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Abstract

The present study is an attempt to re-assess the level of reliability of the mooring system of an existing Floating
Production Storage and Offloading (FPSO) unit in West Africa. The study made use of field data for the environment
including wind, waves and current toguether with simultaneous measurements of the FPSO offset and of the mooring
line tensions. Three different approaches to predict the extreme response are compared. More specifically, the tradi-
tional design method is compared with Response Based Design (RBD) and First Order Reliability Method (FORM)
analysis associated with Response Surface Models (RSM) of the moored FPSO. The results of this case study allow
assessing the level of conservatism that is currently embedded in classical design rules.

Keywords: environmental contour; joint probabilities; multivariate extremes; I-FORM; FPSO; West Africa;
structural reliability; response-based design; inverse reliability method; response surface.

1. Introduction

The Oil and Gas industry extensively uses ship-shaped stucture that are moored on site, also known as Floating
Production Storage and Offloading (FPSO) units. These structures as illustrated in Fig. 1 and 2 rely on their mooring
system to ensure station keeping so that the FPSO displacements (or offset) remain within a prescribed boundary that
can be accomodated by the riser system. The integrity of the mooring system is therefore of critical importance as the
failure of one (or more) mooring line(s) may result in catastrophic consequences. Several mooring line failures have
been observed all over the world over the last few years, sometimes leading to a complete un-zipping of the mooring
system. The observed failure rate as reported in [1] is well above what would be expected according to the design
guidance, see e.g. [2] and mooring line failures are expected to continue occuring as the FPSO fleet is aging. Being
able to assess the level of reliability of existing mooring systems is therefore of the outmost importance.

The standard approach to design a mooring system consists in computing the response of the moored structure
to extreme environmental conditions following the recommended practice of a Class Society and applying factors of
safety on the maximum design tensions that have been computed in different configurations such as all mooring lines
intact, one or possibly two broken lines. It is worth noting that the values for the Factor of Safety to be applied depend
on the loading condition (extreme or survival cases), the chosen standard and the computation method that has been
retained to perform the analysis [3, 4, 5]. As a result of using practical design rules with semi-empirical values for the
factors of safety, the achieved level of reliability of the mooring system has somewhat been lost in the design process.

The present study is an attempt to re-assess a posteriori the level of reliability of an existing mooring system
to estimate the level of conservatism that is currently embeded into the design guidance. The study made use of
simultaneous experimental data for the environment (wind, waves and current) and for the FPSO response (offset and
mooring line tensions). The studied configuration shown in Fig. 2 comprises the FPSO, a spread moored system with
16 mooring lines grouped in four clusters, three riser towers and two export lines by water depths ranging from 1250
to 1400 m. Results of the classical design methodology as per Recommended Practice [3] were compared to the ones
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from Response-Based-Design (RBD) and First Order Reliability Method (FORM). More information on this study
can also be found in [6, 7, 8, 9].

Figure 1: Photo of the FPSO on site.

Figure 2: FPSO configuration including spread mooring, riser towers and export lines (Artist view).

2. Environmental conditions: measurement and characterization

The first step in the design process is to describe the local met-ocean conditions that will be used to generate
the environmental loadings acting on the offshore structure. In the present case, project design values were available
but they were not used directly. Instead, the design process was repeated from start to clearly identify the various
uncertainties that arise at the different stages. The instrumentation to characterise the met-ocean conditions consisted
of a Datawell Waverider Buoy, a Vaisala Maws anemometer and met-station, and two Acoustic Doppler Current
Profilers (ADCPs) by RD Instruments (RDI) attached to a mooring line. The instrumentation was maintained on site
from May 2002 until July 2004, thus offering 2 years of simultaneous wind / wave / current data. The wave buoy
was kept in place for an additional year. The analysis of recorded met-ocean data showed that even if the maritime
climate is mild in West Africa, the wave, wind and current conditions are complex and need to be analyzed carefully
as described hereafter.

2.1. Current analysis
Current is at the origin of drag forces on both the FPSO hull and the mooring lines. A sub-surface current profile

reduction was carried out to obtain time series of parameters characterising the current profile. Following a quality
control and consolidation of the current database, a visual inspection of the current profiles showed the complexity
and variety of the sub-surface currents. The data often exhibits relatively strong currents (up to 0.8m/s) with sheared
or rotating speeds as illustrated in Fig. 3.
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Figure 3: Example of measured sub-surface current profile.

        

        

              

        

             

         
Figure 4: Monthly statistics, scatter plot and directional distribution of sub-surface current (Left) and wind (Right).
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Then, various methods were applied to characterise subsurface profiles with a limited number of parameters:

• A uniform profile (with the same direction over the FPSO draft);

• A sheared profile (with the same direction over the FPSO draft);

• An Empirical Orthogonal Function (EOF) decomposition also know as Principal Component Analysis (PCA)
which had been previously applied with some success to described current profiles [10]. The method basically
consists in a linear transformation of the data to a new coordinate system such that the greatest variance by any
projection of the data comes to lie on the first coordinate, also called the first EOF mode, the second variance
on the second EOF mode, etc.

Although the use of EOF decomposition with 3 modes would have minimized the error, the uniform profile was
retained for the rest of the study for practical reasons associated to the use of standard hydrodynamic and structural
software. Unfortunately, this assumption adds some uncertainty to the analysis. Fig. 4 (left) shows the monthly
statistics (min, mean, max, stdev), the scatter plot and joint distribution (U − θU) of surface current velocity and
direction.

2.2. Wind analysis
The wind is at the origin of a drag force on the hull of the FPSO above the seawater level and on the topsides.

While processing wind records, it appeared that the statistical properties of the wind during squall events significantly
differ from that for trade winds. Squall events were therefore removed from the database for the purpose of this study
because they have to be considered as extreme events on their own. It should be kept in mind that accounting for
squall events is of the outmost importance to assess the extreme response of the mooring system, but taking them into
account required a specific study that is not reported here. The response of the FPSO to squall events will be reported
in a separate article due to length constrains.

A modified Kaimal wind spectrum was adjusted to the trade wind data and was later on used to model the wind
in the simulations. Monthly statistics (min, mean, max and stdev), scatter plot and joint distribution (V − θV ) of wind
velocity and direction are illustrated in Fig. 4 (right).

2.3. Wave analysis
2.3.1. Wave system extraction

Although the wave climate is mild offshore West Africa, it is a key aspect for designing floating structures because
of the presence of crossed seas that may have a significant effect on the floater behaviour. Fig. 5 and 6 show an
example of multiple swells and a local wind sea acting simultaneously with various periods and directions, thus the
importance of accurately partitioning the sea-state into swells and wind sea systems.

The frequency-direction wave spectra were calculated using an Iterated Maximum Likelihood Method with MAT-
LAB tools, from successive half-hour raw data and then averaged over one hour. Several spectral parameters were
calculated from the raw data or from the wave spectra including spectral density, main direction and directional
spreading as a function of wave frequency. In addition, the maximum wave height was also calculated. As shown in
Fig. 5, multi-modal wave spectra were observed most of the time, exhibiting simultaneous swells and often a local
wind-sea.

Sea state systems were initially derived from a partitioning of sea-state spectra based on APL Waves Analysis
software. An example of partitioning is presented in Fig. 6 (Left). Measured wave systems were characterized with
a maximum of 3 components. The Main Swell was associated with the highest significant height Hs among the
components; the Secondary Swell was characterized from the second or the third system with Tp > 9s and the Wind
Sea for Tp < 9s. A Quality Control was carried out and some adjustments were made in particular to correctly identify
the secondary swell system.

Statistics on the occurence of sea state combinations presented in Table 1 show that 84% of the sea-states are
composed of a main swell alone, or a main swell with a wind sea component. Wave partitioning resulted in the
creation of time series covering the three and a half years of wave records for each of the reduced parameters including
significant height (Hs)i, peak period (Tp)i, peak direction θi for each of the three wave systems identified (main and
secondary swells, wind sea).
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Figure 5: A typical multi-modal wave spectrum measured offshore Angola.

             

Figure 6: Example APL WAVES spectral partition plot from 17 Nov. 2001.

Table 1: Statistics of APL Wave Systems
Main Swell alone 46.1 %
Main Swell & Second Swell 8.2 %
Main Swell & Second Swell & Wind Sea 7.7 %
Main Swell & Wind Sea 38.0 %
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Figure 7: Statistics of total sea-state parameters.

2.3.2. Wave system properties
The parameters describing each wave system individually and the total sea-state were then analyzed to produce

tables of statistics (min, mean, max, STD and quartiles), empirical distributions Hs, Tp and the joint distributions
(Hs − Tp), (Hs − θ), (Tp − θ) and (Hs − Tp) per directional sectors. Results of the statistical analysis are illustrated
in Fig. 7 and 8. This last figure highlights the difference between main swell and wind sea significant wave heights,
therefore justifying the choice to consider three separate wave systems to model the environment in a deterministic
manner.

3. Response Based Design

3.1. Methodology

Response Based Design (RBD) methodology consists in running a large number of simulations to derive statistical
estimates for the extreme values of the computed response. It requires the ability to generate a large enough database
that describes realistically in a deterministic manner the marine environment. The use of the RBD methodology to
design offshore structures is not new. Following the early work by Birades [11], the approach has had some success
[12, 13, 14, 15, 16] and is now partly included in design guidance [17]. Response Based Design often relies on the
use of a Response Surface Model (RSM) to describe the behaviour of the structure [18, 19, 20, 21] and [22, 23, 24]
for offshore structures. Response Based Design methodology was also applied to assess the extreme response of
FPSOs [25, 26, 27, 28, 29, 30, 31, 32, 33, 34] though the approach remains strongly limited by the computational
time required to perform a single simulation of the moored structure subject to environmental loadings. The required
computational effort can be reduced by several orders of magnitude by decreasing the level of complexity of the
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       Figure 8: Monthly statistics of significant heights of main swells (Left) and wind seas (Right).

numerical model. Time domain fully coupled simulations are very demanding as the dynamics of the mooring lines
has be to computed simultaneously with the motion of the floater. The required CPU time was in a ratio of circa one
to one with the physical time which makes fully coupled simulations inappropriate for RBD unless a super-computer
is used. The fully coupled dynamic analysis can be advantageously replaced by a quasi-static approach that neglects
dynamic effects on the mooring lines and the risers, also assuming the later do not influence the FPSO motion. The
classical analytical solution for catenary is then used to model the mooring lines that in turn influence the FPSO
motion through their associated stiffness.

Such a simplification was performed as this assumption was justified in the present study. The met-ocean database
consisted of approximately 25,000 data points for which the environmental conditions were recorded, covering a 3
years period of time. Direct simulations of the mechanical behavior of the spread moored FPSO with its mooring and
riser systems were performed for all data points. Results of the direct simulations were then post-treated statistically
to extrapolate an extreme value of the response for a given value of the return period.

3.2. Description of the numerical model

A direct simulation presently consists in a low-frequency time domain simulation with superposition of the wave
frequency motion obtained from the motion RAOs (Response Amplitude Operator), assuming a quasi-static behavior
of the mooring lines. The numerical model used to perform the direct simulation is therefore similar to the one used
in the standard design methodology. The FPSO is modeled as a solid with 6 degrees of freedom to which are applied
the following loadings:

• Inertia loads are applied at the centre of gravity (COG) and computed from the design data for the lightweight
FPSO and the monitored level in each tank.

• Hydrodynamic loads are computed from the geometry using a diffraction radiation software [35]. Loads are
separated into (i) radiation loads (added mass, radiation damping), (ii) excitation loads (diffraction + Froude
Krylov loads) and (iii) low frequency loads calculated from the drift forces using Newman approximation.

• Wind and current loads are modeled by a Morison formulation using aerodynamic and hydodynamic drag
coefficients issued from wind model tests.

• Anchoring loads are modeled by a set of non-linear springs imposing the quasi-static restoring force to the
FPSO according to its actual position.

• Riser and export line loads are modeled as constant loads due to the catenary configuration of the jumpers.
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Figure 9: DeepLinesT M FEM model of the FPSO and its riser and mooring systems

Time domain simulations were performed using the model shown in Fig. 9. Wave frequency motion and low frequency
motion are superimposed and a quasi-static approach is used for estimating dynamic tensions, which may not always
be appropriate as the dynamics of the mooring system may influence the FPSO position when severe environments are
addressed [36, 37]. Additional monitored data are required to build up an accurate model. In particular, effective values
for cargo tank and ballast tank filling ratio, draft and attitude of the ship have been considered. All the previously
mentioned data were simultaneously available over a one-year period of time. Values issued from the design stage are
mainly wind and current polar coefficients obtained from wind tunnel model tests. Hydrodynamic data are computed
using 3D diffraction radiation model [35] for a matrix of 5 drafts by 5 trim angles, which is then used for interpolation.

3.3. Validation of the model
Classicaly, time domain simulations are run over a 3-hour period of time during which the statistical properties

of the sea state are considered to be constant. As the FPSO motion natural period for horizontal motions (surge and
sway) is of the order of 300s, transient effects are expected to arise during the first hour of the simulation. Only results
from the last hour of the simulation were therefore retained. The model was calibrated and benchmarked against
measurements. Fig. 10 shows a comparison for the maximum tension in a mooring line as predicted by the numerical
model and as measured. The reasonable agreement indicates that the numerical model is correctly calibrated and the
input data are consistent. Tentative validation of the FPSO motion was made but the Dynamic Global Positioning
System (DGPS) did not provide enough accuracy to have tangible results.

As the simulations were performed in the time domain using a random wave sequence with prescribed energy
spectrum, the sample variability makes it difficult to interpret directly the maximum value that is being computed. Part
of the discrepancies observed in Fig. 10 can be explained by the definition that has been used for the maximum value.
To obtain a representative value of the maximum tension, the recommended practice [3] is to repeat the simulation
using different seeds to initialise the wave sequence. Alternatively statistics can be performed on sub-windows of the
simulated time period. In the present study, the last hour of each simulation was analyzed as follows: six windows of
ten minutes were defined and the maxima over each window were recorded. By analogy with classification rules, the
so-called design value was set equal to the maximum value over all windows plus two times the standard deviation of
the observed block maxima:

∆Xdesign = ∆Xmax + 2σXmax (1)

where ∆Xmax is the maximum value that has been computed and σXmax is the observed standard deviation of the
observed maxima over the six windows.

3.4. Extreme analysis of simulation results
The reponse of the FPSO subject to the measured enviromental loads was computed and recorded during one

year. Simulations were performed every 10 minutes to match the measured sampling rate for wind loads, leading to
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Figure 10: Comparison between measured and predicted value of the mooring line tension.

Table 2: Main statistics for FPSO motion during the year of simulation
10 minutes sub-windows surge (m) sway (m)
Minimum -12.858 -8.207
1st Quantile -2.319 4.468
Median -1.782 5.459
Mean -2.167 5.16
3rd Quantile -1.450 6.37
Maximum -0.215 8.146

approximately 25,000 calculations in total corresponding to several days of CPU time on a standard PC. Only the
results of interest (FPSO offset and maximum tension in each mooring line) were stored and post-process afterward.

The derivation of extreme values is a key point in both classical or Response Based Design methodology as it is
at the origin or at the conclusion of the method. All the distributions were computed as univariate distribution and
were then fitted by probabilistic distribution models. No assumption on the type of extreme law that should be fitted
on the results was made among Generalized Extreme Value (GEV) distributions, which includes Weibull maximum
and Gumbel distributions. The fitting used the maximum likelihood estimates. Derivation of the extreme values for
sea state parameters and therefore for all the associated responses such as offset and tension requires independence
of the observed maxima used in the empirical distribution. The weekly maxima were used after a sensitivity analysis
was performed. The response extrapolation process is illustrated in Fig. 11 and results are presented in Table 2. The
later will be discussed at the end in Section 7

4. Statistical description of the environment

So far, the main parameters characterising the marine environment at the site location have been extracted from
field measurements. A database compiling the simultaneous values of these parameters over a two-year period of
time was built (Section 2) and used as input to perform direct simulations (Section 3). In order to perform the design
of the mooring system within the framework of reliability analysis, it is however necessary to create a statistical
representation of the marine environment instead of a deterministic one.

This section presents the statistical analysis of the met-ocean data. The dependence between the various met-ocean
variables is studied first, prior to deriving the marginal distribution and joint distribution when needed. The problem
of deriving joint distributions of met-ocean conditions has led to numerous studies since the early work of Winterstein
[38, 39, 40, 41], see e.g. [42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53]. The originality here was to include in the
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Figure 11: Maximum offset extrapolation from RBD. The Return Level corresponds to the FPSO Offset (m).

approach the dependence with respect to direction (Section 4.2) and to propose a method to model accurately both the
body and the tail of the marginal distribution (Section 4.3).

Once the various distributions have been modeled, the Inverse First Order Reliability Method (I-FORM) allows
calculating extreme environmental contours for a given return period from the joint distributions of several variables.
Iso-contours associated to a probability of non-exceedence p related to the specified return period are then searched
for the points that maximize some response function. An introduction to the method is given in Winterstein et al.
[38, 39] and further studies have been performed since then, see e.g [54, 55, 56, 57, 58]. Section 4.3.1 describes
a practical methodology to enforce that the extreme contours are consistent with the extremes calculated for each
variable.

4.1. Dependence analysis and joint probabilities
4.1.1. Dependence between the respective intensities

The first step of the analysis was to describe the marginal PDF of the main variables i.e. the variables characterising
the intensity of each met-ocean component including current (U), wind speed (V), and significant height Hs of each
individual wave system. Their empirical distributions were fitted by probability distribution models, Gumbel and
Weibull, using a least square method that minimizes the error between the empirical cumulative distribution and the
fitted model. The analysis highlighted the need for two types of marginal distribution models, one giving the best fit
of the bulk of the distribution and another for adjusting the highest values as described in Section 4.3.

The second step was to analyze the dependence between variables, using three methods:

• Statistical test of significance of correlation: Bravais-Pearson and Spearman.

• Scatter plot between two variables (X1 and X2) and analysis of main conditional statistical parameters (mean
and standard deviation) of one variable versus the other.

• Principal Component Analysis (PCA) that allows for the analysis of dependence between more than 2 variables.

The dependence analysis resulted in following conclusions:

• Independence of sub-surface currents versus wind and sea states;

• Independence between sea state systems;

• Independence of wind and swell systems;
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      Figure 12: Scatter-plot, empirical joint distribution and model joint distribution for independent variables (Left) and two sets of correlated variables

(Center and Right), namely (Main Swell,Wind Sea), (Wind Sea, Wind velocity) and (Hs, Tp).

• Dependence of wind and wind sea (intensity and direction);

• Dependence of Hs and Tp in every sea state system.

Examples of un-correlated and correlated variables are illustrated in Fig. 12. When dependence was observed, condi-
tional distributions were built using standard models such as Weibull or Lognormal.

4.2. Dependence with respect to direction
Dependence of the intensity of the loading with respect to direction was investigated. The symbols in Fig. 13

represent the observed directional distribution for current and wind speed for a 22.5 degrees direction interval. The
observed directional distribution for main swell is also plotted in Fig. 14 for a 7.5 degrees direction interval. These
figures clearly show the strong directionality of the environment in this region of the world and stress the need to
use analytical models that have the ability to represent accurately the directionality of the environment. From a
mathematical point of view, the directional PDF were represented by a combination of a uniform PDF and a number
of Gauss PDF as described in Section 4.4.1. Such a description was not reported before to the knowledge of the
authors.

This fitting process is explained hereafter for the case of the surface current U. In order to match the three distinct
peaks of the observed directional distribution shown in Fig. 13, the analytical distribution was sought in the form of the
combination of a uniform PDF and 3 normal Gauss PDF which parameters were identified by least squares method.
The fitted distribution is represented by the red line in Fig. 13. The current velocity distribution was then defined as
conditional to the current direction. A Gumbel model was adjusted to each current speed PDF per directional sector.
The empirical directional Gumbel parameters were numerically adjusted using the same analytical representation as
for the current direction PDF, i.e., a combination of a constant uniform PDF and 3 normal Gauss PDF. This model
enables to achieve a complete Inverse-FORM computation, although it works mainly because the design points are
close to the dominant directions of the met-ocean variables, which means that the possible issue of extrapolating to
extremes the directional distributions was not raised.
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Figure 13: Directional distribution of current (left) and wind (right) direction.

Figure 14: Directional distribution of wave direction.

A fairly similar method was applied to wind direction and wind speed conditional to direction. On the other hand,
due to the narrowness of the main swell direction distribution, the swell wave height was assumed to be independent
from swell direction. The swell directional PDF was set to zero out of a narrow angular sector around the dominant
direction.

4.3. Joint Extremes

4.3.1. Corrective extreme factors
In the Inverse-FORM methodology, the distribution model shall be representative of the global distribution of each

variable, including the distribution of the highest values laying in the tail of the distribution. The extreme contours
shall be able to represent extreme values of a given variable associated to normal conditions of another variable.

Furthermore, the extreme contours shall be consistent with the extremes calculated for each variable, which may
lead to some difficulties in the application of a standard Inverse-FORM methodology, because the extremes are often
calculated on the basis of distributions of peak values (Peak over Threshold method), or distributions of maximal
values over given periods of time (e.g. extrapolation of annual maxima). The following practical method was applied
to overcome these difficulties:

• Step 1: Two types of marginal distribution models of main variables U, V and (Hs)i were considered to lead
to a good representation of the global distribution but also of the severe conditions, because this is required for
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Figure 15: New distribution model of Hs (Main Swell).

the derivation of extreme contours: F(X) the best fits of the bulk of the data cumulative distribution function
(CDF), F10%(X) the fits of the 10% highest values, i.e. the tail of the distribution, for modelling of severe
environmental conditions. It should be noted that the selection of a 10% threshold is somewhat arbitrary. For
each main variable, a new distribution model was set-up (Fig. 15) introducing xt defined as:

F(X < xt) = F10%(X < xt) (2)

and defining a matched distribution such that:

P(X < x) = F(X < x) for X < xt

P(X < x) = F10%(X < x) for X > xt (3)

• Step 2: A corrective extreme factor was associated to each main variable, so that the extremes calculated from
the distribution coincide with the considered return value calculated for each variable separately: If P(X) is the
revised distribution of the variable X, if the 100-y extreme (for instance) is x100, and if the number of events is
N (e.g. 100*365.25*8 for Hs at a time step of 3 hours), then a corrective factor k is applied so that:

P(X > x100) = 1 −
1

kN
(4)

leading to a correction of the cumulative distribution P(X):

Pc(X > x) = 1 − k(1 − P(X > x)), or Pc(X < x) = kP(X < x) (5)

As defined, Pc is no more a cumulative distribution, but over the levels we are interested in, k could be supposed
to be x dependent and to tend to 1. When the time steps of two variables are not the same (e.g. Hs at time steps
of 3 hours and V at time steps of 10 minutes), the CDF must be adapted in order to get extreme contours that
are consistent with extremes calculated on different time bases. If X1 is the variable defined on the longer basis,
say a duration D1, a new set of variables is derived from the second variable: X2m = max(X2)D1 then, a new
distribution model of X2m is built, and the same approach as above is applied.

• Step 3: Then, the standard I-FORM methodology can be applied on the basis of the 2 CDF, Pc1(X1) and Pc2(X2).
With the methodology presented above, the two CDF were built to get conservative contours consistent with
extreme values (at least the 100-y contour with the 100-y extremes).
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Figure 16: Examples of Inverse-FORM contours for Hs main swell - Wind (left) and Hs Wind Sea and Wind (rigth).

4.3.2. Inverse-FORM contours
Exemples of use of the Inverse-FORM contours are provided in [54, 55, 56, 58, 57]. In the space of the standard

normal variables, the extreme environmental contour with a p-probability is the hypersphere (a circle in 2D) with a
radius β = Φ−1(1 − p), where Φ is the Gauss cumulative distribution. The standard normal variables are calculated
by the Rosenblatt transformation [59]: if X is a physical random vector (e.g. (Hs, Tp)), a standard normal vector
U = T (X) is obtained, where T is the Rosenblatt transformation. The variables on the circle of p-probability in the
standard normal space are Uc. To get the values of these variables in the physical space (I-FORM contours), the
inverse Rosenblatt transformation is applied:

Xc = T−1
(
Uc

)
(6)

Based on the analyses described in the previous sections, the Inverse-FORM methodology was applied. This led to
joint models for several couples of variables. Some Inverse-FORM contours resulting from this analysis are presented
in Fig. 16.

4.3.3. Limitations
This study has led to joint extreme criteria that can be used for design. However, some limitations in the method

and some uncertainties must be stressed. In particular, squall winds were excluded from the study and currents repre-
sentation was simplified. But the main difficulties came from the application of I-FORM methodology, in particular
on following topics:

• The necessity to use two distribution models to fit the empirical data, one for the bulk of the distribution and
another for adjusting the highest values;

• The necessity to use corrective extreme factors in the distribution models, in order to remain consistent with
extreme values;

• The extrapolation to 100 years from only 3 years of data and the choice of the law F10%;

• The potential influence of seasonal dependence between parameters;

• The method to get directional contours, which is still being debated;

• The need to simplify the contours for design purposes.
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• The first order approximation in FORM method.

In addition, we must emphasize the fact that the I-FORM methodology was applied to pairs of variables only. It must
be stressed that it is more difficult to deal with multivariate statistics in higher dimensions than the two considered in
this study, particularly when the variables are dependent.

4.4. Statistical model of the environment
4.4.1. Choice of the key variables

The environment is composed of the current speed and direction, the wind speed and direction and the three wave
systems with their associated wave height, peak period and directions. Each sea state is therefore described by a
total of thirteen random variables. In order to reduce the number of variables but still retaining the main ones, it is
interesting to study the response of the system to the different environmental loadings. Such a study is presented in
Section 5. The number of relevant state variables to be included into the First Order Reliability Method is governed
by the adequacy of the Response Surface Models to represent correctly the behavior of the mechanical system and
its sensitivity to the environmental variables. When deriving the Response Surface Model, it was observed that only
current, wind and main swell had a significant effect on the FPSO offset and mooring line tension. Consequently, only
7 physical variables as shown in Table 3 were retained in the statistical model for the environment:

• The surface current was considered as a physical phenomenon modeled by a random process that could be
described by means of 2 random variables, i.e. the direction and the velocity.

• The wind was here considered as a physical phenomenon modeled by a random process, which could be de-
scribed by means of 2 random variables, i.e. the direction and the velocity.

• The main swell was considered as a physical phenomenon modeled by a 3-hour sea states described by means
of 3 random variables: the direction, the significant height and the peak period.

Table 3: Random variable definition
Designation Symbol Random variable
Current direction dirU x1
Current velocity U x2
Wind direction dirV x3
Wind velocity V x4
Wave (main swell) direction dirW x5
Significant wave height Hs x6
Peak period Tp x7

4.4.2. Current
A simple Gaussian model was used to fit the current directional PDF as the combination of a constant function

and 3 Gauss functions for x1 ∈ [0, 2π[ :

PdirU(x1) = p10 +
∑

1≤k≤3

φ1k(x1), where φ1k(x1) = exp
[
−

1
2

( x1 − θ1k

σ1k

)2]
(7)

All parameters present in the current direction analytical PDF have been numerically determined by least squares
methods applied to measured data. For the current velocity, Gumbel laws were the best fit for measured distributions.
A 2-parameter Gumbel law was used to represent the cumulative distribution function of the current velocity with
constant parameters in absence of directional effect or with variable parameters in case of directional effects.

• Model without directional effect: the current velocity distribution was considered as independent upon the
current direction and the Gumbel parameters aU0 and bU0 were considered as constant:

PU(x2) = exp
[
−exp

( x2 − aU0

bU0

)]
(8)
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• Model with directional effects: the current velocity distribution was conditional to the current direction with the
Gumbel parameters aU and bU function of the current direction:

PU(x2|x1) = exp
[
−exp

( x2 − aU(x1)
bU(x1)

)]
(9)

For every direction present in the measured data, the empirical directional parameters (aU)exp and (bU)exp were
obtained from measured data using iterative maximum likelihood methods. The directional parameters aU and
bU were numerically adjusted from the empirical directional parameters using the same analytical representation
as for the current directional PDF, i.e., a combination of a constant function and 3 Gauss functions, with identical
principal directions and standard deviations as for the measured directional PDF:

aU(x1) = a10 +
∑

1≤k≤3

a1k.φ1k(x1), and bU(x1) = b10 +
∑

1≤k≤3

b1k.φ1k(x1) (10)

The parameters a1k and b1k were numerically determined by linear regression methods applied to empirical
directional parameters.

4.4.3. Wind
A simple Gaussian model was also used to fit the directional PDF for the wind speed as the combination of a

uniform function and 2 Gauss functions for x3 ∈ [0, 2π[:

PdirU(x3) = p30 +
∑

1≤k≤3

p3k.φ3k(x3) where φ3k(x3) = exp
[
−

1
2

( x3 − θ3k

σ3k

)2]
(11)

All parameters present in the wind direction PDF were numerically determined by least squares methods from mea-
sured data. For the wind velocity, Weibull laws were the best fit for measured distributions. A 3-parameter Weibull law
was used to represent the cumulative distribution function of the wind velocity with constant parameters in absence
of directional effect or with variable parameters in case of directional effects.

• Model without directional effect: The wind velocity distribution was considered as independent upon the wind
direction. The Weibull parameters aV0 and bV0 were set constant.

• Model with directional effects: The wind velocity distribution was considered as conditional to the wind direc-
tion. Only one Weibull parameter (the scale parameter) was function of the wind direction:

PdirV (x4|x3) = 1 − exp
[
−(

x4 − aV0

bV (x3)
)cV0

]
(12)

For every direction present in the measured data, the empirical directional parameter (bV )exp was computed
from measured data using iterative maximum likelihood methods. The scale parameter, bV , has been numer-
ically adjusted from the empirical directional parameter using the same analytical representation as for the
current direction PDF, i.e., a combination of a constant function and 2 Gauss functions, with the same princi-
pal directions and standard deviations. The parameters b3k were numerically determined by linear regression
methods. The other two Weibull parameters were kept constant due to their small variations.

bV (x3) = b30 +
∑

1≤k≤3

b3k.φ(x3) (13)

4.4.4. Wave (Main Swell)
As the measured directional distribution for the wave plotted Fig. 14 contains a single peak into one principal

direction, a single Gauss PDF was used to represent the PDF:

PdirW (x5) = p5.exp
[
−

1
2

( x5 − θ5

σ5

)2]
(14)
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Due to the narrowness of the wave direction distribution, a Weibull law with 3 constant parameters was chosen to
represent the significant height PDF [6]. The 3 parameters were taken as constant and independent from the wave
direction:

PHs(x6) = 1 − exp
[
−
( x6 − aHs

bHs

)cHs
]

(15)

The peak period distribution was modelled as a lognormal law with mean value and standard deviation dependant
upon significant height:

PTp (x7|x6) = Φ
( ln(x7) − aTp (x6)

bTp (x6)

)
(16)

with conditional parameters:

aTp (x6) = ln(aT p0 + aT p1

√
x6) and bTp (x6) =

√
bT p0 + bT p1 exp(−bT p2 .x6) (17)

5. Response Surface Model

Response Surface Models for the FPSO offset and the tension in the mooring lines were build in order to decrease
the CPU time required by First Order Reliability Method to converge to the design point. RSM have been applied
with some success to describe the behaviour of offshore structures [23, 24] as well as that of other types of structures
[18, 21]. The RSM allows characterising the response of the FPSO by mean of simple (polynonial) formulae involving
the main parameters [27, 28]. The present study made use of RSM in conjonction with First Order Reliability Method,
as described in Section 6.

The usual procedure for deriving a RSM is to choose an analytical representation of the solution and to identify
the coefficients by mean of a fitting method such as least squares method. The most frequently used functions are
quadratic forms, i.e. second-order polynomials of the basic variables, as such an analytical representation locally
matches with the Taylor expansion of the solution. In the present case, RSM were sought in term of variations around
an equilibrium configuration and a distinction was made between the steady (Xs) and unsteady (Xu) parts of the
response according to:

∆X(t) = ∆Xs + ∆Xu(t) (18)

Analysis of data indicated that the characteristic time scales for variations in current/wind speed and direction were
longer than the first natural period of the system so that this assumption was fully justified for the current (U, θU) and
may be justified for wind (V, θV ) disregarding squall events.

Going further into the decomposition of the different components of the response, it is proposed to split contri-
butions of current and wind in the one hand, and wave systems in the other hand. In other words, the steady part
depends on steady loads (U, θU ,V, θV ) and the unsteady part, due to waves, is a function of (Hs,Tp, θW ) for the three
wave systems that have been considered. Assuming linearity, superposition principle is applied. The maximum value
of Xdesign is then defined as:

∆Xdesign = (∆Xs)design + (∆Xu)design (19)

Numerically, the RSM were obtained from time domain fully coupled simulations using the DeepLinesT M software
based on the Finite Element Method [36, 35, 37], therefore accounting for the simultaneous motion of the FPSO and
its mooring and riser systems.

5.1. RSM for the FPSO offset
The FPSO displacement (or offset) is an important quantity in the design of the mooring system as (i) it is con-

strained by the maximum permissible excursion of the riser system and (ii) it drives the maximum value of the tension
in the mooring lines. The offset is measured relative to the equilibrium position in the abscence of current, wind
and waves. The total static offset was defined from the total displacements, in the X and Y directions, including all
components due to current, wind and wave, according to:

∆Xtot = ∆XU + ∆XV + sign(∆XU + ∆XV ).∆XW (20)
∆Ytot = ∆YU + ∆YV + sign(∆YU + ∆YV ).∆YW (21)

where the subscripts U, V and W refers to the contribution of current, wind and waves, respectively.
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Figure 17: Iso-surface predicted by the RSM for the FPSO displacement as a function (UX ,UY ). Left: X direction ∆X(UX ,UY ) ; Right: Y direction
∆Y(UX ,UY )

.

5.1.1. Current-only Response
The Response Surface Model used to represent the effect of the current on the FPSO displacements in the axial

and transverse directions was sought in the form:

∆XU(θU ,U) = C0XU(θU) + C1XU(θU).U + C2XU(θU).U2

∆YU(θU ,U) = C0YU(θU) + C1YU(θU).U + C2YU(θU).U2 (22)

The quadratic dependence in U follows from physical principle of fluid mechanics while the periodicity of the solution
with respect to the angular variable θU was enforced by representing the coefficients CiXU and CiYU by means of
truncated Fourier series:

CiXU(θU) =
ai

0

2
+

N∑
n=1

ai
n. cos(

θU

2π
) (23)

Numerical simulations were performed every 22.5 degrees and Fourier series were truncated after the 8th order.
Iso-surface predicted by the RSM for the FPSO displacement in the X and Y directions as a function of the current
components UX = Ucos(θ) and UY = Usin(θ) are plotted in Fig. 17 using the same scales to ease comparison.
The displacements due to a current velocity essentially parallel to the Y direction are much larger as the hull area
encountered by the flow is larger when the later comes from the side. The current-only offset is then defined as:

RU(θU ,U) =
√

(∆XU)2 + (∆YU)2 (24)

and its expected value is given by:
R̂U(θU ,U) = RU(θU ,U).p(dirU,U) (25)

The surface current and associate FPSO offset are plotted in Fig. 18 (left) in the geographic reference frame. The
expected value of the current-only offset is plotted in Fig. 18 (right) in the computational reference frame.
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Figure 18: Load and response (FPSO offset) due to current alone as computed on 1 year data used for DSA (Left); Expected value of current-only
offset (Right).

Figure 19: Load and response (FPSO offset) due to wind alone as computed on 1 year data used for DSA (Left); Expected value of wind-only offset
(Right).

	  
Figure 20: Load and response (FPSO offset) due to wave alone as computed on 1 year data used for DSA (Left); Expected value of wave-only
offset (Right).
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5.1.2. Wind-only Response
The same procedure was applied to wind-only response. The following relations were used to represent the wind

only displacement of the FPSO:

∆XU(θV ,V) = C0XV (θV ) + C1XV (θV ).V + C2XV (θV ).V2

∆YU(θV ,V) = C0YV (θV ) + C1YV (θV ).V + C2YV (θV ).V2 (26)

The wind-only offset is defined by:
RV (θV ,V) =

√
(∆XV )2 + (∆YV )2 (27)

and its expected value plotted in Fig. 19 is:

R̂V (θV ,V) = RV (θV ,V).p(dirV,V) (28)

5.1.3. Wave-only Response
A Response Surface Model was also constructed to represent the maximum displacement (in a given direction)

due to an irregular sea state following a JONSWAP spectra. The model parameters are the significant wave height
Hs, the peak period Tp, the peak coefficient γ and the angular direction θW . The value of the peak coefficient was
considered as a constant (γ = 5). The displacements ∆XW and ∆YW of the FPSO due to wave only in the axial and
transverse directions were sought in the form:

∆Xd
W (θW ,Hs,Tp) = C0XW (θW ) + C1XW (θW ).Hs + C2XW (θW ).Tp

+C3XW (θW ).Hs.Tp + C4XW (θW ).H2
s + C5XW (θW ).T 2

p (29)

∆Yd
W (θW ,Hs,Tp) = C0YW (θW ) + C1YW (θW ).Hs + C2YW (θW ).Tp

+C3YW (θW ).Hs.Tp + C4YW (θW ).H2
s + C5YW (θW ).T 2

p (30)

The coefficients CiXW and CiYW were computed for different values of the angular variable θW and then represented
by means of Fourier series up to the 8th order. The coefficients were fitted from a series of fully coupled numerical
simulations, therefore taking into account first and second order effects, i.e. wave frequency, second order slow drift
forces and mooring line dynamics. Only the positive parts from the RSM quadratic approximations were finally
retained:

∆XW (θW ,Hs,Tp) = max(|∆Xd
W |) (31)

∆YW (θW ,Hs,Tp) = max(|∆Yd
W |) (32)

The wave-only offset is defined by:

RW (θW ,Hs,Tp) =
√

(∆XW )2 + (∆YW )2 (33)

and its expected value is given by:

R̂W (θW ,Hs,Tp) = RW (θW ,Hs, T̄p).p(dirW,Hs) (34)

with:
T̄p = E[Tp|Hs] (35)

For given values of the significant height and peak period, the wave response, in X and Y directions, can be evaluated
for any wave direction in any direction referring to the East-North frame. In order to visualize the FPSO response
sensitivity to wave loadings, the expected value of the wave-only offset, for given values of the wave direction and
significant height (mean conditional value for the peak period), has been plotted within the geographic frame (Fig.
20).
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5.2. RSM for the total tension
The total tension in one specific mooring line is defined as the combination of the static tension, due to the total

static offset, and the dynamic tension due to the waves:

Ttot = Tstatic(∆Xtot,∆Ytot) + Tdynamic(Hs,Tp, θW ) (36)

5.2.1. Static Tension
Variations of the static tension are due to FPSO displacements (∆X,∆Y) around its equilibrium position. Asymp-

totically for large displacements the tension in the mooring line is directly proportional to the displacement imposed at
the fair-lead of the FPSO. The static tension is related to the total static displacements by means of constant coefficients
determined by the RSM analysis:

Tstatic(∆Xtot,∆Ytot) = C0Ts + C1Ts .∆Xtot + C2Ts .∆Ytot

+C3Ts .∆Xtot.∆Ytot + C4Ts .∆X2
tot + C5Ts .∆Y2

tot (37)

5.2.2. Dynamic Tension
Following (1), the dynamic tension is defined as twice the value of the dynamic standard deviation of the tension

line due to waves:

σTd (Hs,Tp, θW ) = C0Td + C1Td .Hs + C2Td .Tp

+C3Td .Hs.Tp + C4Td .H
2
s + C5Td .T

2
p (38)

The dynamic standard deviation is provided by the RSM analysis and is represented by a quadratic function of wave
variables, i.e. the significant height and the peak period, with directional coefficients. The coefficients involved into
the quadratic representation are obviously dependent upon the wave

Tdynamic(θW ,Hs,Tp) = 2σTd (θW ,Hs,Tp) (39)

The coefficients are derived from the RSM analysis and the final mathematical expressions are given in term of
Fourier series up to the 8th order. As the initial numerical simulations were performed using a fully coupled model,
first and second order effects (wave frequency and low frequency) have been taken into account when deriving these
coefficients. Fully coupled numerical simulations of the FPSO motion and of the mooring system were performed
for a fixed direction θ0 of the incoming waves. The simulation was launched for 2 hours, always choosing the same
seed for wave generation but choosing the origin of time series so as to impose a prescribed value of Hmax/Hs. The
simulations were performed with DeepLinesT M [37] software, computing the full dynamics of the 16 mooring lines
instead of the quasi-static assumption used for the direct numerical simulation presented in Section 3.

5.3. Accuracy of the Response Surface Model
Practically, the Response Surface Models have been derived for ballast conditions, corresponding to a FPSO draft

of 12m. This choice was motivated by preliminary results from direct simulation, indicating that the largest offsets
were associated with strong wind conditions. Draft distributions (at mid ship and bow) indicate that ballast conditions
represent approximately 20% of the events. As the RSM strongly depends on draft (since the hull surface exposed
to current is directly proportional to this quantity), proper comparison between results of RSM and direct simulation
should be made for events with similar drafts. Results over the one year long time period considered for which
direct simulation was available were therefore filtered with respect to draft, retaining only event with aft draft below
13m. Results of the comparison are presented in Figures 21. It is observed that the largest offset values are correctly
reproduced by the RSM. Some imperfections are present in the RSM for small values of the offset (typically R < 4m),
as was already detected when checking the accuracy of directional distributions. It is believed that reducing the range
of allowed variation [0,Umax], [0,Vmax], [(Hs)min, (Hs)max] will improve the accuracy of the RSM for small offsets,
should this range be of interest.

The tension in each mooring line has been computed using RSM and successfully compared with results from
direct simulation over a period of one year. Fig. 22 shows an example of results for a typical mooring line. The
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dynamic tension varies was computed every three hours with associated Hs and Tp. Though not perfect, the agreement
is found to be very satisfactory in view of the level of approximations that have been performed. It should also be
noted that error in the offset influence directly the estimation of the mooring lines tension. It should be also mentioned
that two completely different software were used: DIODORE [35] for the Direct Simulation Approach (DSA) and
DeepLinesT M [37] to derive the RSM.

Figure 21: Comparison between results of the Response Surface Model and the direct simulation for the FPSO total offset (due to current, wind
and wave) as computed on 1 year data.

Figure 22: Comparison between results of the Response Surface Model and the direct simulation for the tension in a typical mooring line as
computed on 1 year data.

.

6. Reliability analysis

The general framework of structural reliabilty has been described by various authors, see e.g. [60, 61, 62, 63,
64, 65, 66, 67] and example of applications of reliability analysis to offshore structures are presented in [68, 69, 70,
71, 72, 73]. In the present case, the framework of reliabilty was applied to determine the response and associated
environmental conditions that have an associated return period of 100 years or equivalently a β index of 4.50. It has
to be noted that, in all configurations, the FPSO is considered in the same ballast condition (with a 12.5 m draft). The
loading condition produces direct and obvious effects upon element loadings and therefore upon response surfaces.

6.1. Response contours
Response contours and design points are computed by combining environmental contours and response surfaces in

order to derive response maxima. For a given return period T , a β reliability index, using the Hasofer-Lind definition
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and in association with 3-hour sea states, is derived from the relation

β = Φ−1(1 − Pe), Φ(u) =
1
√

2π

∫ u

−in f ty
exp(−

t2

2
)dt (40)

where Pe is the exceedence probability. In order to determine the design point, defined as the shortest distance between
the failure surface and the origin of the standardized variables space, it is useful to reformulate the minimization
problem for the limit state function g(u) built from the response function, h(u) for normalized u variables or H(X) for
physical X variables, and the (unknown) maximum response:

g(u) = hmax − h(u) (41)

Using the I-FORM formulation, a numerical method was developed in order to solve the optimization problem for the
determination of response maxima and design points. An iterative gradient-based method was designed to produce a
robust convergence even for complex response functions.

Four different configurations have been studied by combining two environment models and two response func-
tions:

• Environment models

– E0: direction-independent current and wind velocities

– E1: direction-dependant current and wind velocities

• Response functions

– R1: total static offset

– R2: total tension in one specific line

Table 4 summarise the design points coordinates in physical variables and maximum responses at design points that
were obtained in the four configurations.

Table 4: Environmental variables and maximum responses at design points
Model E0-R1 E1-R1 E0-R2 E1-R2
Physical variables Units
dirU (degrees) 98 138 136 137
U (m/s) 0.83 1.09 0.73 1.07
dirV (degrees) 127 173 76 165
V (m/s) 7.89 6.56 9.11 5.99
dirW (degrees) 204 204 203 204
Hs m) 1.25 1.25 1.73 1.50
Tp (s) 12.8 12.8 13.1 13.0
Total offset Rtot (m) 11.02 12.94 9.11 12.69
Total tension Ttot (kN) 2911 2931 2910 2934

6.2. Sensitivity analyses
6.2.1. Sensitivity to environmental models

A significant difference is clearly present between results obtained with E0 and E1 models. Taking into account
the directionality for the current and wind velocities tends to increase the response level by concentrating the element
actions into their principal directions where the induced effects become maximal. The total offset is increased by 18%
(from 11 m to 13 m). The effect on the tension is less apparent but the design point has a different nature depending
upon the directionality: current and wind driven response in E0-R2 model and current-only induced response in E1-R2
model.
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Table 5: Reduced index for the first m principal variables.
Model E0-R1 E1-R1 E0-R2 E1-R2
m = 1 β1 4.074 4.417 3.776 4.365

β1/β 0.9057 0.9820 0.8395 0.9707
m = 2 β2 4.328 4.484 4.061 4.469

β2/β 0.9622 0.9967 0.9028 0.9935
m = 3 β3 4.451 4.492 4.416 4.491

β3/β 0.9895 0.9987 0.9816 0.9982

Figure 23: Reliability index comparison for the various models.

At a design point u?, the principal variables vi are defined as the normalized variables reordered in decreasing
magnitude. The reduced reliability index βm reported in Table 5 were computed with the first m principal variables in
order to assess the importance of these variables in the reliability of the model. The directionality, as present in the
E1 model, has clearly a significant effect upon the convergence of the reduced index towards the true β index as only
2 principal variables are necessary to achieve a greater than .99 convergence for both R1 and R2 response functions
(Fig. 23). The current velocity appears to be the most significant parameter since it is associated with the preponderant
contribution in all configurations. The wind velocity produces also a significant contribution. The wave parameters
are very close to their average values at design points for all models.

6.2.2. Sensitivity to response functions
For the R1 and R2 response functions, the results are more coherent between directional E1 models and more

dispersed with non-directional E0 models. It is interesting to note the good coherence both in terms of offset and
tension for the E1-R1 and E1-R2 configurations: less than 2 % for offset values (12.94 m and 12.69 m) and about
0.1 % for tension values (2931 kN and 2934 kN). The numerical results obtained from different configurations (all
in ballast condition with a 12.5 m draft) indicate that the 100-year response should be considered to be close to the
following values: 12.94 m for the total offset and 2934 kN for the total tension.

7. Discussion of results

Results of the Response Based Design were compared to those of the standard design methodology. Following
recommended practice [2, 5], classical design consists of running combinations for the environmental loadings with
various return periods. For example, the 100 year return period for current can be associated with 1 year return
periods for wind and waves. Sensitivity analysis are also required to assess the effect of directionality. After the
various combinations have been computed, the worst case is retained and a safety factor is then applied to get the
design value of the maximum tension. In the present study, the 100 year return period values of the current, wind and
waves were derived from the statistical analysis presented in Section 4.4.1 so that a strict comparison of the design
methodology could be made. Results reported in Table 6 indicate that design value predicted using Response Based
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Figure 24: Plot of aft draft (dA) and forward draft (dF) for year 2003.
.

Table 6: Comparison between Response Based Design and conventional approach
Designation Units RBD (100y) 100y-1y-1y (Ballast) 100y-1y-1y (D3T2)
Offset m 25 31 29
Max tension L5 kN 3680 4170 3940
Max tension L14 kN 3629 3390 4050

Design were roughly 20% lower than those predicted by the standard approach, in passing providing an estimate of
the level of conservatism that is currenty embedded in the design guidance.

Comparison with the results from the reliability analysis was not as straightforward due to the assumption that the
FPSO draft corresponds to the ballast loading condition while deriving the Response Surface Models. The choice of
the averaged draft was made as the effect of squall events were to be studied at a later stage. To maximise the area
exposed to wind gust, it was decided to derive the RSM in the ballast condition. Results of the reliability analysis are
therefore valid for the FPSO in the ballast draft condition, while results of Response Based Design are valid for any
draft.

In order to assess the validity of the results using I-FORM, a statistical analysis was performed on results from
Response Based Design. Direct simulations using the DIODORE software [35] were performed over the year 2003 by
means of 24580 computations with 10-mn intervals. The loading conditions used in these simulations were constantly
changed on a 3-hour time scale. The aft and forward drafts were also varied as functions of the loading condition as
can be seen in Fig. 24. The averaged draft d during the year 2003 could be described as a random variable following
a Gaussian distribution with mean value of 17 m and standard deviation of 1.9 m. In order to estimate the effects
of the loading condition upon the FPSO response, the average draft was divided into 3 intervals: Ballast condition
(12 ≤ d < 15.5m), Intermediate condition (15.5 ≤ d < 18.5m) and Fully-loaded condition (18.5 ≤ d < 23m). A
statistical analysis was performed on each sub-set to estimate extreme values of FPSO offset and mooring line tension
on a weekly basis. Different techniques were used such as fitting the cumulative distribution function with Gumbel

Table 7: Comparison between 100-year values
Model Offset(m) Tension(kN)
RBD : 100-year extreme values computed from statistical results 12.1 2918
I-FORM + RSM : 100-year response maxima at design points 12.94 2934
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Figure 25: Variations of 100-year extreme values for offset, per mean draft range.
.

Figure 26: Variations of 100-year extreme values for tension (kN), per mean draft range
.

and Weibull laws. The average values and standard deviations of the weekly maxima and the 100-year extreme values
were computed, as well as the maximum value computed by simulation during the 2003 year. Fig. 25 and 26 show the
extreme values for the offset and the mooring tension, respectively. It is clearly apparent that significant variations in
response extreme values are due to the loading condition and the associated mean draft, especially in ballast condition
compared to the other conditions.

Table 7 present a comparison of the results in Ballast condition. The 100-y extreme values derived from statistical
results from RBD compares relatively well with the 100-y maxima obtained by I-FORM+RSM. The reasonably fair
agreement between both methods is remarkable taking into account the fact that direct simulation results and RSM
coefficients were obtained from different software (DIODORE for RBD and DeepLinesT M for RSM). Nevertheless
further and more complete validation has to be carried out, in particular for other values of the average draft.

8. Conclusions

Concerning the environmental modeling, the example presented in this paper shows the application of a robust
methodology to derive joint extremes of met-ocean parameters (wave, wind, current) for use in design of offshore
structures. The methodology can be transposed to any offshore location provided that simultaneous records of wave,
wind and current are available. Directional PDF were developed for current and wind velocities to take into account
their significant directional variations. A modeling based on uniform and Gaussian distributions was used to represent
directional PDF and statistical parameters. For the main swell, a direction independent law has been used due to the
narrow directional spread. This directional modeling appears as an effective way to deal with directional data for
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I-FORM computations in this particular study because at design points, directions are close to their mean values. The
generalization of this approach has to be assessed more precisely.

Through this analysis, the feasibility of the Response Based Design to handle the design of mooring system in
West Africa has been established. The advantage of this methodology is the simplicity of its realization but main
drawback is the computing time. Note also that the mechanical system was simplified as quasi-static analyses of
the mooring line were performed instead of fully coupled simulations to reduce the number of degree of freedom
in the model. The present analysis represents 5 days of CPU time on a standard Windows server for more than 25
000 simulations. However, in future project, a good practice should be to try to reduce the number of case by a first
screening may be using Response Surface Model as described here to reduce the number of cases to those which will
really be used to derived the extreme response. The interest of RBD is also to provide benchmarks so that the quality
of low cost simulation method can be assessed. Response surface modeling (RSM) seems to be an appropriate and
effective technique to represent the behavior of the FPSO and its mooring/riser systems. Complex response functions,
including directional effects, were succesfully represented by RSM. The I-FORM+RSM methodology was applied to
the 100-year response of the FPSO in ballast condition, leading to the following key findings:

• The directional effects for current and wind velocities must be included into the environment modeling.

• The current velocity appears to be the preponderant variable for this particular loading condition; also under-
standing that squall winds were excluded from this study as they would normally create the extreme response
of the FPSO in a ballast loading condition.

• In terms of 100-year response, the maximum values obtained at design points by the I-FORM method can
be compared with a reasonably fair agreement with extrapolated extreme values from DSA and for the same
loading condition (i.e. ballast condition with a mean draft within the 12 -15.5m range).

This study clearly exhibit possible improvement into design methodology of offshore structures as it puts a mile-
stone toward a rational design based on reliability approach. These results are quite promising but, in order to increase
the usability of such a method and its confidence level, further work has to be carried out to carefully assess the validity
of the proposed I-FORM + RSM method.
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