, partial safety factors of a 1.22,1.05 

and 1.77 were obtained for yu , ys and yw respectively, whereas in sagging the values obtained 

were 1.68 for 7u, 1.14 for ys and 2.16 for yw. Using these safety factors in a deterministic 

analysis will give a design with a reliability index of approximately 3.71. 

When assessing the reliability of structures it is important to remember the notional nature of 

the structural reliability analysis. Different formulations of the limit state function will give 

significantly different results. 
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5 Conclusions and Discussion 

The purpose of this chapter is to summarise the conclusions made in the preceding chapters, 

and discuss the results of the analysis. Some recommendations for further work are made 
based on the experiences drawn from this project. 

The aim of the project was to establish a realistic structural response of FPSOs, with a 

probabilistic environmental loading and to carry out a structural reliability analysis of Triton 

considering the ultimate limit-state. A limit state function for the longitudinal collapse of the 

hull girder was defined and the basic variables were obtained through ultimate strength and 

load analyses. 

The ultimate bending moments were calculated using Lloyds Register's LRPASS Programs 

20202 and 20203. Three different mid-ship sections for Triton have been analysed. Triton 1 

is the initial tanker design, Triton 2 is the improved, as-built, FPSO design and Triton 3 is an 

intermediate design, where only the bottom panels have been strengthened. The Triton 3 

design was developed after initial calculations showed that the Triton 2 had very high 

reserve strength in sagging. The focus of the analyses has been on Triton 2, since this is the 

as-built design. 

The ultimate bending moment capacity was increased by 18% and 16 % in sagging and 

hogging respectively from Triton 1 to Triton 2. For Triton 3, an increase in the hogging 

capacity of 15% was achieved, whereas the sagging capacity was just marginally increased 

(3%). A traditional elastic analysis showed that all three designs satisfied the IACS rule 

requirements for section modulus and 2nd moment of area. 

Only vertical bending moment has been considered, the hull girder loads are divided into 

still water induced and wave induced components. The still-water vertical bending moments 

for each loading condition were calculated using Autohydro 4.0. The SWBM obtained was 

taken as the mean, , u,,,, of the still-water bending moment distribution, and a COV of 15% 

was applied. This COV value only represents minor deviations from the load manual. Gross 

errors were not taken into account in the analysis. It was assumed that appropriate load 

control systems are installed on the FPSO. 
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The loading pattern of the vessel is such that the ship will always have a hogging stillwater 

bending moment, ranging from 564 MNm in full load to 2300 MNm in the ballast condition. 

The extreme SWBM values for the ballast load condition will tend to be conservative due to 

two assumptions. Firstly, the SWBM was assumed to follow a normal distribution in both 

hog and sag (this will also affect Full and Partial conditions), and secondly the effect of 

heavy weather countermeasures was not included in the analysis. Both these assumptions 

will produce lower values for the annual reliability than what might be actual reliability of 

the vessel. 

A procedure for calculating the long-term distribution of the wave induced bending moments 

based on short-term response was used. Transfer functions for VWBM response were 

calculated using the 2-D strip theory program TRIBON Hydro from Kockums Computer 

Systems. Non-linearities were accounted for by a model uncertainty factor xj in the 

reliability analysis. Based on the wave-induced response, short-term responses in irregular 

waves were calculated using the principle of linear superposition and wave statistics. The 

short-term responses were combined with long-term wave statistics for the North Sea to 

determine the long-term probability of exceedance of different wave-induced vertical 

bending moments. A Weibull distribution was fitted to the resulting distribution. Then the 

most probable extreme values per year for each load condition were calculated. 

The vertical mooring forces on the FPSO are small, and have insignificant influence on the 

bending moment response. The same transfer functions, and consequently the same wave 

loads, was used for Triton 1,2 and 3, neglecting the slightly different weight distributions 

caused by variations in the scantling variations between the designs. 

The two loading components have been considered independent and Ferry Borges - 
Castenheta load combination method has been applied to obtain load combination factors for 

the Full Load, Partial Load (50 % loaded) and Ballast condition. As no information on the 

loading procedures for the FPSO was available, a simplified operation profile based on the 

production capacity was estimated, and a rectangular pulse process was fitted. 

The reliability analysis was carried out using the SORM analysis in CALREL. Annual 

reliability indices (ßa) and probabilities of failures were calculated for hogging and sagging 

conditions. These values were compared with a target reliability of 3.71 as proposed by 
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DNV (1992). The reliability analysis showed that the as-built FPSO design, Triton 2, has 

annual reliability indices of 5.17 and 4.11 in the sagging and hogging respectively. These 6 

values indicate that the vessel is safe against longitudinal collapse of the hull girder. The /3 

value for hogging corresponds to one failure in 50,000 years, or one failure a year in 50,000 

structures. 

The initial tanker design Triton 1 has a probability of failure of 5.143x 10-4 per year in 

hogging. This equals a ha value of 3.28, or roughly one failure in 2,000 years, which is lower 

than the target reliability. However, if some control is applied to the loading procedure of the 

FPSO, so that the extreme ballast SWBM may be taken as 2300 MNm instead of 3139 

MNm, a reliability index of 3.97 is obtained in hogging for this condition. The annual 

reliability index in hogging for Triton 1 is then 3.82, which is above the target value. 

Based on the relatively high reliability index obtained for Triton 2 in sagging, a new design 

(Triton 3) where only the bottom structure was strengthened was analysed. This design has a 

reliability index in sagging of 4.69, which is an improvement from the value of 5.17 for 

Triton 2. As a part of the design process, an optimisation should be carried out in order to 

reduce the excess strength in both sagging and hogging. 

A calculation based on changes in cross-sectional areas estimated the weight of the added 

material from Triton 1 to Triton 2 to be roughly 4% of the hull weight, equalling 800 tonnes. 

The change in the design improved the hogging reliability from 3.12 to 3.92. For Triton 3 an 
increase in the hogging reliability index from 3.12 to 3.90 is achieved by increasing the plate 

thickness in the bottom plates by 3 mm. The weight of the added material from Triton 1 to 

Triton 3 is around 2% of the hull weight, or approximately 400 tonnes. 

The Triton FPSO will be stationed in the North Sea, close to the Gannet complex and 

Hogben's Global Wave Statistics Area 11 was assumed to represent the wave statistics for 

this location. The influence of different wave statistics (Hs and T, ) on the reliability of Triton 

2 was investigated by calculating the reliability of the vessel in various locations. It was 
found that the annual reliability indices for sagging ranged from 3.72 west of Shetlands to 

6.31 in the central North Sea, and in hogging the values were between 3.09 and 4.62, for the 

same areas. These results show the importance of carrying out a site-specific analysis, and 
the necessity of obtaining ample wave data for that location. 
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Considering the low probability of slamming for Triton, and keeping in mind, that slamming 

is only associated with sagging, and that hogging is the dominating condition for Triton, it 

was decided to ignore slamming induced VBM in this report. However, slamming is known 

to occur on FPSOs operated in harsh weather, but it is believed to constitute more of a 

problem in the detailed design of local elements. 

The structural reliability analysis indicates that the Triton FPSO is safe against longitudinal 

collapse of the hull girder, if it is located at this specific site and loaded according to the load 

manual. 
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Triton I 

Length: 233 m Material properties (MP): 
Breadth: 42 m 1= 245 N/mm2 
Depth: 21.3 m 2= 326 N/mm2 

Bottom & Side Shell: 
Element no. CID a 

10 10 4120 
21 11 4120 
32 11 4120 
43 11 4120 
54 11 4120 
65 12 4120 
76 12 4120 
87 12 4120 
98 12 4120 

10 9 12 4120 
11 10 12 4120 
12 11 12 4120 
13 12 12 4120 
14 13 12 4120 
15 14 12 4120 
16 15 12 4120 
17 16 12 4120 
18 17 12 4120 
19 18 12 4120 
20 19 13 4120 
21 20 14 4120 
22 21 14 4120 
23 22 14 4120 
24 23 14 4120 
25 BK 15 

b 
410 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 
820 

4120 2828 
26 24 16 4120 
27 25 16 4120 
28 26 16 4120 
29 27 16 4120 
30 28 16 4120 
31 29 17 4120 
32 30 18 4120 
33 31 18 4120 
34 32 18 4120 
35 33 19 4120 
36 34 19 4120 
37 35 20 4120 
38 36 19 4120 
39 37 19 4120 
40 38 19 4120 
41 39 19 4120 
42 40 19 4120 
43 41 20 4120 
44 42 21 4120 
45 43 22 4120 
46 44 22 4120 
47 45 23 4120 
48 46 23 4120 
49 47 23 4120 

800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 
800 

Appendix A 

E= 210000 N/mm2 

t, h, A, t,,, bf tf Area zY Pos. MP 
18 410 17.5 00 14555 0012 
18 450 11.5 150 18 22635 0 820 12 
18 450 11.5 150 18 22635 0 1640 12 
18 450 11.5 150 18 22635 0 2460 12 
18 450 11.5 150 18 22635 0 3280 12 

16.5 450 11.5 150 18 21405 0 4100 12 
16.5 450 11.5 150 18 21405 0 4920 12 
16.5 450 11.5 150 18 21405 0 5740 12 
16.5 450 11.5 150 18 21405 0 6560 12 
16.5 450 11.5 150 18 21405 0 7380 12 
16.5 450 11.5 150 18 21405 0 8200 12 
16.5 450 11.5 150 18 21405 0 9020 12 
16.5 450 11.5 150 18 21405 0 9840 12 
16.5 450 11.5 150 18 21405 0 10660 12 
16.5 450 11.5 150 18 21405 0 11480 12 
16.5 450 11.5 150 18 21405 0 12300 12 
16.5 450 11.5 150 18 21405 0 13120 12 
16.5 450 11.5 150 18 21405 0 13940 12 
16.5 450 11.5 150 18 21405 0 14760 12 
16.5 410 14.5 00 19475 0 15580 12 
16.5 500 11.5 150 18 21980 0 16400 12 
16.5 500 11.5 150 18 21980 0 17220 12 
16.5 500 11.5 150 18 21980 0 18040 12 
16.5 500 11.5 150 18 21980 0 18860 12 
16.5 400 13 50 18 52762 1050 19910 12 

16 435 11.5 150 15 20053 2100 21000 22 
16 435 11.5 150 15 20053 2920 21000 22 
16 435 11.5 150 15 20053 3740 21000 22 
16 435 11.5 150 15 20053 4560 21000 22 
16 435 11.5 150 15 20053 5380 21000 22 
16 410 13 00 18130 6200 21000 21 

17.5 435 11.5 150 15 21253 7020 21000 21 
17.5 435 11.5 150 15 21253 7840 21000 21 
17.5 435 11.5 150 15 21253 8660 21000 21 
17.5 385 11.5 150 15 20678 9480 21000 21 
17.5 385 11.5 150 15 20678 10300 21000 21 
17.5 410 13 00 19330 11120 21000 21 
17.5 385 11.5 150 15 20678 11940 21000 21 
17.5 385 11.5 150 15 20678 12760 21000 21 
17.5 385 11.5 150 15 20678 13580 21000 21 
17.5 385 11.5 150 15 20678 14400 21000 21 
17.5 385 11.5 150 15 20678 15220 21000 21 
17.5 410 13 00 19330 16040 21000 21 
17.5 400 11.5 100 16 20200 16860 21000 21 
17.5 350 11.5 100 12 19225 17680 21000 21 
17.5 350 11.5 100 12 19225 18500 21000 21 

16 300 11 90 16 17540 19320 21000 22 
16 300 11 90 16 17540 20140 21000 22 
16 300 11 90 16 17540 20960 21000 22 
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Upper Deck 
Element no. CID a 

50 1 24 4120 
51 2 24 4120 
52 3 24 4120 
53 4 24 4120 
54 5 24 4120 
55 6 24 4120 
56 7 24 4120 
57 8 24 4120 
58 9 24 4120 
59 10 24 4120 
60 11 24 4120 
61 12 24 4120 
62 13 24 4120 
63 14 24 4120 
64 15 24 4120 
65 16 24 4120 
66 17 24 4120 
67 18 24 4120 
68 19 25 4120 
69 20 25 4120 
70 21 25 4120 
71 22 25 4120 
72 23 26 4120 
73 24 27 4120 
74 25 27 4120 

Inner bottom & Long. Bhd. 
75 1 28 4120 
76 2 28 4120 
77 3 28 4120 
78 4 28 4120 
79 5 28 4120 
80 6 28 4120 
81 7 28 4120 
82 8 28 4120 
83 9 28 4120 
84 10 28 4120 
85 11 28 4120 
86 12 28 4120 

87 13 28 4120 
88 14 28 4120 
89 15 28 4120 
90 16 28 4120 
91 17 28 4120 
92 18 28 4120 
93 24 29 4120 
94 25 29 4120 
95 26 29 4120 
96 27 29 4120 
97 28 29 4120 
98 30 30 4120 
99 31 30 4120 

Appendix A 

b tp h,,, tH, bf tf Area zY Pos. MP 
820 16.5 250 12 90 16 17970 22051 410 32 
820 16.5 250 12 90 16 17970 22014 1230 32 
820 16.5 250 12 90 16 17970 21977 2050 32 
820 16.5 250 12 90 16 17970 21941 2870 32 
820 16.5 250 12 90 16 17970 21904 3690 32 
820 16.5 250 12 90 16 17970 21867 4510 32 
820 16.5 250 12 90 16 17970 21830 5330 32 
820 16.5 250 12 90 16 17970 21794 6150 32 
820 16.5 250 12 90 16 17970 21757 6970 32 
820 16.5 250 12 90 16 17970 21720 7790 32 
820 16.5 250 12 90 16 17970 21683 8610 32 
820 16.5 250 12 90 16 17970 21646 9430 32 
820 16.5 250 12 90 16 17970 21610 10250 32 
820 16.5 250 12 90 16 17970 21573 11070 32 
820 16.5 250 12 90 16 17970 21536 11890 32 
820 16.5 250 12 90 16 17970 21499 12710 32 
820 16.5 250 12 90 16 17970 21463 13530 32 
820 16.5 250 12 90 16 17970 21426 14350 32 
740 16.5 250 12 90 16 16650 21396 15090 32 
740 16.5 250 12 90 16 16650 21363 15830 32 
740 16.5 250 12 90 16 16650 21330 16570 32 
740 16.5 250 12 90 16 16650 21297 17310 32 
820 17.5 400 16 00 20750 21143 18130 32 
820 17.5 300 11 90 16 19090 21177 18950 32 
820 17.5 300 11 90 16 19090 21140 19770 32 

820 16 450 11.5 150 18 20995 2460 820 32 
820 16 450 11.5 150 18 20995 2460 1640 32 
820 16 450 11.5 150 18 20995 2460 2460 32 
820 16 450 11.5 150 18 20995 2460 3280 32 
820 16 450 11.5 150 18 20995 2460 4100 32 
820 16 450 11.5 150 18 20995 2460 4920 32 
820 16 450 11.5 150 18 20995 2460 5740 32 
820 16 450 11.5 150 18 20995 2460 6560 32 
820 16 450 11.5 150 18 20995 2460 7380 32 
820 16 450 11.5 150 18 20995 2460 8200 32 
820 16 450 11.5 150 18 20995 2460 9020 32 
820 16 450 11.5 150 18 20995 2460 9840 32 
820 16 450 11.5 150 18 20995 2460 10660 32 
820 16 450 11.5 150 18 20995 2460 11480 32 
820 16 450 11.5 150 18 20995 2460 12300 32 
820 16 450 11.5 150 18 20995 2460 13120 32 
820 16 450 11.5 150 18 20995 2460 13940 32 
820 16 450 11.5 150 18 20995 2460 14760 32 
785 17.5 450 11.5 125 18 21163 2876 15750 32 
785 17.5 450 11.5 125 18 21163 3568 16350 32 
785 17.5 450 11.5 125 18 21163 4260 16950 32 
785 17.5 450 11.5 125 18 21163 4952 17550 32 
785 17.5 450 11.5 125 18 21163 5644 18150 32 
800 15.5 450 11.5 125 18 19825 7020 18419 21 
800 15.5 450 11.5 125 18 19825 7840 18419 21 
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Element no. 
100 32 
101 33 
102 34 
103 35 
104 36 
105 37 
106 38 
107 39 
108 40 
109 41 
110 42 
111 43 
112 44 
113 45 
114 46 
115 47 

Stringers: 

Appendix A 

CID ab tp hw tw bf tf Area zY Pos. MP 
30 4120 800 15.5 450 11.5 125 18 19825 8660 18419 21 
30 4120 800 15.5 450 11.5 125 18 19825 9480 18419 21 
30 4120 800 15.5 450 11.5 125 18 19825 10300 18419 21 
31 4120 800 14 410 13 00 16530 11120 18465 21 
32 4120 800 14 400 11.5 100 16 17400 11940 18440 21 
32 4120 800 14 400 11.5 100 16 17400 12760 18440 21 
32 4120 800 14 400 11.5 100 16 17400 13580 18440 21 
32 4120 800 14 400 11.5 100 16 17400 14400 18440 21 
33 4120 800 13.5 350 12 100 17 16700 15220 18450 21 
34 4120 800 13.5 700 12 150 12 21000 16040 18329 21 
33 4120 800 13.5 350 12 100 17 16700 16860 18450 21 
33 4120 800 13.5 350 12 100 17 16700 17680 18450 21 
35 4120 800 13.5 300 13 90 17 16230 18500 18466 21 
36 4120 800 16 800 14 150 14 26100 19320 18409 22 
37 4120 800 16 250 12 90 16 17240 20140 18487 22 
37 4120 800 16 250 12 90 16 17240 20960 18487 22 

116 1 38 4120 820 13 150 12 00 12460 6100 20155 31 
117 2 38 4120 820 13 150 12 00 12460 6100 19335 31 
118 3 38 4120 820 13 150 12 00 12460 10900 20155 31 
119 4 38 4120 820 13 150 12 00 12460 10900 19335 31 
120 5 38 4120 820 13 150 12 00 12460 15700 20155 31 
121 6 38 4120 820 13 150 12 00 12460 15700 19335 31 

Center Long Bhd.: 
122 26 39 4120 910 15.5 450 11.5 125 18 21530 2900 -100 22 
123 27 39 4120 910 15.5 450 11.5 125 18 21530 3810 -100 22 
124 28 39 4120 910 15.5 450 11.5 125 18 21530 4720 -100 22 
125 29 39 4120 910 15.5 450 11.5 125 18 21530 5630 -100 22 
126 30 40 4120 800 14 400 13 100 18 18200 6485 -100 22 
127 31 40 4120 800 14 400 13 100 18 18200 7285 -100 22 
128 32 40 4120 800 14 400 13 100 18 18200 8085 -100 22 
129 33 40 4120 800 14 400 13 100 18 18200 8885 -100 22 
130 34 41 4120 800 13 400 13 100 18 17400 9685 -100 22 
131 35 42 4120 800 13 350 12 100 17 16300 10485 -100 22 
132 36 42 4120 800 13 350 12 100 17 16300 11285 -100 22 
133 37 42 4120 800 13 350 12 100 17 16300 12085 -100 22 
134 38 42 4120 800 13 350 12 100 17 16300 12885 -100 22 
135 39 42 4120 800 13 350 12 100 17 16300 13685 -100 22 
136 40 43 4120 800 13 300 13 90 17 15830 14485 -100 22 
137 41 43 4120 800 13 300 13 90 17 15830 15285 -100 22 
138 42 44 4120 800 13 300 11 90 16 15140 16085 -100 22 
139 43 44 4120 800 13 300 11 90 16 15140 16885 -100 22 
140 44 44 4120 800 13 300 11 90 16 15140 17685 -100 22 
141 45 45 4120 800 15.5 250 12 90 16 16840 18485 -100 22 
142 46 45 4120 800 15.5 250 12 90 16 16840 19285 -100 22 
143 47 45 4120 800 15.5 250 12 90 16 16840 20085 -100 22 
144 48 45 4120 800 15.5 250 12 90 16 16840 20910 -100 22 

Keelson: 
145 A 46 4120 1230 17.5 250 12 90 16 25965 820 -100 22 
146 B 46 4120 1230 17.5 250 12 90 16 25965 1640 -100 22 

Wing Girder: 
147 A 47 4120 1230 14.5 150 12 00 19635 820 15580 22 
148 B 47 4120 1230 14.5 150 12 00 19635 1640 15580 22 

Deck Corner: 
149 49 4120 500 16 300 17.5 00 13250 21000 21300 32 

Deck/Center Long Bhd. Element: 
150 50 4120 250 16.5 400 15.5 00 10325 22200 -100 32 
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Triton 2 

Length: 233 m Material properties (MP): 
Breadth: 42 m 1= 245 N/mmz 

Depth: 21.3 m 2= 326 N/mmz 

Bottom & Side Shell: 
Element no. 

10 
21 
32 
43 
54 
65 
76 
87 
98 
10 9 
11 10 
12 11 
13 12 
14 13 
15 14 
16 15 
17 16 
18 17 
19 18 
20 19 
21 20 
22 21 
23 22 
24 23 
25 BK 
26 24 
27 25 
28 26 
29 27 
30 28 
31 29 
32 30 
33 31 
34 32 
35 33 
36 34 
37 35 
38 36 
39 37 
40 38 
41 39 
42 40 
43 41 
44 42 
45 43 
46 44 
47 45 
48 46 
49 47 

CID a 
10 4120 
11 4120 
11 4120 
11 4120 
11 4120 
12 4120 
12 4120 
12 4120 
12 4120 
12 4120 
12 4120 
12 4120 
12 4120 
12 4120 
12 4120 
12 4120 
12 4120 
12 
12 
13 
14 
14 
14 
14 
15 
16 
16 
16 
16 
16 
17 
18 
18 
18 
19 
19 
20 
19 
19 
19 
19 
19 
20 
21 
22 
22 
23 
23 
23 

E= 210000 N/mmz 

Appendix A 

b tp h, N t,,,, br tr Area zY Pos. MP 
410 21 410 17.5 00 15785 0012 
820 21 450 11.5 150 18 25095 0 820 12 
820 21 450 11.5 150 18 25095 0 1640 12 
820 21 450 11.5 150 18 25095 0 2460 12 
820 21 450 11.5 150 18 25095 0 3280 12 
820 19.5 450 11.5 150 18 23865 0 4100 12 
820 19.5 450 11.5 150 18 23865 0 4920 12 
820 19.5 450 11.5 150 18 23865 0 5740 12 
820 19.5 450 11.5 150 18 23865 0 6560 12 
820 19.5 450 11.5 150 18 23865 0 7380 12 
820 19.5 450 11.5 150 18 23865 0 8200 12 
820 19.5 450 11.5 150 18 23865 0 9020 12 
820 19.5 450 11.5 150 18 23865 0 9840 12 
820 19.5 450 11.5 150 18 23865 0 10660 12 
820 19.5 450 11.5 150 18 23865 0 11480 12 
820 19.5 450 11.5 150 18 23865 0 12300 12 
820 19.5 450 11.5 150 18 23865 0 13120 12 

4120 820 19.5 450 11.5 150 18 23865 0 13940 12 
4120 820 19.5 450 11.5 150 18 23865 0 14760 12 
4120 820 19.5 410 14.5 00 21935 0 15580 12 
4120 820 19.5 500 11.5 150 18 24440 0 16400 12 
4120 820 19.5 500 11.5 150 18 24440 0 17220 12 
4120 820 19.5 500 11.5 150 18 24440 0 18040 12 
4120 820 19.5 500 11.5 150 18 24440 0 18860 12 
4120 2828 19.5 400 13 50 18 61246 1050 19910 12 
4120 800 16 435 11.5 150 15 20053 2100 21000 22 
4120 800 16 435 11.5 150 15 20053 2920 21000 22 
4120 800 16 435 11.5 150 15 20053 3740 21000 22 
4120 800 16 435 11.5 150 15 20053 4560 21000 22 
4120 800 16 435 11.5 150 15 20053 5380 21000 22 
4120 800 16 410 13 00 18130 6200 21000 21 
4120 800 17.5 435 11.5 150 15 21253 7020 21000 21 
4120 800 17.5 435 11.5 150 15 21253 7840 21000 21 
4120 800 17.5 435 11.5 150 15 21253 8660 21000 21 
4120 800 17.5 385 11.5 150 15 20678 9480 21000 21 
4120 800 17.5 385 11.5 150 15 20678 10300 21000 21 
4120 800 17.5 410 13 00 19330 11120 21000 21 
4120 800 17.5 385 11.5 150 15 20678 11940 21000 21 
4120 800 17.5 385 11.5 150 15 20678 12760 21000 21 
4120 800 17.5 385 11.5 150 15 20678 13580 21000 21 
4120 800 17.5 385 11.5 150 15 20678 14400 21000 21 
4120 800 17.5 385 11.5 150 15 20678 15220 21000 21 
4120 800 17.5 410 13 00 19330 16040 21000 21 
4120 800 17.5 400 11.5 100 16 20200 16860 21000 21 
4120 800 17.5 350 11.5 100 12 19225 17680 21000 21 
4120 800 17.5 350 11.5 100 12 19225 18500 21000 21 
4120 800 19 300 11 90 16 19940 19320 21000 22 
4120 800 19 300 11 90 16 19940 20140 21000 22 
4120 800 19 300 11 90 16 19940 20960 21000 22 
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Upper Deck 
Element no. 

50 1 
51 2 
52 3 
53 4 
54 5 
55 6 
56 7 
57 8 
58 9 
59 10 
60 11 
61 12 
62 13 
63 14 
64 15 
65 16 
66 17 
67 18 
68 19 
69 20 
70 21 
71 22 
72 23 
73 24 
74 25 

Inner bottom & 
75 1 
76 2 
77 3 
78 4 
79 5 
80 6 
81 7 
82 8 
83 9 
84 10 
85 11 
86 12 
87 13 
88 14 
89 15 
90 16 
91 17 
92 18 
93 24 
94 25 
95 26 
96 27 
97 28 
98 30 
99 31 

Appendix A 

b tP h, H tW bf tr Area zY Pos. MP CID a 
24 4120 820 19.5 250 12 90 16 20430 22051 410 32 
24 4120 820 19.5 250 12 90 16 20430 22014 1230 32 
24 4120 820 19.5 250 12 90 16 20430 21977 2050 32 
24 4120 820 19.5 250 12 90 16 20430 21941 2870 32 
24 4120 820 19.5 250 12 90 16 20430 21904 3690 32 
24 4120 820 19.5 250 12 90 16 20430 21867 4510 32 
24 4120 820 19.5 250 12 90 16 20430 21830 5330 32 
24 4120 820 19.5 250 12 90 16 20430 21794 6150 32 
24 4120 820 19.5 250 12 90 16 20430 21757 6970 32 
24 4120 820 19.5 250 12 90 16 20430 21720 7790 32 
24 4120 820 19.5 250 12 90 16 20430 21683 8610 32 
24 4120 820 19.5 250 12 90 16 20430 21646 9430 32 
24 4120 820 19.5 250 12 90 16 20430 21610 10250 32 
24 4120 820 19.5 250 12 90 16 20430 21573 11070 32 
24 4120 820 19.5 250 12 90 16 20430 21536 11890 32 
24 4120 820 19.5 250 12 90 16 20430 21499 12710 32 
24 4120 820 19.5 250 12 90 16 20430 21463 13530 32 
24 4120 820 19.5 250 12 90 16 20430 21426 14350 32 
25 4120 740 19.5 250 12 90 16 18870 21396 15090 32 
25 4120 740 19.5 250 12 90 16 18870 21363 15830 32 
25 4120 740 19.5 250 12 90 16 18870 21330 16570 32 
25 4120 740 19.5 250 12 90 16 18870 21297 17310 32 
26 4120 820 19.5 400 16 00 22390 21143 18130 32 
27 4120 820 19.5 300 11 90 16 20730 21177 18950 32 
27 4120 820 19.5 300 11 90 16 20730 21140 19770 32 
Long. Bhd. 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
28 4120 
29 4120 
29 4120 
29 4120 
29 4120 
29 4120 
30 4120 
30 4120 

820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
820 16 
785 17.5 
785 17.5 
785 17.5 
785 17.5 
785 17.5 
800 15.5 
800 15.5 

450 11.5 150 18 20995 2460 820 32 
450 11.5 150 18 20995 2460 1640 32 
450 11.5 150 18 20995 2460 2460 32 
450 11.5 150 18 20995 2460 3280 32 
450 11.5 150 18 20995 2460 4100 32 
450 11.5 150 18 20995 2460 4920 32 
450 11.5 150 18 20995 2460 5740 32 
450 11.5 150 18 20995 2460 6560 32 
450 11.5 150 18 20995 2460 7380 32 
450 11.5 150 18 20995 2460 8200 32 
450 11.5 150 18 20995 2460 9020 32 
450 11.5 150 18 20995 2460 9840 32 
450 11.5 150 18 20995 2460 10660 32 
450 11.5 150 18 20995 2460 11480 32 
450 11.5 150 18 20995 2460 12300 32 
450 11.5 150 18 20995 2460 13120 32 
450 11.5 150 18 20995 2460 13940 32 
450 11.5 150 18 20995 2460 14760 32 
450 11.5 125 18 21163 2876 15750 32 
450 11.5 125 18 21163 3568 16350 32 
450 11.5 125 18 21163 4260 16950 32 
450 11.5 125 18 21163 4952 17550 32 
450 11.5 125 18 21163 5644 18150 32 
450 11.5 125 18 19825 7020 18419 21 
450 11.5 125 18 19825 7840 18419 21 



Structural Reliability Analysis of FPSOs Appendix A 

Element no. CID 
100 32 30 
101 33 30 
102 34 30 
103 35 31 
104 36 32 
105 37 32 
106 38 32 
107 39 32 
108 40 33 
109 41 34 
110 42 33 
111 43 33 
112 44 35 
113 45 36 
114 46 37 
115 47 37 

Stringers: 

ab tp hW tw bf tf Area zY Pos. MP 
4120 800 15.5 450 11.5 125 18 19825 8660 18419 21 
4120 800 15.5 450 11.5 125 18 19825 9480 18419 21 
4120 800 15.5 450 11.5 125 18 19825 10300 18419 21 
4120 800 14 410 13 00 16530 11120 18465 21 
4120 800 14 400 11.5 100 16 17400 11940 18440 21 
4120 800 14 400 11.5 100 16 17400 12760 18440 21 
4120 800 14 400 11.5 100 16 17400 13580 18440 21 
4120 800 14 400 11.5 100 16 17400 14400 18440 21 
4120 800 13.5 350 12 100 17 16700 15220 18450 21 
4120 800 13.5 700 12 150 12 21000 16040 18329 21 
4120 800 13.5 350 12 100 17 16700 16860 18450 21 
4120 800 13.5 350 12 100 17 16700 17680 18450 21 
4120 800 13.5 300 13 90 17 16230 18500 18466 21 
4120 800 16 800 14 150 14 26100 19320 18409 22 
4120 800 16 250 12 90 16 17240 20140 18487 22 
4120 800 16 250 12 90 16 17240 20960 18487 22 

116 1 38 4120 820 
117 2 38 4120 820 
118 3 38 4120 820 
119 4 38 4120 820 
120 5 38 4120 820 
121 6 38 4120 820 

Center Long Bhd.: 
122 26 39 4120 910 
123 27 39 4120 910 
124 28 39 4120 910 
125 29 39 4120 910 
126 30 40 4120 800 
127 31 40 4120 800 
128 32 40 4120 800 
129 33 40 4120 800 
130 34 41 4120 800 
131 35 42 4120 800 
132 36 42 4120 800 
133 37 42 4120 800 
134 38 42 4120 800 
135 39 42 4120 800 
136 40 43 4120 800 
137 41 43 4120 800 
138 42 44 4120 800 
139 43 44 4120 800 
140 44 44 4120 800 
141 45 45 4120 800 
142 46 45 4120 800 
143 47 45 4120 800 
144 48 45 4120 800 

Keelson: 

13 150 12 00 12460 6100 20155 31 
13 150 12 00 12460 6100 19335 31 
13 150 12 00 12460 10900 20155 31 
13 150 12 00 12460 10900 19335 31 
13 150 12 00 12460 15700 20155 31 
13 150 12 00 12460 15700 19335 31 

15.5 450 11.5 125 18 21530 2900 -100 22 
15.5 450 11.5 125 18 21530 3810 -100 22 
15.5 450 11.5 125 18 21530 4720 -100 22 
15.5 450 11.5 125 18 21530 5630 -100 22 

14 400 13 100 18 18200 6485 -100 22 
14 400 13 100 18 18200 7285 -100 22 
14 400 13 100 18 18200 8085 -100 22 
14 400 13 100 18 18200 8885 -100 22 
13 400 13 100 18 17400 9685 -100 22 
13 350 12 100 17 16300 10485 -100 22 
13 350 12 100 17 16300 11285 -100 22 
13 350 12 100 17 16300 12085 -100 22 
13 350 12 100 17 16300 12885 -100 22 
13 350 12 100 17 16300 13685 -100 22 
13 300 13 90 17 15830 14485 -100 22 
13 300 13 90 17 15830 15285 -100 22 
13 300 11 90 16 15140 16085 -100 22 
13 300 11 90 16 15140 16885 -100 22 
13 300 11 90 16 15140 17685 -100 22 

15.5 250 12 90 16 16840 18485 -100 22 
15.5 250 12 90 16 16840 19285 -100 22 
15.5 250 12 90 16 16840 20085 -100 22 
15.5 250 12 90 16 16840 20910 -100 22 

145 A 46 4120 1230 17.5 250 
146 B 46 4120 1230 17.5 250 

Wing Girder: 
147 A 47 4120 1230 14.5 150 
148 B 47 4120 1230 14.5 150 

Deck Corner: 
149 49 4120 500 19 300 

Deck/Center Long Bhd. Element: 
150 50 4120 250 16.5 400 

12 90 16 25965 820 -100 22 
12 90 16 25965 1640 -100 22 

12 00 19635 820 15580 22 
12 00 19635 1640 15580 22 

17.5 00 14750 21000 21300 32 

15.5 00 10325 22200 -100 32 



Structural Reliability Analysis of FPSOs 

Triton 3 

Length: 233 m Material properties (MP): 

Breadth: 42 m 1= 245 N/mm2 E= 2E+05 N/mm2 

Depth: 21.3 m 2= 326 N/mm2 

Appendix A 

Bottom & Side Shell: 
Element no. CID abt, h, H t" bf tr Area 2Y Pos. MP 

10 10 4120 410 21 410 17.5 00 15785 0012 
21 11 4120 820 21 450 11.5 150 18 25095 0 820 12 

32 11 4120 820 21 450 11.5 150 18 25095 0 1640 12 

43 11 4120 820 21 450 11.5 150 18 25095 0 2460 12 

54 11 4120 820 21 450 11.5 150 18 25095 0 3280 12 
65 12 4120 820 19.5 450 11.5 150 18 23865 0 4100 12 

76 12 4120 820 19.5 450 11.5 150 18 23865 0 4920 12 
87 12 4120 820 19.5 450 11.5 150 18 23865 0 5740 12 
98 12 4120 820 19.5 450 11.5 150 18 23865 0 6560 12 

10 9 12 4120 820 19.5 450 11.5 150 18 23865 0 7380 12 

11 10 12 4120 820 19.5 450 11.5 150 18 23865 0 8200 12 
12 11 12 4120 820 19.5 450 11.5 150 18 23865 0 9020 12 
13 12 12 4120 820 19.5 450 11.5 150 18 23865 0 9840 12 
14 13 12 4120 820 19.5 450 11.5 150 18 23865 0 10660 12 
15 14 12 4120 820 19.5 450 11.5 150 18 23865 0 11480 12 

16 15 12 4120 820 19.5 450 11.5 150 18 23865 0 12300 12 

17 16 12 4120 820 19.5 450 11.5 150 18 23865 0 13120 12 

18 17 12 4120 820 19.5 450 11.5 150 18 23865 0 13940 12 

19 18 12 4120 820 19.5 450 11.5 150 18 23865 0 14760 12 
20 19 13 4120 820 19.5 410 14.5 00 21935 0 15580 12 
21 20 14 4120 820 19.5 500 11.5 150 18 24440 0 16400 12 
22 21 14 4120 820 19.5 500 11.5 150 18 24440 0 17220 12 
23 22 14 4120 820 19.5 500 11.5 150 18 24440 0 18040 12 
24 23 14 4120 820 19.5 500 11.5 150 18 24440 0 18860 12 
25 BK 15 4120 2828 19.5 400 13 50 18 61246 1050 19910 12 
26 24 16 4120 800 16 435 11.5 150 15 20053 2100 21000 22 
27 25 16 4120 800 16 435 11.5 150 15 20053 2920 21000 22 
28 26 16 4120 800 16 435 11.5 150 15 20053 3740 21000 22 
29 27 16 4120 800 16 435 11.5 150 15 20053 4560 21000 22 
30 28 16 4120 800 16 435 11.5 150 15 20053 5380 21000 22 
31 29 17 4120 800 16 410 13 00 18130 6200 21000 21 
32 30 18 4120 800 17.5 435 11.5 150 15 21253 7020 21000 21 
33 31 18 4120 800 17.5 435 11.5 150 15 21253 7840 21000 21 
34 32 18 4120 800 17.5 435 11.5 150 15 21253 8660 21000 21 
35 33 19 4120 800 17.5 385 11.5 150 15 20678 9480 21000 21 
36 34 19 4120 800 17.5 385 11.5 150 15 20678 10300 21000 21 
37 35 20 4120 800 17.5 410 13 00 19330 11120 21000 21 
38 36 19 4120 800 17.5 385 11.5 150 15 20678 11940 21000 21 
39 37 19 4120 800 17.5 385 11.5 150 15 20678 12760 21000 21 
40 38 19 4120 800 17.5 385 11.5 150 15 20678 13580 21000 21 
41 39 19 4120 800 17.5 385 11.5 150 15 20678 14400 21000 21 
42 40 19 4120 800 17.5 385 11.5 150 15 20678 15220 21000 21 
43 41 20 4120 800 17.5 410 13 00 19330 16040 21000 21 
44 42 21 4120 800 17.5 400 11.5 100 16 20200 16860 21000 21 
45 43 22 4120 800 17.5 350 11.5 100 12 19225 17680 21000 21 
46 44 22 4120 800 17.5 350 11.5 100 12 19225 18500 21000 21 
47 45 23 4120 800 19 300 11 90 16 19940 19320 21000 22 
48 46 23 4120 800 19 300 11 90 16 19940 20140 21000 22 
49 47 23 4120 800 19 300 11 90 16 19940 20960 21000 22 



Structural Reliability Analysis of FPSOs Appendix A 

Upper Deck 
Element no. CID ab tr, h, t,,,, bf tr Area zY Pos. MP 

50 1 24 4120 820 16.5 250 12 90 16 17970 22051 410 32 
51 2 24 4120 820 16.5 250 12 90 16 17970 22014 1230 32 
52 3 24 4120 820 16.5 250 12 90 16 17970 21977 2050 32 
53 4 24 4120 820 16.5 250 12 90 16 17970 21941 2870 32 
54 5 24 4120 820 16.5 250 12 90 16 17970 21904 3690 32 
55 6 24 4120 820 16.5 250 12 90 16 17970 21867 4510 32 
56 7 24 4120 820 16.5 250 12 90 16 17970 21830 5330 32 
57 8 24 4120 820 16.5 250 12 90 16 17970 21794 6150 32 
58 9 24 4120 820 16.5 250 12 90 16 17970 21757 6970 32 
59 10 24 4120 820 16.5 250 12 90 16 17970 21720 7790 32 
60 11 24 4120 820 16.5 250 12 90 16 17970 21683 8610 32 
61 12 24 4120 820 16.5 250 12 90 16 17970 21646 9430 32 
62 13 24 4120 820 16.5 250 12 90 16 17970 21610 10250 32 
63 14 24 4120 820 16.5 250 12 90 16 17970 21573 11070 32 
64 15 24 4120 820 16.5 250 12 90 16 17970 21536 11890 32 
65 16 24 4120 820 16.5 250 12 90 16 17970 21499 12710 32 
66 17 24 4120 820 16.5 250 12 90 16 17970 21463 13530 32 
67 18 24 4120 820 16.5 250 12 90 16 17970 21426 14350 32 
68 19 25 4120 740 16.5 250 12 90 16 16650 21396 15090 32 
69 20 25 4120 740 16.5 250 12 90 16 16650 21363 15830 32 
70 21 25 4120 740 16.5 250 12 90 16 16650 21330 16570 32 
71 22 25 4120 740 16.5 250 12 90 16 16650 21297 17310 32 
72 23 26 4120 820 17.5 400 16 00 20750 21143 18130 32 
73 24 27 4120 820 17.5 300 11 90 16 19090 21177 18950 32 
74 25 27 4120 820 17.5 300 11 90 16 19090 21140 19770 32 

Inner bottom & Long. Bhd. 
75 1 28 4120 820 16 450 11.5 150 18 20995 2460 820 32 
76 2 28 4120 820 16 450 11.5 150 18 20995 2460 1640 32 
77 3 28 4120 820 16 450 11.5 150 18 20995 2460 2460 32 
78 4 28 4120 820 16 450 11.5 150 18 20995 2460 3280 32 
79 5 28 4120 820 16 450 11.5 150 18 20995 2460 4100 32 
80 6 28 4120 820 16 450 11.5 150 18 20995 2460 4920 32 
81 7 28 4120 820 16 450 11.5 150 18 20995 2460 5740 32 
82 8 28 4120 820 16 450 11.5 150 18 20995 2460 6560 32 
83 9 28 4120 820 16 450 11.5 150 18 20995 2460 7380 32 
84 10 28 4120 820 16 450 11.5 150 18 20995 2460 8200 32 
85 11 28 4120 820 16 450 11.5 150 18 20995 2460 9020 32 
86 12 28 4120 820 16 450 11.5 150 18 20995 2460 9840 32 
87 13 28 4120 820 16 450 11.5 150 18 20995 2460 10660 32 
88 14 28 4120 820 16 450 11.5 150 18 20995 2460 11480 32 
89 15 28 4120 820 16 450 11.5 150 18 20995 2460 12300 32 
90 16 28 4120 820 16 450 11.5 150 18 20995 2460 13120 32 
91 17 28 4120 820 16 450 11.5 150 18 20995 2460 13940 32 
92 18 28 4120 820 16 450 11.5 150 18 20995 2460 14760 32 
93 24 29 4120 785 17.5 450 11.5 125 18 21163 2876 15750 32 
94 25 29 4120 785 17.5 450 11.5 125 18 21163 3568 16350 32 
95 26 29 4120 785 17.5 450 11.5 125 18 21163 4260 16950 32 
96 27 29 4120 785 17.5 450 11.5 125 18 21163 4952 17550 32 
97 28 29 4120 785 17.5 450 11.5 125 18 21163 5644 18150 32 
98 30 30 4120 800 15.5 450 11.5 125 18 19825 7020 18419 21 
99 31 30 4120 800 15.5 450 11.5 125 18 19825 7840 18419 21 



Structural Reliability Analysis of FPSOs 

Element no. CID ab 
100 32 30 4120 800 
101 33 30 4120 800 
102 34 30 4120 800 
103 35 31 4120 800 
104 36 32 4120 800 
105 37 32 4120 800 
106 38 32 4120 800 
107 39 32 4120 800 
108 40 33 4120 800 
109 41 34 4120 800 
110 42 33 4120 800 
111 43 33 4120 800 
112 44 35 4120 800 
113 45 36 4120 800 
114 46 37 4120 800 
115 47 37 4120 800 

Stringers: 
116 1 38 4120 820 
117 2 38 4120 820 
118 3 38 4120 820 
119 4 38 4120 820 
120 5 38 4120 820 
121 6 38 4120 820 

Center Long Bhd.: 

Appendix A 

tp hW tW bf tf Area zY Pos. MP 
15.5 450 11.5 125 18 19825 8660 18419 21 
15.5 450 11.5 125 18 19825 9480 18419 21 
15.5 450 11.5 125 18 19825 10300 18419 21 

14 410 13 00 16530 11120 18465 21 
14 400 11.5 100 16 17400 11940 18440 21 
14 400 11.5 100 16 17400 12760 18440 21 
14 400 11.5 100 16 17400 13580 18440 21 
14 400 11.5 100 16 17400 14400 18440 21 

13.5 350 12 100 17 16700 15220 18450 21 
13.5 700 12 150 12 21000 16040 18329 21 
13.5 350 12 100 17 16700 16860 18450 21 
13.5 350 12 100 17 16700 17680 18450 21 
13.5 300 13 90 17 16230 18500 18466 21 

16 800 14 150 14 26100 19320 18409 22 
16 250 12 90 16 17240 20140 18487 22 
16 250 12 90 16 17240 20960 18487 22 

13 150 12 00 12460 6100 20155 31 
13 150 12 00 12460 6100 19335 31 
13 150 12 00 12460 10900 20155 31 
13 150 12 00 12460 10900 19335 31 
13 150 12 00 12460 15700 20155 31 
13 150 12 00 12460 15700 19335 31 

122 26 39 4120 910 15.5 450 11.5 

123 27 39 4120 910 15.5 450 11.5 

124 28 39 4120 910 15.5 450 11.5 
125 29 39 4120 910 15.5 450 11.5 
126 30 40 4120 800 14 400 13 

127 31 40 4120 800 14 400 13 

128 32 40 4120 800 14 400 13 
129 33 40 4120 800 14 400 13 
130 34 41 4120 800 13 400 13 

131 35 42 4120 800 13 350 12 
132 36 42 4120 800 13 350 12 
133 37 42 4120 800 13 350 12 
134 38 42 4120 800 13 350 12 
135 39 42 4120 800 13 350 12 
136 40 43 4120 800 13 300 13 

137 41 43 4120 800 13 300 13 
138 42 44 4120 800 13 300 11 
139 43 44 4120 800 13 300 11 
140 44 44 4120 800 13 300 11 
141 45 45 4120 800 15.5 250 12 
142 46 45 4120 800 15.5 250 12 
143 47 45 4120 800 15.5 250 12 
144 48 45 4120 800 15.5 250 12 

Keelson: 
145 A 46 4120 1230 17.5 250 12 
146 B 46 4120 1230 17.5 250 12 

Wing Girder: 
147 A 47 4120 1230 14.5 150 12 
148 B 47 4120 1230 14.5 150 12 

Deck Comer: 
149 49 4120 500 16 300 17.5 

Deck/Center Long Bhd. Element: 
150 50 4120 250 16.5 400 15.5 

125 18 21530 2900 -100 22 
125 18 21530 3810 -100 22 
125 18 21530 4720 -100 22 
125 18 21530 5630 -100 22 
100 18 18200 6485 -100 22 
100 18 18200 7285 -100 22 
100 18 18200 8085 -100 22 
100 18 18200 8885 -100 22 
100 18 17400 9685 -100 22 
100 17 16300 10485 -100 22 
100 17 16300 11285 -100 22 
100 17 16300 12085 -100 22 
100 17 16300 12885 -100 22 
100 17 16300 13685 -100 22 
90 17 15830 14485 -100 22 
90 17 15830 15285 -100 22 
90 16 15140 16085 -100 22 
90 16 15140 16885 -100 22 
90 16 15140 17685 -100 22 
90 16 16840 18485 -100 22 
90 16 16840 19285 -100 22 
90 16 16840 20085 -100 22 
90 16 16840 20910 -100 22 

90 16 25965 820 -100 22 
90 16 25965 1640 -100 22 

00 19635 820 15580 22 
00 19635 1640 15580 22 

00 13250 21000 21300 32 

00 10325 22200 -100 32 
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Structural Reliability Analysis of FPSOs 

Appendix B 

Appendix B 

Output from LR. PASS 20203 



Structural Reliability Analysis of FPSOs 

Triton 1 Initial Deli n 
VERTICAL MOMENT-CURVATURE GRAPH : SAGGING 

xE12 VERTICAL MOLIENT (Nmm) 
7 

18 0 200 
04, .. 11IIIII 

0 20 40 60 80 100 120 140 160 
xE-9 

Triton 1 Initial Design 
Transverse section 
Inc. No. 20 

110 119 

.- 
11A 117 

VERTICAL CURVATURE (mm-1) 

114 
1113 

tae 
10 7 
tae 
10 

Appendix E3 

MAX = 6.6928E+12 

14, 

14 

14 
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1U: i 3' 

a7 t 130 
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i97 
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-- --- -X95 -- ------------1Z4. -1y94 - ------- -ý3 

92 91 90 09 99 97 B6 85 04 13 02 81 80 79_7B. 77.76.123 

140 

147 

Failure Mode :" Plate 
13 14 13 12 11 10 

A Stiffener 

- 107 - 

146 
143 

987554321 

  Yield Unknown 



Structural Reliability Analysis of FPSOs 

Triton 1 Initial Desi qn VERTICAL MOMENT-CURVATURE GRAPH : HOGGING 

xE12 VERTICAL MOMENT (Nmm) 

a 

5 

.3 

2 

1 

C 
7F- 

C 
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1.11 

Appendix I3 

MAX = 8.3291E+12 

20 40 60 80 100 120 140 160 180 200 
xE-9 

Triton 1 Initial Design 
Transverse Section 
Inc. No. 20 CZ 61 60 59 5B 57 56 55 54 33 32 51 äd50 

144 
114 143 

113 142 
112 141 
111 140 

12J 
110 139 

ý 13E 
10B 137 
107 ----- - -- -----------------1315 
100 135 
105 134 
104 133 

a ýtý 103 132 

102 131 

101 130 

t00 129 

Ry 1: F± 

110 117 
90 1:: 

1^5 

124 

123i 

92 91 90 09 00 07 08 05 04 03 02 01 00 79 ?8 ?7 7fý ý 

140 

147 

Failure Mode : " Plate 

VERTICAL CURVATURE (mm-1) 

A Stiffener   Yield 

14 F 

145 

i, Unknown 

ý 
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Triton2 FPSO Design 
VERTICAL MOMENT-CURVATURE GRAPH : SAGGING 

xE12 VERTICAL MOMENT (Nmm) 

Appendix B 

MAX = 7.8874E+12 

0 20 40 60 80 100 12j 0 140 160 
xE-9 

Triton2 FPSO Design 
Transverse section 
Inc. No. 25 
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49 
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46 
4ý 

44 
45 

a22 
41 
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ý8 
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;ý 
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54 
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32 
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149: 4 Ti 
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18o 200 

VERTICAL CURVATURE (mm-1) 

7 7» 99 9a d7 8H 
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11B ll9 104 
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110 117 

25 

147 

24 

-. 117 

27 
26 

Failure Mode :0 Plate 

mo 
0 

a 

M 

145 

22 n PA 19 115 17 11 15 14 13 12 11 10 1 6-7-e 5 "1 szi 

A Stiffener 

- ------------------- --------124 
123 

92 91 IOU E6 67 Ee 9L5 d4 U92 91 W717577 76% 

ý15 H4 9S 02 dl dQ 8 

  Yield 

14 : 

13: 

1+11 

14, 

141, 

týy 

t ýr 

tý? 

130 

ü5ý 
1! 4 i 

13Q 

120 

129 

127 

120 

125 

148 
145 

o Unknown 
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Triton2 FPSO Design 
VERTICAL MOMENT-CURVATURE GRAPH : HOGGING 

xE12 VERTICAL MOMENT (Nmm) 
10 

Appendix B 

MAX = 9.7011E+12 

180 200 
ýIIýýII 00 20 40 60 80 100 120 140 160 

XE-9 

Triton2 FPSO Desiqn 
Transverse 5eotion 
Inc. No. 25 

VERTICAL CURVATURE (mm-1) 

144 
143 
142 
141 

45 17 '1 111 140 
44 N 

..... ... 
1110 131 

I" 1 
43 t-.. ýý1p ý 139 

-- 
42 1Q6 ý, ý ---- +] I- h ivi 139 

IY 

40 f" r1 lad 135 
31 ý1 105 134 
39 F-4 

.- -i 1Q4 133 
M 1! 9 

37 ý-, -a ý-t, -i 105 152 
.-4 

31 h" -# 11". 2 131 
130 

54 r-. ra 100 779 
++ 15 #-. -1 gg i'g" 

K #- ... .., r1' Be ', + f-, no M ý 
f""'f-' 

-- - 
1: A 

Yii-, 1? S10 M}- 

29 4- 1 '95 1240- 
Y_ 

. V. 
al 

i:., = T- 

27 92 91 9Q E9 eB 67 de 35 94 83 5,2 61 9Q 79 76 77 70 ý 
,I I-I'I"I' I' I'I" I: I-I I"I 

74B1 
- _t 

147 114 5 

., <. ..,... 
ý 

ý+ +. ý uI "' 13 ic i+ IQ I_ 14 i.: It n ui a6i fl 
,: 

4., ý1 

Failure Mode :w Plate f Stiffener   Yield Unknown 
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Triton3 FPSO Design 
VERTICAL MOMENT-CURVATURE GRAPH : SAGGING 

xE12 VERTICAL MOMENT (Nmm) 

Appendix B 

MAX = 6.8851E+12 

p 20 40 60 80 100 120 14'0 1ý0 
xE-9 

Triton3 FPSO Design 
Transverse Section 
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27 
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; 

Failure Mode :0 Plate A Stiffener   Yield c .j 
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Triton3 FPSO Design 
VERTICAL MOMENT-CURVATURE GRAPH : HOGGING 

xE12 VERTICAL MOMENT (Nmm) 
10 

20 

Triton3 FPSO Desian 
Transverse Section 
Inc. No. 25 

1 . 111 
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44 1- 't 112 
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31 F- -1102 
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314-- "4 1Qä 
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15 t 2A r 
N, T- 
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4 I-+ r-+1 tr1 

74 

Failure Mode :e Plate 

Appendix B 

MAX = 9.6025E+12 

80 100 120 140 160 
XE-9 

VERTICAL CURVATURE (mm-1) 

dB 97 41 89.84 83 12 41 e6,59565-j 5e55 

a Stiffener 

54 53 52 

  Yield 

51 Su 15C. 

o Unknown 
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Curvature 
0.00E+00 

-3.59E-08 
-4.41 E-08 

-5.23E-08 
-6.05E-08 
-6.87E-08 
-7.69E-08 
-8.51 E-08 

-9.33E-08 
-1.02E-07 
-1.10E-07 
-1.18E-07 
-1.26E-07 
-1.34E-07 
-1.43E-07 
-1.51E-07 
-1.59E-07 
-1.67E-07 
-1.75E-07 
-1.84E-07 
-1.92E-07 
-2.00E-07 

Curvature 
0.00E+00 

-4.30E-08 
-4.96E-08 
-5.61 E-08 

-6.27E-08 
-6.92E-08 
-7.57E-08 
-8.23E-08 
-8.88E-08 
-9.54E-08 
-1.02E-07 
-1.08E-07 
-1.15E-07 
-1.22E-07 
-1.28E-07 
-1.35E-07 
-1.41 E-07 

-1.48E-07 
-1.54E-07 
-1.61E-07 
-1.67E-07 
-1.74E-07 

-1.8038E-07 
-1.8692 E-07 

-1.9346E-07 

Triton I 
Sagging Hogging 

VBM Curvature VBM 
0 0.00E+00 0 

-2686.58 8.99E-09 673.2 

-3300.46 1.85E-08 1385.7 

-3889.06 2.81E-08 2098.2 

-4456.34 3.76E-08 2810.4 

-5019.8 4.72E-08 3516.1 

-5582.45 5.67E-08 4187.8 

-6141.49 6.63E-08 4847.6 

-6692.77 7.58E-08 5505.9 

-6570.57 8.54E-08 6163.5 

-5606.85 9.49E-08 6822.4 

-5229.85 1.04E-07 7481.8 

-5104.84 1.14E-07 8140.8 

-4980.28 1.24E-07 8329.1 

-4868.16 1.33E-07 7851.1 

-4750.41 1.43E-07 7229.0 

-4652.31 1.52E-07 7052.3 

-4576.56 1.62E-07 6856.5 

-4503.17 1.71 E-07 6645.4 

-4464.25 1.81 E-07 6495.4 

-4415.79 1.90E-07 6365.6 

-4372.68 2.00E-07 6246.7 

Sagging 
Triton 2 

Hogging 
VBM Curvature VBM 

0 0.00E+00 0 
-3482.62 1.85E-08 1495.9 

-4010.29 2.82E-08 2273.5 

-4528.47 3.78E-08 3050.8 

-5029.64 4.75E-08 3826.2 

-5526.75 5.71 E-08 4583.3 

-6022.99 6.67E-08 5314.2 

-6519,02 7.64E-08 6040,2 

-7010.29 8.60E-08 6765.8 

-7499.57 9.57E-08 7492.7 

-7898.56 1.05E-07 8219.9 

-7050.71 1.15E-07 8946.8 

-6280.36 1.25E-07 9669.1 

-6052.3 1.34E-07 9462.6 

-5879.04 1.44E-07 7907.2 

-5742.23 1.54E-07 7726.3 

-5624.52 1.63E-07 7467.6 

-5524.1 1.73E-07 7228.9 

-5429.24 1.82E-07 7021.6 

-5344.65 1.92E-07 6861.2 

-5274.08 2.02E-07 6743.3 

-5210.98 2.11 E-07 6637.3 

-5146.66 2.21 E-07 6566.81 

-5090,37 2.31 E-07 6525.68 

-5027.66 2.40E-07 6482.78 

Appendix B 
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Triton 3 
Sagging Hogging 

Curvature VBM Curvature VBM 
0.00E+00 0 0.00E+00 0 
9.36E-09 728.0 -3.35E-08 -2607.82 
1.70E-08 1318.9 -4.02E-08 -3124.82 
2.46E-08 1909.6 -4.69E-08 -3635.5 
3.22E-08 2500.4 -5.35E-08 -4122.82 
3.99E-08 3090.5 -6.02E-08 -4602.07 
4.75E-08 3678.8 -6.68E-08 -5078.01 
5.51 E-08 4262.5 -7.35E-08 -5552.77 
6.27E-08 4836.3 -8.01 E-08 -6023.69 
7.04E-08 5399.1 -8.68E-08 -6490.04 
7.80E-08 5960.6 -9.35E-08 -6913 
8.56E-08 6521.1 -1.00E-07 -6708.67 
9.32E-08 7073.9 -1.07E-07 -5908.09 
1.01E-07 7627.6 -1.13E-07 -5522.48 
1.08E-07 8181.5 -1.20E-07 -5389.69 
1.16E-07 8735.1 -1.27E-07 -5305.93 
1.24E-07 9288.4 -1.33E-07 -5196.11 
1.31 E-07 9728.2 -1.40E-07 -5097.76 
1.39E-07 9515.3 -1.47E-07 -4999.56 
1.47E-07 9185.0 -1.53E-07 -4907.99 
1.54E-07 8557.3 -1.60E-07 -4828.66 
1.62E-07 8092.9 -1.67E-07 -4761.89 
1.69E-07 7939.4 -1.73E-07 -4706.55 
1.77E-07 7727.5 -1.80E-07 -4676.31 
1.85E-07 7491.0 -1.87E-07 -4638.33 
1.92E-07 7322.8 -1.93E-07 -4604.78 
2.00E-07 7182.5 -2.00E-07 -4565.08 

Appendix B 
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Cross Section Failure 



Structural Reliability Analysis of FPSOs 

Mam 

ý 

., 

no 

w 

141 

IN 

P, 

ýrý 

I 

TTTTTTTTTTTTTTTTTT" 

srxy 

Curvature: -0.9 *10-7 mm 

le 

no 

w 

1 
ý ý. -L 

F 

P, 

,I 
ý 

., 

ý 
in 

-r----, - 

r- H 

ý 
ý 

Up = 
ý 

I- 
ý 
ý 

ý 

r 
117 1$ 

rrr 

IAI a SA 

K-- r-Z- ga 

ý 
., 
ý 

C 
ý 

nz 

mo 

us 
ýý 

ýý 

EN 

IZ 

m 

E 
., 

ý 

P, 
7a 

I* 
146 

0 

TTTTTTTT7 u TTTTTT * 
6D 16 lo 

w 

ý 
ý 

ý 
ý 

., 

., 

ý 
ý 
H 

M 

60 

p. 

p. 

M 

m t71 

ý 
ý 

- 

ý 
ý 
- 
ý 

., 
ý 

.. 
1- 

ý 
Fi 

r- 
H 

1- 

N 

I. 

rmüý 

7 
-L--L--- 's 

10 

a 

49 

m 

i 

4 

a 

x 

s 

Appendix C 

Curvature: -1.0' 10- 7mm 



Structural Reliability Analysis of FPSOs 

W 

w 

no 

in 

is 

m 

ý 
i. 

i 

ý 

ý 
ý 
ý 

ý 
ý 

ý 

F 

ý 
ý 
., 

ý 
ý 
ý 

a J. LL 

TTTTT 
5 

Ctirvature: -1.02*10-7 mm 

0 ig 

a 

TTTTTTTTTTTTTT _j 
6Y 

Curvature: -1.04.10-7 mm 

s. 

TTTTT TTTT77 

w 

I ý'TZ 

Is m 

30 

u 

w 
Y 

TTTIi 

la 
L--E 

10 

im 

rrr 

m 

no 

m 

w 

w 

w 

m 

I 

ý 

r III ls 
r---T 

., 
ý 
ý 
ý 
ý 

P, 
ý 
ý 
ý 
ý 

Lr1 

ý 
P. 

ti 

mn 
ý 

ý 

7mn. '1 
ý 
ý 
ý 

ti 
127 U6 

29 

x 

I 

r-r--; ý 

m us 

117 06 

ý 
., 
., 
ý 
., 
º-ý 

Fy 

I- 
I. 

M 

9-0 
ý 
H 

01 

H 

ii 

J. 

., 

., 

., 
ý 

ý 

ý 

ý 
ý 
ý 
FN 

º-4 

I. 

N 

e 

a 

as 

A 

45 

41 

25 

a 

Appendix C 



Structural Reliability Analysis of FPSOs 

b as 0 

ur 

n. 

ý 

m 

llu 

In 

is 
a6 

TTTTT77TT7T 
SY 

Curvature: - 1.06 * 10-7 mm 

s9" 

TY7TTT 

ss   

es 

ý 
r 

m 

ti 

ýrm ý 
ý 
ý 

ý 
m no 

ý 

ý 

s 

ý 

a ý 
M 
IN 

I. 
sa ý 

ý 
., 

r IT, IM 

rrr 

r 
z-ý-- I 

llt 

n 

ý 

w 

a 
ý 

ý 

ý 

ý 

A 

ý----ý--m 
ýý 
ý 

ý 
ý 

m 

no m 

P- 
ý 

F 

a ý 
F-q 

ý 
ºý 

is ý 
N 

ý 
rýýý 

ý 
ý ý 

N 

I 
TTTTTTTTTTTTTTTTT 

5"sA 
i. rrr L 

H 

31 

74 is - T---T --I 

n 

Appendix C 

Cnrvware: -1.08"10-7 mm 



Structural Reliability Analysis of FPSOs 

in 

Curvature: -1.1.10-7 mm 

is 

ý 

w 

is r 
a 

TTTT TTTT 
5 Is 

Curvature: -1.2' 10-7 mm 

a is 

TTTTT 

is 

ý 

w 

w 

m 

ýN 
irr r 

is s 

x 

ý 

rmm 

ý 

H 

U9 us 

ý 
ý 

ý 
ý 
ý 

ir? n 
I 

4 

40 
0-4 
I- 
I- 

ý 
H x 
10 
ý 
ý 

30 F 

I. 

ý 

35 

Appendix C 



Structural Reliability Analysis of FPSOs 

0 
0 

Appendix C 

Curvature: -1. S'10- 7 mm 



Structural Reliability Analysis of FPSOs 

4 

M 

to r 
I 

339 

127 

III 

no 

In r 
TTTTTTTTTTTTTTTTT 

Curvature: 1.2*10-7 mm 

s 

ý 

ý 

S 30 tl 
I 

30 

H 

e is 

I 
TTT 

  

99 

m 

us 

w 

ý 
ý 
ý 
ý 

mm 
ý 

ý 

., 

ý 

a in 
ý 
ti 

ý 

., 45 

a 
ý 
Fi 

ý 
ý 

H 
F-I 

I. 

u 

r in uý "ý 

I. 

rrrr 

is 
n us ti 

P. 
ý 

in 

w 

m 

ý 

ý 

is 
H 

s 

7 

in IN 

r-r-I I* 

I 

ý 

in in 

IV 116 

45 

ý 

ý+ H 

ý 
ý 
- 
ý 

ý 
ý 
ý 
ti 

1- 

a 

., 
Fi 

is H 

º. 4 

I. 

Fý 

I. 

TTTTITTTIr 

n 5 

Cnrvsitnre: 1.25 *10-7 mm 

Lrr J 

m 

Appendix C 



Structural Reliability Analysis of FPSOs 

Curvature: 1.275 "10-7 mm 
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IACS Requirements. 

Triton: 

L= 233 T 14.7 
DWT -- 105000 Cb -- 0.78 

Wave Coefficient: 

Ci 90 -L'300,10.75 - 
ý' 300_ Lý 1.5 

1 10.75 
ý 100 / 

1,5 
C iff 350`-L`500,10.75 

L 350 Cl 
150 

Wave Bending Moments: 

Hog: 

Mwh 190"C"L2B"Cb 

Mw 
.h=3.447-109 

Nm 

Still Water Bending Moments: 

Hog: 

M 
sw. h C"LZ"B"( 122.5 15-Cb` 

M sw. h - 2.577" 109 Nm 

Total Values: 

Hog: 
M t. h M sw. h M w. h 

Mt h= 6.025" 109 Nm 

B 42 

C=10.202 

Sag: 

MWs l1ac"L2-B-(cb o. 7) 
MN s= 

3.787 " 109 Nm 

Sag: 

Msw. 
s 65. C. L2. B. (Cb i 0.7ý 

M 
sw. s - 2.238" 109 Nm 

Sag: 
M t. s m sw. s 'Mw. s 
Mt 

.s=6.025.10` 
Nm 

Appendix D 
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DNV, Rules for Ships, Section 5, LONGITUDINAL STRENGTH 

C300 Section Modulus 

302 The midship section modulus about the transverse neutral axis is not to be less than: 

fl1.0 (Material factor depending on material strength group) 

C 
"LZ"B"lCb , 0.7j"1000 Z0=3.443"10ýý mm3 

303 The section modulus requirements about the transverse neutral axis based on cargo and 
ballast conditions are given by: 

a 175 

zMt. -s---. 1000 Z= 3.443" 10 ýý 
mm3 

al 

C400 Moment of Inertia 

401 The midship section moment of inertia about the transverse neutral axis is not to be less 
than: 

I3C. L3 &Cb0.7) 10000 I=2.406.1014 mm4 
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Appendix E 

Weight Distributions and Hull Geometry 
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Weight Distribution, Triton, Full Load 
Lightweight Full Load Fixed weights & Topside Total 

Weight LCG Weight LCG Weight LCG LCG Weight 
Step 1 124.00 -1.825 269.40 -2.171 -2.062 393.40 
Step 2 365.00 3.180 746.00 3.401 3.328 1111.00 
Step 3 226.00 8.057 558.80 8.038 8.043 784.80 
Step 4 67.00 10.414 195.60 10.406 10.408 262.60 
Step 5 769.00 15.262 15.262 769.00 
Step 6 163.00 20.013 16.20 20.000 20.012 179.20 
Step 7 359.00 22.008 24.50 22.000 22.007 383.50 
Step 8 379.00 24.411 24.50 24.400 24.410 403.50 
Step 9 399.00 26.810 24.50 26.800 26.809 423.50 
Step 10 420.00 29.210 24.50 29.200 29.209 444.50 
Step 11 584.00 32.433 33.70 32.400 32.431 617.70 
Step 12 509.00 36.019 26.90 36.000 36.018 535.90 
Step 13 350.00 39.627 1218.00 39.628 39.628 1568.00 
Step 14 424.00 43.685 1896.00 43.729 43.721 2320.00 
Step 15 345.00 47.776 2277.00 47.837 47.829 2622.00 
Step 16 341.00 51.896 2429.00 51.912 100.00 50.000 51.843 2870.00 
Step 17 345.00 56.007 2511.00 56.031 56.028 2856.00 
Step 18 337.00 60.138 2594.00 60.151 60.150 2931.00 
Step 19 336.00 64.258 2676.00 64.271 64.270 3012.00 
Step 20 334.00 68.378 2758.00 68.390 1951.22 70.260 69.113 5043.22 
Step 21 332.00 72.498 2840.00 72.510 72.509 3172.00 
Step 22 330.00 76.618 2922.00 76.630 76.629 3252.00 
Step 23 331.00 80.743 1850.50 80.740 80.740 2181.50 
Step 24 331.00 84.859 1850.50 84.860 84.860 2181.50 
Step 25 330.00 88.979 1850.50 88.980 88.980 2180.50 
Step 26 328.00 93.099 1850.50 93.100 93.100 2178.50 
Step 27 327.00 97.219 1850.50 97.220 97.220 2177.50 
Step 28 326.00 101.339 1850.50 101.340 1047.22 99.350 100.693 3223.72 
Step 29 325.00 105.459 1850.50 105.460 105.460 2175.50 
Step 30 324.00 109.582 1357.00 109.580 100.00 108.140 109.500 1781.00 
Step 31 351.00 113.645 1357.00 113.700 113.689 1708.00 
Step 32 322.00 117.819 1357.00 117.820 116.500 1679.00 
Step 33 321.00 121.939 1357.00 121.940 121.940 1678.00 
Step 34 320.00 126.059 1357.00 126.060 126.060 1677.00 
Step 35 319.00 130.179 1357.00 130.180 2272.42 129.960 130.053 3948.42 
Step 36 318.00 134.299 1357.00 134.300 134.300 1675.00 
Step 37 317.00 138.419 2344.00 138.420 138.420 2661.00 
Step 38 316.00 142.539 2344.00 142.540 142.540 2660.00 
Step 39 315.00 146.659 2344.00 146.660 146.660 2659.00 
Step 40 314.00 150.780 2344.00 150.780 150.780 2658.00 
Step 41 314.00 154.900 2344.00 154.900 154.900 2658.00 
Step 42 314.00 159.020 2344.00 159.020 1315.80 161.920 159.980 3973.80 
Step 43 313.00 163.140 2344.00 163.140 163.140 2657.00 
Step 44 313.00 167.260 2357.00 167.259 167.259 2670.00 
Step 45 313.00 171.380 2351.00 171.379 171.379 2664.00 
Step 46 312.00 175.500 2346.00 175.499 175.499 2658.00 
Step 47 312.00 179.620 2340.00 179.619 179.619 2652.00 
Step 48 312.00 183.740 2335.00 183.739 183.739 2647.00 
Step 49 312.00 187.860 2329.00 187.859 187.859 2641.00 
Step 50 313.00 191.980 2324.00 191.979 191.979 2637.00 
Step 51 314.00 196.100 2240.00 196.072 196.075 2554.00 
Step 52 314.00 200.220 2054.00 200.189 200.193 2368.00 
Step 53 546.00 204.920 1868.00 204.306 204.445 2414.00 
Step 54 979.00 208.450 1682.00 208.422 571.78 208.525 208.449 3232.78 
Step 55 547.00 212.019 1496.00 212.537 212.398 2043.00 
Step 56 315.00 216.700 1310.00 216.651 216.660 1625.00 
Step 57 315.00 220.820 1124.00 220.763 220.775 1439.00 
Step 58 757.00 228.747 228.747 757.00 
Total 20888.00 113.890 93082.10 125.474 123.142 121328.54 
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Step 1 
Step 2 
Step 3 
Step 4 
Step 5 
Step 6 
Step 7 
Step 8 
Step 9 
Step 10 
Step 11 
Step 12 
Step 13 
Step 14 
Step 15 
Step 16 
Step 17 
Step 18 
Step 19 
Step 20 
Step 21 
Step 22 
Step 23 
Step 24 
Step 25 
Step 26 
Step 27 
Step 28 
Step 29 
Step 30 
Step 31 
Step 32 
Step 33 
Step 34 
Step 35 
Step 36 
Step 37 
Step 38 
Step 39 
Step 40 
Step 41 
Step 42 
Step 43 
Step 44 
Step 45 
Step 46 
Step 47 
Step 48 
Step 49 
Step 50 
Step 51 
Step 52 
Step 53 
Step 54 
Step 55 
Step 56 
Step 57 
Step 58 
Total 

Weight Distribution, Triton, Partial Load 

Appendix E 

Lightweight 
Weight LCG 

124.00 -1.825 
365.00 3.180 
226.00 8.057 

67.00 10.414 
769.00 15.262 
163.00 20.013 
359.00 22.008 
379.00 24.411 
399.00 26.810 
420.00 29.210 
584.00 32.433 
509.00 36.019 
350.00 39.627 
424.00 43.685 
345.00 47.776 
341.00 51.896 
345.00 56.007 
337.00 60.138 
336.00 64.258 
334.00 68.378 
332.00 72.498 
330.00 76.618 
331.00 80.743 
331.00 84.859 
330.00 88.979 
328.00 93.099 
327.00 97.219 
326.00 101.339 
325.00 105.459 
324.00 109.582 
351.00 113.645 
322.00 117.819 
321.00 121.939 
320.00 126.059 
319.00 130.179 
318.00 134.299 
317.00 138.419 
316.00 142.539 
315.00 146.659 
314.00 150.780 
314.00 154.900 
314.00 159.020 
313.00 163.140 
313.00 167.260 
313.00 171.380 
312.00 175.500 
312.00 179.620 
312.00 183.740 
312.00 187.860 
313.00 191.980 
314.00 196.100 
314.00 200.220 
546.00 204.920 
979.00 208.450 
547.00 212.019 
315.00 216.700 
315.00 220.820 
757.00 228.747 

20888.00 

Full Load Fixed weights & Topside Total 
Weight 

103.60 
504.40 
435.50 
133.40 

16.20 
24.50 
24.50 
24.50 
24.50 
33.70 
26.90 

1218.00 
1896.00 
2277.00 
1359.00 
1441.00 
1523.00 
1605.00 
1687.00 
1770.00 
1851.00 
1234.00 
1234.00 
1234.00 
1234.00 
1234.00 
1234.00 
1234.00 
1234.00 
1234.00 
1234.00 
1234.00 
1234.00 
1234.00 
1234.00 
1663.00 
1661.00 
1659.00 
1656.00 
1654.00 
1649.00 
1650.00 
1654.00 
1649.00 
1644.00 
1639.00 
1634.00 
1628.00 
1623.00 
1729.00 
1599.00 
1470.00 
1341.00 
1212.00 
1082.00 
953.60 

1414.30 
113.890 69118.60 

LCG Weight LCG LCG Weight 
-2.1 -1.931 227.60 
3.5 3.362 869.40 
8.0 8.051 661.50 

10.4 10.411 200.40 
15.262 769.00 

20.0 20.012 179.20 
22.0 22.007 383.50 
24.4 24.410 403.50 
26.8 26.809 423.50 
29.2 29.209 444.50 
32.4 32.431 617.70 
36.0 36.018 535.90 
39.6 39.628 1568.00 
43.7 43.721 2320.00 
47.8 47.829 2622.00 
51.9 100.00 50.000 51.810 1800.00 
56.0 56.034 1786.00 
60.2 60.155 1860.00 
64.3 64.275 1941.00 
68.4 1951.22 70.260 69.311 3972.22 
72.5 72.513 2102.00 
76.6 76.632 2181.00 
80.7 80.741 1565.00 
84.9 84.860 1565.00 
89.0 88.980 1564.00 
93.1 93.100 1562.00 
97.2 97.220 1561.00 

101.3 1047.22 99.350 100.541 2607.22 
105.5 105.460 1559.00 
109.6 100.00 108.140 109.494 1658.00 
113.7 113.688 1585.00 
117.8 116.500 1556.00 
121.9 121.940 1555.00 
126.1 126.060 1554.00 
130.2 2272.42 129.960 130.049 3825.42 
134.3 134.300 1552.00 
138.4 138.420 1980.00 
142.5 142.540 1977.00 
146.7 146.660 1974.00 
150.8 150.780 1970.00 
154.9 154.900 1968.00 
159.0 1315.80 161.920 160.184 3278.80 
163.1 163.140 1963.00 
167.3 167.259 1967.00 
171.4 171.379 1962.00 
175.5 175.499 1956.00 
179.6 179.619 1951.00 
183.7 183.739 1946.00 
187.9 187.859 1940.00 
192.0 191.979 1936.00 
196.1 196.078 2043.00 
200.2 200.197 1913.00 
204.3 204.475 2016.00 
208.4 571.78 208.525 208.454 2891.78 
212.5 212.381 1759.00 
216.7 216.668 1397.00 
220.8 220.785 1268.60 
227.9 228.195 2171.30 
128.9 125.027 97365.04 

- 130- 
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Step 1 
Step 2 
Step 3 
Step 4 
Step 5 
Step 6 
Step 7 
Step 8 
Step 9 
Step 10 
Step 11 
Step 12 
Step 13 
Step 14 
Step 15 
Step 16 
Step 17 
Step 18 
Step 19 
Step 20 
Step 21 
Step 22 
Step 23 
Step 24 
Step 25 
Step 26 
Step 27 
Step 28 
Step 29 
Step 30 
Step 31 
Step 32 
Step 33 
Step 34 
Step 35 
Step 36 
Step 37 
Step 38 
Step 39 
Step 40 
Step 41 
Step 42 
Step 43 
Step 44 
Step 45 
Step 46 
Step 47 
Step 48 
Step 49 
Step 50 
Step 51 
Step 52 
Step 53 
Step 54 
Step 55 
Step 56 
Step 57 
Step 58 
Total 

Weight Distribution, Triton, Ballast Load 
Lightweight 

Weight LCG 
124.00 -1.825 
365.00 3.180 
226.00 8.057 
67.00 10.414 

769.00 15.262 
163.00 20.013 
359.00 22.008 
379.00 24.411 
399.00 26.810 
420.00 29.210 
584.00 32.433 
509.00 36.019 
350.00 39.627 
424.00 43.685 
345.00 47.776 
341.00 51.896 
345.00 56.007 
337.00 60.138 
336.00 64.258 
334.00 68.378 
332.00 72.498 
330.00 76.618 
331.00 80.743 
331.00 84.859 
330.00 88.979 
328.00 93.099 
327.00 97.219 
326.00 101.339 
325.00 105.459 
324.00 109.582 
351.00 113.645 
322.00 117.819 
321.00 121.939 
320.00 126.059 
319.00 130.179 
318.00 134.299 
317.00 138.419 
316.00 142.539 
315.00 146.659 
314.00 150.780 
314.00 154.900 
314.00 159.020 
313.00 163.140 
313.00 167.260 
313.00 171.380 
312.00 175.500 
312.00 179.620 
312.00 183.740 
312.00 187.860 
313.00 191.980 
314.00 196.100 
314.00 200.220 
546.00 204.920 
979.00 
547.00 
315.00 
315.00 
757.00 

20888.00 

Ballast Load Fixed weights & Topside 
Weight LCG Weight LCG 

265.40 3.540 
275.50 8.050 
43.30 10.407 

16.20 
24.50 
24.50 
24.50 
24.50 
33.70 
26.90 

1218.00 
1896.00 
2277.00 

289.40 
332.00 
374.00 
416.00 
457.00 
499.00 
541.00 
819.00 
822.00 
824.00 
826.00 
829.00 
831.00 
834.00 
836.00 
839.00 
841.00 
844.00 
846.00 
849.00 
851.00 
854.90 
851.20 
847.50 
843.80 
840.10 
836.40 
832.70 
829.00 
825.30 
821.60 
817.90 
814.20 
810.50 
806.80 
874.60 
886.10 
897.70 

208.450 909.30 
212.019 920.80 
216.700 932.40 
220.820 944.00 
228.747 2828.70 
113.890 41574.90 

20.000 
22.000 
24.400 
26.800 
29.200 
32.400 
36.000 
39.628 
43.729 
47.837 
51.950 100.00 50.000 
56.063 
60.179 
64.295 
68.411 1951.22 70.260 
72.529 
76.647 
80.741 
84.861 
88.981 
93.100 
97.221 

101.341 1047.22 99.350 
105.461 
109.581 100.00 108.140 
113.701 
117.820 
121.940 
126.061 
130.180 2272.42 129.960 
134.301 
138.418 
142.538 
146.658 
150.778 
154.898 
159.018 1315.80 161.920 
163.138 
167.258 
171.378 
175.498 
179.618 
183.738 
187.858 
191.978 
196.104 
200.224 
204.344 
208.464 571.78 208.525 
212.584 
216.704 
220.823 
227.090 
134.418 

Appendix E 

Total 
LCG Weight 

-1.825 124.00 
3.332 630.40 
8.053 501.50 

10.411 110.30 
15.262 769.00 
20.012 179.20 
22.007 383.50 
24.410 403.50 
26.809 423.50 
29.209 444.50 
32.431 617.70 
36.018 535.90 
39.628 1568.00 
43.721 2320.00 
47.829 2622.00 
51.658 730.40 
56.034 677.00 
60.160 711.00 
64.278 752.00 
69.723 2742.22 
72.517 831.00 
76.636 871.00 
80.742 1150.00 
84.860 1153.00 
88.980 1154.00 
93.100 1154.00 
97.220 1156.00 

100.395 2204.22 
105.460 1159.00 
109.467 1260.00 
113.684 1190.00 
116.500 1163.00 
121.940 1165.00 
126.060 1166.00 
130.035 3440.42 
134.300 1169.00 
138.418 1171.90 
142.538 1167.20 
146.658 1162.50 
150.779 1157.80 
154.899 1154.10 
160.567 2466.20 
163.139 1145.70 
167.259 1142.00 
171.379 1138.30 
175.499 1133.60 
179.619 1129.90 
183.739 1126.20 
187.859 1122.50 
191.979 1119.80 
196.103 1188.60 
200.223 1200.10 
204.562 1443.70 
208.473 2460.08 
212.373 1467.80 
216.703 1247.40 
220.822 1259.00 
227.440 3585.70 
126.757 69821.34 
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Hull Geometry 
I 

AP, 1 12 0.000 0.000 
116.500 0.000 11.300 

1.000 11.550 
2.000 11.800 
3.000 12.100 
4.000 12.500 
5.000 12.950 
6.000 13.500 
8.000 15.100 
8.900 16.000 
9.450 17.000 
9.850 18.500 
9.850 21.300 

0 
2 12 0.250 5.825 

110.675 0.000 9.800 
1.000 9.950 
2.000 10.200 
4.000 10.850 
5.000 11.200 
6.000 11.600 
8.000 12.600 

10.000 14.100 
11.000 15.000 
12.000 16.550 
12.300 17.500 
12.500 18.500 
12.500 21.300 

0 
3 17 0.500 11.650 

104.850 0.000 0.050 
1.000 0.500 
1.500 1.150 
1.800 2.000 
1.900 3.000 
1.750 4.000 
1.500 5.000 
1.350 6.000 
1.450 7.000 
2.000 8.000 
3.000 8.850 
6.000 10.000 

10.000 11.800 
12.000 13.300 
13.000 14.100 
14.000 15.450 
14.500 16.500 
14.950 18.500 
14.950 21.300 

0 

4 15 
99.025 

5 
93.200 

0 
15 

6 
87.375 

0 
16 

0 

Appendix E 

0.750 17.475 
0.000 0.000 
1.000 0.100 
2.000 0.500 
3.000 1.650 
3.550 4.000 
4.000 6.150 
5.000 7.600 
6.000 8.400 
8.000 9.350 

10.000 10.200 
12.000 11.250 
14.000 12.800 
16.000 15.200 
17.050 18.500 
17.050 21.300 

1.000 23.300 
0.000 0.000 
1.000 0.000 
2.000 0.100 
3.000 0.450 
4.000 1.100 
5.000 2.400 
6.000 4.700 
7.000 6.200 
8.000 7.300 

10.000 8.650 
14.000 10.900 
16.000 12.600 
18.000 15.450 
18.800 18.500 
18.800 21.300 

1.250 
0.000 
2.000 
3.000 
4.000 
5.000 
6.000 
8.000 

10.000 
12.000 
14.000 
16.000 
18.000 
19.150 
20.000 
20.100 
20.100 

29.125 
0.000 
0.000 
0.100 
0.350 
0.800 
1.500 
4.000 
6.300 
7.900 
9.250 

10.750 
12.900 
14.700 
17.550 
18.500 
21.300 
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7 13 1.500 34.950 10 12 2.250 52.425 
81.550 0.000 0.000 64.075 0.000 0.000 

4.000 0.050 8.700 0.000 
5.000 0.200 10.000 0.250 
6.000 0.600 12.000 0.950 
8.000 1.750 14.000 2.050 

10.000 3.650 16.000 3.450 
12.000 5.650 18.000 5.400 
14.000 7.400 19.000 6.700 
16.000 9.000 20.000 8.400 
18.000 10.950 20.700 10.000 
20.000 14.200 21.000 11.800 
20.900 18.500 21.000 21.300 
20.900 21.300 0 

0 11 11 2.500 58.250 
8 12 1.750 40.775 58.250 0.000 0.000 

75.725 0.000 0.000 10.100 0.000 
5.000 0.000 12.000 0.350 
7.000 0.350 14.000 1.100 
8.000 0.700 16.000 2.250 

10.000 1.850 18.000 3.900 
16.000 7.100 19.000 5.000 
18.000 9.150 20.000 6.650 
19.000 10.300 20.600 8.000 
20.000 12.050 21.000 9.900 
20.500 13.300 21.000 21.300 
21.000 16.000 0 
21.000 21.300 12 10 3.000 69.900 

0 46.600 0.000 0.000 
9 12 2.000 46.600 13.300 0.000 

69.900 0.000 0.000 15.000 0.300 
6.000 0.000 16.000 0.650 
8.000 0.200 18.000 1.750 

10.000 0.850 19.000 2.500 
12.000 1.900 20.000 3,750 
14.000 3.350 20.650 5.000 
16.000 5.100 21.000 6.700 
18.000 7.300 21.000 21.300 
20.000 10.150 0 
20.500 11.200 13 8 3.500 81.550 
21.000 13.600 34.950 0.000 0.000 
21.000 21.300 16.200 0.000 

0 18.000 0.450 
19.000 1.000 
20.000 1.900 
20.500 2.500 
21.000 3.800 
21.000 21.300 

0 
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14 7 4.000 93.200 19 9 8.000 186.400 
23.300 0.000 0.000 69.900 0.000 0.000 

18.300 0.000 17.100 0.000 
19.000 0.100 18.000 0.150 
20.000 0.700 19.000 0.600 
20.500 1.150 20.000 1.500 
21.000 2.500 20.500 2.400 
21.000 21.300 20.800 4.000 

0 20.900 4.900 
15 7 4.500 104.850 20.900 21.300 

11.650 0.000 0.000 0 
19.200 0.000 20 10 8.250 192.225 
20.000 0.300 75.725 0.000 0.000 
20.500 0.650 15.600 0.000 
20.750 1.000 16.000 0.050 
21.000 1.850 17.000 0.250 
21.000 21.300 18.000 0.600 

0 19.000 1.300 
Midship, 16 7 5.000 116.500 20.000 2.700 

0.000 0.000 0.000 20.450 4.000 
19.200 0.000 20.600 6.000 
20.000 0.300 20.600 21.300 
20.500 0.650 0 
20.750 1.000 21 11 8.500 198.050 
21.000 1.850 81.550 0.000 0.000 
21.000 21.300 13.500 0.000 

0 15.000 0.150 
17 7 7.000 163.100 16.000 0.400 

46.600 0.000 0.000 17.000 0.800 
19.200 0.000 18.000 1.450 
20.000 0.300 19.000 2.500 
20.500 0.650 19.500 3.450 
20.750 1.000 20.000 5.100 
21.000 1.850 20.150 6.900 
21.000 21.300 20.150 21.300 

0 
18 7 7.500 174.750 

58.250 0.000 0.000 
18.800 0.000 
20.000 0.450 
20.500 0.900 
20.750 1.400 
21.000 2.500 
21.000 21.300 

22 
87.375 

0 
11 8.750 203.875 

0.000 0.000 
11.900 0.000 
13.000 0.150 
14.000 0.350 
16.000 1.150 
17.000 1.850 
18.000 3.000 
19.000 5.100 
19.300 8.000 
19.300 16.000 
19.500 21.300 

0 

0 
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23 15 9.000 209.700 
93.200 

24 
99.025 

0 
14 

0.000 0.000 
9.000 0.000 

10.000 0.100 
12.000 0.400 
13.000 0.700 
14.000 1.200 
15.000 1.800 
16.000 2.700 
17.000 4.000 
17.500 5.350 
17.700 6.000 
18.000 8.200 
18.000 14.000 
18.150 18.000 
18.350 21.300 

9.250 215.525 
0.000 0.000 
6.300 0.000 
8.000 0.200 

10.000 0.600 
12.000 1.450 
13.000 2.150 
14.000 3.150 
15.000 4.600 
15.550 6.000 
16.000 8.200 
16.100 10.300 
16.100 14.000 
16.400 18.000 
16.700 21.300 

0 
25 14 9.500 221.350 

104.850 0.000 0.000 
3.600 0.000 
6.000 0.350 
8.000 1.000 

10.000 2.200 
11.000 3.100 
12.000 4.500 
12.700 6.000 
13.100 8.000 
13.400 14.000 
13.500 16.000 
13.800 18.000 
14.200 20.000 
14.500 21.300 

0 
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26 15 9.625 224.263 
107.763 0.000 0.000 

2.400 0.000 
4.000 0.250 
6.000 0.900 
8.000 2.000 
9.000 2.850 

10.000 4.100 
10.900 6.000 
11.350 8.000 
11.500 10.000 
11.650 14.000 
11.850 16.000 
12.250 18.000 
12.700 20.000 
13.100 21.300 

0 
27 15 9.750 227.175 

110.675 0.000 0.000 
0.800 0.000 
2.000 0.150 
4.000 0.750 
6.000 1.900 
7.000 2.700 
8.000 4.000 
9.000 6.000 
9.400 8.000 
9.400 12.000 
9.500 14.000 
9.800 16.000 

10.300 18.000 
11.000 20.000 
11.600 21.300 

0 
28 16 9.875 230.088 

113.588 0.000 0.100 
1.000 0.300 
2.000 0.650 
4.000 1.750 
5.000 2.600 
6.000 4.000 
6.900 6.000 
7.200 8.000 
7.000 10.000 
6.700 12.000 
6.600 13.600 
6.800 15.000 
7.100 16.000 
7.950 18.000 
9.000 20.000 
9.750 21.300 

0 
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FP, 29 17 10.000 233.000 
116.500 0.000 0.600 

1.000 1.000 
2.000 1.700 
3.000 2.700 
4.000 4.050 
4.750 6.000 
4.950 8.000 
4.800 9.000 
4.400 10.000 
4.000 10.800 
3.000 11.850 
0.000 13.600 
0.000 15.200 
2.000 16.000 
4.000 17.300 
6.000 19.500 
7.400 21.300 

Appendix E 

0 
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Fwd Body 

25. Om 

Aft Body 
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Appendix F 

Output from Autohydro 
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Full Load, Longitudinal Strength 
Longitudinal Strength Summary 

Max. Shear: 4795.89 at 39.882a 
Max. Bending Moment: 57517 (Hogging) at 0.000 
Max. Bending Moment: 564 MNm 

STD 84.6 

Longitudinal Strength 

Weight x 100.0 
Buoy. x 10.0 
Shear x 100.0 iJ 
B. M. x 1000.0 

100. Oa 
<-_-Aft Fwd---> 

50. Oa O. Oa 50. Of 100. Of 

Appendix 1ý 

150. Of 
1. IL_1. L1-J_1.. 1 i_LJ l_ 

ý. 
1J t1 

.I 
1_1.. 11 

ýII, 
I 

. 
(J II1 

ý 
I. 1_. 111 liL. I 

ý/ ý\ /i \ 

-- _- L` --- - 

I ` 

Lý 
/ 

... ....., ... __.. 
L 

. ...... .. . ......... . .ý . .. . _.. .i ........ _ -. _. 
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Partial Load, Longitudinal Strength 
Longitudinal Strength Summary 

Max. Shear: 4294.35 at 39.882a 
Max. Bending Moment: 147971 (Hogging) at 6.918a 
Max. Bending Moment: 1452 MNm 

STD 217.7 

Longitudinal Strength 

Weight x 100.0 X 
Buoy. x 10.0 
Shear x 50.0 i 
B. M. x 5000.0 

100.0a 
<---Aft Fwd---> 

50.08 O. Oa 50.0( 100. Of 150.0f 

. L. i_l_LLL1 
_LI1. _LJ_LL1_J_ 

J-! L1 I1 LI1 
__1_1 

L1 ! 
_11 

: i_i L ! 111 1. 1I 11 I I1 I. I. 

_ I -- - -- -1 
/I1 II 

/ II I 
\ i i 

Appendix F 

100.0 

0.0 

.0 

50.0 

-100.0 
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Ballast Load, Longitudinal Strength 
Longitudinal Strength Summary 

Max. Shear: 5680.73 at 68.724a 
Max. Bending Moment: 234425 (Hogging) at 0.000 
Max. Bending Moment: 2300 MNm 

STD 345.0 

Longitudinal Strength 

Weight x 100.0 
Buoy. x 5.0 
Shear x 100.0 
B. M. x 5000.0 

100. Oa 
<---Aft Fwd---> 

50. Oa O. Oa 50. OI t oo. of 

Appendix F 

150. Of 
i 

100.0 L1 1.1.1 1-1 _L. 
111 Lit-" 1-11.1 J. 1 11 

ý -- ý- - ý 

\ 
Q 

% Lý 

ý 

ý 
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700.0- 

600.0- 

500.0- 

E 400.0 

ä 300.0 

200.0 

100.0 

o. o 
120. Oa 80. Oa 

Section Area Curves 

Appendix F 

-16.000m 
-15.000m 
-14.000m 
-13.000m 
-12.000m 

j-11.000m 

-10.000m 
- 9.000m 

ý-8. OOOm 

40. Oa O. Of 40. Of 80. Of 120. Of 

Longitudinal Location (m) 
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Hull Form Coefficients (with appendages) Trim: Aft 0.15 deg., No heel 

Appendix F 

draught Volume Coefficients WS Area 

m Cu. m Cp Cb Cms Cwp Cv Cws Sq. m 
8.023 60509.9 0.775 0.749 0.967 0.841 0.890 2.859 10718.1 
8.521 64617.6 0.778 0.753 0.969 0.846 0.890 2.830 10972.3 
9.019 68752.3 0.781 0.758 0.970 0.852 0.889 2.807 11233.8 
9.517 72921.9 0.784 0.762 0.972 0.857 0.888 2.788 11496.4 
10.014 77117.8 0.781 0.760 0.973 0.858 0.886 2.767 11783.8 
10.511 81352.8 0.778 0.758 0.974 0.858 0.884 2.746 12058.3 
11.009 85629.1 0.776 0.757 0.976 0.858 0.882 2.725 12327.5 
11.507 89932.2 0.780 0.761 0.977 0.864 0.881 2.718 12602.4 
12.005 94265.6 0.783 0.766 0.978 0.869 0.881 2.711 12868.9 
12.503 98625.9 0.787 0.770 0.978 0.874 0.881 2.705 13132.7 
13.002 103009.3 0.790 0.774 0.979 0.878 0.882 2.699 13391.9 
13.500 107412.3 0.794 0.778 0.980 0.881 0.882 2.694 13648.9 
13.999 111833.4 0.797 0.781 0.981 0.884 0.884 2.681 13859.5 
14.499 116271.6 0.800 0.785 0.981 0.887 0.885 2.675 14099.0 
14.998 120725.3 0.803 0.788 0.982 0.890 0.886 2.669 14336.4 
15.497 125192.3 0.806 0.792 0.982 0.892 0.887 2.664 14571.5 
15.997 129673.7 0.808 0.795 0.983 0.895 0.888 2.662 14821.1 
16.497 134168.1 0.811 0.798 0.984 0.897 0.890 2.661 15067.7 
16.997 138672.8 0.814 0.801 0.984 0.898 0.891 2.659 15310.0 

NOTE: Coefficients calculated based on true waterline length at given draft 

Curves of Form(with appendages) 

Ftisrnatic(Cp) 
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Nils hip(Crrs ) 
Water Rane(Ow p) 
vol. Q,. m 
WS Area Sq. m 
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Vol. Cu. mz 100000 1.0 
,1 ý'ý.., . ., 

WS Area Sq. m z 1000 10.0 1 .0 12.0 13.0 14.0 15.0 16.0 
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Appendix G 

Scatter Diagrams and Transfer Functions 
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Extreme Load Model & Load Combination 
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Extreme model for Combination of Environmental Loads 
Load Condition: Full Load, Hogging. 

Input file for Long Term Wave Results: LT , READPRN(trifu1l4 res) 

Td 73 

Th -24 

TZ9.5 

1 0.5772 

Extreme Stillwater Load (one year): 

PS 564 

cov s 0.15 

asµ S"cov S 

Td =73 

Th =24 

T 

T. 
24 ns 

a 

h 

Number of days spent in loading condition pr. year. 

Duration of condition (hours). 

Average mean zero crossing period of waves. 

Euler Constant 

Mean value of Still-Water Bending Moment 

Coefficient of variation of Still-Water Bending Moment 

Standard deviation of Still-Water Bending Moment as= 84.6 

Number of days spent in condition over one year. 

Duration of condition (hours). 

Number of occurrences in one year. ns= 73 

Gumbel parameters: 

U ns qnorm 

fs dnornm(uns, Ps'asý 

Fs pnormns, µs, ßs) 

ans 

'QS u ns = 750.6 

fs4.14"10 

Fs_0.986 

a ns = 33.1 

Extreme Distribution: 

Pes suns' Y'ans, 

7[ 
6 es 'a ns 

9 es = 769.7 

6 es = 42.4 

- 153 - 
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Still Water Bending Moment, one year normal distribution: 

VBM 
S 0,10.. 1000 

fs(VBM 
s\ dnorm(VBMs, u ns, a ns) 

0.014 

0.012 

o. oi 

fs(VBM 
s) 

0.008 

0.006 

0.004 

0.002 

0 
0 200 400 

VBM 
600 

Extreme Wave Induced Bending Moment: 

Data from Long Term Calculations 

VBM LT<Oý Qx LT<'> n 0.. 14 

Weibull fit: 

ýI. Fit(VBM, w, k) exp, 
VBM\ k 

w 

SSE(w, k) ý, log" Qxn log! Fit VBMn, w, k`ý 

n 

Initial guess for Weibull Parameters: 

w 140 k 0.98 

Given 

SSE(w, k )=O 1-1 
/W 

k 
Minerr(w, k) 

Gumbel parameters: 

w= 124.9 k=0.898 SSE(w, k) = 0.5612 (error) 

LT = 

Appendix H 

800 1000 

1.75.103 3.08543.10-5 

2.103 8.98725.10-6 

2.25.103 2.47679.10-6 
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ýVBMn 'kl 

1w 

Appendix H 

1"10 ' 1110 " 1110 ' 1110 " 1.10 ' 1"10 " 0.001 0.01 0.1 
Qxn, Weibulln 

Q(x) 
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Extreme model (one year): 
TZ=9.5 Average mean zero crossing period of waves. 

Td =73 Time spent in loading condition pr. year (days). 

TC-T d"3600.24 Time spent in loading condition pr. year (seconds). 

Tc 
TZ Number of peaks counted in the time period T. n =6.639-10 5 

Gumbel parameters: 

il 

u nw. y w" ln(n)k u nw. y = 2250.6 

(I k) 

nw. y k' In( n) k/ a nw. y = 187 

The mean and standard deviation of the extreme distribution: 

µ ew. y u nw. y i Y'a nw. y 9 ew. y - 
2358.5 

a a ew. y 46'a nw. y a ew. y - 239.8 

COV ew. y 
71 

V6"(y i ln(n)ký 

COVewY=0.07 

Wave Induced Bending Moment, one year normal distribution: 

VBM W 0,10.. 3500 

fs(VBMw) dnorm(VBMw, L nµ y, anWy) 

0.0025 

0.002 

0.0015 

fs(VBM w) 

0.001 

0.0005 

0 
0 700 1400 

VBMN, 
2100 2800 3500 
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Extreme model (one Load Condition): 

Tz=9.5 Average mean zero crossing period of waves (seconds). 

Th =24 Duration of load condition (hours) 

TcT h"3600 Duration of load condition (seconds) 

T 
n=Tc Number of peaks counted in the time period T. n=9.095.103 

z 

Gumbel parameters: 

unw -w* 

ý 
ln(n)k) u nK, = 1464.6 

1k 
w -k 

a nw k 

(In(n) 

anw=179 

The mean and standard deviation of the extreme distribution: 

Pew °nwt Y'anw 

a ew /6'a nw 

P ew = 1567.9 

ew = 229.5 

COV ew (Y- 1 
COV ew =0.1 

. 
ý6.1i In(n) k 

Wave Induced Bending Moment, one voyage normal distribution: 

VßM 
W .V0,10.. 

2500 

f 
s(VBM w v) dnorm(VBM w. v, unw, a nw 

es, vßM W. Vi 

500 1000 1500 
VBM , 

2000 2500 
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Load Combination, Ferry-Borges Castenheta's Method 

Probability distribution of the maximum of the combined process: 

VBM t 2000,2050.4000 a(VBM t) 0.5 i 1.. 20 

VBMt 

Appendix 11 

/VRAA _ v\ .. I1! ý. un t L) unW 
Ft(VBMt) exp exp 

ry-- 
dnorm(z, µs, as) dz VBMFt('VBMt) 

'I! ' 

unw 
iJ 1"]04 

Extreme Combined Bending Moment at the 0.5 exceedance level: 

Initial guess (User defined): 

VBM t 2800 

At the 0.5 exceedance level: 

VBM t0.5 root(F t(VBM t) 0.5, VBM t', 

VBM tO. 5 = 2881.7 MNm 

2000 
Z031 
zTÖt 
2T5t 
2200 

R 2700 
7m 
mm 
7m 
70 

2S 

3100 
TM 
,! qm 
TM 
TDý 

P33,01 
pqnl 3450 
Tw 
TM 
Tw 
TM 
T7M 
, 
-Tn 
3800 
TM 
-77M 
TM 
-406 

0 
0 
0 
ý 
ý 
0 

ü 
0 
R) 

0.437 

TM 
T7667 

856 
Tm 
0.915 
TM 
TM 
TM 
TM 
0.978 
TM 
TM 
TPT 
T. 77 
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Gumbel Distribution Function of the Still Water Bending Moment: 

VBMS 500,520.. 1000 

F eS(VBM s) exp 

i 

0.8 

F e5(VBM s) 

aiVBM S) 

0.6 

0.4 

0.2 

0 
500 

expý 
VBM s uns l 

a ns 

I-7 

a(VBM s) 0.5 

I 

i I __v 600 700 
VBM 

800 
I 

900 

Extreme Still Water Bending Moment at the 0.5 exceedance level: 

Initial guess (User defined): 

VBM s 750 

VBM sO. 5 root(F es %VBM s) 0.5, VBM s) 

VBM sO. 5 = 762.7 MNm 

1000 

Ahhrndi\ II 

VBMFes, VBMs) 

500 0 
520 0 
329f- ZF--- 
3, Pf- 7y- 
-5w 

660 0 
-R, F 'u- 
76F'OTT- 
72T- JOW. - 
®1 

780 T663 
-OF T. 70 
M7TW 
-PU- TM 
TR F T. TO 
880 10.98 

920 TW 
ýqF Tw 
-06F TM 
75W TW 
T119F-7 



Structural Reliability Analysis of FPSOs 

Gumbel Distribution Function of the Wave Induced Bending Moment, One year: 

VBM N, 0,100.. 4000 

= exp F ew`VBM W) 
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Extreme Wave Bending Moment at the 0.5 exceedance level: 

Initial guess (User defined): 
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Load Combination factor: 

VBM 0,100.. 5000 a( VBM t) 0.5 

F t(VBM 

ruBM 
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1.104 
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Structural Reliability Analysis of FPSOs 

Extreme model for Combination of Environmental Loads 
Load Condition: Ballast Load, Hog. 

Input filename for Long Term Wave Results: LT - READPRN( triball4 res) 

Td - 73 Number of days spent in loading condition pr. year. 

Th- 24 Duration of condition (hours). 

Tz-9.5 Average mean zero crossing period of waves. 

y 0.5772 Euler Constant 

Appendix H 

Extreme Stillwater Bending Moment (one year): 

µs 2300 MNm Mean value of Still-Water Bending Moment 

cov s 0.15 Coefficient of variation of Still-Water Bending Moment 

P s. " "s Standard deviation of Still-Water Bending Moment Qs= 345 MNm 

Td =73 Number of days spent in condition pr. year. 

Th =24 Duration of condition (hours). 

Td 
nsT. 24 Number of occurrences pr. year. 

Gumbel parameters: 

u ns 

fs dnorm( u ns, µ s, (I s) 

Fs pnormýu ns, µ s, ß sý 

ans 
1I Fs1 

fs 

U ns = 3061 MNm 

fs1.015"10 

FS=0.986 

ans=134.9 MNm 

The mean and standard deviation of the extreme distribution: 

Pes uns Y'ans 

n 
a es a ns 

9 es - 
3138.9 MNm 

a es = 173.1 MNm 

ns=73 
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Still Water Bending Moment, one year normal distribution: 

VBMS 2000,2010.. 3500 

fs(VBM s) 
dnorm(VBM 

s, u ns, a ns) 
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Extreme Wave Induced Bending Moment: 

Data from Long Term Calculations 

VBM LYO' Qx LY'> n 0.. 14 

Weibull fit: 

! VBM\h 
Fit(VBM, k, b) expl j ,., k 

SSE(k, b) E 
11 Iog/, Qxnl ', log, Fit(VBM,,, k, bW,, 

n 

Initial guess for Weibull Parameters: 

k 140 MNm b 0.98 

Given 

2960 

SSE(k, b)-0 lýl 
k 

Minerr(k, b) 
'b 

Weibull parameters: 

k= 127.6 MNm b =0.914 SSE(k, b) =0.6714 (error) 

LT = 

3280 

Appendix 11 
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l VBMý 

k 

bi 

01 j 1"10 I"IO 1"lo I"IO 1"11o I"lo 1"110 
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Extreme VWBM (one year): 
Tz=9.5 Average mean zero crossing period of waves. 

Td =73 Time spent in loading condition pr. year (days). 

TcT d-3600-24 Time spent in loading condition pr. year (seconds). 

Tý 

bk ý( ̀In(°) 

Ib b) 

Gumbel parameters: 
I 

u nw. y k'(]n(n)b) u nw. y =2186 MNm 

a nw. y a nN y=178.5 MNm 

The mean and standard deviation of the extreme distribution: 

A ew. y ° nw. y + ra nw. y 9 ew. y - 2289 MNm 

a ew. y 'a nw. y a ew. y - 
228.9 MNm 

V6 

COV ew. y 

Number of peaks counted in the time period T. n=6.639105 

I 

46"ýy 
{ ln(n)bi 

) 
COV ew. y = 0.07 

Wave Induced Bending Moment, one year normal distribution: 

VBM W 0,10.. 3500 

fsN13M w) dnorm(VBM 
wu nw y, a nw y) 

0.0025 
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0 
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0.00 1s 
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700 1400 
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2100 2800 3500 

Appendix II 
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Extreme VWBM (one Load Condition): 

Tz=9.5 Average mean zero crossing period of waves (seconds). 

Th= 24 Duration of load condition (hours) 

TcT h"3600 Duration of load condition (seconds) 

T C Number of peaks counted in the time period T. n=9.095.103 TzC 

Gumbel parameters: 

Unw 

a nw 

1 1. 
k" 

ýIn(n)bý 

I b\ 
In(n) bI 

u nw = 1433.2 MNm 

a nw = 172.1 MNm 

The mean and standard deviation of the extreme distribution: 

Pew U nw ' Y'a nw 

Q 
ew ý6'a nw 

a COV ew -- ---- I\ 
46"ýy i ln(n)b 

A ew = 1532.5 MNm 

ß ew = 220.7 MNm 

COV eW = 0.11 

Wave Induced Bending Moment, one voyage normal distribution: 

VBM W .V0,10.. 
2500 

fS(VBM w. v ) dnornt VBM w. v, U nw, a nw) 

0.0025 

0.002 

o. oo is 
fs (VBM W. VII 

0.00 1 

0.0005 
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Load Combination, Ferry Borges-Castenheta's Method 

Probability distribution of the maximum of the combined process: 

VBM t 4000,4050.. 6000 a(VBMt) 0.5 

Ft(VBMt 
-VBM ý 

1.104 

exp - exp 
)VBM t z) U nw 
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Extreme Combined Bending Moment at the 0.5 exceedance level: 

Initial guess (User defined): 

VBM t 5000 MNm 

At the 0.5 exceedance level: 

VBM tO. 5 root 'F t(VBM t\ 0.5, VBM t 

VBM tO. 5 = 4858.6 MNm 

6000 

Appendix II 
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Structural Reliability Analysis of FPSOs 

Gumbel Distribution Function of the Still Water Bending Moment: 

VBM S 2500,2550.. 3750 

F es(VBM s) exp exp - 
VBM s- U nsI 

ans 

ý 

F eS(VBM s) 

a(VBM s) 

VBM S 

a'VBM s) 0.5 

Extreme Still Water Bending Moment at the 0.5 exceedance level: 

Initial guess (User defined): 

VBM s 3000 MNm 

VBMs0.5 root(FesiVBMs, 0.5, VBMs) 

Appendix 11 
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Gumbel Distribution Function of the Wave Induced Bending Moment, One year: 

VBM w 0,100.. 3500 

F eý, ýVBM W) = expý exp 
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Appendix H 
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Extreme Wave Bending Moment at the 0.5 exceedance level: 

Initial guess (User defined): 
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Load Combination factor: 
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Structural Reliability Analysis of FPSOs 

Extreme model for Combination of Environmental Loads 

Load Condition: Partial Load, Hog. 

Input filename for Long Term Wave Results: LT = READPRN(tripart4 res) 

Td: 219 Number of days spent in loading condition pr. year. 

Th 72 Duration of condition (hours). 

Tz9.5 Average mean zero crossing period of waves. 

y -- 0.5772 Euler Constant 

Appendix H 

Extreme Stillwater Bending Moment (one year): 

µs 1452 MNm Mean value of Still-Water Bending Moment 

cov s 0.15 Coefficient of variation of Still-Water Bending Moment 

asµ s"cov s Standard deviation of Still-Water Bending Moment as= 217.8 MNm 

Td =219 Number of days spent in condition pr. year. 

Th =72 Duration of condition (hours). 

T 
n ,,, 

d. 
24 Number of occurrences pr. year. 

Th 

Gumbel parameters: 

u ns qnorm 
I ý1 

n sýIµsIßs 

fs dnorm(uns, µs, 6s 

Fs pnormluns, µs, ßs) 

ans 

uns=]932.4 MNm 

fs=1.608"10 

FS=0.986 

a ns = 85.2 MNm 

The mean and standard deviation of the extreme distribution: 

µ es ° ns ` Y'O' ns 

n 
6 es ,6a ns 

µ es - 
1981.6 MNm 

6 es = 109.3 MNm 

ns=73 
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Still Water Bending Moment, one year normal distribution: 

VBM 
S- 500,510-2500 

f s(VBM s) - dnorm(VBM s, u ns, a nsJ 
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Extreme Wave Induced Bending Moment: 

Data from Long Term Calculations 

VBM LT: ýýo> Qx LY'' n 0.. 14 

Weibull fit: 

ýe 
Fit(VBM, k, b) exp 

VBMV 
kJ 

SSE(k, b) Y logljQx,, iý log(jFit(VBMn, k, b) i 

n 

Initial guess for Weibull Parameters: 

k 140 MNm b 0.98 

Given 

SSE(k, b)=0 IsI 
b 

Minerr(k, b) 

Weibull parameters: 

k= 127.8 MNm b -- 0.908 SSE( k, b) -0.6304 (error) 

2100 

LT = 

2500 

Appendix H 
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Extreme VWBM (one year): 

TZ=9.5 Average mean zero crossing period of waves. 

Td= 219 Time spent in loading condition pr. year (days). 

TCT d-3600-24 Time spent in loading condition pr. year (seconds). 

TC 
T- Number of peaks counted in the time period T. n=1.992.106 

z 

Gumbel parameters: 
Iý 

u nw. y k"`ln(n)b) u nw. y =2431.5 MNm 

a nw. y bk 

ýln(n) 1b b/ 

anNy=184.7 MNm 

The mean and standard deviation of the extreme distribution: 

P ew. y u nw. y I I'll nw. y N ew. y - 
2538.1 MNm 

ý .a nw. y 6 ew. y = 236.8 MNm 
ew. y 6 

COV ew. y 

N/6"ýy i in(n)b 

COV ew. y = 0.07 

Wave Induced Bending Moment, one year normal distribution: 

VBM 
w 

0,10.. 3500 

fs(VBMw) dnorm(VBMw'Unwy, a nw. Y) 

0.0025 

fs(VßM H, ý 

700 1400 
VHMN, 

2100 2800 

Appendix 11 
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Extreme VWBM (one Load Condition): 

TZ=9.5 Average mean zero crossing period of waves (seconds). 

Th= 72 Duration of load condition (hours) 

TcT h-3600 Duration of load condition (seconds) 

Tc 
Number of peaks counted in the time period T, n=2.728.104 

Gumbel parameters: 

bl unN, =1652.4 MNm 
l 

unw 
I k"Iln(n) / 

1b 

a nw 
b (In(n) 

6 
a nw = 178.2 MNm 

The mean and standard deviation of the extreme distribution: 

Pew unw ý Y'anw 

n 
6ew 

46. 
anw 

9 ew = 1755.2 MNm 

a ew = 228.6 MNm 

COV ew 
71 COV ew = 0.09 

V6"(y+ ln(n)b) 

Wave Induced Bending Moment, one voyage normal distribution: 
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Load Combination, Ferry Borges-Castenheta's Method 

Probability distribution of the maximum of the combined process: 

VBMt 3500,3550.. 5000 a(VBM t) 0.5 

F t(VBM t) 

I 

0.8 

Ft (VBM t) 

ý vBM t 

exp 

1.104 
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3400 3600 

a(VBM t) 
0.4 

0.2 

0 

exp 

3800 

(VBM t z) ° nw 

4000 

a nw 

4200 
VBM ý 
VBM 

"dnorm(z, µ S, a S) 
dz 

4400 4600 4900 

Extreme Combined Bending Moment at the 0.5 exceedance level: 

Initial guess (User defined): 

VBM t 4000 MNm 

At the 0.5 exceedance level: 

VBMtO. 5 root(Ft(VBMt) 0.5, VBMt) 

VBM tO. 5 = 4064.5 MNm 

5000 
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Gumbel Distribution Function of the Still Water Bending Moment: 
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Extreme Still Water Bending Moment at the 0.5 exceedance level: 

Initial guess (User defined): 
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Gumbel Distribution Function of the Wave Induced Bending Moment, One year: 

VBM 
w 

0,100.. 3500 

F ew (VBM w) exp 

i 
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F eW(VBM wý 

a(VBM H, ) 
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a nw. Y 
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a(VBM W`; 
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Extreme Wave Bending Moment at the 0.5 exceedance level: 

Initial guess (User defined): 

VBM W 2500 MNm 

VBM wO. 5 root(F ew(VBM w, 'ý 0.5, VBM W) 

VBM wO. 5 = 2499.2 MNm 

Appendix H 
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Load Combination factor: 

VBM 0,100.. 5000 a(VBMt) 0.5 
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Appendix I 

Reliability Analysis 



Structural Reliability Analysis of FPSOs Appendix I 

0 

20 
ý 

4N 
di ~ 
ON 

C%ý QN 

ä 

ci 

ä 

ý 

9 
(0 

C9 

0 
mý 
Eý 
ý 0 z 

äý 
ý 

¬ CO) 0 

3 

c 

0 
U 

ý 

ý ý~ 
E 
ý CD 

c 

ý 

C 

ým 3c 
0 

U 

Eý 

a U) 
Z 
gc 

m 
N 

rý ý 

C 

C 
O 

U 

d 

Cl) 

w 
N 

N 
(O 
'I. 

ýQo 

WWW 
N ti ý 

0ý Ci P*ý 

--I. - 

ýýý 
v U) . co 

ý rn ýCD Co NNN 

tf) 
M 

CýD 
NN 

000 
00 0 

00 0 
17 1: r 

Co Co OD 

17 17 17 000 

$ rn 
coo 

rn 9ý 00 
00 ö 

ýMý 
ýÖý 

ýN 
Ma :: I 

ý CD 

(+) MM 

ýe le 

N U) N 

00 0 

00O 

-: 1ý ý 

ý -0 J 
Co 

-C= f0 f0 
LL am 

C 
O 

.` 
H 

1ý 
9 
w " ý 

ui 

4? - 
WWW 

ý ti ch 
- CÖ N) 

ý2 ý 
ýý (D 

ý rn 
(0 CO 
NN 

M 
OMC) 

CO LA CV 
CV N CV 

gýý 
999 
00 0 

00 0 
1: 17 1: ýýý 

co co 00 
1: 17 17 
coo 

000 cm rn rn 
000 

rn CO 
000 

, q: f`) ý 
r4 M CI) 
ý9ý: 

Co c4 2; 
LD 04 M rn ý 

ýýý 
ýýý 

U) ýý 

7 17 17 
000 

0O0 

ýýý 

J f4 
Co f 

f0 
LL o_ co 

N 
C 
O 

H 

O) 

ý4O 

WWW 
Otf)ý 
N 

le ý 't 

- Itt Cl) 
nN- 
4 L6 6 

o Co rn 
v N9 

ýl) 
M 

G0)D 
Cl) U) 

oo0 
coo 

000 rrT 

rrr 

00 00 OD 
Vi 1: 1: 
000 

OOO 
O) 0) 0) 
ööö 

rn ý 00 
000 

d. C'1 '7 
r4 ÖM 

. 
^- 

ýý ö 
ý 

0 Li) U) 
00 ýý ý 

Lf) LO LO 

17 17 17 
000 

Sýý 

B 
ýf0 ö 

mm u. CL co 
Cl) 
C 
O 

H 

I 

ä 

ä 

CC' 

ß 

2E 

ý 

0 
m~ 
E co 
ý 0 z 
iE rt ý 

2 

mý 

z 
ý K 

2 

'2ý 

0 U 

ý 

E 
ý C7 

c 

ý 

C 

ýý 
ý 

m 0 ö äi 
z ýc 

ý 

K 

Cp 

10 
C 
O 

U 

a L 
C, ) 

4 w 
cM 

N 

Go N 
M 

Qq 
www 
ýö 
m Cl) v 

8öý 

vv Cl) 

Co rn 
NN 

22ý NN 

ýU) tr) (+) C') M 

000 

888 
000 

Co OD Co 
177 17 
000 

$rnrn 
ööd 

rn ý 00 
000 

M- 

ý 

2ýý hrM 

O) Cf O) 
NNN 
MMM 
Co Co 00 

U-) C) r1 000 

OOO 
O O. O 
ýý 

ýp J_ 
ýy 

f0 

ýäm 

C 
O 

I- 

- 181 - 

U') 
4 

fV 

ý 
v 

4e4 
WWW 
NO ý[) 
cq fý C) 
ýO 00 

lL) aN 
Lc) n- 
U) v It 

cq rn gMCo 
NN 

N 
ýN ýiý 

U) U') if) 

ö6ö 

ý?, 8 öö6 

Co Co Co 17 ": 1: 000 

rn $ý 

00 0 

rn ;e to: 
000 

,. *: Cl 17 

CV C. ) 
a ý: 

rn 
Cl) 
ý -M 

oo0 
rn C) 0 

LO Lc) U) 

17 17 17 000 

000 ö00 
ýýý 

mWA 
-ffi Co 0 L Ldm 

N 
C 
O 

H 

Ll) 
9 
w 

CV 

ö 
v 

QLLWeýý11q 
OW) CO 

N 

Iý 
tt00 M 

ý r- N 

- rn r, 
11') (0 0 
Kii vv 

OO 
NO NN 

ý 
Ný NNN 

Ln in Kn M CM C. 

000 

$88 
6ö6 

CO 00 OD 1: 1: 17 
000 

00 rn 
000 

OD rn ýn 
000 

ýcl)ý ýöý 

Cl) ý 
Cl) 

M Cl) M 

9 c8l) § 
t2 t2 !ý 
döö 

00 0 00 

i 1O -e 
ö 

U- am 
Cl) 
c 0 
H 

_o ö 

0 ö 

2 
C5 

ä 

cä 

ä 

Co. 

2E 

ý 

ý 
m~ 
E CI) 
$ 
z 

xý 
ý 

- ý 

Z 
c 

ý; aý 
2 
C 

3ý 
3C 

O 
0 

0 
ý 

E 
ý t9 

c ý `a4 
ý 

C 

8 
m 0 
I- v~i z 
öý 

Co a> 
xý 

C 
O 

O 
U 

a 
r 
N 

O 
W 
ý 
N 

0) 
Co ö 

-M 
99 
w 

ýCO 

N 1- 
T Nt 
O fV 

n rlý 
co r- M 

r_ r, ýý 
M 

Lr) 
oý öd 

Sý 
ýý 

00 CD 77 00 

88 
00 

22 
6ö 

rnU) 
r- N 

ýLO N 

M pý CY) 
cNý : 

'iX a0 

to to) 

00 

o S 

rn ý m U) 1: 

C 
O 

I- 

N 
9 W 
N 
t0 

M 
N 

44 
WW 
aM N 

ýP- sf tÖ 

vo h 04 
- tv) 

r": r1.: 
Co ý ý M 

ýý 

ýa f- M 

ý 0. - 00 

Sý 
ýý 

Co 00 
17 17 
00 

88 
66 

22 
öö 

rn ý 
.-N 

Go 1- 
Cl) r- 

ö ý 
ýý 

to t2 öö 

0 
O 

0 )9 
NS 

N 
C 
O 

H 

4 
w 
Cl) 

p. - 0 

H 

- P, 

r (D 
0- 
- Cl) 

ýrlý 
OD t- M 

P- pl 
ýý CM 

93 U) 
oý öd 

8§ 
ý -O 

öö 

rn gÖÖ 

00 

rn m 
ý 

Co 
ýý 

Co r_ 

lf) 
ý 

to 
01 

6ö 

00 00 

rn ý 
C', 
(I) _ 

Cl) 
C 
O 

F- 



Structural Reliability Analysis of FPSOs Appendix I 

ä 

ä 

a 

ý 

ä 
(0 E 

ý (9 
dC 

m 

ý 
N~ 
ýý 

0 
Z 

ýý c 
xý 

ý 

0 

3 t° 

C 

3ý 
ýC 

O 
0 

O 
ý ý~ 

E 
ý 0 

dc 

ý 

O 

ID 
C 
O 

U 

C 

0 U 

M4 
ö u~i 
z ö 

ro ý ro 

0 
w 

(0 

ON U) 

WWW 

ýO OD 
O l+') CV 
'? N Cl) 
-M (0 

ýýý M 00 n 
(D CD 1- 

MN 
"- (p (n 
Co Co Co 

ýýý 

LO Co o 
g'öý 

9-. 

2 99 2 
990 
coo 

coo 

ýýý 

ýýý 
ý17 1: 
0öÖ 

coo rn rn rn 
00 0 

rn* r, 
ý 

000 

ý CM r 
ýÖý: 

Co c�i ý 
CO',! 
ý 
ý) 

N) 

nnn m 
-nn 

LO U') Lf) 

'7 T 000 

000 000 

10 m ýJ 

JN v5 
E (0 

Z c4 c6 
LL n. m 

O) 

ý rn O1 
ý Cl) 

w 
N 
1: ý 

N 
(D 
1. i 

OAC CB 

w ww 

N ý) ý 

ýýý 
ýLO It 

O 
ýMp 

N 

CC) ýf) 
ý 

ýýý 

W) Co 0 eö0ý 
Nr 

Cl) 
Lc) ln M 

rrr 
000 

ý 
rn 

ý 

000 

Co 00 Co ýýý coo 

000 rn rn rn ööö 

rn9 CO 
00 ö 

, *: 
M . - 

ýÖý 

ýýý 
ti r- 

M 

ý ooo nn ti rn rn rn 

1 
ööö 

O 00 
OOO 

M 
zM LL am 

D) c 
ý 

2 

ä 

ME 

ä 

C1 

2E 

2 Co 

z 

x2 
2 

Cl) 

Z 

C 

3ý 
7C 

O 
U 

O 
N ý~ 

E 
ý 

0 

c 

ý 

G 

_O ý 
C 
O 

0 

C 

... 
ý 

O 
U 

To 0 
ö äi 
z 
ö 

Co 

N 
4 
Ui r ý 
N 
r 

u0 

4ýý 

39 12 le: M 

00 0) 9 
It W 

NO CM 
g -: i 

N 
Co N 

PO 
Cl) ýMN 

ýýý 

000 

000 
: 17 -: 

ýýý 

00 CO 00 ýýý 000 

rn8rn 
000 

rn ýý 

00 0 

ýM . - 
ýÖ Cl) 

- co cj co Mý It 

r- P, r- 93 22 

LO LO LO 
17 r 
coo 

o00 000 

Z5 

u. äm 
ý c 
0) 01 
m 

U) 

ý 
w 
'- N- M 
vi 

0 v 
ri 

ý44 
w_ww 

ýývý e} N 

ý rn :4 
IT CM Cl) 

NOM 
2 

Co 
n 

NNN 

eý 
o 

eýe}ý N 
01 

Co MN 

u) U) LO M l*1 Cl) 
rrr 

000 

rn w ,9 
06ö 

OD 00 00 r f- r 

000 

rn 
ý 

rn 
00 0 

rnI CrIo: 
ö60 

ý CM r 

vö^ 
ý 

ýýý 7 c 
^M 

oo0 N. N. 
rn 0 )0) 

U) Lo "- r 
OOO 

ööö 
ýýý 

ti 
f0 

Co 
J 

J f0 N 
f0 

LL (l. m 
0) 
C 
0) 

- 182 - 

ä 

n. 

a. 

CL 

ý 
Cl, 

.ý Eý 

ýg 

I 
y w 

E 
ý 0 z 

ý 

zý 

m 
C 

3ý 
ýC 

0 

0 
ý ý~ 

E 
ý 0 

c 

ý 

ý 

U 

z öý 

ýý 

C 
O 

V 
C 
O 
0 

LO 
9 
w co 9 
of 

N 
r- 
M 

404 www 
Iý 

ppN N 00 
0) co ui 

ýMC 

M ý' ý 

OD O 
fMý 0M ýD 

ýMM 

aD U) CD 

O^) 
aN 

M IT M 

ýýö 
coo 

000 
ý 17 7 
ýýý 

00 Co Co r e- ý- 

000 

988 
000 

rn ýN 

00 0 

d lM r 
ý0N 

`ýý ý 
-- 

nýn ýýý 
ti ý ti 

N Lc) Lr) 

r e-- ý- 
död 

888 

'D 

J ui 

=3 f0 N 

LL am 
of r_ rn 
rn m U) 

9 
w Co 
0 

O) 
0 
ri 

^wý 

vNý 

- r- rn 
rn v- 
M aM m 

00 OM 
ý 

CM M 

co tn (0 

O^iýN 
CM ef Cl) 

U) In In 
Cl) Cl) CO) 
ýýý 
000 

00 0 

Co Co Co ýýý 000 

Egg ööd 

rn4 ýý CD 00 

ýMr 
ýOý 

CY (3) ýýM 

r rý 000 ^~n 0 rnrn 

Ln Lf) Lf) 

17 17 7 000 

o00 o0o 

ý 
ýJ 
O f0 

t' 
N 

5 f0 76 
LL dm 

Oi 
C 
ý 

O 



Structural Reliability Analysis of FPSOs 

Results of reliability analysis for Triton 2. Partial safety factors are based on the design point 
in each condition, they are not optimised. 

Triton 2, Full Load, Sagging 
var design point sensitivity vectors 

X. if ay9 
__ ___--9 

X1 - X� 0.6694 -2.6160 -0.5064 -0.5064 0.7169 -1.3847 
x2 - M� -359.8 0.1332 0.0257 0.0257 -0.0273 0.0011 

x3 - Xw 1.3500 2.5010 0.4834 0.4834 -0.4834 -1.2091 
x4 - Xý 1.2190 1.3530 0.2618 0.2618 -0.2618 -0.3542 
x5 - M,,,, 3765.0 3.4270 0.6639 06639 -0,2311 -1.3551 

m, = -358 MNm 

m, = 2358 MNm 

Yu= 1.49 

Y, = 1.01 

Y. = 2.39 

"As Built" 
M. = 7887 MNm 

ß=5.18 
Pi = 1.1E-07 

var 

Triton 2, Partial Load, Sagging 
design point sensitivity vectors 
X. U. a78 2 

xt -X. 0.6579 -2.7320 -0.4815 -0.4815 0.6901 -1.3722 
x2 - M. -895.4 0.4211 0.0711 0.0711 -0.068 -0.0166 
x3 - X,. 1.3980 2.7690 0.4872 0.4872 -0.4872 -1.3491 
x4 - Xý 1.2350 1.5290 0.2698 0.2698 -0.2698 -0.4126 x5 - Mwe 
x5 - M,,. 4195.0 3.8050 0.673 0.673 -0.2137 -1 4952 33% 

m, = -922 MNm 

m= 2538 MNm 

Yý= 1.52 

Y. = 0.97 

7. = 2.40 

As Built' 
M. = 7887 MNm 

ß=5.68 
Pi = 6.8E-09 

var 

Triton 2, Ballast Load, Sagging 
design point sensitivity vectors 
X. U. aydq 

X1 - X� 0.6429 -2.8870 -0.4421 -0.4421 0.6437 -1.3275 
x2 - M. -1324.0 0.8977 0.1264 0.1264 -0.1012 -0.0798 
x3 - X� 1.4470 3.0370 0.4653 0.4653 -0.4653 -1.4131 
x4 - Xý 1.2510 1.7200 0.263 0.263 -0.263 -0.4524 
x5 - M,,,, 4530.0 4.6140 0 7092 0 7092 -0 1889 - 18499 

M. = -1461 MNm 

m,,,,, = 2289 MNm 

Yý= 1.56 

Y. = 091 

Yw = 2.79 

As Built" 
M. = 7887 MNm 

p=6.53 
P, = 3.3E-11 

-183- 

a- Triton 2, Full Load, Sagging 

a- Triton 2, Partial Load, Sagging 

a- Triton 2, Ballast Load, Sagging 
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Structural Reliability Analysis of FPSOs 

var 

X1 -X� 0.6222 -3.1060 -0.5598 -0.5598 0.8333 -1.8024 
x2 - M. 766.5 0.1388 0.0249 0.0249 -0.0264 0.001 

x3 - Xw 1.3390 2,4390 0.4404 0.4404 -0.4404 -1.0743 
x4 - XN 1.1800 2.0770 0.3747 0.3747 -0.3747 -0.7782 
x5 - M,, 3664.0 3.2780 0.5929 0.5929 -0 2146 -1.1677 

M.. = 768 MNm 

m,,,,, = 2358 MNm 

Y�= 1 61 

Y, = 100 

Y. = 223 

Triton 2, Full Load, Hogging 
design point sensitivity vectors 
X. u. ab 9 

As Built" 
M� = 9701 MNm 

P= 5.55 
P, = 1.4E-08 

vat 

Triton 2, Partial Load. Hogging 
design point sensitivity vectors 
X. U. ay6 R 

a- Triton 2, Full Load, Hogging 

a- Triton 2, Partial Load, Hogging 

X1 - X� 0.6017 -3.3310 -0.694 -0.694 1.0562 -2.3887 x5 - Mwe 

--. -- -.. -- ......... ......... .. -1. ,......... 22% 
x1 - M� 1012.0 U. 44bb U. Uai a U. u`J IZf -v. vor i -v. v[oo 

x3 - X� 1.2720 2.0640 0.4317 0.4317 -0.4317 -0.8911 

x4 - XM 1.1340 1.7350 0.3629 0.3629 -0.3629 -0.6297 

x5 - M�, 3158.0 2.0670 0.4379 0.4379 -02287 -0 5984 

m.. _ 
m= 

Ya = 1.66 

r. = 1.02 

Y, = 1.51 

"As Built" 
M� = 9701 MNm 

P= 4.74 
Pf = 1.1E-06 

Triton 2, Ballast Load, Hogging 

var design point sensitivity vectors 
X. U. ay9 

XI - X� 0.5949 -3.4070 -0.8087 -0.8087 1.2398 -2.8442 
x2 - M. 3266.0 0.8523 0.1996 0.1996 -0.1626 -0.1191 
x3 - X� 1.1720 1.5130 0.3613 0.3613 -0.3613 -0.5466 
x4 - Xý 1.0680 1.2460 0.2974 0.2974 -0.2974 -0.3705 
x5 - M,,. 2565.0 1.2120 0.2953 0.2953 -0.21 -0.2532 

M- = 3139 MNm 

m,,,, = 2289 MNm 

Y. = 1.68 

y, = 1.04 

Yw = 1.09 

As Bull(" 
M� = 9701 MNm 

P= 4.12 
P, = 1.9E-05 

- 184 - 

x4 - Xnl 
15% 

x3 - Xw 
21% 

a- Triton 2, Ballast Load, Hogging 

-Mse 
1050 

xi - Xu 
42% 
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Structural Reliability Analysis of FPSOs 

Optimisation of M� to target reliability, 8=3.71, for Triton 2. 

Partial safety factors are based on the design point 
in each condition, they are not calibrated. 

Triton 2, Full Load, Sagging 
var design point sensitivity vectors 

x* u* ayS rl 
x1 - X� 0.7423 -1.9230 -0.5168 -0.5168 0.6785 -1.059 
x2 - M8e -359.7 0.1345 0.0361 0.0361 -0.0383 0.0016 

x3 - X, 1.2620 2.0100 0.5406 0.5406 -0.5406 -1.0868 
x4 - X� 1.1920 1.0410 0.2799 0.2799 -0.2799 -0.2914 
x5 - Mwe 3064.0 2.2310 0.6009 0.6009 -0.2969 -0.873 

M's = -358 MNm 

mnW = 2358 MNm 

Y� = 1.35 

YS = 1.00 

Yw = 1.78 

"As Built" Target Values: 
Mu = 7887 Mut = 5165.918 

ß= 5.18 ßt= 3.71 
Pf= 1.11 E-07 Pf = 1.04E-04 

Triton 2, Partial Load, Sagging 
var design point sensitivity vectors 

x' u' ay8 rl 
x1 - X� 0.7590 -1.7740 -0.4727 -0.4727 0.6101 -0.8988 
x2 - MSe -894.9 0.4251 0.1111 0.1111 -0.1061 -0.0263 
x3 - X, 1.2820 2.1240 0.5668 0.5668 -0.5668 -1.2036 
x4 - X� i 1.1980 1.1120 0.2966 0.2966 -0.2966 -0.3298 
x5 - MW8 3223.0 2.2080 0.5958 0.5958 -0.2966 -0.8585 

mns = -922 MNm 

m�W = 2538 MNm 

Y� = 1.317523 

Ys = 0.970607 

yW = 1.638298 

"As Built" Target Values: 
Mu = 7887 Mut = 4299.209 

ß= 5.68 ß, = 3.71 
Pf = 6.75E-09 Pf = 1.04E-04 
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Structural Reliability Analysis of FPSOs 

Triton 2, Ballast Load, Sagging 
var design point sensitivity vectors 

X u" arS 77 
x1 - X� 0.8005 -1.4170 -0.3757 -0.3757 0.4651 -0.5821 
x2 - MSB -1321.0 0.9144 0.2381 0.2381 -0.1895 -0.1534 
x3 - XW 1.2780 2.1010 0.5584 0.5584 -0.5584 -1.1729 
x4 - X,,, 1.1970 1.0970 0.2916 0.2916 -0.2916 -0.32 
x5 - Mwe 3037.0 2.3880 0.6367 0.6367 -0.2989 -0.9761 

mn$ = -1461 MNm 

m, rw = 2289 MNm 

Y, = 1.249219 

Yg = 0.904175 

Yw = 1.583137 

"As Built" Target Values: 
M� = 7887 MNm Mut = 2876.704 MNm 

6.53 ß, = 3.71 
Pf = 3.30E-11 Pf = 1.04E-04 

Triton 2, Full Load, Hogging 
var design point sensitivity vectors 

x* u* ay9 .7 
X1 - X� 0.7059 -2.2610 -0.6034 -0.6034 0.8224 -1.4379 
x2 - Mse 766.6 0.1428 0.0377 0.0377 -0.04 0.0013 
x3 - XW 1.2280 1.8200 0.4872 0.4872 -0.4872 -0.8865 
x4 - X, j 1.1050 1.5160 0.406 0.406 -0.406 -0.6156 
x5 - Mwe 2857.0 1.7700 0.482 0.482 -0.2791 -0.5799 

mns = 
mr�w 

768 MNm 

2358 MNm (From IACS requirements) 

(From load maual) 

Yu = 1.416631 

Ys = 0.998177 

YH, = 1.496127 

"As Built" Target Values: 
Mu = 9701 MNm Mut = 6083.677 MNm 

G3= 5.55 p, = 3.71 
Pt = 1.43E-08 Pt = 1.04E-04 
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Structural Reliability Analysis of FPSOs 

Triton 2, Partial Load, Hogging 
var design point sensitivity vectors 

x' u* ayS rl 
xl -X� 
x2 - MSe 

x3-X, w 
x4-X�, 

x5 - MW. 

0.6577 -2.7340 -0.7251 -0.7251 1.0393 -2.0678 
2007.0 0.4100 0.1075 0.1075 -0.1033 -0.024 
1.2010 1.6700 0.4444 0.4444 -0.4444 -0.7422 
1.0870 1.3830 0.3683 0.3683 -0.3683 -0.5093 
2863.0 1.3270 0.3599 0.3599 -0.2452 -0.3361 

mns = 1982 MNm 

m, w = 2538 MNm 

Y, = 1.52045 

Ys = 1.012614 

yW = 1.237034 

"As Built" Target Values: 
M� = 9701 MNm M,,, = 7825.136 MNm 

ß= 4.74 ß, = 3.71 
Pf = 1.07E-06 Pf = 1.04E-04 

Triton 2, Ballast Load, Hogging 
var design point sensitivity vectors 

x' u* ay8 ri 
x1 - X� 0.6236 -3.0910 -0.8163 -0.8163 1.2132 -2.6158 
x2 - MSe 3248.0 0.7663 0.2011 0.2011 -0.1691 -0.1063 
x3 - XW 1.1450 1.3630 0.3612 0.3612 -0.3612 -0.4924 
x4 - X,,, 1.0500 1.1140 0.2954 0.2954 -0.2954 -0.3291 
x5 - M, 

rYe 2506.0 1.0240 0.2749 0.2749 -0.2099 -0.1994 

M's = 3139 MNm 

m�W = 2289 MNm 

Yu = 1.603592 

Ys = 1.034724 

Y, = 1.026655 

"As Built" Target Values: 
M� = 9701 MNm M,,, = 8976.931 MNm 

ß= 4.12 ß, = 3.71 
Pf = 1.90E-05 Pf = 1.04E-04 
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