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Abstract 

The puipose of this paper is to establish probabilistic models for still-water loads, based on design data, and the combined still-water and wave 

load effects for semi-probabilistic and probabilistic design of floating production, storage and offloading vessels (FPSO). A new still-water load 

model for FPSOs is proposed, based on a Poisson square-wave model, with a modified Weibull distnbution for load intensity, which accounts for 

load control during operation. The long-term variation of wave-induced load effects is modelled by a Poisson square-wave process. A new 

solution for the combined effect is derived. A procedure for detemiining characteristic extreme values for individual and combined load effects, 

and load combination factors, is established. The methodology is used to illustrate load combination factors suitable for typical FPSOs. This 

approach is also shown to be useful in obtaining realistic load models, in terms of random variables, for use in reliability formulations. 

© 2005 Elsevier Ltd. A l l rights reserved. 
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1. Introduction 

A fioating production, storage and offloading unit (FPSO) 

represents an attractive concept for offshore production o f o i l 

or gas. I t is the foremost floating production faci l i ty , making up 

ahnost 60-70% [1] o f aU floating systems in the world . 

FPSO hulls are similar to those of trading tankers, except 

that they have some extra topside equipment and an 

arrangement fo r turret mooring. However, FPSOs operate in 

a d i f ferent way than tankers. For instance, cargo is 

continuously being loaded and unloaded, implying that s t i l l -

water loads vary constantly. Moreover, the vessel operates wi th 

zero speed, wi th or without weather vaning. Finally, the 

offshore industry is greafly concerned about safety and applies 

first principles, as wel l as reliability-based approaches, i n 

establishing rational design methodology. 

The focus of this paper is the assessment of still-water and 

wave-induced load effects, and their combination, for structural 

design and safety analysis of FPSOs. Even though they are 

slightly correlated, the two load effects are commonly 
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estimated separately; therefore, their combined effects need 

to be determined. 

The load combination problem is virtually a superposition 

of stochastic load processes. The main issue is that the maxima 

of individual load processes w i l l not occur simultaneously. 

This implies that the maximum of the combined processes, in 

general, is smaller than the sum of the maxima of the individual 

load processes. 

Load combination methods are dependent on the load 

models. There is no adaptable method suitable fo r all types o f 

load models. For example, the Feny-Borges method [2] is 

suitable for FeiTy-Borges load processes, the load coincidence 

method [3] is mainly suitable for Poisson processes, while the 

point crossing methods [4] is suitable for continuous stochastic 

processes. 

I n addition, there are deterministic combination rules, 

namely, the peak coincidence method, the Turkstra's rule [5] 

and the SRSS rale [6], Wen [3] canied out a comprehensive 

evaluation o f different kinds o f deterministic combination 

rules. A detailed evaluation of Turkstra's rale and SRSS rale 

was made by Naess [ 7 - 9 ] . The general conclusion is that 

Tuikstra's rule is non-conservative and the SRSS rule lacks 

consistency. 

Currently, the design o f ocean-going ships is based on 

adding the characteristic extreme values of still-water and 

wave loads, which usually leads to over-design. As far as 
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the Stochastic combination of these loads for ocean-going ships 

is concerned, Guedes Soares and M o a n [10] i n i t i a l l y 

investigated their combination by the upcrossing rate method. 

Furthermore, Guedes Soares [11] adopted the alternating 

renewal model to reproduce the time variation of still-water 

load effects (SWLE), i n which the durations o f voyages and 

time in port are taken into account. The classical Feny-Borges 

and point crossing methods were adopted to predict combined 

extreme values and determine load combination factors 

suitable fo r ocean-going ships. 

As indicated above, the characteristics of still-water and 

wave loads for FPSOs differ even f r o m those o f tankers. Moan 

and Jiao [12] and Wang and Moan [13] adopted the Poisson 

square-wave model to reproduce the time variability of the 

still-water and wave load effects. Based on operational data of 

still-water bending moments for a particular FPSO, they found 

that the hogging and sagging still-water bending moments 

fo l lowed exponential and Rayleigh distributions. The wave 

loading was modelled by a W e i b u l l distribution. They 

compared different load combination methods and established 

load combination factors vaUd for a particular FPSO. 

However, exponential and Rayleigh distributions for the 

still-water bending moments may not be appropriate f o r 

FPSOs i n general and a more versatile distribution model is 

desired. In actual operations, still-water bending moments 

are subject to operational control. This means that, i n 

pr inc ip le , the m a x i m u m allowable value cannot be 

exceeded. However, some abnormal operations and excep

tions may result i n the allowable value being exceeded. 

Therefore, the constructed distribution must be modified to 

aUow f o r such conditions. 

Moreover, unlike the situation fo r ocean-going ships, 

FPSOs may experience a continuous change i n load conditions 

owing to the loading-offloading cycle, i.e. being repeatedly i n 

sagging and hogging conditions. In addition, the procedure fo r 

loading and offloading the vessel during one cycle has a direct 

effect on the time variabihty of still-water bending moments. 

This means that a short-term model for time variation of s t i l l -

water load effects over one cycle should be constructed. 

Furthermore, high values of topside loads, combined wi th 

the presence of the turret, may result i n an uneven time fraction 

in hogging and sagging of a FPSO, which has a direct effect on 

the combined sagging and hogging extreme bending moments. 

In addition, for FPSOs operating in different areas wi th 

harsh and benign conditions, extremely diverse wave-induced 

loads are experienced. This implies that the relative magnitude 

of still-water and wave-induced loads varies and, hence, so do 

the load combination factors. 

Finally, i t is noted that only data for still-water loads are 

available when the design is carried out. Therefore, combi

nation analysis needs to be based on available data. 

The purpose of the present paper is to establish probabilistic 

models fo r still-water loads based on the design data, as wel l as 

for the combined still-water and wave load effects (e.g. vertical 

bending moments amidship) for the semi-probabilistic and 

probabilistic design of FPSOs. In particular, semi-probabihstic 

methods, based on partial safety factors, are increasingly 

adopted i n modern design codes, while probabilistic methods 

are applied to calibrate semi-probabihstic ones [14-16] . The 

important goal is to develop a new solution for the combined 

still-water and wave load effect by taldng into account the 

different features o f stih-water loads o f a FPSO. 

2. Still-water bending moment ( S W B M ) model 

2.1. General 

Whi le the still-water load, due to gravity and buoyancy, may 

contribute to 40-50% of the total global hull-girder load for 

merchant vessels, the effect may be somewhat less for 

production vessels i n the North Sea. However, for new 

barge-type models wi th a large block coefficient, C B , the 

stiU-water load could be much larger. Also, the still-water to 

wave load i n benign waters w i l l be larger than fo r North Sea 

conditions. 

However, topside weight and the presence of a possible 

turret result i n a distiibution of weight that differs f r o m that of 

tankers. The additional volume at the ends of ship-shaped 

FPSOs, combined with l imited ballast tanks, can create st i l l -

water bending moment significantly larger than fo r traditional 

tankers. 

Some offshore production ships are converted tankers; 

therefore, one might easily suggest that S W B M statistics for 

tankers would be applicable to production ships. Moreover, 

production ships experience a different mode of operation than 

tankers. For instance, they undergo a continuous cycle of cargo 

loading and off-loading, while tankers go to sea w i th a f u l l load 

or w i t h ballast. Also, the frequency o f load condition change is 

different. Hence, the still-water load effect (SWLE) i n 

production ships differs f r o m those in tankers and other 

conventional ships. This has been clearly reflected i n a 

statistical analysis of S W L E by Moan and Jiao [12]. 

The designed FPSO w i l l allow cmde o i l offloading i n a 

continuous round-the-clock operation at h igh flow-rate into a 

shuttle tanker moored i n tandem or side-by-side. The crude 

o i l wou ld be directed to storage tanks by aligning valves 

f r o m the FPSO's central control room. Tanks would be filled 

i n a predetermined sequence to maintain the vessel's 

hydrostatic stability and to keep stress levels in the hul l 

w i th in allowable l imits. However, a shortage of shuttle 

tankers due to bad weather or a lack o f storage capacity may 

result i n lost production several times a year. I n general, 

maximuin required loading time might vary significantly 

between ships since it depends on o i l storage capacity and 

maximum o i l production rate of the vessels. Based on 

available FPSO operating data [1] , i t can vary between 

4 days and 1 month. 

Since, the load only needs to comply wi th the upper l imi t of 

bending moments or shear forces, the captain has significant 

flexibility. Hence, he may not strictly f o l l o w the load manual 

and, hence, produce larger variations i n the still-water loads 

than impl ied by the manual, and even result i n exceeding the 

allowable value. 
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Table 1 

St i l l -water bending moment o f some exis t ing FPSOs 

FPSO Locations Sagging G N m ) Hogging (/Ws„„ G N m ) FPSO Locations 

Rule" Design Rule" Design Sag H o g 

1 NS 4.74 4.05 5.12 5.07 0.85 0.99 

2 NS 5.53 10.8 5.54 1.96 1.95 0.35 

3 NS 3.73 1.043 4.07 3.235 0.28 0.80 

4 NS 1.15 1.052 1.29 1.309 0.92 1.02 

5 W A 4.49 3.277 4.97 4.323 0.73 0.87 

NS, Nor th Sea; W A , West A f r i c a . 

" Rule f r o m Eq. (1) . 

To normalize the still-water bending moment, the fo l lowing 2.2. Long-term variability 

formula may be used 

^sws,R = -0 .065CiL"5 (CB + 0.7) in sagging (IcN m) (1) 

^swti.R = +0.015CiL^fi(8.17 - C B ) in hogging ( k N m) 

where L is the ship's length, B its beam, C B is the block 

coefficient and C\ is the wave coefficient given by: 

10.75-

C, = <̂  

3/2 

1 0 . 7 5 -
L - 3 5 0 

150 

for 1 9 0 < L < 300 

for 300 < L < 350 

for 3 5 0 < L < 5 0 0 

(2) 

These expressions apply for trading vessels and are not 

relevant for FPSOs. In general, the global S W L E for ships 

should be determined by direct calculation as the maximum 

value under possible extreme load design conditions. Whi le 

still-water bending moments fo r original FPSOs were wi th in 

the regulation requirements for trading tankers, different 

features of new models have resulted in still-water loads 

that exceed the rule moment by up to 95% [17] (Table 1). I t 

is obvious that actual design values deviate significantly f r o m 

Eq. (1). 

In the remaining part of this section, the long- and short-

term time vatiability o f S W B M is described, fo l lowed by a 

discussion on different parent distribution models of S W B M . 

As mentioned above, an FPSO undergoes a continuous 

loading-offloading cycle. In one cycle, i t w i l l experience 

maximum bending moments for both hogging and sagging. 

The variation in the maximum SWBMs over different cycles 

describes the long-term variation of S W B M . 

Owing to the random arrival of shuttle tankers, different 

FPSO loading capacities, weather conditions, uncertainty o f 

actual operations and so on, the duration of any one loading-

offloading cycle varies. I f the correlation between two 

successive cycles is neglected, a Poisson point process can 

be used to describe the renewal of different cycles wi th in the 

l ifet ime o f an FPSO. Furthermore, i f the maximum S W B M 

(sagging or hogging) i n one cycle is known, the Poisson 

square-wave model can be used to describe the long-term 

vatiability of S W B M . However, over one cycle, an FPSO w i l l 

be successively hogging and sagging for different durations. 

Therefore, two conflicting square-waves are now imbedded in 

one cycle and their height and width coiTespond to the 

maximum hogging and sagging SWBMs and the duration o f 

hogging and sagging, respectively. 

As shown i n Fig. 1, the proposed model consists of a 

Poisson point process for the renewal time of successive cycles, 

wi th a mean occurrence rate o f j ' cy= l / £ [ r cy ] , where £[ rcy] is 

the mean value of the duration r^y fo r any one cycle. A t each 

renewal instant, the S W B M is successively modelled by two 

square waves. Their heights Ms„h,sT and MS„S_ST correspond to 

the maximum intensities of hogging and sagging S W B M in one 

cycle, i.e. random vaiiables wi th a distiibution, which w i l l be 

discussed later. Their random widths Th and are the durations 

of hogging and sagging, and are assumed to f o l l o w exponential 

Sagging 
s\vs,ST 

F i g . 1. M o d e l l i n g long-teiTn S W B M va i i ab i l i t y . 
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distributions. Their mean values are equal to PhE[Tay\ and 

Ps£[rcy] , where p^, and are the probabilities in hogging and 

sagging for the l ifet ime o f one FPSO, respectively. 

By adopting the above-mentioned model, and assuming that 

intensities MJW.ST (^swh.sT and MS^S.ST refer to hogging and 

sagging) o f S W B M i n one cycle are independent and 

identically distributed random variables, and that the square 

wave height i n each cycle is f u l l y substituted by M S „ , S T . the 

probabilistic distribution o f maximum hogging (or sagging) 

S W B M Mswmax.r over a reference period T can be approxi

mated as fol lows [3] 

= e x p { - z . , y r [ l - F M . „ , S T ( ' " ) ] } (3) 

Using Eq. (3), all the extreme values o f S W B M i n any 

reference period can be predicted; however, i n practice, i t is the 

characteristic extreme value in any reference period T that is of 

interest. This value is usually obtained by calculating the mean 

number o f upcrossing a certain level m for a load process. For 

the present Poisson model, the mean number of upcrossing 

some l e v e l c a n be determined as fol lows: 

N,,„{mJ) = v,yT[l~FM^^^^,,{m)] (4) 

B y considering A'sw( '«,7)= 1> the corresponding character

istic value i n the reference period can be determined. 

From Eqs. (3) and (4), i t is clearly seen that the prediction of 

all extreme values is based on the distribution function FM 

{m) of the maximum S W B M in one loading-offloading cycle, 

as addressed below. 

2.3. Short-term variability 

I n one typical loading-offloading cycle, the variation in 

S W B M is refeiTcd to as the short-term variability. This is due 

to difference i n weight distribution, which successively change 

the buoyancy, resulting i n changes in SWBMs. 

There are two kinds o f weight distribution variations: (1) 

where loading positions remain unchanged but the cargo or 

weight varies; and (2) where the loading positions change. 

Therefore, we define one load condition, w i th one f ixed 

combination o f loading and offloading positions, as one 

independent load condition. In one load condition, there is 

one maximum S W B M , which is defined as the intensity of 

S W B M coiTesponding to the load condition. 

I n fact, any one-load condition is the accumulated results of 

previous load conditions. Therefore, a strong con-elation must 

exist between them. However, an assumption of independence 

usually results i n conservative estimates. 

I n one typical loading-offloading cycle, the FPSO tanks w i h 

be filled in a predetermined sequence to maintain the vessel's 

hydrostatic stability and keep sti'ess levels i n the hu l l wi th in 

allowable l imits , i.e. i t w i l l experience a fixed sequence of 

loading and offloading. 

However, the init ial ly planned loading sequence might not 

be strictly fo l lowed in actual operation, owing to human 'error' 

or exceptional situations, such as possible early unloading prior 

to a storm, or repair of cracks. In addition, since the load only 

needs to f u l f i l the upper l imi t to bending moments or shear 

forces, the captain has significant flexibility i n choosing 

loading or offloading procedures, among the other features, 

the loading positions. 

In effect, this means that the loading-offloading sequence is 

subject to uncertainty and the duration of any one loading 

process, wi th fixed loading and offloading positions, is also 

uncertain. Therefore, i t is accepted that a stochastic point 

process be adopted to model the renewal o f a series of loading 

processes wi th fixed loading and offloading positions, i.e. the 

renewal o f load conditions wi th time. 

Strictly speaking, the renewal of load conditions is an 

operational control process and i t is very d i f f icul t to find an 

appropriate model to describe i t . From an engineering point of 

view, a Poisson model is adopted, due to its simplicity, to 

imitate the renewal o f load conditions. 

I t is we l l known that, for a Poisson model, mean duration is 

sufficient to describe the renewal of load conditions. The mean 

value should be obtained f r o m statistical analysis of actual 

operational data. However, i n the design stage, the actual 

operational data is not available, so an estimated mean duration 

value is desirable. Moreover, data for previous FPSOs are not 

necessarily representative of future models. 

I n the design stage, the loading capacity of one FPSO is 

known based on its o i l tanks; therefore, its o i l production rate is 

not d i f f icul t to deternune. Based on these two parameters, the 

duration o f one loading-offloading o i l cycle can be approxi

mately estimated. For example, for the FPSOs, Petrojarl I , A 

and B , the duration of one cycle is 190/50, 920/200 and 

1100/40 days, respectively [1] . Then, based on a predetermined 

loading sequence f r o m the manual, the number o f different 

combinations o f loading-offloading positions or the number of 

load conditions i n one loading-off loading cycle can be 

identified. Div id ing the duration of one cycle by the number 

of load conditions, the expected load condition duration can be 

estimated. 

The uncertainty of the mean duration of load conditions w i l l 

affect predicted extreme values. According to the principle of 

order statistics, the predicted extreme value is larger when the 

mean duration is smaller, because the number of independent 

load conditions increases. However, when the operational 

control o f S W B M is taken into account, predicted extreme 

values are basicaUy independent of the number of load 

conditions. The numerical analysis i n Section 5 highlights 

this point. 

Based on the above considerations, the short-term model, 

shown i n Fig. 2, is assumed for a loading-offloading cycle. I n 

this model, any rectangle stands for one o f the above-defined 

load conditions, its height Ms„,,- (Ms^s,,- and Ms„h,i refer to 

sagging and hogging) stands for the intensity o f S W B M under 

the (th load condition, its width Ar,- ( A T / I , and Ar,-^s refer to 

hogging and sagging durations) stands fo r the duration o f the 

coiTesponding load condition, while ti is the renewal instant of 

load conditions. 

N o w , the probabil is t ic d is t r ibut ion o f M^^j has to 

be deteriTuned. According to the above analysis, /kfsw,; is 

the maximum S W B M in the ith load condition. Owing to the 
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4 ^ . , . ( 0 

Hog 

'Z+l 

Sag 

F ig . 2. M o d e l l i n g short-terai S W B M var iabi l i ty . 

non-stationarity of the stochastic load process, the probabilistic 

distributions of al l the Ms„,,- s are different. In particular, the 

coiTelation of different Ms„,,- values is diff icul t to describe and 

determine. Therefore, some assumptions have to be made. 

In the design stage, the statistical distribution of SWBMs, 

based on all the design load conditions, can be obtained. In this 

analysis, the design load conditions are a series of critical load 

conditions, so the acquired distribution can be assumed as the 

distiibution o f the maximum S W B M in one load condition. I n 

addition, the statistical analysis is performed based on all the 

critical load conditions, so the time variation of SWBMs under 

different load conditions is ignored. To some extent, i t is 

reasonable to assume Mjw,,- to be independent and identically 

distributed random vaiiables Ms„ . 

Based on the above model, the continuous and non-

stationary stochastic process in one loading-offloading cycle 

has been s impl i f ied, as an independent and identical ly 

distributed stochastic sequence, which fol lows Poisson law, 

to update. W i t h such a short-term time variant model, i t is very 

convenient to predict the maximum S W B M i n one loading-

offloading cycle. 

Accord ing to the Poisson model , the condi t ional 

d is t r ibudon f u n c d o n of the extreme value o f hogging 

S W B M s FM„,|,sT('"l'^h = 4 ) i n the deterministic hogging 

duration can be determined as fol lows: 

(m)exp<^ -
ck 

£[AT,-,h] 
1 

(5) 

Here, F^^^^^im) is the distiibution function of M^wh and £[AT;,_h] 

is the mean value of the duration AT,_h o f one hogging load 

condition. Considering the randomness of r^, the unconditional 

distiibution function F^ Jm) is 

F. •P'M„,fc('")exp 
£[Ar,- , 

(6) 

where/^i^(f) is the density funct ion of r^. For prediction o f 

extreme values of higher levels, F^^^^^im) approaches 1 and can 

be ignored. I n addition, i f we assume that TJ , fo l lows the 

exponential distiibution, then, Eq. (6) reduces to 

l + " h [ l - - f M ™ , , ( " j ) 
(7) 

where nh = £'[Th]/£[AT,,h]. 

W i t h Eq. (7), the hogging or sagging extreme value i n one 

loading cycle can be estimated. Substituting the values into 

Eqs. (3) and (4), the statistical extreme values of the S W B M for 

any FPSO in reference time T can be predicted. 

2.4. The parent distribution 

The parent distribution o f S W B M should ideally be 

constructed f r o m actual operational data. However, at the 

design stage, only data on assumed load conditions are 

available; therefore, statistical analysis needs to be performed 

on the design data. 

Based on 453 actual still-water load conditions, Moan and 

Jiao [12] and Wang and Moan [13] showed that the statistical 

distiibution functions of hogging and sagging SWBMs for 

FPSO Petrojarl I were wel l fitted by exponential and Rayleigh 

distiibutions, respectively. To cover these and other conditions, 

a two-parameter Weibul l disti ibution was adopted to model the 

variation of the S W B M 

^M„,„('") = 1 - exp 
jm\b 

\a 
(8) 

where the scale parameter a and shape parameter b were 

determined f r o m the mean value and standard deviation, 

respectively, of the design data of S W B M fo r the relevant 

FPSO. 

The distribution in Eq. (8) implies an M^w we l l above the 

maximum allowable value o f SWBMs. B y recognizing that on

board control of the S W B M w i l l be exercised, i t is reasonable 

to truncate the Weibu l l distiibution funct ion at the maximum 

allowable value m^ of S W B M . On the other hand, various 

abnormal operations and exceptional situations may result i n 

an that exceeds the allowable design value. Guedes Soares 

[18] introduced a truncated factor to decrease the probability of 



132 W. Huang, T. Moan/Applied Ocean Research 27 (2005) 127-141 

exceeding tiie maximum allowable S W B M 

(9) 

where is the trancated factor, which is a measure of the 

efficiency o f existing on-board controls. Where there is no 

control, TR is equal to 1 and the in i t ia l Weibul l distribution is 

unchanged. For peifect control, TR is zero and there is an exact 

tmncated distribution in which the maximum allowable value 

is never exceeded. When TR takes a value between 0 and 1, i t 

implies a partially control situation and the ini t ial distribution 

has to be modified to satisfy the probability axiom. 

For values smaller than the allowable value m^, the modified 

probabihty density function / ^ „ „ W is related to the init ial 

Weibu l l density function/j ,^ (x) by 

where the coixect factor is given by 

_ l - r R [ l - f M . , , o ( m d ) ] 

^M„,„('nd) 

(10) 

(11) 

Values exceeding the allowable l imi t are described by the 

upper tail o f another Weibul l density function/y,^^^^^(nz). For this 

new Weibul l distribution F^^^^^^im), the probability of exceed

ing the allowable l imi t should be as fol lows: 

1-F, M „ „ ( " M ) = 7'R[1- "'^Hw,o('"d)] (12) 

Moreover, at the optimal operational control fo r S W B M , the 

probabilistic density functions of the Weibul l trail distribution 

and the truncated distribution ai-e assumed to be equal to each 

other at that is 

(13) 

Based on Eqs. (12) and (13), the two parameters o f the new 

Weibul l distribution function can be determined. 

Af te r the above modifications, the probabilistic density and 

cumulative distribution functions o f S W B M , depending on the 

extent of undertaken still-water load control, are as fol lows 

/ M „ , ( ' " ) = < 

and 

TpFM^^^.,(m) Q<m<mi 

^M„„('«) m>mi 

(14) 

(15) 

Based on design sagging data for FPSO Petrojarl I , the 

probabilistic density and cumulative distribution functions of 

S W B M are displayed in Figs. 3 and 4, respectively. 

I t is obvious that, wi th closer operational control o f S W B M , 

values exceeding the allowable value are closer to m^. In 

addition, there is little deviation among the mean values and 

standard deviations o f S W B M for different truncation factors. 

X 10-3 

200 400 600 800 1000 1200 1400 1600 1800 

S W B M ( M N . m ) 

F ig . 3. S V i ' B M density fiinction f o r FPSO Petrojarl I . 

3. Vertical wave-induced bending moment 
( V W B M ) model 

In a long-term framework, wave elevation is a non-

stationary process that is modelled by taking wave elevation 

as a sequence of discrete short periods o f stationary Gaussian 

waves, which are characterised by parameters, such as 

significant wave height and average period. 

Short-term V W B M corresponds to a steady (random) sea 

state, which is considered stationary, wi th a duration of several 

hours. Long-term statistics are derived by using the total 

probability theorem for all short-term sea states over the 

relevant long-term scatter diagram. 

Long-term V W B M is then modelled as a Poisson square-

wave process (Fig. 5). The peak of each individual V W B M , 

is consequently approximated by the fo l lowing two-

parameter Weibul l distribution 

•^M^O") = 1 - exp 
m 

(16) 

where g and q are the scale and shape parameters, respectively. 

In the case of non-linear load effects, both parameters in Eq. 

(16) may be different for hogging and sagging V W B M . Here, 

800 900 1000 1100 1200 

S W B M ( M N . m ) 

1300 1400 

F ig . 4 . Upper part o f t l ie S W B M dis t i ibu t ion func t ion fo r FPSO Petrojarl I . 
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Tfl T rn J Tl 
Fig . 5. L o n g - t e m i V W B M var iabi l i ty (sagging or hogging) . 

the non-linear difference between hogging and sagging 

V W B M is taken into account by assuming the traditional 

regulation values o f V W B M to be the characteristic extreme 

value over 20 years. The corresponding uncertainty is 

evaluated f rom direct calculation by the D n V standard code, 

Nauticus [19]. 

Even i f actual values used for FPSOs are determined by 

direct analysis, i t is convenient to use lACS ni le values [20] for 

hull girder moments as a reference value 

A^w,Rs(-) = -0 .11CiL^f i (Cb + 0.7) (IcN m) 

sagging moment 

Mw,Rh(+) = 0.l9CiL^BC^, (IcN m) 

hogging moment 

(17) 

(18) 

where L and B are i n metres, should not be smaller than 0.6, 

and Cl depends on the vessel length L 

1 0 . 7 5 - ( 3 - 0 . 0 1 L ) i - 5 

: i = <j 10.75 

10 .75-(0 .0067L-2.33)^-^ 

9 0 < L < 3 5 0 

3 0 0 < L < 3 5 0 (19) 

350 < L 

In addition, independence between individual peaks is 

assumed due to the long-term statistical average characteristic 

of the statistical distribution of M „ . 

W i t h the Poisson model, the distribution of extreme values 

for wave-induced bending moments in reference period T can 

be determined as fol lows: 

^exp{-p,,T[l-F!,!jm)]} 

M,{t) 

(20) 

The mean number of upcrossing a level of m i n reference 

peiiod T is 

N , M , T ) = v,,m - F M , „ ( / « ) ] (21) 

where v^,, is the mean occurrence rate of peak values for 

V W B M s , which can be determined by long-term statistical 

analysis of V W B M s . Based on Eqs. (16), (20) and (21), al l the 

characteristic extreme values of the V W B M s can be predicted. 

4. Combined extreme values of S W B M and V W B M 

The load combination method is based on load inodels and 

the coiTelation between loads. It seems that the assumption of 

independence between still-water and wave-induced bending 

moments at least for trading vessels may be adequate [11,13]. 

No information about coiTelation is available for FPSOs as yet. 

Hence, independence between the S W B M and V W B M is 

assumed. 

The combination of hul l ghder bending moments needs to 

be achieved separately for hogging and sagging, as shown in 

Fig. 6. For example, the main contribution to hogging moments 

occurs i n period Th. However, there is a possibility that the 

hogging moments occur in period i f the hogging contribution 

f r o m wave load is large. Nevertheless, the probability is very 

small, so, i n the context of engineering application, the second 

contribution is ignored. 

In the deterministic hogging duration Th = di,, according to 

Poisson model i n Section 3 (Eq. (20)), the conditional 

distribution FM,^^^Jijn\r^ = d^^ of the maximum V W B M M„_^h 

can be deteimined as fol lows 

^A./„,„('nkh = 4 ) = F M „ ^ ( ; « ) e x p { - i . , , 4 [ l - F M „ , , ( ' " ) ] } (22) 

where F^^^^iin) is the distribution funct ion o f the long-term 

hogging peak values M^.h fo r wave-induced vertical bending 

moments. 

F i g . 6. M o d e l o f combined S W B M and V W B M . 
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Based on the assumption of independence between the 

S W B M and V W B M , the unconditional distribution F;if^„,„,|,('«) 

of the combined maximum hogging bending moment Mgwwh 

for hogging duration Th can be determined as fol lows 

FswwhC'") = •P[Ms„wh < ' " ] 

= ^[A^swwh < ' " k h = t]P[Ty, = t] 

= F[M3„h ST < m k h = r]P[rh = ?] 

different operational control for S W B M , are shown i n Fig. 7-

The rational variation of the combined parent distribution 

functions wi th the tmncation factors can be clearly seen. 

= •P[Mswh,ST < '» -3'lMw,Th = J H Th = ?]F[M„,,h = 3'kh = t]P[Ti, = t] 

CO CO 

dy 

0 0 

^swh,ST( '"-} ' |Mw,,h = y n Th = f)/M„,,,„Ö'kh = 0/r,(Od/ 

i 'Th^'M,„,„( '"-}')/M„,„ÖO 

(23) 

f A r h [ l - F M ^ J m - y ) ] + z . , , [ l - F ^ J y ) ] + f ,h {i'Axh[l " ^ M , „ , ( ' « - } ' ) ] + ' ' w [ l - F M , . , M + ^rh}^ 

- + 
VThTv,pM^Jy)fM,,.Sm-y) 

•d3' 

where the density function/^^^^i ^ ' l r h = 0 of the maximum 

V W B M i n the deterministic hogging duration rh = <ih can be 

determined f r o m Eq. (22), and Th is s t i l l assumed to fo l l ow an 

exponential dis tr ibut ion as before: f^^h = l /F[AT,-_h] and 

VTI, = i/E[T,,]. Mswwh, A^swh.sT and M^^.^h are, respectively, 

combined, still-water and wave-induced maximum hogging 

bending moments fo r hogging duration Th. Fwh.sT ( ) is the 

distribution function of Mg^h.sT and F M „ , I , ( ) is the parent 

distribution funct ion o f the hogging S W B M Mswh' Correspond

ingly, /M, ,J , ( ) is the probabihstic density funct ion o f the long-

term hogging peak values M^.h of V W B M . 

Eq. (23) is equivalent to the parent distribution of the 

combined bending moment, i n which the information on 

uncertainty and time variability of S W B M and V W B M is 

incorporated satisfactorily. Numerical analysis in Section 5 

shows that the Eq. (23) is a very robust solution. 

For FPSO Petrojarl I , based on design sagging data, the 

equivalent combined parent distribution functions, w i t h 

2400 2600 2800 3000 3200 3400 

Combined bending moment ( M N . m ) 

F i g . 7. Upper p a i l o f equivalent combined parent d is t r ibut ion func t ion . 

I f the maximum combined hogging bending moment i n one 

loading-offloading cycle is taken as Ms„„h. the distribution 

funct ion Fi^f^^_^^^{m) of the combined extreme bending moment 

A^cmax, T in rct^erencc peilod Tcan be obtained analogous to Eq. 

(3) as fo l lows 

FM,, ^(m) = exp{-j 'cyr[ l-FM„,.„ ,„ ("!)]} (24) 

Also, the mean number o f upcrossing some l e v e l o f the 

combined load process can be determined as fol lows: 

N,{m,T) = p,yT[l-FM_,Xw)] (25) 

Based on Eqs. (23)-(25), all types o f the characteristic 

extreme values for the combined load process can be predicted. 

5. Numer i ca l analysis 

In the fo l lowing numerical analysis, three different and one 

general FPSOs are considered. The necessary in i t ia l data are 

summarized in Table 2, which are based on Refs. [1,12,17]. 

Here, L , B and C B are length, breadth and block coefficient 

o f the FPSOs under consideration, fis^j and a^w are the mean 

value and standard deviation o f S W B M , which have been 

normalized wi th respect to the rule reference value. H and S 

stand for respectively, hogging and sagging conditions; i?[Tcy] 

is the mean duration of one typical loading-offloading cycle, ps 

and Ph are the probabilities i n sagging and hogging conditions 

of one FPSO. ;»d is the allowable value, which is also 

normalized wi th respect to the rule reference value. For FPSO 

Petrojarl I , the rule reference sagging moment, according to 

the D n V Rule [12], is l l O O M N m . For comparison, the 

hogging S W B M is also normalized by i t , although the rule 

hogging moment exists. Siirularly, for FPSO A and B , the 

bending moments are normalized by the rule hogging moment 
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Table 2 

S W B M paiaineters fo r three typ ica l FPSOs 

FPSO L ( m ) B ( m ) C B E[T,y] (days) PsiPh) " id 

Petrojarl 194.2 32 0.82 48.2(S) 21.8(S) 4 0.75(0.25) 79.2(S) 

Design NS 36 .6(H) 19.2(H) 72.6(H) 

Petrojarl 194.2 32 0.82 29.7(S) 16.8(S) 4 0.75(0.25) 79.2(S) 

A c t u a l NS 12.9(H) 11.8(H) 72.6(H) 

FPSO A 278 45 0.85 12.7(S) 9.5(S) 4 1/6(5/6) 60 (S) 

Design NS 29 .7(H) 22.4(H) 75.5(H) 

FPSO B 280 54 0.83 31.1(S) 18.6(S) 28 3/8 (5/8) 73 (S) 

Design W A 40 .1 (H) 22.5(H) 87 ( H ) 

NS, N o r t h Sea; W A , West A f r i c a . 

of Eq. (1), because the hogging condition is dominated. The 

reference data for the three FPSOs are all based on design load 

conditions. 

As can be seen for FPSO Petrojarl I (Table 2), based on 

design load conditions, the S W B M data have larger mean 

values and standard deviations, but smaller coefficients of 

variation, compared to actual operational load conditions. 

Environmental parameters f o r two typical operating 

locations fo r FPSOs are given in Table 3. Data i n the second 

row of Table 3 is based on R e f [12]; the remaining data is 

based on D n V standard code Nauticus [19]. /c is the ratio of the 

characteristic value over 20 years and the rule reference value 

of V W B M f r o m Eqs. (17)-(19); q is the Weibul l shape 

parameter and is the mean long-term peak values of 

V W B M . 

5.1. Predicted extreme values of SWBM 

For FPSO Petrojarl I , operational data of S W B M are 

available. Therefore, based on the data for Petrojarl I i n 

Table 2, the extreme sagging values of S W B M are ini t ia l ly 

predicted to evaluate the developed model f o r S W B M 

(Table 4). 

For the four different truncation models, all the predicted 

extreme values increase, as expected, w i th the design period. 

For extreme values w i th the same retum period, e.g. 20 years, 

they decrease, as expected, wi th the decrease i n tiamcation 

factors. The sensitivity of the predicted extreme values to the 

number of load conditions also decreases wi th the decrease in 

truncation factors. 

For the ini t ia l parent distribution for S W B M , predicted 

extreme values, based on design data, are larger than those 

based on actual operational data. For f u l l y and partially 

truncated models, regardless of the design or operational data 

applied, predicted extreme values are very close. This means 

that, fo r the ini t ia l parent distribution, predicted extreme values 

are dominated by the uncertainty o f S W B M , while for the f u l l y 

truncated models, they are dominated by the operational 

control of S W B M . 

The results obtained by Wang and Moan [13] (Table 4, i n 

italic) are smaller than those of the developed model, but are 

very close to the extreme values based on operational data by 

the developed model. The reason is that the model of S W B M 

by Wang and Moan [13] is also based on operational data. 

The slight difference between them is due to the different 

S W B M model and the different method of predicting 

extreme values. 

5.2. Combined extreme values and combination factors 

The purpose of load combination analysis is to deteiTnine 

the factors which can be apphed to the secondary loadings, 

compared to the primary loadings, i n the context of the level 1 

or 2 method of structural reliabili ty. I f Ms„,r and Ms„,r are, 

respectively, defined as the characteristic values of S W B M and 

V W B M in reference time T, the combined characteristic 

extreme value M^j can be expressed in the fo l lowing formats 

A ^ c , r = M „ , r + >/'swMsw,r or M , , T ~ M ^ ^ ^ j - + <//„M„,j- (26) 

where i//̂ v and t/Zŝ  are factors between 0 and 1. In Eq. (26), 

there are two kinds of expressions. The expression adopted is 

dependent on which individual load process is dominant. 

Obviously, load combination factors w i l l depend on the return 

periods of characteristic extreme values for combined and 

individual loads. Generally, load combination factors decrease 

wi th increasing design l i fet ime, because the probability of 

simultaneous occurrence of individual extreme load values 

decreases wi th time. 

When load combination factors, based on the characteristic 

extreme values i n reference period T, have been determined, 

the extreme value of the combined load process in reference 

period T can be approximated as 

Mo max,r ~ max.r + '/'sw^^sw max,!" (27) 

where max.r, /̂ ^wmax.T- and Ms„max,r are the extreme values of 

the combined, wave-induced and still-water load effects i n 

reference peiiod T, respectively, and are random vaiiables. 

Eq. (27) is a very convenient formula, used in reliabili ty 

analysis. I t implies that the in i t ia l time variant problem, i n 

Table 3 

Long- t e rm V W B M parameters f o r three typ i ca l locations 

Loca t ion A:=M„,2o /M„ .„ , e° 

N o r t h Sea (harsh) 1.1233 1.0 6.29 

Petrojarl I 

Nor th Sea (harsh) 1.1 1.0 10 

West A f r i c a (benign) 0.3 0.8 8 

" Mw,a,ie g iven by E q . (17) or (18) . 
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Table 4 

Extreme S W B M values fo r FPSO Petrojarl I 

/ I ^ S W . T C M N m ) \ T (years) 

Design data Operational data 

I 20 50 100 1 20 50 100 

Initial parent distribution (Tr=1.0) 

£ [ A r , ] = 1 h 1508 

£[A .T , ] = 1 day 1246 

£ : [ A T , ] = 4 d a y s 1104 

(1 cycle) 

Truncated distribution (Tr=0.5) 

£ [ A T , ] = l h 1143 

£:[Ar , ] = l d a y 1016 

£ [ A r , . ] = 4 d a y s 944 

(1 cycle) 

Partial truncated distribution (Ti = 0.25) 

£ [ A r , ] = l h 993 

£[Ar , - ] = l d a y 926 

£ : [ A r , ] = 4 d a y s 886 

(1 cycle) 

Partial truncated distribution (Tr = OJJ 

£ [ A T , ] = 1 I I 914 

£ [ A r , ] = 1 day 883 

£ [ A r , ] = 4 d a y s 863 

(1 cycle) 

Partial truncated distribution (TT=0.0) 

£ [ A T , ] = 1 I I 871 

e[Ar,] = l d a y 866 

£ [ A r , ] = 4 d a y s 850 

( I cycle) 

1710 

1496 

1388 

1234 

1137 

1086 

1040 

990 

963 

935 

913 

900 

872 

871 

871 

1765 

1562 

1461 

1258 

1167 

1120 

1052 

1006 

981 

940 

920 

909 

872 

871 

871 

1805 

1609 

1512 

1276 

1189 

1144 

1061 

1017 

994 

944 

925 

914 

872 

871 

871 

1204 

942 (896)' 

807 

1005 

874 

782 

925 

852 

772 

840 

766 

870 

833 

762 

1413 

1191 (7iOO)° 

1082 

1101 

999 

946 

974 

922 

894 

907 

885 

872 

871 

869 

863 

1472 

1258 (1155)' 

1155 

1127 

1031 

982 

986 

938 

913 

912 

892 

881 

871 

871 

868 

1515 

1307 (1195)' 

1208 

1146 

1053 

1007 

996 

950 

926 

916 

897 

886 

871 
871 
870 

" Data f r o m W a n g and M o a n (1996) [13] , 

which loads are stochastic processes, can be reduced to a time 

invariant process, in which loads are random variables that are 

easily deah wi th . Moreover, the explicit formula, i n term of 

both load effects M„^^^j andM^,,, max,T> al lows model 

uncertainty to be readily incorporated in the rel iabil ity formula. 

In reliabili ty analysis of marine stractures, annual extreme 

values are of interest. Eq. (27) implies the fo l lowing mean 

values and standard deviations fo r annual extreme values o f the 

combined load effects 

Mc, annual ~ Mw, annual annua! 
(28) 

and 

"̂ c, annual ~ "̂ w, annual ~^ V's "̂ sw, annual (29) 

where Mcannuai, A v̂,annuai and Msw.annual are mcau annual extreme 

values of combined, wave-induced and still-water load effects 

respectively; cTcannuab ö'w,annuai aud as^v,annul,l are the coiTe

sponding standard deviations. I n Section 5.3, it wiU be shown 

that Eq. (27) gives an accurate representation of the extremes, 

i.e. Eqs. (28) and (29) give an accurate estimate of the trae 

Mc.annuai and (7c,annuai of the Combined load processes. 

5.3. Numerical analysis for combined extreme values 

5.3.1. Case study 1: Petrojarl I 

Based on the methods outlined in Sections 2-4 and data i n 

Tables 2 and 3, the predicted characteristic extreme values and 

load combination factors were obtained for FPSO Petrojarl I , 

and are shown in Tables 5 and 6. 

A l l predicted combined extreme values increase, as 

expected, with the service period. Similar to the extreme 

values for S W B M , the combined extreme values, based on the 

different truncation models, decrease wi th the decrease in 

truncation factors. However, load combination factors gener

ally increase wi th a decrease in truncation factor. 

The load combination factors of V W B M are larger than 

those for S W B M ; the reason being that wave-induced load is 

generally larger than still-water load in the harsh conditions. 

However, load combination factors for S W B M are of primary 

interest i n this case. 

Load combination factors, based on the ini t ial and partially 

truncated models, decrease, as expected, wi th increasing 

design period, which agrees wel l wi th the general conclusion 

of extreme analysis. However, the load combination factors of 

S W B M , based on the f u l l y truncated model, are nearly constant 

wi th varying service period, and are larger than those based on 

ini t ia l and partially truncated models. This fact can be 

explained as fol lows. 

When the truncated model is adopted, extreme S W B M 

values are practically constant; the increase in combined 

extreme values wi th design period is primari ly caused by the 

increase in exti-eme V W B M values. Hence, the differences 

between the combined and V W B M extreme values remain 

nearly the same and the load combination factors of S W B M 
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Table 5 

Extreme values and combinat ion factors fo r Petroja i l I 1 (1) E\t^T{\ = 1 day 

T (years) 

Sagging H o g g i n g 

1 20 50 100 1 20 50 100 

Tlie initial distribution (lr=1.0) 

M s u . , T ( M N m ) 1246 1496 1562 1609 967 1250 1325 1378 

M w , r ( M N m ) 1834 2190 2299 2381 709 2041 2142 2219 

Mc, r ( M N m ) 2800 ( 2 3 6 4 ) ° 3190 (2720)° 3300 (2829 ) ° 3380 (2911 ) ° 2310 (2112 ) ° 2680 (2444)° 2790 (2545 ) ° 2870 (2622)° 

0.78 0.67 0.64 0.62 0.62 0.51 0.49 0.47 

0.85 0.77 0.76 0.74 0.79 0.70 0.68 0.67 

Partial truncated distribution (Tr = 0.5) 

M s „ , r ( M N m ) 1016 1137 1167 1189 843 983 1017 1042 

M „ , r ( M N m ) 1834 2190 2299 2381 1709 2041 2142 2219 

Mc,7- ( M N m) 2640 3000 3110 3190 2210 2550 2650 2730 

0.79 0.71 0.69 0.68 0.59 0.52 0.50 0.49 

0.89 0.85 0.85 0.84 0.80 0.77 0.76 0.76 

Partial truncated distribution ( T r ^ 0.1) 

M , „ , r ( M N m ) 883 913 920 925 782 822 830 835 

M „ , r ( M N m ) 1834 2190 2299 2381 1709 2041 2142 2219 

Afc,r ( M N m ) 2570 2930 3040 3120 2170 2500 2610 2680 

0.83 0.81 0.81 0.80 0.59 0.56 0.56 0.55 

0.92 0.92 0.92 0.92 0.81 0.82 0.83 0.83 

Truncated distribution (TT=0.0) 

jWsw.r ( M N m) 866 871 872 872 772 798 799 799 

Af,v,r ( M N m ) 1834 2190 2299 2381 1709 2041 2142 2219 

M c r ( M N m ) 2560 (2318 ) ° 2920 (2674 ) ° 3030 ( 2 7 8 3 ) ° 3110 (2865 ) ° 2160 (2128 ) ° 2500 (2460)" 2600 (2561 ) ° 2680 (2638 ) ° 

l/'sw 0.84 0.84 0.84 0.84 0.58 0.58 0.57 0.58 

0.92 0.94 0.94 0.94 0.81 0.83 0.84 0.85 

Numbers i n italics are the relevant numbers. 

° B y Turkstra 's rule . 

remain practically constant. Secondly, wi th increasing design 

peiiod, extreme S W B M values have reached the maximum 

allowable level and the maxuna of S W B M and V W B M w i l l 

occur simultaneously wi th a higher probability. Hence, larger 

combination factors are obtained. 

B y comparing Tables 5 and 6, i t can be seen that t/^sw shghtly 

increases when £ [ A T , ] is made smaller, i.e. the number of load 

conditions increases. 

For Petrojarl I , which operates in the North Sea, the 

combined load is dominated by V W B M , which should be taken 

as the primary load effect. Correspondingly, S W B M should be 

taken as the secondary load effect. Therefore, the combination 

factors for S W B M are of interest. Furthermore, because 

Petrojar l I ma in ly operate i n sagging condit ions, the 

combination factors for sagging S W B M are relevant. These 

factors are indicated by italics in Tables 5 and 6. Table 5 also 

shows the combined extreme values obtained by Tuikstra's 

rule. I t is apparent that the extreme values are underestimated 

by Turkstra's rule. 

I n reliabihty analysis, annual extreme values and their 

uncertainty are also pertinent. Table 7 shows the means and 

standard deviations o f annual extreme values for combined and 

individual loadings i n italics. As expected, they decrease wi th 

decreasing truncation factors. In addition, based on Eqs. (28) 

and (29) and the acquired annual load combination factors of 

S W B M (shown in itahcs i n Tables 5 and 6), the estimated 

means and standard deviations of annual extreme values are 

given i n Table 7. I t is evident that the approximate results are 

very close to those based on exact combination analysis. This 

imphes that the predicted load combination factors can be 

applied in combining the annual maximum f o r S W B M and 

V W B M i n the failure function for reliabihty analysis. 

5.3.2. Case study 2: FPSO A 

Table 8 shows load combination factors for FPSO A 

operating in the North Sea. I t is interesting to note that, when 

the operational control effect is neglected, the predicted 

hogging S W B M and V W B M extreme values are close. 

Hence, the corresponding combination factors are neaiiy 

equal. When the operational control effect is taken into 

account, the extreme values o f hogging S W B M obviously 

decrease wi th decreasing truncation factors, and the coiTe

sponding load combination factors are different. Unlike FPSO 

Petrojarl I , which mostly operates in sagging conditions, FPSO 

A operates in hogging conditions. Hence, the extreme values of 

sagging S W B M are very small and much smaller than the 

corresponding H?d, and the t runcat ion does not affect 

the extreme values of sagging S W B M . For this reason, the 

combination factors of sagging S W B M are very small and do 

not vary wi th different operational control o f S W B M . Since 

wave loads are dominant, the relevant combination factors are 

those for hogging S W B M , which are shown i n Table 8 (in 
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Table 6 

Extreme values and combinat ion factors fo r Petrojai'11 1 (2) £ [ A T i ] = 3 h 

T (years) 

Sagging Hogg ing 

1 20 50 100 1 20 50 100 

Tlie initial distribution (Ti--= 7.o; 
M , „ , r ( M N m ) 1425 1640 1698 1741 1170 1413 148 1528 
M w , r ( M N m ) 1834 2190 2299 2381 1709 2041 2142 2219 
Afe,7- ( M N m ) 3000 3370 3480 3560 2500 2850 2960 3040 

0.82 0.72 0.70 0.68 0.68 0.57 0.55 0.54 
0.86 0.79 0.78 0.76 0.78 0.70 0.69 0.68 

Partial truncated distribution (Tr = 0.5) 

M 3 „ , r ( M N m ) 1103 1203 1229 1247 945 1057 1087 1108 
M„, , r ( M N m ) 1834 2190 2299 2381 1709 2041 2142 2219 
M c , 7 - ( M N m ) 2760 3120 3230 3310 2340 2680 2780 2860 

0.84 0.77 0.76 0.74 0.67 0.60 0.59 0 5 8 
0.90 0.88 0.87 0.87 0.82 0.80 0.79 0.79 

Partial truncated distribution (lr-= 0.1) 

M,,„j ( M N m ) 905 928 934 938 813 839 845 850 
A f „ , r ( M N m ) 1834 2190 2299 2381 1709 2041 2142 2219 
M , , r ( M N m ) 2660 3010 3120 3200 2280 2610 2710 2790 

0.91 0.88 0.88 0.87 0.70 0.68 0.67 0.67 
0.96 0.95 0.95 0.95 0.86 0.87 0.87 0.87 

Truncated distribution ( T r = -0.0) 

i W s w , r ( M N m ) 871 872 872 872 795 799 799 799 
M „ , T ( M N ra) 1834 2190 2299 •2381 1709 2041 2142 2219 
A f c . r C M N m ) 2640 3000 3110 3190 2270 2600 2700 2780 

0 . 9 i 0.93 0.93 0.93 0.71 0.70 0.70 0.70 

•Aw 0.96 0.97 0.97 0.97 0.86 0.88 0 8 9 0.89 

Numbers i n i talics are the relevant numbers. 

italics) and exhibit the same variation in truncation factors as 

FPSO Perojarl I . 

5.3.3. Case study 3: FPSO B 

Tables 9 and 10 show analogous results for FPSO B 

operating i n West Af r ica . For FPSOs in benign waters, s t i l l -

water load is dominant and the combination factor of 

V W B M is the most significant. I t can be seen that •̂ .̂̂  is large, 

although the extreme values of V W B M are small. The reason 

being that wave-induced load is a rapid time-variant process 

and its maxima meet the maxima of S W B M with a greater 

probability, resulting i n higher combination factors. Therefore, 

combination factors are not only dependent on the relative 

Table 7 

magnitude of individual loads but also on their time vaiiation. 

Because FPSO B mainly operates in hogging conditions, the 

most important combination factors are those for hogging 

V W B M , as shown in Tables 9 and 10 (in italics). The 

difference between Tables 9 and 10 is due to the different shape 

parameters for Weibul l distribution of the long-term V W B M 

peak values. Evidently, combination factors are not sensitive to 

larger shape parameters. 

5.3.4. Case study 4: sensitivity analysis for a generic FPSO 

The effect o f different relative S W B M and V W B M 

magnitudes on load combination factors is evaluated as 

shown in Table 11. Here, their relative magnitude is defined 

M e a n and standard deviat ion o f annual extreme values f o r Petrojarl I 

I n i t i a l T r = 1 . 0 Tr=a5 Tr = 0.1 T r = 0.0 

Mannul '^uniiLial A'annul Mannul '^annual Maiinul •^annual 

E[Ar,] = l day 

S W B M ( M N m) 1293 111 1038 54 888 14 866 6 
V W B M ( M N m) 1902 152 1902 152 1902 152 1902 152 
Combined ( M N m) 2871 168 2706 156 2636 155 2625 155 
Eqs. (28) and (29) 2911 175 2722 158 2639 152 2629 152 

E[ATJ=31I 

S W B M ( M N m ) 1466 94 1122 44 909 10 870 1 
V W B M ( M N m) 1902 152 1902 152 1902 152 1902 152 
Combined ( M N m ) 3064 162 2828 155 2719 154 2704 154 
Eqs. (28) and (29) 3104 170 2845 156 2729 152 2711 152 

Numbers i n italics are the relevant numbers. 
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Table 8 

Combina t ion factors fo r FPSO A i n harsh conditions £ [ A r j ] = 1 day 

T (years) 

I n i t i a l T r = 0 . 5 T r = 0 , l T r = 0 . 0 

1 20 100 1 20 100 1 20 100 1 20 too 

Sagging conditions 

V'.™ 0.20 

0.78 

0.16 

0.71 

0.14 

0.68 

0.20 

0.78 

0.15 

0.72 

0 1 4 

0.71 

0.19 

0.78 

0 1 5 

0.72 

0.14 

0.73 

0.19 

0.78 

0.14 

0.72 

0.14 

0.73 

Hogging conditions 

•/-sw 0.79 

^p„ 0.82 

0.70 

0.69 

0.66 

0.64 

0.77 

0.85 

0.66 

0.77 

0.61 

0.74 

0.79 

0.88 

0.76 

0.88 

0.74 

0.88 

0.79 

0.88 

0.78 

0.90 

0.79 

0 9 1 

Numbers i n italics are the relevant numbers. 

Table 9 

Combinat ion factors fo r FPSO B i n benign conditions (1) li = 0.8, £;[Ar(] = :1 day 

T (years) 

I n i t i a l T r = 0 . 5 T r = a i Tr = 0.0 

1 20 100 1 20 100 1 20 100 1 20 100 

Sagging conditions 

0.93 

\t '„ 0.84 

0.87 

0.68 

0.84 

0.61 

0.92 

0.83 

0.85 

0.70 

0.81 

0.64 

0.91 

0.82 

0.87 

0.79 

0.85 

0.78 

0.90 

0.81 

0.88 

0.81 

0.88 

0.82 

Hogging conditions 

lAsw 0.96 

^„ 0.87 

0.91 

0.70 

0.89 

0.63 

0.95 

0.86 

0.89 

0.72 

0.86 

0.67 

0.95 

0.86 

0.92 

0.83 

0.90 

0.82 

0.94 

0.86 

0.93 

0.87 

0.93 

0.88 

Numbers i n italics are the relevant numbers. 

Table 10 

Combina t ion factors f o r FPSO B i n benign conditions (2) /; = 1.332, £ [ A T ; ] = 1 day 

T (years) 

In i t i a l T r = a 5 T r = 0 . 1 Tr = 0.0 

1 20 100 1 20 100 1 20 100 1 20 100 

Sagging conditions 

•Asw 0.95 

<j/„ 0.90 

0.91 

0.79 

0.90 

0.74 

0.94 

0.89 

0 8 9 

0.79 

0.87 

0.75 

0.93 

0.88 

0.91 

0.85 

0.89 

0.83 

0.93 

0.87 

0.91 

0.86 

0.91 

0.87 

Hogging conditions 

-/-sw 0.97 

0.92 

0.94 

0.80 

0.93 

0.75 

0.97 

0.91 

0.93 

0.81 

0.91 

0.76 

0.96 

0.91 

0.94 

0.87 

0.92 

0.85 

0.96 

0.91 

0.95 

0.90 

0.95 

0.97 

Numbers i n italics are the relevant numbers. 

Table 11 

Sensi t ivi ty analysis f o r a general FPSO 

1 year 20 years 100 yeai-s 

Initial 

c 

Tr=0.5 

7-)-=0.7 

Tr=0. 

'/'sw 

distribution (Tr 

0.5 

0.94 

0.76 

0.93 

0.79 

0.94 

0.86 

0.97 

0.93 

-1.0) 

0 

2.5 

0.82 

0.84 

0.83 

0.89 

0.90 

0.95 

0.93 

0.97 

5.0 

0.74 

0.89 

0.77 

0.93 

0.85 

0.96 

0.87 

0.97 

05 
0.91 

0.64 

0.89 

0.68 

0.93 

0.84 

0.97 

0.94 

2.5 

077 
0.76 

0 7 Ö 

0.86 

0.88 

0.95 

0.92 

0.97 

5.0 

0.64 

0.85 

0.77 

0.92 

0.83 

0.96 

0.88 

0.98 

0.5 

0.91 

0.67 

0.88 

0.65 

0.92 

0.83 

0.98 

0.96 

2.5 

0.67 

0.73 

0.73 

0.85 

tt S7 

0.95 

0.93 

0.97 

5.0 

0.60 

0.83 

0.68 

0.91 

0.83 

0.97 

0.88 

0.98 

The numbers i n italics are the relevant numbers. 



140 W. Huang, T. Moan / Applied Ocean Researcii 27(2005) 127-141 

by ratio c o f extreme V W B M values over 20 years and the 

allowable S W B M value. The aUowable S W B M value is 

assumed to be 100 units, while the mean and standard deviation 

of S W B M are 60 and 30 units, respectively. The mean duration 

of a load condition and the loading-offloading cycle are 3 h and 

4 days, respectively. The probability of sagging or hogging is 

assumed to be 0.75. The shape parameter and long-term peak 

V W B M value are 1.0 and 10 s, respectively. 

I n general, with variations i n relative magnitudes for individual 

loads, load combination factors for S W B M and V W B M vary to 

different degrees, which are dependent on the operational conti-ol 

of S W B M . For the initial S W B M model, the load combination 

factors show clear- vai-fations wi th relative magniUides o f S W B M 

and V W B M , while those for the f u l l y truncated model do not 

display evident variations, and those for the partially trancated 

models are between the previous two models. 

6 . Conclusions 

Based on a Poisson square-wave model, a new still-water 

load model fo r FPSOs is proposed. Using S W B M design data, 

S W B M intensity is modelled by a Weibul l distribution, wl i ich 

is further modified to account for operational control o f 

S W B M . Long-term variations in wave-induced load effects are 

also modelled by a Poisson square-wave process. A new 

approach fo r combined S W B M and V W B M is derived. A 

procedure fo r determining characteristic extreme values f o r 

combined, still-water and wave-induced bending moments is 

established. Va l id load combination factors, suitable for typical 

FPSOs, are provided, in which a time-variant formula fo r 

reliabihty analysis can be reduced to a time-invariant process. 

Numerical analyses are performed to assess the sensitivity o f 

the results to different parameters. 

I t is shown that the extreme values of stiU-water and 

combined loads can be greatiy overestimated i f operational 

control is not accounted for. On the other hand, the control is 

unlikely to be perfect. Hence, the partially trancated model is 

recommended to account for control of S W B M . A truncation 

factor should be determined f r o m actual operational data; 

however, available operational data for FPSOs are insufficient 

to reliably determine truncation. Therefore, i t is recommended 

to, conservatively, base i t on the operational experience o f 

trading vessels, such as tankers [11], and use a ti-uncation factor 

of 0.5. 

When operational control is ignored, the number o f 

independent still-water load conditions has a significant effect 

on predicted extreme values. When operational control is taken 

into account, extreme S W B M values are mainly dominated by 

the maximum allowable value and insensitive to the number o f 

independent load conditions. 

A n important goal of this research was to explore vahd load 

combination factors for senti-probability design of FPSOs. I n 

general, combination factors depend on the parent distiibution, 

time variation and relative magnitude of individual loads. For 

still-water load w i t h a slow time-variation, the S W B M 

combination factor is mainly dominated by its relative 

magnitude to wave-induced load. For wave-induced load 

wi th a rapid time-variation, the V W B M combination factor is 

determined, not only by its relative magnitude to still-water 

load, but also its time vaiiation. The fast time-variation of 

V W B M w i l l result i n an increase i n the corresponding 

combination factor, despite its smaller relative magnitude in 

some conditions. For instance, i n benign waters, the wave-

induced load is much smaller than the still-water load, but wi th 

larger combination factors. 

I n the harsh condition of the North Sea, i n which wave-

induced load is dominant, and for FPSOs mainly operating in 

sagging conditions, the relevant combination factors of sagging 

S W B M wi th a trancation factor of 0.5 are about 0.80, 0.75 and 

0.70 for return periods of 1, 20 and 100 years, respectively, 

wh i l e f o r FPSOs operating i n hogging conditions, the 

respective relevant hogging combination factors are about 

0.8, 0.65 and 0.60. 

I n the benign conditions of West Afr ica , i n which still-water 

load is donunant, based on a particular FPSO worldng mainly 

i n hogging conditions, the relevant combination factors of 

hogging V W B M are about 0.85, 0.70 and 0.65 for retui-n 

periods o f 1, 20 and 100 years, respectively. 

I t is also shown that maximum combined still-water and 

wave loading can be wel l represented by the maxima of s t i l l -

water and wave loading and the obtained load combination 

factors. I n this way, sti-uctural reliability analysis is simplified. 
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