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EXECUTIVE SUMMARY
This review of margins of safety of FPSO hull strength has been prepared for the Health and
Safety Executive (HSE) by The Steel Construction Institute (SCI).
This study starts by comparing the design philosophy behind the rule based and the direct
calculation approaches. The main differences in determining the environmental vertical wave
bending moment are identified and discussed. The main factors that lead to differences in
permissible still water bending moments are also discussed. FPSO dimensions for both
converted and purpose built designs are compared and trends that show deviation from
traditional practice are highlighted.
The important factors that should be considered when carrying out ultimate strength analyses
are identified and discussed. Specific simplified procedures for determining ultimate strength
are reviewed and compared against finite element approaches and probabilistic methods.
Sources of reserve and residual strength in FPSOs are identified and compared to those in
discrete structural systems (e.g. offshore jacket structures). Performance indicators that are used
for measuring the reserve and residual strength of structures are discussed and appropriate
measures are selected for use in this study.
The report then draws back together the results from published investigations. There appears to
be a trend that the reliability (i.e. factor of safety) in sagging is lower than that for hogging.
However, there is considerable variability in this, and so each hull arrangement needs to be
considered on it’s own merits. Differences in reliability for sagging and hogging should ideally
be minimised at the design stage for new installations, although there may be operational
measures that can be adopted for existing installations.
Results from published investigations are then reinterpreted using the newly developed
performance measures. Using simplified procedures for determining ultimate strength, five
FPSOs representative of the North Sea fleet are also analysed. It is shown that hull
configurations and relative member properties are important influences. Differences in the
definitions of strength measures are noted, underlining difficulties in drawing comparisons
between various FPSOs. However, it is clear that the margin (usually referred to as reserve
strength) between the load corresponding to first component failure and the load corresponding
to ultimate strength can vary considerably. It is also noted that the margin (usually referred to as
the residual strength) between the load corresponding to ultimate strength and the load
corresponding to some pre-defined displacement beyond the ultimate strength can vary
considerably. It is concluded that there is no measure that can be used on its own to describe the
performance of FPSO structures under extreme loading.
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1.1

INTRODUCTION

BACKGROUND

FPSOs are being increasingly used for deeper water and for a variety of functions related to
offshore production and storage. Some FPSOs are being converted from tankers which have
been designed using a traditional Class Rule type approach, while other FPSOs are being
designed according to a more advanced hydrodynamic / Finite Element (FE) type approach.
The traditional design procedures of FPSOs are based on simplifying component-based
approaches that may underestimate the loading (in comparison to advanced hydrodynamic
models) but provide a large factor of safety on the capacity.
Recent studies were carried out to determine the variation in safety factors (between the applied
loading and the capacity) of FPSOs currently operating in the UK Sector of the Central North
Sea, and designed using either a class rule type approach or a more advanced hydrodynamic –
FE type approach. Results from these studies seem to indicate that the safety factor in both
cases is similar, since the advanced hydrodynamic / FE type approach tends to result in higher
loadings but also higher capacities. However, it is not clear to what extent these results can be
applied to other FPSOs, or to other areas.
Another issue that is addressed is the apparent variation in reserve strength against hogging and
sagging bending moments. This is particularly true for double hull FPSOs that tend to have a
higher capacity at the bottom of the hull in comparison to the deck.
The purpose of this report is to collate available data on the range of variation of safety factors
of currently used FPSOs, and to consider how more consistent margins of reserve strength for
various FPSO configurations under various loading conditions might be achieved.
1.2

OBJECTIVES OF REPORT

The principal objectives of this study are to:
·
·
·
1.3

Review / collate data on margins of safety of FPSO against longitudinal hull failure.
Identify factors affecting margins of safety of FPSO hull strength.
Achieving more consistent margins of safety of FPSO hull strength.
SCOPE OF THE REVIEW

The focus of the study is on the ultimate strength and the contributions of various factors to
margins of safety in reserve strength. Fatigue and fracture strengths are not included in the
review. The remainder of this study is divided into four chapters.
Chapter 2 discusses the two major design philosophies: direct calculation versus rule approach.
A summary of the configurations of the existing FPSOs is also presented, and the applicability
of the rule-based approach to purpose built FPSOs is discussed.
Chapter 3 identifies the main factors affecting margins of safety in FPSO reserve strength.
Simplified and fully nonlinear dynamic finite element methods that are used for determining the
ultimate hull strength are reviewed, and their advantages and disadvantages highlighted.
Performance measures that are used in assessing the margins of safety of FPSO hull strength are
reviewed.

1

Chapter 4 presents a summary of the available data on reserve strength of existing FPSOs. Both
deterministic and probability based performance measures are reviewed. Results from
simplified ultimate strength analyses, carried out in this study are also presented.
Chapter 5 presents conclusions and recommendations for further work.
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2
2.1

DESIGN PHILOSOPHY

INTRODUCTION

FPSOs are being increasingly used for deeper waters and a variety of functions related to
offshore drilling, production and storage, because of the following distinct advantages:
·
·
·
·
·

Capacity for internal storage and offloading
Commercial pressure for reducing capital cost
Commercial pressure for shorter lead time, particularly relevant for converted FPSOs
Ease of reusability
Ease of decommissioning

Some FPSOs are being converted from tankers that have been designed using a traditional Class
Rule type approach while other FPSOs are being designed according to more advanced
hydrodynamic / finite element calculation methods. It is often argued that the traditional design
procedures of FPSOs are based on simplifying component-based approaches that may
underestimate the loading (in comparison to advanced hydrodynamic models) but provide a
large factor of safety on the capacity. Results from some recent studies seem to indicate that the
two approaches will result in consistent safety factors against hull longitudinal failure.
However it is not clear to what extent these results may be applicable to other scenarios where:
·
·
·
·

The hull proportions deviate from empirical experience gained in traditional shipbuilding,
which may be the case for purpose built FPSOs as opposed to converted FPSOs
Different modes of failure are considered (hogging versus sagging).
Different FPSO configurations are considered (double hull, double bottom, double side)
Other locations with severe environmental loads in the form of the 100 year significant
wave height

It is therefore important to review the design philosophies behind the two approaches to identify
the factors that may lead to differences in margins of reserve strength.
2.2

RULE BASED DESIGN

The rule-based approach relies on using component-based expressions for strength calculation
and empirical expressions for wave bending calculation.
2.2.1

Loading

Vertical Wave Loading
The HSE report OTO 98 164 [1] provides a very good review of Ship/FPSO environmental
loading and structural design guidance, where the basis of ship rules is traced back to the 18th
century. Expressions for permissible wave height as a function of length of ship were derived to
satisfy an upper limit on wave induced stresses and still water stresses, assuming the ship to be
in a state of static equilibrium with the wave. Over the years the acceptable induced stress have
increased from 0.4 * yield stress to about 0.6 * yield stress. The report quotes one such
effective wave formulation, introduced in the 1989 IACS S11 Unified Longitudinal Strength
Standard published in 1992 [2], and embodied implicitly in the factor C:
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C (effective wave height)

= 10.75 – ((300-L)/100)1,5 for 90<L<300
= 10.75 plateau

for 300<L<350

= 10.75 –((L-350)/150)1.5 for 350<L
The wave induced hogging and sagging bending moments and shear forces are defined as:
Mh = + 190 M C L2 B Cb 10-6 (MNm)
Ms = - 110 M C L2 B (Cb + 0.7) 10-6 (MNm)
Fh = = 0.3 F1 C L2 B (Cb + 0.7) (kN)
Fs = -0.3 F2 C L2 B (Cb + 0,7) (kN)
Where all dimensions are in m, M is a distribution factor = 1.0 over the midship portion of the
ship, F1 and F2 are distribution factors which are function of the hogging to sagging bending
moment ratio and Cb is the block coefficient.
A detailed discussion of the above expressions is provided in [2]. However, one important
factor to recognise from the above relationships is that the effective wave height (which
determines the wave loading) is dependent on the length of the ship, L, and the upper limit on
the wave induced stresses, but is independent on ship location. This is expected since the
trading ships operate in various locations and these empirical expressions have been derived
based on the North Atlantic wave environmental data.
Stillwater loading
Once the wave-induced stress is determined, the permissible still water loading stress profile
along the length of the vessel may be determined by subtracting the wave-induced stress from
the total permissible stress. The design still water loading (i.e. actual corresponding to worse
case scenario of a particular vessel) is then compared to the permissible still water loading, to
ensure that it falls below the permissible value. In OTO 98 164, the IACS formulations is
quoted as limiting the total stress to 175 N/mm2 and the still water stress to 65 N/mm2.
2.2.2

Strength

The IACS requirements provides the following expression for the minimum permissible
longitudinal strength in the form of a minimum section modulus defined as:
Wmin = C L2 B (Cb + 0.7) x 10-6 (m3)
OTO 98 164 shows how the above expression is linked to the maximum wave induced sagging
moment stress, which is expected to be maintained below 110 N/mm2 at all times.
2.3

DIRECT CALCULATION

Direct calculation describes a range of methods where the physical behaviour is modelled in a
more explicit manner. Different methods may be used depending on the circumstances and the
judgement of the analyst, and it is to be expected that improved methods will be developed over
time. However for the analysis of FPSOs at present, direct calculation methods are likely to
involve a diffraction analysis to determine hydrodynamic loads combined with non-linear finite
element analysis for strength assessment.
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2.4

COMPARISON OF APPROACHES

The differences between the rule based approach and the direct calculation approach are
outlined below in terms of still water loading, environmental loading and strength equations.
2.4.1

Still water loading

Designing an FPSO with a box-shaped hull results in significant still water loads, which are
beyond the traditional tanker experience. High values of topside loads combined with excess of
buoyancy near the ends of the vessel result in pronounced sagging for a purpose built FPSO,
while a converted tanker with less topsides weight and a more gradual buoyancy distribution
shows an even distribution of hogging and sagging bending moments. These trends are shown
in Table 2.1 below, which is reproduced from [3]. It is noted that ‘Actual’ (i.e. calculated) value
of shear force is higher than the ‘Rule’ (i.e. permissible) value for both FPSOs. This is probably
caused by the effect of high, concentrated topside loads.
Table 2.1 Still w ater loads for a converted and a purpose built FPSO

Msw – hogging (kNm)
Msw- sagging (kNm)
Qsw (kN)

Conversion FPSO
Rule
Actual
5,123,200 5,072,000
4,740,000 4,050,000
80,550
142,250

%
-1
-17
+77

Purpose built FPSO
Rule
Actual
5,538,000 1,962,000
5,530,000 10,800,000
100,160
196,200

%
-82
+95
+95

Table 2.2 below shows the variation in permissible still water bending moments documented in
various studies.
Table 2.2 Variation in permissible still w ater bending moments
Parameter

Vessel
dimensions
(LxBxD) m

Study
Terpstra [3]
334x43x27
Terpstra [3]
285x63x32
Begnaud [4]
Kaminski [5]
239x40x20
Treu [6]
266x44x23
Maerli [7]
233x42x21 1
Notes:
Double Hull Tanker

Type
Conversion
(C) / Purpose
Built (PB)
C
PB
PB
C
C
C

SWBM –
sagging
(GNm)
Rule / Direct
4.74/4.05
5.53/10.8
-/1.13

SWBM –
hogging
(GNm)
Rule / Direct
5.12/5.07
5.54/1.96
-/1.11

Ratio sagging
/ hogging
Rule / Direct

0.18
3.139

0.17
0.77

1.06
4.08

0.92/0.8
0.99/5.51
-/1.02

It should be recognized that in contrast to tankers, the SWBM in FPSO vessels varies almost
continuously as loading and periodic unloading take place. Therefore SWBM models fitted by
stochastic processes provide a more rational treatment.
2.4.2

Environmental Loading

In terms of environmental vertical wave loadings, FPSO vessels are subjected to more severe
environmental conditions because of increased duration of exposure at sea and increased
exposure to storms. Therefore, the maximum FPSO global design loads are based on a 100-year
return period compared to a 20 year for a tanker. The direct calculation and rule-based wave
induced bending moment may be related using the following equation [8]:
MDL = f1 x f2 x f3 x f4 x f5 x f6 x MRB
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Where:
·

·

·
·
·
·

f1 accounts for the difference between equal probability of loading in all directions (for a
tanker) and weather veining (aligning the FPSO in the prevailing wind direction). Weather
veining is expected to results in an increase in the vertical wave bending moment and
corresponding shear force, and this factor is generally expected to be above 1.0.
f2 accounts for the increase in vertical wave bending moment in going from short crested
seas (rule approach) to long crested seas (direct load calculation). There is some debate
regarding the applicability of this factor since under extreme conditions the waves are long
crested for both moored and seafaring ships.
f3 accounts for the differences between North Atlantic Data (used for seafaring ships) and
North sea environmental data (used for FPSO moored in the North Sea).
f4 accounts for differences in two-dimensional strip theory (used for sea faring s hips) and
three dimensional theory (used in direct load calculation for FPSOs).
f5 accounts for the differences in the forward speed between zero forward speed (applicable
for moored FPSOs) and non-zero forward speed (applicable for seafaring ships).
f6 is the nonlinear corrections to the sagging or hogging bending moments [9]

Table 2.3 summarises the differences between the direct calculation and rule based methods.

Table 2.3 Rule based versus direct calculation methods
Method
Parameter
Loading direction
Wave crest modelling
Environmental data
Dimensionality
Forward Speed
Nonlinear
bending
effects

moment

Rule based for a sea faring
vessel
Equal probability in all directions
Short-crested
North Atlantic
Two dimensional
Non-zero speed
Not accounted for

Direct calculation for a moored
vessel
Weather vaning
Long-crested
North Sea (i.e. location specific)
Three dimensional
Zero speed
Accounted for

FPSOs are usually moored and in-service at one specific site instead of undertaking worldwide
service. For benign environments, it may be argued that the wave loads acting on the FPSO will
be less than that corresponding to a tanker. For example Park et al [10] considered the case of
an FPSO moored at Campos Basin, offshore Brazil. It was reported that the total value of the
design bending moment is equal to about 60% of the value required by the rule approach. On
the other hand tankers in harsh environments may move to avoid very severe weather while
FPSOs are moored and may be subjected to more severe conditions in harsh environments.
Figure 2.1, which plots the vertical wave bending moment against the 100-year return period
wave height, illustrates this point. It should be noted that as one moves in the positive direction
along the x axis, the severity of the environmental loading increase and the 100 year return
period wave height increase The dotted horizontal line in the centre of the figure represents the
rule based vertical wave bending moment for a particular FPSO – note that this rule based value
is a function of the vessel dimensions and is independent of the geographical location of the
vessel (and therefore independent of the 100 year significant wave heights). The point on the
left of the figure represents an FPSO in benign environments, where the environmental load
obtained using a direct calculation method is lower than that obtained using a rule-based
approach. The two points on the right hand side of the graph represent FPSOs in harsher

6

VWBM

environments, where the environmental load obtained using a direct calculation method is
higher than that obtained using a rule based approach.

Direct calculation value,
dependent on location

Rule value

100-year significant wave height

Figure 2.1 VWBM rule based versus direct load calculations

2.4.3

Hogging versus sagging bending moments

Wave induced sagging moments may exceed hogging moments because of [1]:
·
·

Nonlinear hull form effects
Slamming effects

The ratio of hogging to sagging wave induced bending moments is considered to range from 0.8
to 0.97 [1] depending on the coefficient Cb. Table 2.4 below shows the variation in the vertical
wave induced sagging and hogging bending moments.
Table 2.4 Variation in vertical wave bending moments
Parameter

Vessel
dimensions
(LxBxD) m

VWBM –
sagging
GNm
Rule / Direct

Type
(C) /
(PB)

VWBM –
hogging
GNm
Rule / Direct

Ratio
sagging /
hogging Rule
/ Direct

Study
Coggon [11]
Double Hull
C
0.42/0.451
0.42/0.451
1.0
Kaminski [5]
239x40x20
C
-/0.32
-/0.24
-/1.33
Treu [6]
266x44x23
C
-/0.521,2
/0.521,2
/1.0
Sogstad [11]
241x42x21
C
0.57 / 0.52
0.49 / 0.42
1.16 / 1.24
Sogstad [11]
211x37x21
PB
0.36 / 0.4
0.33 / 0.3
1.09 / 1.33
Sogstad [11]
260x41x25
PB
0.64 / 0.6
0.51 / 0.5
1.25 / 1.2
Sogstad [11]
241x44x27
PB
0.59 / 0.51
0.57 / 0.55
1.04 / 0.93
Blandeau [9]
232x42x21
4.1 / 3.78
4.1 / 4.4
1.0 / 0.86
Notes: 1. No differentiation between hogging and sagging bending moments, 2. Wave bending
moments from direct calculation found to be 0 – 8% higher than those determined using rule –
based approach.
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Table 2.5 shows the increase in vertical wave bending moment for various mooring
arrangements [12]. It can be seen that the presence of mooring forces increase the ratio of
sagging to hogging bending moments. Table 2.6 shows the variation in vertical wave bending
moment with geographical location [7]. Nonlinear effects were ignored and this resulted in
equal values for hogging and sagging bending moments.
Table 2.5 Variation in vertical wave bending moments with mooring arrangements
Parameter

Vessel dimensions
(LxBxD) m

VWBM –
sagging (GNm)

VWBM –
hogging (GNm)

Study
Aryawan [12]1
228x41x15
3.0
2.67
Aryawan [12]2
228x41x15
3.11
2.60
Aryawan [12]3
228x41x15
3.10
2.60
Notes:
1. Free floating.
2. 2.8 MN horizontal pretension and 2.60 MN vertical pretension
3. 1.4 MN horizontal pretension and 1.95 MN vertical pretension

Ratio
sagging /
hogging
1.12
1.20
1.19

Table 2.6 Variation in vertical wave bending moments with geographical locations
Parameter

Vessel dimensions
(LxBxD) m

Study
Maerli [7]
Maerli [7]
Maerli [7]
Notes:
1.
2.
3.
4.
5.

2.4.4

233x42x21 1,2
233x42x21 3
233x42x21 4

Type
Conversion (C) /
Purpose Built
(PB)
C
C
C

VWBM –
sagging (GNm)

VWBM –
hogging (GNm)

2.5385
2.008
3.230

Double Hull Tanker
Area 4
CNS
NNS
No differentiation between hogging and sagging bending moments

Strength Calculation

The main difference in the strength calculation between the rule based approach and direct
calculation method is that the former is based on component strength while the latter has the
ability to take into account the reserve strength of the FPSO hull beyond first component failure.
The figure below illustrates this point. As the load is applied the bending moment increases
linearly with curvature up to a value ML for the bending moment. Beyond this value the
bending stiffness decreases and further increases in bending moment lead to a nonlinear
increase in curvature. MFC defines the bending moment corresponding to first component
failure, while Mu defines the bending moment corresponding to the system ultimate strength.
Behaviour after the ultimate strength is discussed later.
The rule value may correspond to ML or MFC, while direct calculation methods are able to
determine the system ultimate strength, Mu. The margin between Mu and MFC is the reserve
strength that may be accounted for using nonlinear finite element method.
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M
Mu
MFC
ML
Hog

C
Mu Hull moment corresponding
to ulti mate strength

Sag

moment
MFC
Hull
first
corresponding
to
component failure
ML Hull moment corresponding
to end of linear range

Figure 2.2 Hull moment curvature relatio nship

Ultimately, variations in ratio of sagging to hogging bending moments should be used in
conjunction with ratios of sagging to hogging hull capacities to arrive at ratio of sagging to
hogging safety factors, and to be able to assess whether there is any variation in the safety
factors with various parameters.
Table 2.7 below shows the variation in FPSO Hull bending strength documented by a variety of
studies. L is the length between perpendiculars, alternatively referred to as LBP, B is the
breadth of the ship and D is the depth of the ship.
Table 2.7 Variation in hull strength
Parameter
Study
Casella [13]
Casella [13]
Casella [13]
Casella [13]
Maerli [7]

Vessel
dimensions
(LxBxD) m
169x28x15 3
169x28x15 3
170x30x17
170x30x17
233x42x21 3,

Type
(C) / (PB)
C
C
C
C
C

Sagging
GNm
(MPa)
2.644
2.976
3.334
3.476
6.69

Hogging
GNm
(MPa)
3.334
3.336
4.084
4.216
8.33

Ratio
sagging / hogging
Rule / Direct
0.79
0.89
0.82
0.82
0.80

4

Maerli [7]
233x42x21 5
C
7.89
9.70
Maerli [7]
233x42x21 6
C
6.88
9.60
Sun [14]
194x32x18
3.58
5.14
Notes:
1. Tripping Failure (lateral bending restrained)
2. No differentiation between hogging and sagging cases
3. Double Hull Tanker
4. Initial tank design
5. As-built
6. Modified
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0.81
0.72
0.70

2.5

FPSO DIMENSIONS

Trading tankers have traditionally high L/B and L/D ratios, while those corresponding to the
hull of purpose-built FPSOs are usually lower. MacGregor and Smith [15] provided average
proportions and dimensions of FPSOs and modern tankers, based on those in operation from
1986 to 1990, as summarized in Table 2.8 where T is the freeboard.
Figure 2.3, reproduced from [5], shows the variation of length with beam for various new-build
and converted FPSOs where it can be seen that the L/B ratio varies from 4 to 7, with higher
values usually for converted FPSOs.
Table 2.8 Average proportions of FPSOs and modern tankers (1986-1990)
Vessel Type
Proposed FPSO (North Sea)
Purpose built FPSO/FSU (North Sea)
Purpose built FPSO/FSU (overseas)
FPSO conversion (overseas)
50-70 000 dwt tanker
70-100 000 dwt tanker
100-200 000 dwt tanker

LBP/B
5.49
5.97
5.19
6.57
6.30
5.64
5.58

B/D
1.84
1.86
1.82
2.01
2.47
2.96
2.83

T/D
0.66
0.65
0.67
0.76
-

B/T
2.78
2.88
2.70
2.64
-

Figure 2.3 Variation of beam with length

Following [15] and [16], the main proportional relationship which link the four main ship
dimensions are listed below:
·
·
·
·
·
·

B=f(L)
D=f(B)
T=f(D)
D=f(L)
T=f(L)
T=f(B)
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Table 2.9 summarizes the expressions derived by MacGregor and Smith for the above
relationships [15] based on tankers and FPSOs in operation between 1986 and 1990, while
Table 2.10 summarizes the average L/B ratios of converted and purpose built FPSOs in various
geographical location in 1999, as reported by Deluca and Belfore [17].
Table 2.9 Average hull proportions
Vessel
Relationship
L/B
B/D
T/D
L/D
B/T

Purpose-built
FPSO/FSU
(North Sea)
5.97
1.86
0.65
11.1
2.88

Proposed FPSO
(North Sea)
5.49
1.84
0.66
10.1
2.78

Converted
FPSO
(overseas)
6.57
2.01
0.76
13.2
2.64

Purpose-built
FPSO
(overseas)
5.19
1.82
0.67
9.45
2.7

Table 2.10 Average hull proportions
Country
Angola
Australia
Brazil
China
Congo
UK
Notes:
1. C: Converted FPSO
2. 2. PB Purpose-Built FPSO

L / B Ratio
C1 / PB2
4.05 / 6.18 / 5.98
8.78 / 6.77
6.2 / 6.78
6.75 / 4.71
6.21 / 5.22

The above figures are based on data collated by MacGregor and Smith [15] based on FPSOs in
operation between 1986 and 1990. However, it may be useful to re-examine these relationships
in view of the FPSOs recently introduced into service. To this end recently published data,
which includes FPSOs operating in 2000, has been reviewed [18] and [19], and relevant North
sea data has been extracted. In addition, data pertaining to FPSOs operating in Brazil (usually
in deep waters) have been selected as an indication of trends as offshore field development
moves into deeper waters.
2.5.1

L/B relationship

Based on a recent review of operating FPSOs (both converted and purpose built), the L/B ratio
versus year of design has been plotted in Figure 2.4 below. It can be seen that shuttle tankers
have L/B ratios between 5 to 7, while FPSOs have L/B ratios between 4 –6.
Although low values of L/B should lead to cheaper FPSOs, the extent to which the beam can be
increased for a given length of ship is limited by yaw stability [15], and in the extreme case by
the availability of building and repair docks of suitable width. In addition a long ship helps to
reduce motions, reduces wind and current forces, and eases the arrangement and separation of
the principal deck zones.
It should be realized that deviating too much in hull proportions from empirical experience
gained in traditional shipbuilding might lead to unforeseen effects in the design process and
excessive loading on the hull.
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Figure 2.4 L/ B relationship for FPSOs and Shuttle Tankers

2.5.2

B/D relationship

Traditionally conventional tankers fall into one of two categories: 1. Volume limited design
whose depth is limited by stability requirements and therefore have B/D ratios of about 1.65,
and 2. Dead weight carriers with stability well in excess of minimum requirements - with depth
being determined by free board and hull girder strength considerations- such vessels have B/D
ratios of about 1.9. The above figure are quoted from [15] which is based on operating shuttle
tankers and FPSOs between 1986 and 1990.
Figure 2.5 below shows the B/D ratio of various shuttle tankers and FPSOs operating up to
2000, based on data provided in [18] and [19]. It can be seen that the B/D ratio for shuttle
tankers varies from 1,5 to 2,.5 while that for FPSOs varies from 1.5 – 2.0, with some FPSOs
having a B/D ratio of 1.5.
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2.5.3

T/D relationship

This relationship controls the freeboard, which in North Sea FPSOs is decided by rational
consideration of the probability of water on the deck, rather than minimum legislative
requirements. Conventional ships governed by the freeboard rules tend to have T/D ratios
between 0.7 and 0.8. Table 2.0 shows that the average T/D ratio for North Sea FPSOs is 0.66.
Figure 2.6 shows the T/D ratio for various shuttle tankers and FPSOs based on data provided in
[18] and [19], where it can be seen that the T/D ratio of purpose built FPSOs lies between 0.6
and 0.8.
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2.5.4

L/D relationship

For Deadweight carriers and FPSOs control of depth is exercised by the ratio L/D that affects
the strength and deflection of the hull girder. This is because in the case of deadweight carriers
and FPSOs, where stability is in excess of requirements, depth and beam may be considered as
independent variables. Some proposed FPSO designs for the North Sea have L/D ratios as low
as 9.0 due to the harsh fatigue environment and the need to compensate for the reduction in
strength associated with the turret aperture.
Figure 2.7 shows the L/D ratio for various shuttle tankers and FPSOs based on data presented in
[18] and [19]. While traditional shuttle tankers tend to have L/D rates between 11 and 12, some
purpose built FPSOs have L/D ratios below 9. This reconfirms the trend that was identified in
[15] and which was based on FPSOs operating between 1986 and 1990.
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2.6

DISCUSSION

2.6.1

Dimensions

·
·
·
·
·
·

Converted tankers have a higher L/B ratio than purpose built FPSOs.
The B/D ratio for purpose built North Sea FPSOs is approximately 1.84, and is dictated by
hull girder strength considerations rather than stability requirements.
Due to the relatively high B/D ratio for purpose built FPSOs in the North Sea, depth and
beam may be considered as independent variables.
T/D ratios for purpose built FPSOs are lower than that for converted tankers and are around
0.66.
For purpose built FPSOs in the North Sea control of depth is exercised by the L/D ratio that
affects the strength and deflection of the hull girder.
Some purpose built FPSOs in the North Sea have L/D ratios lower than 9.0 due to the harsh
fatigue environment and the reduction in strength due to turret aperture.

2.6.2
·

Weight and buoyancy distributions for purpose-built FPSOs can be significantly different
to converted FPSOs, resulting in large variability between the calculated still water effects
and the values permitted by a Rule-based approach.

2.6.3
·

Still water bending moment loading

Vertical w ave bending moment loading

The ratio of sagging to hogging wave induced vertical bending moment is higher for
purpose-built FPSOs in comparison to converted tankers, and it ranges from 1.0 to 1.33.
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·
·

The ratio of sagging to hogging wave-induced vertical bending moment varies with the
design methodology (rule-based versus direct calculation).
The ratio of sagging to hogging wave induced vertical wave bending moment increases
when mooring effects are taken into account.
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3

3.1

ULTIMATE STRENGTH ANALYSIS METHODS AND
PERFORMANCE MEASURES
INTRODUCTION

The last few decades have witnessed a significant increase in the use of ultimate strength
analyses for the determination of the ultimate longitudinal strength of FPSO hulls. This activity
has been partly motivated by the following developments:
·
·
·
·

Deviation in hull proportions from empirical experience gained from traditional
shipbuilding.
Development of new concepts for deeper waters and more efficient configurations.
Commercial pressures to target inspection and maintenance schemes more effectively at
components critical to system integrity.
Ability of modern software packages to determine the ultimate strength of ship hulls in a
relatively easy manner.

When deciding on a method for ultimate strength analysis of FPSO hulls, several important
decisions should be made by the analyst. Amongst the major factors to be considered are:
·
·
·
·
·

Member stress strain relationship
Modelling of corrosion
Simplified analytical methods versus advanced finite element analysis
Reliability versus deterministic measures
Selection of performance measures

In what follows, a brief description of each of the above mentioned factors is presented.
Although the effect of each parameter is discussed separately, the interdependence will become
obvious from the discussion.

3.2

MEMBER STRESS –STRAIN RESPONSE

The commonly used stress – strain relationships are shown in Figure 3.1. The simplest form of
stress strain relationship is the perfectly elastic behaviour, represented with a straight line in the
figure. This approach cannot account for yielding or buckling. A slightly more advanced stress
strain relationship is the elastic perfectly plastic behaviour, where the stiffness remains constant
until the yield stress (sy) is reached. Once the yield stress is reached the stiffness suddenly
drops to zero and perfectly plastic behaviour is obtained. In this method the ultimate load that a
member can carry is equally to the yield stress, and buckling is not accounted for. After
yielding is achieved it is assumed that the member will continue to carry its full yield capacity
without any load shedding.
Another stress strain model shown in the figure is where buckling is accounted for and the
ultimate member strength corresponds to the critical buckling load (scr). The stiffness is
assumed to remain constant until the critical buckling load is reached. Once the critical
buckling load is reached the stiffness suddenly drops to zero and perfectly plastic behaviour is
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obtained. Load shedding after the buckling load is reached is ignored, and the member is
assumed to continue to carry its full buckling capacity.
In the fourth model, the stiffness decreases before the critical buckling load s reached, and post
buckling load shedding is accounted for.

s
sy

scr

e
Figure 3.1 Member stress strain relationship

The member stress-strain relationship that is used in any ultimate strength analysis will have a
significant effect on the global behaviour and failure modes of the hull cross-section.
Committee III.1 of the 13th International Ship and Offshore Structures Congress concludes that
the ultimate strength of the hull is only accurately predicted if the ultimate strength of each
member is correctly evaluated and the strength reduction due to post-buckling load shedding is
accounted for [20]. The ISSC document quotes the results of Yao [21], to show the effect of
member behaviour on the hull moment curvature response. Figure below is used to illustrate
this point.
In ultimate strength analyses the externally applied bending moment is progressively increased
until collapse occurs. In the initial stages, the internal moment and curvature increase in a linear
manner defined by the elastic bending stiffness of the hull cross section. Shown in the figure
are schematic values for the bending moments corresponding to:
·
·
·

the end of the linear stage ML
the yield capacity My
the ultimate capacity Mu
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·

the fully plastic capacity Mp

It can be seen that once bending moment exceeds that corresponding to the linear limit ML,
various types of response modes are possible as the curvature is increased and the maximum
ultimate moment that the section can carry varies between wide limits. A yield plateau may be
achieved on the tension side, while load shedding behaviour is likely on the compression side.
It can easily be seen how the type of member stress strain relationships may affect the calculated
global response. For example, to capture the global load shedding responses shown in the curve
it is necessary to account for member buckling and post-buckling load shedding, in the
appropriate parts of the hull.

Mp

Mu

M

My
ML
Hog

C

ML
My
Sag
Mu
Mp

Figure 3.2 Global moment curvature relationship

3.3

CORROSION

The time variant structural degradation is modelled deterministically by reducing the member
thickness as a function of corrosion damage. In probability based design methods, corrosion
effects may be modelled by:
·
·

A reduction in the moment of inertia of the cross section of vessel, and
A reduction in load carrying capacity of individual panels due to reduction in buckling
resistance.
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Paik and Frieze [22] carried out a reliability analysis of a corroding tanker assuming two types
of repair conditions for corroded members: either they are repaired/ renewed to their original
state or they are not. These two conditions represent the two extreme limits. The authors
assumed that corrosion initiates 5 years from time of new building, and each member in the hull
cross section is assumed to be subject to corrosion once it starts.
Figure 3.3 shows the time variation of the reliability index with increase in age, where it can be
seen that the ultimate hull strength reliability can be significantly affected as the hull corrodes.
The authors concluded that the results may be expected to be qualitatively different if corrosion
was localised to selected parts of the structure in a probabilistic manner rather than considered
to affect the whole structure uniformly.

Figure 3.3 Variability of a reliability index with time, accounting for corrosion

Wirsching et al [23] differentiate between two types of reliability of corroding tankers:
·
·

Reliability as a function of time (as predicted prior to service)
Conditional reliability as a function of time t, given that the ship has survived up to time t

Figure 3.4 below shows the conditional probability of failure, given that the structure has
survived time ts. At any time t, the failure probability as predicted prior to service is always
larger than the conditional probability given that the ship has survived up to time ts.
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Figure 3.4 Conditional probability of failure

3.4

ANALYSIS METHODS

3.4.1

Simplified methods

There are various available methods for the calculation of the ultimate bending moment
capacity of hull cross-sections. These range from simplified methods based on applying a
buckling knockdown factor to the full plastic bending capacity of the hull girder cross section,
to advanced nonlinear finite element methods. Table 3.1, based on [24], summarises some of
the methods in order of increasing complexity.
Table 3.1 Simplified ultimate strength analysis methods
Author
Caldwell (1965) [25]
Billingsley (1980) [26]
Ostapenko (1981) [27]
Adamchak (1984) [28]
Dow et al (1981) [29]
Rahman & Chowdhury
(1996) [30]

Description
Calculation based on applying a buckling knockdown factor to the fully plastic
bending moment capacity of the hull girder cross-section
Reduced elastic section modulus accounting for plate buckling at deck or
bottom
Calculation based on single cell rectangular construction. Compression flange
treated as a beam column idealization and sides using a tension field approach.
Calculation based on load and end shortening curves for beam-column and
tripping failure; aimed at longitudinally framed hulls
Calculation based on load and end shortening curves, elasto-plastic FEM for
load and end-shortening curves of plate-stiffener combinations
Calculation based on cells of stiffened panels (one stiffener plus associated
plating). Stress strain relationship accounts for post collapse load shedding
behavior.

The above methods are based on various simplifying assumptions that often limit their
applicability. For example, the Billingsley method is applicable for transversely framed vessels
where plate buckling generally occurs before nominal yield. The Dow method has generally
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been used for single hull vessels. In addition most methods are limited to one load component
and one failure mode. Interaction between failure modes is not accounted for.
Paik et al [31] developed a program for the nonlinear Analysis of Large Plated Structures using
the Idealised Structural Unit Method ALPS/ISUM. The program is based on the finite element
method, however it aims at reducing the modelling effort and computing time by reducing the
number of degrees of freedom. This is achieved by modelling the object structure with very
large sized structural units. Figure 3.5 below compares results from the program to those based
on analytically derived formulae for ships under single load component. It can be seen that the
analytical formulae provide reasonable agreement with numerical results. The authors also
developed three sets of empirical interaction relationships between two load components, using
the numerical results of ALPS/ISUM. These relationships were then combined to derive the
interaction relationships between three load components.
Mvu, Mvp: ultimate and fully plastic
vertical bending moment
MHu, MHp: ultimate and fully plastic
horizontal bending moment
Fu, Fp: ultimate and fully plastic
shear force
wo/t: initial imperfections non
dimensionalised with respect to
thickness
srx/sy: residual stresses non
dimensionalised with respect to yield
stress

Figure 3.5 Comparison of analytical formulae with finite element methods
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3.4.2

Fully nonlinear dynamic finite element method

The dynamic nonlinear finite element approach where large parts, or the complete hull are
modelled provides the most flexible approach for analysing hull structures. This method can
account for a variety of material and geometric non-linearities, including:
·
·
·
·
·
·
·

Non-linear load distribution
Non-linear stress strain behaviour for the various components, including strain hardening
Corrosion effects
Local buckling of plates, stiffeners and cross frames
Initial imperfections
Residual stresses
Ultimate collapse of the hull and cross frames due to bending, shear and in-plane loads

The modelling of material and geometric non-linearities and their interaction, eliminates the
need for subjective treatment of load redistribution effects and allows a more accurate estimate
of the reserve and residual strength of FPSO hulls.
3.4.3

Probabilistic methods

Over the past few decades, a significant number of studies have been carried out to classify and
examine the sources of uncertainties associated with the ultimate strength and post ultimate
behaviour of FPSOs. These sources of uncertainty may be classified into the following main
categories:
·
·
·

Uncertainties in component strength including imperfections, residual stresses, material
properties
Uncertainties in the load shedding once a component has reached its ultimate load
Uncertainties in load redistribution as some components start load shedding

·

Uncertainties in loading conditions

Faulkner and Sadden [32] and Faulkner [33] divide the various methods for dealing with the
above uncertainties in one of three categories:
·

·

Level – 1, first moment methods: A scalar safety factor approach is adopted. A single worst
value for load is related to a single value for resistance. It is normal for minimum specified
values of material and resistance to be used. The most common example is the allowable
stress design where a limiting strength is assumed when stress reached the yield stress. In
principle this method can allow for interaction between various failure modes, but the
concept of a single scalar safety factor becomes “illusory”.
Level – 2, second moment methods: These methods assume that the load and the strength
are independent variables which may be represented by two distribution curves with known
means and standard deviations. The safety margin is still scalar and therefore the methods
are considered to be semi-probabilistic in combining conventional determinism with
statistics. Two such methods are the safety index and the partial safety factor method.
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·

Level – 3, full statistical approach: In these methods probabilities of failure are assessed
and added using purely statistical data and methods. This is the only method that can
combine in a rigorous manner all the loads and the modes of failure.

Faulkner and Sadden [32] note that the chronological order of the application of these three
approaches is level 1, level 3 and finally level 2. The interest in developing level 2 methods is
considered to reflect the significant difficulties encountered in the application of the level 3
approach to ship structures. Mansour [34] identifies several reasons that led to the use of
approximate probabilistic methods (level 2 methods) for the reliability analysis of ship
structures, including:
·

·
·

The limited availability of data to provide exact forms of probability distributions of the
bending moment and the ship strength, with the sample size required being estimated in the
order of multi-million pieces of data.
The need for rules for designers to remain uncomplicated, and level 2 methods are
perceived as such.
The approximate probabilistic approach is considered to be consistent with the
simplifications made in the structural analysis field, where the exact equations of elasticity
and plasticity are not used to predict the ship response and strength, and the hydrodynamic
field, where the Navier- Stokes equations are not used to predict the loads.

Stiansen et al [35] identified the lack of adequate methodologies to incorporate dynamic
response of ship structures, and the definition of ultimate strength and factors affecting it, as two
barriers to the implementation of reliability methods in ship structures. To this end, an
approximate method for combining the high frequency loads (springing and slamming), the low
frequency wave-induced loads and the slowly varying loads (defined in the paper as thermal and
still water loads) was developed. Approximate formulations of the coefficients of variation of
the ultimate strength for the different failure modes as functions of the coefficients of variation
of their constitutive factors were also developed. The failure modes that were considered in the
study include failure due to yielding and plastic flow of the hull, compressive failure of plating
between stiffeners, flexural buckling of stiffeners, lateral torsional buckling of stiffeners and
overall grillage failure.
Mansour et al [36] presented a methodology for selecting and calibrating reliability based
strength codes for use in the design of ships and marine structures. Data on load and strength
uncertainties were analysed. Next, various reliability methods were applied to 18 existing ships
to determine the suitability of different methods and to help select target reliabilities. Finally,
typical values of reliability indices and partial safety factors were determined on the basis of
acceptable practice and rule requirements.
Frieze et al [37] demonstrated how the probability of failure of a hull girder cross-section may
be determined using different ultimate strength models and different probabilistic failure
equations.
Moan et al [38] studied the applicability of formulations related to the ultimate strength of ship
components and compared the results to available experimental data, in an attempt to evaluate
the accuracy of these formulations in reliability based design procedures. Mansour and Hovem
[39] and SSC 368 [40] also provided a demonstration on the use of probability-based ship
structural safety analysis. Ultimate, serviceability and fatigue limit states were formulated and
applied to a tanker. A safety index for each limit state was calculated using both first and
second order reliability methods (Level 2 and Level 3 approaches respectively). OTO 2000 011
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also present a demonstration on the application of structural reliability techniques to the analysis
of a FPSO hull structure using available commercial structural reliability software packages.
Guidance is given on how to set up and carry out a reliability analysis using the software
package, and on how to interpret the results.

3.4.4

Variation of reliability indices

Paik and Frieze [22] reviewed recent development in the area of design methodologies related
to the safety and reliability of ship structures, with special emphasis on probabilistic approaches
used for the load and resistance factored design of ship hulls against collapse. The authors
collated a number of reliability assessments of vessels ranging from naval vessels to FPSOs. In
each case, the year in which the study was carried out, the type of vessel, the level of reliability
analysis, the life over which the analysis was carried out and the resulting reliability index were
collated. Equations were fitted for ultimate hull girder strength for tankers and FPSOs for a one
year period, and for FPSOs over 20 year period, as shown in Figure 3.5 below. It can be seen
that values for the reliability index , b, determined in 1991 average around 3.5 while those
determined in 2000 average around 2.5, and all these ignore time variant corrosion effects which
will increase b further. It was not possible to confirm whether the vessels themselves were
becoming less reliable or whether the reliability analysis methodology itself is generating this
reduction in the reliability index. It was concluded that the trend is of concern either way and
needs to be addressed.

Figure 3.6 Variation of Reliability Indices with year of Study
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3.5

PERFORMANCE MEASURES

Ultimate strength analyses are being increasingly carried out to determine the reserve and
residual strength of FPSO hulls. However there is no consensus regarding which performance
measures should be used in determining the above parameters. Indeed a variety of performance
measures are used by the industry. These will be reviewed in this section. A number of these
performance measures will then be selected and tested for a range of structural frames.
The review of performance measures reported in this section relies heavily on two reports that
review performance measures for reserve and residual strength:
·
·

OTO 1999 081, Ultimate Strength Performance of Offshore Structural Safety, [42].
SSC-354 Structural Redundancy for Continuous and Discrete Systems, 1992, [43].

The former is related to performance measures for ultimate strength of offshore jackets, while
the latter addresses both discrete (e.g. jacket systems) and continuous (e.g. FPSOs) systems.
3.5.1

Sources of reserve strength

In the most general terms, reserve strength can be said to exist at the component and the system
levels of any structural system. At the component level, reserve strength exists to allow for
uncertainties in both the loading acting on a component and its resistance to that loading. Based
on statistical data, minimum values of material properties are adopted to ensure that the
probability of failure is acceptable. On top of that, safety factors are applied to both loading
predictions and component strength formulations to improve the probability of survival and to
allow for lack of sufficient statistical data. While it is clear that as our knowledge of materials
and strength improve safety factors will decrease, it is equally clear that the capacity of a
component is likely to exceed its corresponding design loads. Conservatism embodied within
the codes, material yield strength exceeding the minimum specified value, and over design of
non-structural requirements may be considered as additional implicit sources of reserve
strength.
At the system level there are additional sources of reserve strength. The failure of one
component may not limit the capacity of the structure as a whole; provided there is sufficient
ductility and alternative load paths so that load redistribution can take place.
Most of the above factors are implicit sources of reserve strength that are not usually addressed
or quantified in the design process. Explicit sources of reserve strength that may be controlled
by the designer include over-design above the minimum requirements and conservative
combinations of loads.

3.5.2

Reserve strength

The reserve strength may be seen as the difference between the ultimate load carrying capacity
of a structure and the maximum applied load that it will be subjected to, i.e. the design load.
For example for fixed offshore structures the Reserve Strength Ratio (RSR) is defined as the
ratio between the ultimate load and the design load corresponding to the 100 year return period
environmental load, plus operating load.
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Another definition of reserve strength is the ratio between the ultimate strength and the load
corresponding to first component failure. Since the code regulations are usually component
based, with implicit sources of reserve strength on the component as well as the system level, it
is expected that this ratio will be lower than the RSR. The advantage of this definition is that it
can be used to compare margins of reserve strength in various FPSO configurations that have
been designed using various design regulations.
Margins of reserve strength may vary considerably with the FPSO configuration, the loading
scenario and the failure mode. A ratio as low as one indicates that there is no alternative paths
for load redistribution, and that first component failure leads to overall structural failure.
Ratio of still water to wave bending moment
Johnson [44] considered the case of FPSOs being converted from tankers. It was noted that
many of the wave environments in which FPSOs operate are usually more benign than those
wave environments that class rules have historically used in design. However, the FPSO will
also experience still water bending moments that exceed those which the tanker was originally
designed for. Figures 3.7a and 3.7b below show the change in the proportion of stillwater to
wave induced bending moment for a tanker and a converted FPSO. It has been argued that a
bigger proportion of still water bending moment component provides a source of reserve
strength against wave induced ultimate hull failure, as the still water bending moment can be
manipulated during operating conditions (by keeping it opposite to the critical condition) to
reduce the total bending moment.
A comparison with the case for fixed offshore jackets is useful. In a recent HSE study [45], an
attempt was made to estimate the reserve strength of jackets using the ratio of environmental
loads to the total load. By removing the factor of safety used at design and assuming the
corresponding margin is available for increased environmental loading an estimate of the
reserve strength may be obtained. Clearly, for such cases, the higher the proportion of stillwater
to environmental loads the lower the available margin of reserve strength.

Figure 3.7a Total bending moments and components before conversion
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Figure 3.6b Total bending moments and components after conversion
Mansour et al [40] show the variation of the safety index for FPSOs as a function of the wave
induced to the still water bending moment for tankers. The variation is shown in Figure 3.8, for
two cases of the block coefficient Cb (see section 2.3.2) where it can be seen that the safety
index increases as the ratio of wave to still water bending moment increases.

Figure 3.8 Variation of safety index with ratio of wave to still water bending moment
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Choice of hull configuration
The hull cross section can vary significantly in FPSOs, as double bottoms double decks and
double sides may or may not be present. Clearly, this may have a direct influence on the reserve
strength and load redistribution capacity of the hull. Figure 3.9 below taken from Paik et al [31]
shows some of the commonly used hull cross sections for tankers and FPSOs.
In chapter 4 of this report, the effect of various hull cross-sections on the reserve and residual
strength of FPSOs is discussed.

Figure 3.9 Some commonly used hull configurations
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3.5.3

Residual Strength and Redundancy

The residual or damaged strength of a structure may be defined as the ratio between the ultimate
capacity of the damaged structure to the ultimate capacity of the intact structure. An alternative
definition for residual strength is the ratio of the residual capacity of the intact structure to the
ultimate capacity of the intact structure. The difference between these two definitions is the
manner in which the residual strength is calculated. The ultimate capacity of the damaged
structure is determined by carrying out an ultimate strength analysis – loading the structure from
a damaged state. The residual strength of the intact structure is determined by carrying out an
ultimate strength analysis – loading the structure from an intact state, and continuing the
analysis beyond the peak strength. It is expected that the load levels corresponding to these two
definitions will be similar. The schematic figure below illustrates this point.
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residual 
loading from a damaged
state
curvature

Figure 3.9 Definitio n of residual strength – loading from an intact and a damaged state

In traditional structural engineering methodology redundancy is often defined as the degree of
statistical indeterminancy. However, this definition does not account for the distribution of
redundancy throughout the system. While several definitions have been developed for
measuring redundancy, most of these apply for discrete systems (e.g. see [42] and [43]) and
therefore will not be covered in this report.
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3.5.4

Ductile vs. brittle response

The terms ductile and brittle are often used to define the characteristic of a response. If a
structure can maintain its load carrying capacity, or shed load in a gradual manner, once it has a
reached its ultimate capacity then it is said to have a ductile response. If, however, a structure
will shed its load suddenly once it has reached its load carrying capacity then it is considered to
have a brittle response.
The term ductile and brittle are also used to describe the behaviour of components once they
have reached their load carrying capacity. For example, provided the material under
consideration is ductile, ideal tensile failure of a component is considered to be ductile. By
contrast, rapid load shedding associated with fracture is considered brittle.
Rapid reduction in capacity, even at the component level, will lead to a rapid rate of load
transfer to other components and should be avoided where possible. The strain energy that was
contained within the element prior to brittle failure will be released and rapidly distributed into
the intact parts of the structure and other strain energy distributions are likely to take place as a
new condition of overall equilibrium is reached. This may result in a transient component of the
loading (i.e. dynamic load magnification) that will be a function of both the rate at which the
brittle failure occurs and the amount of strain energy in the component prior to failure, relative
to the strain energy in the whole of the structure.
In the context of seismic engineering, and other accidental loading scenarios, ductility is
considered as an important reflection of the energy absorption capacity of the system under
consideration. The energy absorption capacity may be considered as the area under the load
deflection curve and may be related to the post ultimate capacity of a structure.
Finally, following [42] it should be recognised that the energy absorption capacity as defined
above is dependent on the starting point of the ultimate strength analysis. Load deflection
curves of a structure loaded from intact and a damaged state may have the same residual load
strength, but they will have significantly different energy absorption capacities.

3.5.5

Comparison between discrete and continuous structures

Many of the performance measures reviewed in this section have been originally developed to
measure the reserve and residual strength of offshore jackets and jackups which can be thought
of as discrete systems. While it is advantageous to transfer some of this knowledge into the
field of FPSOs the differences between the two types of structures should be highlighted.
In the case of discrete structures, the degree of redundancy (one measure for a structure’s ability
to redistributed load) may be measured in terms of the degree of static indeterminancy. This is
generally not the case for continuous structures such as FPSOs, where structural redundancy is
implicit.
Das and Garside [43] refer to three categories of redundancy in continuous structures: overall,
secondary and tertiary levels as a means to relate to the topological levels of definition of the
structure from the global level to the basic detail.
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3.6

DISCUSSION

In the previous section some key measures for the evaluation of reserve and residual strength,
ductility and redundancy of FPSOs have been reviewed. When deciding on the choice of
performance measures to be used, the most suitable quantity to be measured will depend on the
purpose of the ultimate strength analysis. For example when carrying out ultimate strength
analysis to assess the effect of various hull configurations on the ductility of the structure,
performance measures related to redundancy and residual strength are considered more
adequate than those reflecting reserve strength. Performance measures based that reflect
residual strength can provide more insight into the failure mode of the structure (ductile versus
brittle).
In some instances it is necessary to consider more than one performance measure to gain an
accurate picture of the overall structural performance. For example, performance measure
related to reserve strength provide insight into the margin of safety between the ultimate
capacity and the design capacity of a particular FPSO, while performance measures related to
residual strength provide insight into the load shedding behaviour of a structure after it has
reached its ultimate capacity. To gain fuller understanding of the overall structural behaviour, it
may be necessary for these two quantities to be determined.
In the context of this study the following performance measures will be used in Section 4 to
measure the reserve strength and the residual strength for the range of FPSO hulls under
consideration:
·
·

PM1 = load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,

PM1 provides insight into the degree of redundancy, and load redistribution that are mobilised
to allow the structure to continue to carry increasing amount of loads after first component
failure has taken place. PM2 provides insight into the degree of redundancy and load
redistribution that are mobilised to allow the structure to continue to carry load after it has
reached its ultimate capacity. The above measures use the load to measure the reserve and
residual strength. It is possible to arrive at measures of reserve and residual strength by using
energy concepts.
In the context of this study, both energy based and load based performance measures are
determined and compared to examine any possible variation in results. To this end, the
following energy based performance measures will also be determined in Section 4 for the range
of FPSO hull configurations under consideration:
·
·

PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate

The first and third performance measures are an indication of the reserve strength between first
component failure and the ultimate strength of the FPSO hull. The second and fourth
performance measures reflect the degree of redundancy in the system (and the ability for load
redistribution) once the ultimate strength of the FPSO hull has been reached.
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The energy at ultimate, and the energy at 1.5 times the ultimate deflection, is calculated as the
area under the moment curvature curve.
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4
4.1

DATA ON MARGINS OF RESERVE STRENGTH

INTRODUCTION

This section is divided into two main parts. In the first part, results from published ultimate
strength analyses are summarised. Load deflection curves are presented and the performance
measures proposed in the last chapter are used to assess the various analyses.
In the second part, results from ultimate strength analyses carried out in this study are reported.
Five different FPSOs with different hull configurations, all operating in the North Sea, are
selected for analysis. The performance measures discussed at the end of section 3.6 are
determined for each case. In the final stage of the analysis, one of the FPSOs is selected for
further study. Several modifications are applied to the FPSO hull and the effect on the reserve
and residual strength is studied.

4.2

EXISTING DATA

4.2.1

Deterministic safety factors

Rutherford and Caldwell (1990), [47]
The authors studied the ultimate strength of the Energy Concentration (which suffered a failure
in a known loading condition) under sagging conditions. The results were reported for both the
corroded and uncorroded sections. Figure 4.1 below shows the load deflection curves as
reported by the authors. It can be seen that both curves remain linear until the ultimate load is
reached. Once the ultimate load is reached there is a rapid decline in strength for both cases.
The ultimate strength for the corroded case is slightly smaller than the uncorroded case. The
performance measures described in section 3.6 were calculated for both analyses and the results
are presented in Table 4.1, where it can be seen that the effect of corrosion does not significantly
affect the margins of reserve and residual strength. Both the corroded and uncorroded cases
show no margins of reserve strength, and very low residual strengths.
The ultimate strength was calculated using a simplified analytical model that is based on
developing stress strain relationship for individual stiffened panel elements. The stress strain
relationships for these elements take into account the load shedding that takes place after
buckling has occurred. These relationship have been compared to experimental results from
various sources.
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Figure 4.1 Ultimate strength analysis – sagging condition – with and without corrosion
Table 4.1 performance measures – sagging co ndition – with and without corrosion
PM1
PM2
Corroded
1
0.72
Uncorroded
1
0.74
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate

PM3
1
1

PM4
1.75
1.74

The authors also determined the response under hogging conditions, and accounting for the
effects of lateral pressure acting on the bottom and side shell. The load deflection curves are
shown in the Figure 4.2 below. Curves 1 to 3 were obtained using the simplified analytical
model described above, while curve 4 was obtained using the finite element program MARC.
Comparing curve 2 with curve 4, it can be seen that the analytical method provides a very good
estimate of the elastic stiffness of the hull. Furthermore it provides a reasonably accurate, and
conservative, estimate of the ultimate strength and post ultimate behaviour of the hull.
Comparing curve 1 with curve 2, it can be seen that when corrosion is taken into account, the
ultimate strength is reduced slightly. Comparing curve 2 with curve 3, it can be seen that the
lateral pressure tends to contribute to the ultimate strength.
The performance measures described in section 3.6 were calculated for both analyses and the
results are presented in Table 4.2. In all cases it can be seen that there is very little margin of
reserve strength beyond first component failure. The various analyses are ranked in terms of the
various performance measures in Table 4.3. It can be clearly seen that according to the
performance measure used, different ranking order can be obtained.
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Figure 4.2 Ultimate strength analysis – hogging condition – with and without corrosion

Table 4.2 Performance measures – hogging conditio n – with and witho ut corrosion
c
PM1
Uncorroded; pressure applied
1.07
Corroded; pressure applied
1.05
Corroded; zero pressure
1.09
Corroded; marc FE result
1.1
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate

PM2
0.97
0.97
0.96
0.95

PM3
2.01
1.88
1.88
1.54

PM4
1.57
1.48
1.62
1.52

Table 4.3 Ranking of analysis according to four performance measures
c
PM1
PM2
Uncorroded; pressure applied
3
1
Corroded; pressure applied
4
1
Corroded; zero pressure
2
2
Corroded; marc FE result
1
3
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate
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PM3
1
2
2
3

PM4
2
4
1
3

OTO 98 164, [1]
This report presents the results of numerical analyses which were carried out to determine the
degree of reserve strength to an FPSO hull subjected to extreme wave conditions. Figure 4.3
below shows the load deflection curve for two cases: the analysis marked load case A include
plate imperfections, while the other curve corresponds to a structure with no imperfections. The
case without any imperfections shows a linear response up to the point where the ultimate
strength is reached, and a very rapid decrease in strength after load shedding is reached. When
imperfections are taken into account the response becomes non-linear before the ultimate
response is reached and post ultimate load shedding occurs more gradually.

Figure 4.3 Ultimate Strength analysis – with and without imperfections

The performance measures described in section 3.6 were calculated for both analyses and the
results are presented in Table 4.4. It can be seen that with imperfections accounted for, the
structure shows a higher margin of reserve and residual strength, despite showing a slightly
lower ultimate load.
Table 4.4 Performance measures – with and witho ut imperfections
PM1
PM2
Load Case A
1.10
0.77
Preliminary analysis
1
0.81
Notes:
PM1 = load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate

PM3
1.85
1

PM4
1.84
2.05

The load deflection curve was also shown to study the strength of the structure against shear
loading. The curve is reproduced in Figure 4.4. Comparing the shear in Figure 4.4 with the
moment response in Figure 4.3 it can be seen that while the moment shows approximately linear
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behaviour until the ultimate load is reached the reaction of the hull to shear loading is more
progressively non-linear. The figure also shows the response of the hull when the central bulk is
removed, where, as expected, the ultimate strength is reduced. The performance measures
described in section 3.6 were calculated for both analyses and the results are presented in Table
4.5. Using the energy performance measure PM3, it seems that the structure with a central
bulkhead has a higher margin of reserve strength. However if the load based performance
measure PM1 is used to compare the reserve margin of both FPSO hulls then the hull with no
central bulk is shown to have a higher margin of reserve strength. This shows the importance of
carefully choosing the performance measured for comparing different FPSO configurations.

Figure 4.4 Ultimate strength analysis (shear resistance) – with and witho ut bulkhead

Table 4.5 Performance measures – with and witho ut central bulkhead
PM1
PM2
No Central Bulk
1.64
N/A
With Central Bulk 1.51
N/A
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate
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PM3
15.62
20.72

PM4
N/A
N/A

Rahman & Chowdhury (1996), [30]
The authors determined the ultimate bending strength of a hull girder using simplified methods,
and compared the results to experimental studies. Moment curvature relationships determined
using two simplified analytical methods are shown in Figure 4.5 and compared with the
experimental results. The method referred to as ‘Dow et al (1981)’ is based on using elasto
plastic Finite element method to determine load and end-shortening curves for plate stiffener
combinations. The method referred to as ‘present method’ is based on more simplified
assumptions (see Table 3.1).
Both simplified methods seem to underestimate the linear stiffness and the ultimate strength of
the girder, and overestimate the post-ultimate stiffness. It seems from the figure that both
simplified methods provide a good estimate of the ultimate strength as determined in the
experiment. However, it is also important to determine how the simplified methods are able to
accurately predict the measures of reserve and residual strength. To this end, the performance
measures described in section 3.6 were calculated for both analyses and the results are presented
in Table 4.6. It can be seen that margins of residual and reserve strength are accurately
predicted using the simplified method denoted ‘present method’, even though the shapes of the
moment curvature curves are slightly different.
Figure 4.5 Ultimate strength analysis – Comparison with experimental results

Table 4.6 Performance measures – analytical and experimental studies
PM1
PM2
Present Method
1
0.67
Dow et al
1.06
0.48
Dowling
1
0.75
Experiment
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate
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PM3
1
1.3
1

PM4
1.82
1.72
1.8

ISSC Ductile Collapse (1997), [48]
Committee III.1 of the SSC asked several researchers to predict the posts ultimate behaviour of
a hull girder, for which there are known experimental results. Ten different participants were
involved in the project. The methods used in the analysis may be divided into two broad
categories: beam column approach and the idealised structural unit method. Figure 4.6 below
shows the moment curvature curves obtained for all cases. The performance measures
described in section 3.6 were calculated for both analyses and the results are presented in Table
4.7, and the margins of reserve and residual strength were ranked using the four performance
measures and the results are presented in Table 4.8.
Figure 4.6 Ultimate Strength Analysis – Analytical methods and Experimental results

Table 4.7 Performance measures for analytical and experimental investigations
PM1
PM2
Dow - Experiment 1.1
0.99
Amdahl
1.21
0.97
Caridis
1.33
N/A
Chen
1.22
0.98
Dow
0.98
0.99
Estefen
1.41
0.98
Hansen
1.33
0.95
Paik
1.04
0.85
Rutherford
1.03
0.97
Yao
1.39
0.98
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate
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PM3
2.38
3.4
3.65
2.94
2.65
2.92
3.65
1.92
1.23
6.36

PM4
1.45
1.71
N/A
1.68
1.44
1.77
1.25
1.98
1.73
1.81

Experimental results provide a good opportunity to calibrate and validate various methods with
varying degrees of complexities. Usually the results of analytical and finite element methods
are compared to those based on experimental results in terms of both the elastic stiffness and the
ultimate load at collapse. However the availability of experimental results also provide an
opportunity to validate analytical and finite element predictions of reserve and residual strength.
Examining predictions of performance measure PM1 in Table 4.7, it can be seen that with the
exception of the results of Dow, Paik and Rutherford, all other methods over estimate the
margin of reserve strength. Examining predictions for performance measure PM3 it can be seen
that all studies, with the exception of Paik and Rutherford, over estimate the prediction of
residual strength.
Table 4.8 Ranking of investigations according to four performance measures
PM1
PM2
Dow - Experiment 6
1
Amdahl
5
3
Caridis
3
N/A
Chen
4
2
Dow
9
1
Estefen
1
2
Hansen
3
4
Paik
7
5
Rutherford
8
3
Yao
2
2
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate
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PM3
7
3
2
4
6
5
2
8
9
1

PM4
7
5
N/A
6
8
3
9
1
4
2

4.2.2

Probabilities of failure

Theyamballi et al (1987), [24]
The authors carried out reliability analyses to determine safety indices for various bulk carriers
and tankers, and the results are reproduced in Figure 4.7. It can be seen that the results vary
from 1.7 to 2.4 for the case of tankers and from 1,8 to 2.1 for the case of bulk carriers. The
safety index (and therefore the safety) increase with the length of the tankers, and decrease as
the length of bulk carrier increase. Also shown in the figure is the sensitivity of the safety index
to the basic variables of strength and load. The results indicate that the safety index is as
sensitive to variations in strength as it is to load variables.
The safety indices of the tankers and bulk carriers are compared to other types of marine and
land based structures in the figure below, where it can be seen that bulk carriers and tankers
have comparable levels of safety.

(b)
(a)

Figure 4.7 Safety Indices and Sensitivity tankers for tankers and bulk carriers
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Maerli et al [7], Kaminski [5], Casella et al [13]

Results from three studies [5,7,13] are considered in the remained of this section. Table 4.9
summarises the reliability models used and the inherent uncertainties included in the analysis.
Table 4.9: Calculation method and statistical modelling
Parameter

Method

Collapse

Strength variables

Study
Kaminski [5]
FORM
1
3
Casella [13]
FORM
2
4
Maerli [7]
SORM
2
Not given
Notes:
1. First yield, effect of corrosion ignored
2. Includes buckling, effect of corrosion ignored
3. Yield strength, Young’s Modulus, section modulus, imperfections
4. Yield strength
5. Wave height, wave period, wave non-linearity

Loading variables

5
5
5

Table 4.10 shows the variation in reliability indices and probabilities of failures reported in a
variety of studies.
Table 4.10: Variation in reliability indices & probabilities of failure
Parameter

Vessel
dimensions
(LxBxD) m

Study
Kaminski [5]
239x40x20
Casella [13]
169x28x15 3
Casella [13]
169x28x15 3
Casella [13]
170x30x17
Casella [13]
170x30x17
Notes:
1. Initial tank design
2. As-built
3. Modified

Type
(C) / (PB)

Reliability –
sagging b

Reliability –
hoggi ng b

Ratio
sagging / hogging
Rule / Direct

PB
C
C
C
C

3.91
2.74
3.2
3.39
3.56

4.83
2.96
2.96
3.46
3.62

0.81/0.70
0.93/1.50
1.08/0.98/1.31
0.98/-

Table 4.11 shows the variation in reliability indices of FPSOs with geographical location [7].
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Table 4.11: Variation in reliability indices with geographical location
Parameter

Vessel
dimensions
(L x B x D) m

Study
Maerli [7]
233x42x21 1,2
Maerli [7]
233x42x21 3
Maerli [7]
233x42x21 4
Notes:
1. Double Hull
2. Area 4
3. Central North Sea
4. Northern North Sea

Reliability –
sagging b

Reliability –
hogging b

Ratio
sagging / hogging

5.17
6.3.
4.16

4.11
4.62
3.40

1.26/0.08
1.36/1.0E-04
1.22/0.02

The reliability indices quoted from the above studies are associated with a particular calculation
method used and the statistical models for the various basic variables. While an attempt is made
to compare the various reliability indices, it should be recognised that the reliability indices in
Tables 4.9 and 4.10 cannot be compared in an absolute way and should be related to their
particular limit state function.
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4.3

NEW ANALYSES

This section presents the results of simplified analysis methods that have been carried out in this
study. The selection of the various FPSOs considered in this study is first presented. Next the
method that was used for the ultimate strength analysis of FPSO hulls is discussed. Finally the
results in terms of load deflection curves are presented and the performance measures are
determined for each case.
To study the effects of various hull features one FPSO was selected for further analysis, where
parts of the double-bottom, double-sided hull are removed gradually and the performance
measures calculated for each case.

4.3.1

Selection of FPSO Configurations

The hull configuration of the FPSOs operating in the North Sea was reviewed and five FPSO
were chosen such that they are representative of the various hull configurations. The
dimensions and hull features of the selected FPSO are summarised in the table below.
Table 4.12 Main dimensions and features of FPSOs selected for analysis
L

L/B

B/D

L/D

T/D

Double
side

Double Bottom

Dist of V Stiffener
from CL

A

220

6.5

1.8

11.5

0.67

Y

Y

N/A

B

226

5.8

1.9

10.75

0.75

Y

N

0

N

N

0

C

1.9

F

237

5.6

1.8

10.3

0.74

Y

N

N/A

H

229

5.4

2

10.9

0.71

Y

Y

0

The figure below shows the various hulls configurations. It can be seen that the diagonal
elements in some of these figures are not connected to the remainder of the hull. This is an
approximation of the geometry and is not considered to affect the response.
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Figure 4.8 Configuration of five ships considered in study

4.3.2

Structural Analysis Approach

Simplified ultimate strength analyses were carried out using a program provided by the HSE
[46] and based on the work of Rahman and Chowdhury [30]. The program requires input in the
form of hull cross-section geometry and material properties. The hull cross-section is divided
into ‘stiffener elements’ made up of stiffener and plating. The behaviour of each element type
(corner, T and I) is modelled using elasto-plastic stress strain behaviour involving linear-elastic
behaviour followed by load shedding (if in compression) or a plastic yield plateau (if in
tension). Table 4.13 below shows a sample output of the program. The output includes the
linear limit and elasto-plastic capacities in sagging and hogging and the elastic and plastic
moment capacities. Graphical output is also available that uses colours to show the part of the
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stress strain curve for each element at various stages of the analysis. Note that other failure
modes (e.g. shear) have not been considered here.
Although there may be some uncertainty in the absolute values of results from a simplified
analysis of this nature, the results are only used as a relative measure. It is considered that any
errors are much reduced when the results are considered in this way.
Table 4.13 Sample output of software code

4.3.3

Base Study Results

The simplified non-linear analysis approach described in Section 4.3.2 was used to determine
the ultimate strength of the five FPSO hulls configurations, shown in Figure 4.8, under both
hogging and sagging loading conditions. Figure 4.9 shows the moment curvature curves for the
hogging and sagging conditions, together with the elastic and plastic capacities. It can be seen
that in all cases the hogging capacity is greater than the sagging capacity, and that it asymptotes
towards the elastic capacity. It can also be seen that the post ultimate behaviour in the sagging
condition tends to undergo a more rapid reduction in strength than that corresponding to the
hogging condition. It is assumed that there is no lateral pressure on any panels (i.e. it is
assumed that external water pressure is balanced by the tank contents).
Hogging Condition
The performance measures for the five FPSOs under hogging conditions are presented in Table
4.14, where it can be seen that FPSO B has consistently the highest margins of reserve and
residual strength using the four performance measures.
The four performance measures are used to rank the FPSO configurations, and the ranking order
is shown in Table 4.15. Using performance measures PM1 and PM3 (which reflect margins of
reserve strength) the same ranking order is achieved. This indicates that both the energy based
and the load based performance measures are reflecting the same margins of reserve strength.
Using performance measures PM2 and PM4 (which reflect margins of residual strength) a
different ranking order is achieved. This indicates that for the post ultimate behaviour larger
differences are obtained between load based and energy based performance measures.
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Figure 4.9 Hogging and sagging Moment curvature curves – base study
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Table 4.14 Performance measures for five FPSO Hulls – Hogging condition
PM1
PM2
A
2.39
0.94
B
4.57
1
C
2.49
0.98
D
1.31
0.92
E
1.5
0.96
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate

PM3
11.11
18.2
14.11
2.84
9.2

PM4
1.79
1.88
1.75
1.86
1.67

Table 4.15 Ranking measures for five FPSO Hulls – Hogging condition
PM1
PM2
A
3
4
B
1
1
C
2
2
D
5
5
E
4
3
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate

PM3
3
1
2
5
4

PM4
3
1
4
2
5

Sagging Condition
The performance measures for the five FPSOs under sagging conditions are presented in Table
4.16, where it can be seen that FPSO B still has the highest margins of reserve strength.
However the results show that FPSO B has the lowest margins of residual strength.
The four performance measures are used to rank the FPSO configurations, and the ranking order
is shown in Table 4.17. Using performance measures PM1 and PM3 (which reflect margins of
reserve strength) almost the same ranking order is achieved (the order of FPSOs A and D is
interchanged). This indicates that both the energy based and the load based performance
measures are reflecting similar margins of reserve strength. Using performance measures PM2
and PM4 (which reflect margins of residual strength) a different ranking order is achieved. This
indicates that for the post ultimate behaviour larger differences are obtained between load based
and energy based performance measures.
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Table 4.16 Performance measures for five FPSO Hulls – Sagging condition
PM1
PM2
A
1.95
0.95
B
2.34
0.56
C
1.31
0.78
D
1.65
0.9
E
1.21
0.85
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate

PM3
4.63
7.36
3.63
5
2.3

PM4
1.81
1.02
2.34
1.7
1.69

Table 4.17 Ranking measures for five FPSO Hulls – Sagging co ndition
PM1
PM2
A
2
1
B
1
5
C
4
4
D
3
2
E
5
3
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate

4.3.4

PM3
3
1
4
2
5

PM4
2
5
1
4
3

Sensitivity Study Results

The simplified non-linear analysis approach described above was used to determine the ultimate
bending moment capacity of FPSO D in six different hull configurations, shown in Figure 4.10,
under both hogging and sagging loading conditions. Figure 4.11 shows the moment curvature
curves for the hogging and sagging conditions, together with the elastic and plastic capacities.
It can be seen that in some cases the sagging capacity is greater than the hogging capacity. It
can also be seen that the post ultimate behaviour in both sagging and hogging conditions tends
to undergo a rapid reduction in strength.
Hogging Condition
The performance measures for the six FPSO configurations under hogging conditions are
presented in Table 4.18, where it can be seen that FPSO D with double bottom removed has the
highest margins of reserve strength. This may be explained by the definition of reserve strength
that is being used in this study, that is the ultimate strength divided by the linear limit which is
taken to signify first component failure. By removing the double bottom both the linear limit
and the ultimate strength are reduced but not in a proportional manner, which leads to a higher
margin of reserve strength as defined above. This can be seen from Table 4.19, which
summarises the values for the elastic and plastic capacities of the hull cross-section, the linear
limit and the ultimate strength of the section.
The four performance measures are used to rank the FPSO configurations, and the ranking order
is shown in Table 4.20. Using performance measures PM1 and PM3 (which reflect margins of
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reserve strength) different ranking order is achieved. This indicates that both the energy based
and the load based performance measures are reflecting different margins of reserve strength.
Using performance measures PM2 and PM4 (which reflect margins of residual strength) a
different ranking order is achieved. This indicates that for the post ultimate behaviour larger
differences are obtained between load based and energy based performance measures. It can
also be seen that a different ranking order is achieved whether one uses reserve strength
performance measures, or residual strength performance measures.
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Figure 4.10 Configuration of hulls considered in sensitivity study
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Figure 4.11 Moment curvature curves for hogging and sagging conditions – sensitivity
study
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Table 4.18 Performance measures for six FPSO Hull co nfigurations – Hogging
condition
PM1
1.31
1.28
1.43
1.25
1.23
1.15

D
D – Centre bulkhead removed
D – double bottom removed
D – double side removed
D – double side & double bottom removed
D – center bulkhead, double bottom & double side removed
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate

PM2
0.92
0.87
0.94
0.87
0.92
0.87

PM3
2.84
2.84
3.7
2.66
3.06
2.39

PM4
1.86
1.86
1.79
1.82
1.86
1.73

Table 4.19 Bending moment values (MNm) – Hogging condition

D
D – Centre bulkhead removed
D – double bottom removed
D – double side removed
D – double side & double bottom removed
D – center bulkhead, double bottom & double side removed

Elastic
capacity
9.01
8.75
8.62
8.11
7.51
7.0

Plastic
capacity
15.77
14.43
15.36
12.59
11.96
10.04

Linear
limit
6.43
6.40
4.61
6.31
4.35
4.05

Ul ti mate
strength
8.43
8.29
6.65
7.97
5.40
4.69

Table 4.20 Ranking measures for six FPSO Hulls configurations – Hogging condition
D
D – Centre bulkhead removed
D – double bottom removed
D – double side removed
D – double side & double bottom removed
D – center bulkhead, double bottom & double side removed
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate

PM1
2
3
1
4
5
6

PM2
2
3
1
3
2
3

PM3
3
3
1
4
2
5

PM4
1
1
3
2
1
4

Sagging Condition
The performance measures for the six FPSO configurations under sagging conditions are
presented in Table 4.21, where it can be seen that FPSO D, in its original form, still has the
highest margins of reserve strength using energy performance measure PM3. However if PM1
is used then the configuration with the highest reserve strength corresponds to FPSO D with the
double bottom removed. Again this may be explained from Table 4.22 that summarises values
for the linear limit, the ultimate strength and the elastic and plastic capacities under sagging
loading conditions. It can be seen that for the case where the double bottom is removed, the
linear limit is reduced but the ultimate strength remains unchanged.

55

The four performance measures are used to rank the FPSO configurations, and the ranking order
is shown in Table 4.23. Using performance measures PM1 and PM3 (which reflect margins of
reserve strength) different ranking order is achieved. This indicates that the energy based and
the load based performance measures are reflecting different margins of reserve strength. Using
performance measures PM2 and PM4 (which reflect margins of residual strength) a different
ranking order is achieved. This indicates that for the post ultimate behaviour larger differences
are obtained between load based and energy based performance measures. Also different
ranking order is achieved depending on whether reserve strength or residual strength
performance measures are used.
Table 4.21 Performance measures for six FPSO Hulls configurations – Sagging
condition
PM1
1.65
1.59
1.69
1.31
1.45
1.33

D
D – Centre bulkhead removed
D – double bottom removed
D – double side removed
D – double side & double bottom removed
D – center bulkhead, double bottom & double side removed
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate

PM2
0.9
0.85
0.92
0.86
0.9
0.93

PM3
5
4.61
4.29
3.53
3.5
2.27

PM4
1.7
1.76
2.11
1.72
0.79
1.75

Table 4.22 Bending moment values (MNm) – Sagging co ndition

D
D – Centre bulkhead removed
D – double bottom removed
D – double side removed
D – double side & double bottom removed
D – center bulkhead, double bottom & double side removed

Elastic
capacity
9.01
8.75
8.62
8.11
7.51
7.0

Plastic
capacity
15.77
14.43
15.36
12.59
11.96
10.04

Linear
limit
4.36
4.22
4.25
4.88
4.77
4.53

Ul ti mate
strength
7.14
6.72
7.14
6.35
6.84
6.10

Table 4.23 Ranking measures for six FPSO Hull configurations – Sagging condition
D
D – Centre bulkhead removed
D – double bottom removed
D – double side removed
D – double side & double bottom removed
D – center bulkhead, double bottom & double side removed
Notes:
PM1= load at ultimate / load at first component failure,
PM2 = load at 1.5 ultimate deflection / load at ultimate,
PM3 = energy at ultimate / energy at first component failure,
PM4 = energy at 1.5 ultimate deflection / energy at ultimate
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PM1
2
3
1
6
4
5

PM2
3
5
2
4
3
1

PM3
1
2
3
4
5
6

PM4
3
1
4
5
6
2

5

CONCLUSIONS AND RECOMMENDATIONS

5.1

CONCLUSIONS

5.1.1

Dimensions

·
·
·
·
·
·

Converted tankers have a higher L/B ratio than purpose built FPSOs.
The B/D ratio for purpose built North Sea FPSOs is approximately 1.84, and is dictated by
hull girder strength considerations rather than stability requirements.
Due to the relatively high B/D ratio for purpose built FPSOs in the North Sea depth and
beam may be considered as independent variables.
T/D ratios for purpose built FPSOs are lower than that for converted tankers and are around
0.66.
For purpose built FPSOs in the North Sea control of depth is exercised by the L/D ratio that
affects the strength and deflection of the hull girder.
Some purpose built FPSOs in the North Sea have L/D ratios as low as 9.0 due to the harsh
fatigue environment and the reduction in strength due to turret aperture.

5.1.2
·

Weight and buoyancy distributions for purpose-built FPSOs can be significantly different
to conversion FPSOs, resulting in large variability between the calculated still water effects
and the values permitted by a Rule-based approach.

5.1.3
·
·
·

·

Ultimate strength

The ratio of sagging to hogging ultimate strength ranges from 0.72 to 1.0 for converted
tankers, which is in contrast to the ratio of sagging to hogging wave induced vertical
bending moment which tend to have a value above 1.0. This indicates that safety factors
against sagging and hogging failure are expected to vary widely.
Various simplified ultimate strength analysis methods are available for the determination of
the ultimate strength of FPSO hulls. These methods are capable of accounting for initial
imperfections and residual stresses.

5.1.5
·

Vertical w ave bending moment loading

The ratio of sagging to hogging wave induced vertical bending moment is higher for
purpose-built FPSOs in comparison to converted tankers, and it ranges from 1.0 to 1.33.
The ratio of calculated sagging to hogging wave induced vertical bending moment varies
with the method of calculation (rule-based versus direct calculation).
The ratio of sagging to hogging wave induced vertical wave bending moment increases
when mooring effects are taken into account.

5.1.4
·

Still water bending moment loading

Reliability indices and safety factors

Higher reliability indices are reported by [14], in comparison to [16], due to ignoring
buckling and assuming failure to be due to yielding.
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·
·
·

Quoted reliability indices are between 2.74 to 3.91 (for sagging) and 2.96 to 4.83 (for
hogging).
The ratio of reliability indices against sagging and hogging hull failure varies from 0.81 to
1.08.
The ratio of probability of sagging to hogging hull failure varies from 0.70 to 1.50.

5.1.6
·

·

·
·

·

·

·

There is a trend for the reliability indices to be lower (and thus the associated probabilities
of failure to be higher) for sagging than for hogging. However the variability in hull
configurations and their associated capacities means that each arrangement needs to be
considered on its merits.
The acceptability of the reliability indices for a particular installation will depend on many
factors, including the quality of the data and the analyses used in their derivation, and the
confidence that the most critical failure modes have been considered.
The obvious way to achieve more consistent reliability indices will be through optimised
design. However, the various demands made and compromises required during the design
process may limit the opportunities for this.
Improved reliability indices may be achieved during operation by trying to keep the still
water bending moment opposite in sign to the more critical condition (e.g. if the reliability
index for sagging is lower than for hogging, then the still water bending should be kept in
hogging whenever possible).
Reliability under hogging conditions may also be improved by controlling the contents of
tanks near critical locations, so as to limit net lateral pressures on the bottom shell. The
required action for specific cases would depend on the critical failure mode for the bottom
shell panel.
Other operational improvements in reliability index may also be possible by controlling the
loading when storms are approaching. Stopping production earlier may give an opportunity
to limit the still water bending moments. Having the FPSO sitting higher in the water may
help in mitigating other hazards, e.g. green water.
Possible changes to operating practices will need to take account of any adverse effects on
other limit states, e.g. stability, and will also need to ensure that operational flexibility is
not limited excessively.

5.1.7
·
·

Comparison of results and their implications

Performance Measures

There is no measure that can be used on its own to describe the performance of FPSO
structures in extreme conditions.
There are a number of measures that can be used, these include both energy based and load
based residual and reserve strength performance measures.

5.2

RECOMMENDATIONS FOR FURTHER WORK

5.2.1

Simplified Ultimate Strength Analysis Methods

·

Notwithstanding recent developments, simplified ultimate analysis methods could be
developed further to account for interaction between different failure modes, and different
loading components. .
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5.2.2

Probabilistic Methods

·

Gather more data on reliability of purpose built FPSOs to compare against that
corresponding to converted tankers.

·

Further comparison of reliability against hull failure using both rule-based and direct
calculation methods.
Provide guidelines regarding various limit functions, and statistical variations of basic
variables, to provide more consistency in reliability analyses.

·

5.2.3

Performance Measures

·

Develop hybrid performance measures that reflect redundancy, ductility, reserve and
residual strength.

·

Available experimental results on stiffened panels and box girders may be used to validate
the various performance measures that have been used in this report. While it is useful to
compare the reserve and residual strengths predicted by various analytical and finite
element methods, it is extremely important to compare these performance measures against
any available experimental results.
Data on tankers and bulk carriers that have failed could be used to develop useful hybrid
performance measures as described in the first point of this section.

·
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