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ANALISE DE LONGO-PRAZO APLICADA A PROJETO DE SISTEMAS
DE ANCORAGEM
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Setembro/2019
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Esta dissertagdo propde um procedimento numérico/computacional alternativo
aos procedimentos atualmente utilizados na industria para obten¢do de carregamentos
extremos em linhas de ancoragem de plataformas offshore. Neste contexto, a dissertagao
estd fundamentada na metodologia de andlise de longo-prazo da resposta, aplicada no
projeto de dimensionamento de sistemas de ancoragem convencionais fixos: FPSOs e
Semi-Submersiveis em configuragdo tipo spread-mooring ¢ FPSOs tipo turret (single

point mooring).

Através da aplicacdo da metodologia proposta, espera-se que os sistemas de
ancoragem possam ser projetados com adequado e similar nivel de confiabilidade em
todas as linhas - uma vez que o procedimento pressupde utilizagdo de dados ambientais

medidos simultaneamente, especificos da locagdo onde sera instalada a plataforma.

O trabalho foi realizado com auxilio do software Dynasim [1] para gerar as séries
de tracao no dominio do tempo, que posteriormente foram pos-processadas através de
codigos computacionais desenvolvidos através do software Python [2]. Sendo assim,
outro resultado deste trabalho ¢ o conjunto de cddigos compilados especificamente para
realizar o gerenciamento das andlises e obter as respostas de longo-prazo baseadas em

sinais de tracdo no dominio do tempo.

vi



Abstract of Dissertation presented to COPPE/UFRIJ as a partial fulfillment of the

requirements for the degree of Master of Science (M.Sc.)

LONG-TERM ANALYSIS APPLIED TO MOORING SYSTEMS DESIGN
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September/2019
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Luis Volnei Sudati Sagrilo
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This dissertation proposes a numerical/computational procedure alternative to the
currently procedures used in the industry to obtain the extreme loads on offshore
platforms’ mooring lines. In this context, the dissertation is based on the long-term
response analysis methodology, applied to the design of conventional fixed mooring
systems: FPSOs and Semi-Submersible in spread mooring configuration and turret—

moored FPSOs (single point mooring).

By the application of the proposed methodology, it is expected that offshore
platforms’ mooring systems will be able to be designed with an appropriated reliability
level for all lines — since the procedure presupposes the use of environmental data

measured simultaneously, specific from the location where the Platform will be installed.

The work was carried out using Dynasim software [1] to generate the time domain
tension series, which were later post-processed by using computational codes developed
with Python software [2]. Thus, another result of this work is the set of codes compiled
specifically to perform the mooring analyses management and obtain the long-term

responses based on tension time series.
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1 INTRODUCTION

1.1 BRIEF HISTORICAL REVIEW

With the beginning of oil exploration in deeper waters of more than 400m, came
up the necessity to handle with compliant structures; in other words, more flexible
structures able to support large offsets (displacements on sea water level) without being
damaged when exposed to the environmental forces induced by waves, winds and
currents. In this context, it is possible to highlight structures such as Spars, Semi-

Submersibles and FPSOs.

One important difference between this type of structures previously mentioned
and fixed platforms is the great nonlinearity involved when it is intended to identify
important characteristics of designed system (offsets in the horizontal plane, line
geometry, tensions in the mooring lines and other responses related to the environmental

loads).

Although major engineering problems related to wave loading can be solved by
using the linear theory, the main responses of floating units, such those related to the
mooring system, shall consider nonlinear aspects in order to better estimate their offsets
and tensions along the mooring lines. Consequently, systems with large nonlinearities
cannot be properly solved using linear theories and frequency-domain analysis

approaches since they tend to misrepresent the responses of the moored platforms.

Besides the steady forces generated by current and steady wind, moored platforms
are affected by the first and second order wave excitations. The first order wave forces
present frequencies in the same range of the wave spectrum frequencies. The second order
forces appear due to high-order combinations of wave components, resulting in wave
force components with frequencies associated to differences and sums of wave spectrum
frequencies. These second order wave forces are small, however, those ones related to the
difference of frequencies (or low frequencies) cannot be disregarded since they are in
resonance with platform natural periods in the horizontal plane. In practical terms,
speaking in terms of periods instead of frequencies, the first order forces are in the range
of 3 to 25s and the second order ones can be in the range of 100 to 400s. Due to large
motions in the horizontal plane the structural response of the mooring system is also

nonlinear. Therefore, the best away to perform the analysis of a moored platform unit is



to carry out time-domain numerical simulations, where all the nonlinear effects related to

waves, current, wind and those related to system itself can be properly accounted for.

However, a time domain computational analysis is very costly, requiring
considerable processing power. Thus, at the beginning of the development of mooring
systems designs, it was common to use frequency domain analysis, considering an
uncoupled analysis methodology. The hull motions (first and second order) were obtained
in a first step and then used as inputs to compute the final mooring system behavior -
mainly mooring line tensions and platform offset. Using dedicated frequency domain
softwares, the frequency-domain analyses were performed separately for the slowly-
varying and wave-frequency motions. The tensions due to the mean offset and slowly-
varying motion were calculated using a quasi-static approach. In that way, the slowly-
varying motion was analyzed taking into account the resonance frequency of moored
platform at the mean drift position. Thereafter, approximately considering a linear
behavior, the frequency-domain dynamic tension would be added to those ones
previously estimated. Extreme responses were estimated based on linear-Gaussian

stochastic processes theory.

A very important characteristic of the responses of nonlinear systems is that it is
not possible to represent their statistics behavior by a Gaussian process. In order to better
estimate statistical parameters of the responses of a nonlinear mechanical system non-

Gaussian statistical procedures must be employed.

Due to worldwide advance in the use of moored units, mainly in offshore oil
industry, appeared the necessity to create rules and standards related to the design of such
units. In this context, rules such as POSMOOR [3], API RP-2SK [4] and, later, ISO
19901-7 [5] were formulated for the design of the mooring systems of floating units. The
first one was modified and became the DNVGL-OS-E301 [6] and the latter two are
currently in force and - in order to ensure suitable reliability of mooring systems - they
bring a set of specifications, such as: the necessity of applying corrosion rates; the
application of safety factors to determine maximum tension; parameters for calculations

of fatigue life, etc.

Although there are two main rules (API RP-2SK [4] and ISO 19901-7 [5]) as a
reference for designing mooring systems, the issue about the combinations of
environmental conditions is still a subject of discussion. The rules require that the

permanent mooring systems shall be designed considering the most unfavorable



combination of wind, wave and current with a return period of no less than 100 years for
the combination. Moreover, the directions of these environmental actions shall be defined
according to collected data from the specific area. For extra-tropical locations the rules
accept the combination of 100-year return period for both wind and wave in association

with 10-year return period for current and vice-versa.

In that way, for southeast Brazilian areas, for example, oil companies have made
agreements with Classification Societies (the part that represents the authorities and
insurers interests), creating methodologies to define combination of environmental
conditions, that shall be used in the design aiming to an adequate level of robustness for
the mooring system during its whole lifetime. Such agreements are attempts to estimate
the system responses to those possible extreme environmental conditions that, for
example, a production platform (and its mooring lines) will have to withstand during 20

or 25 years of operation in the same location.

It is also worth mentioning that evolution in the increase of the computers’
processing power and the development of more sophisticated computer tools for coupled
analysis of the floater and the lines connected to it has made possible to design structures
by a fully coupled time-domain analysis, representing the mooring lines and risers by
finite elements (bar/beam elements) and the floater by 6-DOF rigid body. This type of

analysis brings greater accuracy and reliability in the results of the simulations.

The high processing power of modern computers and clusters has also made it
possible to use more advanced modelling of environmental conditions that the floating
production units will possibly face during their lifetime. In this way, more robust
methodologies, which consider a huge amount of environmental conditions, can be used

during the mooring system design process.

In order to better understand how the environmental conditions occur, campaigns
to obtain meteo-oceanographic data, specific to each location, have been done for many
years in the Brazilian coast: specifically in the Campos Basins, Santos Basin and, in the
last years, also in the Sergipe-Alagoas Basin. Thus, companies such as Petrobras and
others have at their disposal a considerable volume of simultaneous observed
environmental data related to current, wind and wave (intensities and directions),
allowing designers to take more consistent steps in the improvement of the currently used

design methodologies.



More specifically, the advances in both quantity and quality of collected
environmental data and the increase of the computers processing power has enabled to
consider the approach of long-term methodologies for mooring systems design.
Nowadays, the most used methodology to predict line tensions and floater offsets is the
short-term coupled analysis, where the mooring system responses are obtained by a time-
domain analysis for only some specific design combinations of extreme environmental
conditions. As mentioned before, this short-term analysis demands certain considerations
and agreements with the responsible authorities and, as clearly mentioned in rules, as ISO

19904-1 [7], it is not the best way to obtain the offshore structure responses.

The series of International Standards applicable to offshore structures (ISO 19900
to ISO 19906) constitutes a common basis covering those aspects related to design
requirements and assessments of all offshore structures used by the petroleum,
petrochemical and natural gas industries worldwide. According to ISO 19904-1 [7], the
state of art for determining global responses is to undertake a long-term analysis, based
on the site-specific environmental data. The long-term method considers all current, wind
and wave intensity environmental parameters and theirs real directional combinations,
measured along various years at the specific location where the platform will be installed.
The higher the quality and quantity of measured data is, the more reliable the long-term

analysis will be.

1.2 PURPOSE OF THE WORK

The main purpose of this dissertation is to develop a numerical/computational
procedure that aims to increase the accuracy on the estimation of the extreme tension
responses of mooring lines connected to offshore platforms, compared to those estimated
by procedures currently employed by the offshore industry. In this context, the work will
be based on the methodology of long-term analysis, employing a 10-year long
environmental conditions database. As case studies, the methodology is applied to the
analysis of three different mooring systems: a) spread-moored FPSO, b) Semi-

Submersible platform and c) turret-moored FPSO.

The reliability analysis (or failure probability) of the system is out of the scope of

this work, then appropriate safety factors for this methodology will be not discussed (it is



a suggestion for a future work). Thus, this dissertation is devoted just to the development
of a long-term design methodology to estimate the extreme response (tension) of mooring

lines of moored platforms.

An additional study included in this dissertation is related to the influence of the
short-term numerical simulation length on the final extreme long-term top tension of each
mooring line of the platform types mentioned above. Simulations lengths of 3-hr, 15-hr
and 21-hr have been investigated. Therefore, a total of 8 case studies have been evaluated

in this work:

1) Spread-moored VLCC FPSO with 20 mooring lines in 4 clusters. Simulation
lengths of 3-hr, 15-hr and 21-hr;

2) Turret-moored Suezmax FPSO (single point mooring) with 6 mooring lines
evenly far apart. Simulation lengths of 3-hr, 15-hr and 30-hr;

3) Spread moored Semi-Submersible with 16 mooring lines in 4 clusters.

Simulation lengths of 3-hr and 15-hr;

The work was carried out using Dynasim software [1], [8]-[11] to simulate the
short-term environmental conditions and extract the associate mooring lines top tension
time-series, which are later post-processed by using a code developed in Python [2], [12].
In the Dynasim model, the mooring lines and risers connected to the floater were modeled
using the standard catenary equations. A cluster composed by 12 computers (Core i7,

32G Ram) were used to process the analyses.

1.3 LITERATURE AND RULES REVIEW

As previously mentioned, the API RP-2SK [4] and ISO 19901-7 [5] are the most

used rules for the design of floating units mooring systems.

Although mooring design methodologies have experienced considerable
consolidation in the 90’s, important discussions and relevant contributions continue to

occur, particularly in regard to long-term and reliability analyzes.



The books by Faltinsen [13], Ochi [14] and Chakrabarti [15], [16] are initial
references concerning the subject of long-term analysis in the field of naval/offshore
industry. However, in general, they focus on the estimation of long-term motions on
floating units subject to random waves. The book by Naess and Moan [17] is an up-to-

date reference on the topic.

Long-term analysis is recognized [17] as the most appropriate methodology for
estimating the long-term extreme response of a marine structure since it takes into account
the response in all short-term conditions that it will face during its lifetime. There are
many ways of performing of a long-term analysis, such as [17], [18]: all-short term peaks
approach, all short-term extremes and the long-term extreme value. The long-term
response distribution is obtained by means a multi-dimensional integral over the domain

of the environmental parameters modeled by their joint probability distribution.

Specifically related to long-term analysis of mooring systems, few works are
reported in literature, most of them related to reliability analysis of these systems [19]-
[24]. In general, the long-term analysis is the base for the development of reliability-based
studies. In that way, although one of the focus of reliability procedures is to find more
appropriate safety factors to be used in the design, the calibration process must be based
on a long-term analysis procedure. Concerning the mooring systems, consistent steps
have been occurred in relation of reliability analysis, where since the late 1990s and early
2000s significant works have been presented (Ref. [19], [20], [21] and [25]), with rules
as DNVGL-0S-E301 [6] already incorporating the results of this type of analysis. The
studies about reliability of moored systems have not stopped [22], [23] looking at site-

specific safety factors calibration.

In this work, a specific procedure for long-term analysis for estimating the long-
term extreme mooring line tension is developed based on a discrete integration procedure
of the long-term integral using a large database of simultaneous observations of the wave,
wind and current environmental parameters. It is based on the all short-term peaks
procedure. For each short-term simulation a probability distribution is fitted to the peaks
of tension time series simulated by Dynasim. Based on Ref. [26], the short-term peaks
distribution model chosen for the devolvement of this work was the Weibull distribution
with three parameters (Weibull-3P). Ref. [26] also indicates appropriate details for the
numerical simulations, such as: minimum level of sea spectrum discretization, simulation

length, etc.



2 RANDOM ANALYSIS

2.1 RANDOM PROCESS

A random process (or stochastic process) is defined as a family (a set) of random
realizations (random time series) of a parameter of interest, such as: wave elevation in a
given location, a structural response of a structure subject a stochastic loading process

and so on. An illustration of a random process is given in Figure 2-1.
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Figure 2-1 — Random process realizations

In physical terms, a good illustration of a random process is the sea surface
elevation in a given offshore location area. Now, suppose the area in which the irregular
sea is observed can be divided by “N” other small areas, where the sea elevation will be

measured and recorded, every pre-determined time step, as exposed in Figure 2-2.
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Figure 2-2 — Random sea observations

The random process X (t) that will represent the irregular sea of that specific area
will be composed by a set of random time-series (X;(t),X,(t),...,Xy(t)), the “N”
recorded wave elevation records. It means that, at any time “t;”, the ensemble of random

variables (X1 (t;), X2(t;), ..., Xy (t;)), describes statistically the random process X (t) at
the time ¢;. At any time t; some statistical parameters, such as sample mean and standard

deviation, can be computed:

_ XL X()
(2.1.1)
o0 1/2
YLy (Xi(tj) - #tj)
O-t]. == N
(2.1.2)



If the statistical parameters computed at different points in time are equal, i.e., the
statistical parameters are independent of time, the process is said to be a stationary random
process. Additionally, the statistical parameters can be computed along the time axis of a
single realization of a stationary process, for instance, the mean and standard deviation

are given by:

Tsim

Ui = lim x(t)dt

Tsim—

(2.1.3)

Tsim 1/2
o; = ( lim (X(t) - ,Lll)dt>

im=® J

(2.1.4)

where Ty;,,, 1s the time series length, or total simulation time.

In case the statistical parameters computed are the same for all realization and
additionally are equal to as computed by the ensemble sample, the process is also called

ergodic.

In practical terms, it is very common to assume that the random processes under
investigation are stationary and ergodic because in this case just a single realization of the
stochastic process is enough to describe it statistically. This hypothesis is assumed in the

present study.

2.1.1 GAUSSIAN AND NON-GAUSSIAN PROCESSES

An important aspect in the analysis of stochastic ergodic process is its
representation in the frequency domain by the corresponding Fourier transform of its
single realization. This representation is defined as the spectral density function or simply
spectrum Sy(w) of the random process. An illustration of a spectrum is shown in Figure

2-3.
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Figure 2-3 — Spectrum of a random process

From the spectrum its possible to define the so-called spectrum moments, which

are defined as:
m, = f w"Sy(w)dw
0

(2.1.5)

66 9

where “n” is the order of the spectral moment. An important characteristic of any
stochastic process is that the zero spectral moment corresponds to the process variance,

1.e.
my = 07 (2.1.6)

From a realization of an ergodic random process it is also possible to identify, at
least, three probability distributions: a) the distribution of process itself; b) the distribution
of the process peaks (maxima) and c) the distribution of the largest (extreme) peak, as

shown in Figure 2-4.
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Figure 2-4 — Probability distributions associated to an ergodic process

Several random processes observed in the nature, when observed during a specific
time interval, can be modelled as Gaussian processes. An example is the sea elevation
variation around the mean sea level, in deep waters: putting the origin system on the sea
mean level and measuring the sea elevation it will be clear that all data could be
represented by Normal distribution, with zero mean. This was first found by Philip
Rudnick, in 1951, by the analysis of measured waves from the Pacific Ocean and can be
mathematically proved using the Central Limit Theorem, for more details, see, for

instance, reference [14].

The Gaussian distribution has also its great value in the engineering when
representing processes that can be treated by the linear theory, i.e., any linear combination
of Gaussian processes is also another Gaussian process. This principle can be applied in
some floater response analysis, which have the characteristics of being governed by the
first order wave effects. The heave motion of an FPSO is a good example of response that
can be well represented by the linear theory and, so, by a Gaussian process.

When a phenomenon, as the sea surface elevation in deep waters, can be
represented by a Gaussian distribution, its peaks (maximum) distribution is theoretically
given the Rice distribution (see Appendix A). Moreover, if the process spectrum is limited
in a narrow bad of frequencies, i.e, a narrow-band process, the peaks distribution
converges to Rayleigh distribution, which in turn is a particular case of Weibull
distribution (Appendix A). Besides, the largest peak distribution is given by the Gumbel
distribution independently of the spectrum bandwidth (Appendix A). Moreover, all this
distributions mentioned above can be derived from the process spectrum. In other words,
there are analytical solutions for all distributions of interest for random process if it is
Gaussian and the only information needed to establish them is the process spectral density

function; for more details, for instance, see [14] and [17].
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Although a wide range of problems in naval engineering can be solved by the
linear theory, using the theory of Gaussian stochastic processes, there are still some
situations, including for instance the surface elevation in shallow waters and nonlinear
structural responses of floating units to environmental forces (mooring lines tension, riser
cross-section stress, etc.) that cannot be classified as Gaussian processes. In this case,
these processes are classified as Non-Gaussian ones.

In general, there is no theoretical solution for the peaks and extreme peak
distribution of a Non-Gaussian process and some numerical procedure based on the
available realization of the process are employed to get them. One of the most important
distribution for the stochastic analysis of a Non-Gaussian process is the process peaks
distribution [17]. From this distribution, using the Order Statistics theory (Appendix A),
the extreme peak distribution can be derived. Many procedures have been investigated
lately in order to establish the best statistical model to represent the peaks response
parameter of a marine structure [26]. The most practical approach has been identified as
the one that fits a 3-parameter Weibull distribution to the time-series peaks sample [26]
using the method of moments based on the three first statistical moments of data: mean,
standard deviation and skewness coefficient. In this work, this procedure is used to deal
with the peaks distribution of mooring line tension processes.

See Appendix A for more details about probability distributions and statistics of

extremes.

2.1.2 SEA SURFACE ELEVATION PROCESS

The waves are one of the most important source of random loads acting on any

offshore structure. So, it is important to briefly discuss its statistical modelling.

In the long-term the sea surface elevation (wave) random process cannot be
characterized as a stationary random process since its statistical parameters change with
time. Then, in the analysis of marine structures the common procedure adopted is to
assume that this process maintains some characteristics of stationarity just within some
limited period of the time, i.e., the so-called short-term period. Then the long-term
representation of the sea surface elevation process is modeled as a sequence of “pseudo-
stationary” short-term random processes. The common practice, which was followed in

this work, is to adopt a short-term period equal to 3-hr.
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Besides being stationary, the short-term sea surface elevation process is assumed,
by physical evidences [14], to be also ergodic and Gaussian represented by a known
spectral density defined as function of some environmental parameters, as described

bellow.

In practical terms, for each short-term, a record of the sea surface elevation is

observed, as shown in Figure 2-5.

#(t) )

Figure 2-5 — Sea surface elevation record

From the measured record one identifies all single waves with the corresponding
heights (H;) and periods (T;), see Figure 2-5. From this initial data analysis, the significant
wave height (Hg) and mean up-crossing wave period (T;) can be computed. The Hs is
taken as the mean value of 1/3 largest individual heights H; and T, is computed as mean

value of all individual wave periods T;.

The short-term sea spectrum could be computed from the Fourier transform of sea
surface elevation record. However, many researchers worked to get an analytical equation
for the sea spectrum based on the Hg- T, pair. One of them is the so-called Modified ISSC
spectrum which is given by (first accepted by the 2" ISSC in 1967 - see, for instance [13]
and [14]):

(2.1.7)
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There other sea spectrum formulae currently used in the analysis of marine
structures, as the JONSWAP spectrum (recommended by the 17" ITTC — see, for instance
[13] and [14]) which is defined in terms of Hg and Tp, with the latter being spectral peak
period (inverse of the frequency associated to the largest value of the spectrum). The

relationship between T;and Tp can be found, for instance, in reference [14].

Then, together with the mean incidence direction, Hg and T, (or Tp) are the main
short-term environmental parameters used to characterize the sea surface elevation in a
single short-term period. Without going into more details, similar treatment is also given
to the wind velocity, as be seen in Ref. [14]. More details about the sea and the wind

spectra used in this work are presented in Appendix B.

Nowadays, a more advanced modelling has also been used to represent the sea
surface elevation. One of them, for each short-term is the separation of sea and swell wave
components. The sea waves are those generated by the local wind while swell waves are
those arriving at the location of interest but were generated very far from it. Then each
one of these types waves is represented by the corresponding incidence direction, Hg, T,

(or Tp) and a proper spectrum model.

2.1.3 WIND AND WAVE GENERATION

Many times in the numerical analyses of marine structures it is necessary to
generate artificially a time-series (a random realization) of wave train or wind velocity
from a given spectrum model (representation in frequency domain). In what follows one
technique used for this goal will be described for the generation of the wave elevation
record, however, it can equally be used for the generation of a wind velocity time series

representing a given wind spectrum.

The most common technique used to artificially generate a random wave train,
which is incorporated, in the vast majority, of computer codes for analysis of marine
structures, is the spectral decomposition technique. Basically, as shown in Figure 2-6, it

corresponds a superposition of regular waves with random phases, as described below.
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Time Domain

Measured Wave Record

Figure 2-6 —Irregular sea surface generation by a linear superposition of regular wave components [27]

The surface elevation n(t) can be modelled as (for instance, see [13]):

N
1) = ) Mg, cos(@nt + &)
n=1

(2.1.8)

Remembering that the sea surface elevation is assumed to be Gaussian, then the
variance of the generated time series must be equal to spectrum area. So, the following

relationship can be established:

N N

2
Z Sp(wp)Aw = my = of = Z E(nan)
n=1 n=1

(2.1.9)

Then for a given band of the frequency spectrum (see Figure 2-7) the

corresponding regular wave amplitude can be taken from:

1
Sn (wn)Aw = E (nan)z

(2.1.10)
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Leading to:

Na, = ’ 25, (wp)Aw

(2.1.11)

5-7[[-:]

Figure 2-7 — Spectral density decomposition [27]

In summary, the spectral density function is divided into N frequency bands and
aregular wave with the same variance of each spectrum band is generated. The frequency
associated to each spectrum band can be that associated to interval mean value, however,
it generates a periodic time-series [4], [13] and [27] after a period of time of 2n/Aw. To

avoid such problem the range of discrete frequencies of the spectrum should be less then:

(2.1.12)

Another way of avoid the periodicity in the generated time-series is to define a
random frequency value within each frequency band and an important aspect in this
numerical generation is to guarantee that the generated time-series is Gaussian. Based on
the Central Limit Theorem this condition is achieved when N is large, in practice larger

than 500-1000 components [17].
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In the formulation described above the random phases €,, are just used to generate
distinct realizations for the same wave elevation process. In other words, for each distinct

realization of the process, a distinct fixed set of random phases €,, must be used.

Therefore, the sea and wind spectrums must be defined in order to represent the
environmental conditions on a mooring analysis. The sea and the wind spectrums that

will be used in this work are presented in Appendix B.

2.2 RANDOM DYNAMIC ANALYSIS OF MARINE STRUCTURES

2.2.1 TIME DOMAIN ANALYSIS

Nonlinear time domain stochastic analysis is a general approach to analyze
offshore structures since it can take into account properly the randomness of loads and
also the nonlinearities of the structural system. The focus of the present work and so of

this section, is on the analyses of mooring lines.

Nonlinear time domain analysis is the state-of-the-art to design mooring systems.
This procedure allows the coupled modelling of the whole system where the floater,
mooring lines, risers, buoys etc. are all included in a single numerical model. The floater
is modelled as a 6-DOF rigid body and all lines are modelled by finite elements. In this
model the motion equation of the system is solved at each time-step and the nonlinearities
present in it can be are properly updated. The dynamic interaction between the floater and
slender structures connected to it are also accounted for. However, this model is very
computer demanding which is a characteristic that in the everyday design practice limits

its usage only for some more specific analysis.

However, in order to speed up the numerical simulations of a floater system some
other techniques can be applied to get a good cost benefit between the processing time
and the quality of results. For example, in the initial design phases, where many
uncertainties are present, it is possible to simplify the analysis by modeling all lines using
the catenary equation, making a large scan of design possibilities in relatively quicker
analyses. Even when checking the as-laid condition (installed condition), if the focus is

to obtain the tensions along the mooring lines, when the software allows, the designer can
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choose to use the FEM (Finite Element Method) only in these kind of lines, using catenary

equation to represent, for example, the risers.

Available computer codes, as Dynasim [1], are capable to run not only a full
coupled dynamic analysis (with all lines discretized by the FEM) in time domain, but also
a quasi-static analysis that uses the catenary equation to estimate the tensions along the
lines. Although the quasi-static analysis are not able to catch some non-linear effects and
the line dynamics, it can be very useful to identify, for example, the critical environmental

conditions to be analyzed through a full dynamic analysis.

Independently of the line modelling used (catenary equation or finite element
discretization), the environmental loads acting on the floater can be modelled as random
processes and the responses obtained at each time step of the numerical simulation will
also be random processes. The basic inputs for a dynamic stochastic time domain analysis
are wave elevation and wind velocity generated time-series for the corresponding

environmental parameters (Hs, Tz, mean wind velocity, directions, etc.).

In general terms, the motion equation to be solved at every time-step of a

stochastic nonlinear time-domain simulation of a floater system is defined by:

mx(t) + cx(t) + kx(t) = F(t) (2.2.1)

where:
m = system mass matrix (structural+hydrodynamic)
¢ = system damping matrix;
k = nonlinear stiffness matrix;

F(t) = forces acting over the system;

x(t), x(t),x(t) = displacement, velocity and acceleration of the system;

One important aspect related to a stochastic analysis is the composition of the
force vector acting on the system. F(t) can be expressed by (see references [8]-[11] and

also [28]-[33]):
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F(t) = Fyina(t) + Feyrrent + Fw1() + Fyyyp + Fiyo(t) + Fres(t)
+ Fpp(t) + Fyp(t) + Frine(t) + Fiprag(t) + Fip(t)

(2.2.2)

where:

Fyina = Wind-induced forces;

F cyrrent = Current-induced forces;

Fy,1 = Wave-induced first order forces;

Fyyp = Wave-induced mean drift forces;

Fy,, = Wave-induced second order forces;

F r.s = Floater restoring forces;

Fpp = Potential damping forces;

Fy,p = Wave drift damping forces;

F;ine = Line resroting forces;

F|prag = Line hydrodynamic-induced (drag) forces;

F;p = Line damping forces.

The action of the environmental forces over the floating moored system and the
system characteristics lead to time-series of responses (such as mooring tensions, floater
motions, etc.) with the pattern shown in Figure 2-8. In this figure it is possible to identify

three kinds of components: steady, first order and second order components.

Low frequency component A

P,

v v
Steady component V

Force
—

}‘—‘ High frequency component

Time

Figure 2-8 — General pattern of a response time history obtained in a stochastic nonlinear time domain

analyses [4]
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The steady component of the response is related to steady force components while
the first order (or high frequency) and second order (or low frequency), respectively, are
related to forces with frequency content in the wave spectrum band and to second-order

wave forces.

In general, the low frequency response component of the moored system is
associated to its resonant period which is in the order of 100s~400s, depending on the
system. The wave frequency component of the response presents period content in the

range of 3s-25s depending on the wave characteristics.

As in the characterization of sea surface elevation, since the response time series
obtained by the numerical simulation is related to a fixed set of environmental parameters
of wave, wind and current it is a short-term analysis. Moreover, assuming that the sea
surface elevation and wind velocity processes are ergodic, the response stochastic process

is also ergodic.

2.2.2 SHORT-TERM AND LONG-TERM ANALYSES

In offshore structures responses (tensions on lines, tethers, bracings; floater
motions like offsets on the plane, Heave, Pitch, Roll, etc.) will be related with
environmental conditions of the location where the structure will be installed. So, as the
wave elevation process is characterized by a collection of short-term pseudo-stationary
processes, the structural analyses can be defined in terms of two time length scales: short-
term and long-term analysis.

A short-term analysis predicts the responses of an offshore structures within a
short-term environmental condition, usually of 3-h, according to the corresponding
environmental parameters of wave, wind and current for such condition. The long-term
analysis, in practical terms, looks at (and treats statistically) the responses for all short-
term conditions that the structure will be subject to in a long-term period.

These structures shall be designed to resist the extreme responses that could occur
during its operational lifetime and it is common practice to design for extreme responses
associated to a return period of 100-yr. In practical terms, there are basically two kinds of
analysis that can be performed to predict these extreme situations: the short-term design

methodology and the long-term design methodology. Both of them are based on short-

20



term analyses, a stochastic analysis for any set of short-term environmental and draft
parameters.

The short-term design methodology is related with a unique extreme
environmental situation, where the structure will be designed to support this extreme
event. The idea that governs this methodology is that, once the structure is able to resist
to the worst possible condition, it will be able to withstand all other operational
conditions.

Therefore, in relation to the short-term design methodology, although the analyses
can be done considering a set of environmental conditions, it will be classified as short-
term methodology because the response is obtained from just one extreme condition: at
one specific draft; considering just one wave spectrum, one wind spectrum, one current
profile and their angle of incidence.

The long-term design methodology, or just long-term analysis, on the other hand,
aims to predict the extreme response considering the influence of each short-term
condition that the structure could be submitted during its operational lifetime. These
conditions will encompass the floater unit’s drafts, a large set of different environmental
conditions (wave, wind, current and their directions) and will be associated with
probability of occurrence of such events (drafts and environmental conditions).

In that way, structures designed by long-term methodology will present extreme
responses based on all the short-term responses that are predicted to occur during a long
exposition period of the platform operating in a specific location. Although this
methodology is classified as the state-of-the-art [7] to design offshore structures, it also
demands large investments on metocean campaigns and good computational processing
power; since this procedure requires to deal with a big amount of data such as a large set
of environmental conditions and the operational profile of the unit (to extract the drafts
distribution).

It must be emphasized that there are some approximate design approaches that try
to compute the long-term response by means of short-term design analyses, such as the
environmental contour (see Chapter 2.3.2.1) and the equivalent short-term environmental
condition approaches (the proposed methodology in this work). In these approaches a set
of design short-term environmental conditions are defined in such a way that their largest

short-term extreme response is approximately equal to the long-term response.

21



The Chapter 2.3 will present how the short-term and long-term analyses can be
applied in the design of mooring systems while the Chapter 3 will bring the mathematical

concepts involved in these analyses.

2.3 MOORING SYSTEM ANALYSIS

All developments made in this work were based on the use of the computer code
Dynasim [1] and [8]-[11]. This is a software for the dynamic analysis of floater
incorporating the characteristics described in the previous section. As outlined before, the
focus of this work is on mooring line analysis. So, in what follows, more details are given

about the modelling of mooring lines using Dynasim.

2.3.1 MOORING LINE MODELLING IN DYNASIM

In what follows, a summary of mooring line modelling in Dynasim is presented.

For more details on this topic see references [8]-[11].

Dynasim incorporates Finite Element Method (FEM)-based and Static Catenary
Equation-based models. FEM-based approaches are more robust in terms of modelling
since each line is discretized in a number of finite elements (bar elements) and the full
line dynamics is represented in model. Besides this, non-linear effects associated with the
drag force, frictional forces and material and geometric behavior are automatically
accounted for. Hydrodynamic loads acting on the lines are automatically computed for
each finite element at each integration step. Catenary-based models are based on the static
equilibrium of a catenary representing the mooring line. They are not so robust since they
do not allow to take into account in the analysis the line dynamics and some nonlinear
effects. Another point is that the hydrodynamic loading on the lines is computed by
approximated methods when using a catenary-based approach. However, in
computational terms, the catenary-based models are much faster than FEM-based models.

Dynamic analyses using a catenary-based approach are identified as quasi-static analyses.

In Dynasim, mooring lines can be calculated by 4 different methods in the floater

system dynamic analysis. These methods are:
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1) Static Catenary Equation;

2) Catenary Characteristic Curve.

3) Explicit Finite Element Method (Explicit FEM);
4) Implicit Finite Element Method (Implicit FEM);

In the Static Catenary Equation method the Dynasim computes at each integration
step the geometry and tension along the line by solving the standard static catenary
equation, which is detailed, for instance, in Refs. [13] and [15]. Besides this, a simplified
approach, where the mooring line, modeled as a bi-supported (fairlead to mudline) beam,
discretized in small beam elements, is used to compute the drag and damping forces due

to the current velocity. For more details, see reference [9].

The Catenary Characteristic Curve method is even more simplified than the
Catenary Equation method. In this method, the catenary restoring forces curves are
generated by the Dynasim for each line considering different positions of fairlead in the
horizontal plane, before the beginning of the time domain simulation. During the
simulation, the tensions along the line are estimated by interpolating the results previously
obtained, according to the instantaneous position of the fairlead in the horizontal plane,
as exposed in Figure 2-9. Only the drag and damping forces due to the current are

considered, by the same manner as for the Catenary Equation method.

In the Explicit and Implicit FEM methods the mooring lines are divided in small
finite elements, where the convergence (Explicit method) and precision (Explicit and
Implicit methods) will depend on both the size of the elements of each line and the size

of the time step.
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Figure 2-9 — Characteristic curves [16]
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In this work, the Catenary Characteristic Curve approach is the first choice for the
analyses performed. Explicit FEM approach is used in a final simulation, to extract all the
non-linearities that could not be captured by the first method. The choice of these two
methods was oriented according to the best cost benefit between precision of the results

and computational time spent.

Another important observation is that the Dynasim [1] is able to consider the
change of the axial stiffness in synthetic cables, such as polyesters ropes, during the short-
term dynamic numerical simulations. The axial stiffness of these cables are related with
the hysteresis grade of the synthetic fibers of these cables and can be expressed by the
mean tension that the cable is submitted at each time step of the numerical simulation.
According to Rossi [34], the axial stiffness of the polyester ropes can be approximately

defined by:

Ty
EADIN = TMBL (25 T + 19)
MBL

2.3.1)

where EApy is the dynamic axial stiffness of the cable, T}, is the mean tension of the line

segment and Ty g; is the minimum specified cable break load tension.

This expression is important since it has an intrinsic relationship with the final

stretched length of polyester ropes.

Finally, it is important to mention that Dynasim is able to discard the transient
effects present in the beginning of the time-domain simulations. The cutoff time is the
initial time period that is cut out of any response time-series obtained by the numerical
simulation. This time interval shall be defined according to designers experience or after
tests conducted before the analyses. Generally a cutoff time of 5,000s is enough for the

most time-domain mooring analysis.

2.3.2 MOORING DESIGN METHODOLOGIES

In general terms there are two main methodologies used to design mooring

systems concerning the Ultimate Limit State (ULS) design criteria: load-based and
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response-based approaches. In the first approach it is assumed that the most critical
structure response occurs simultaneously with the most severe environmental condition.
So, the design is based on the extreme response occurring during extreme short-term
environmental conditions. On the other hand, the response-based approach is based on
the statistical treatment of the response considering its behavior in all possible

environmental conditions that the structure will have to withstand during its lifetime.

2.3.2.1 LOAD-BASED METHODOLOGY

For the Brazilian offshore areas (classified as extra-tropical areas), the set of
environmental conditions used in the load-based design (so-called design short-term
methodology) is composed by 100-yr return period wind and wave and the 10-yr return
period current and vice versa. All these data are based on a statistical treatment of the
environmental parameters measured for the location where the platform will be installed.
For waves, it is very common to express these extreme conditions with contour curves,

as showed in Figure 2-10 — for instance see [17].

Exireme curves Hs versus Tp - Morth Direction
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Figure 2-10 — Wave Environmental Contour Curves — N Direction

Companies as Petrobras, which spends a significant amount of capital in metocean
area, are capable to generate the extreme conditions of wind, wave and current for 16
different geographic directions. Besides that, Petrobras can also estimate the change of
current directions along the water depth, according to each current surface direction (see

Figure 2-11).
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Figure 2-11 — Example of current velocity and direction profile

It is not easy to define the proper incidence direction of the wave, wind and current
in an extreme environmental event. Although design rules are not specific on the
directions to be used in the combination of the environmental conditions; the Brazilian
oil company Petrobras and the Classification Societies have established the arrangement
presented in Figure 2-12 as a standard for design mooring systems of offshore units

installed in Brazilian fields.
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Figure 2-12 — Design environmental conditions used in Brazilian waters
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For each environmental design condition a short-term stochastic dynamic
numerical simulation using a simplified model for representing the mooring line
(catenary-based model) is performed and a statistical analysis is made to compute the
most probable value of the extreme tension at each line segment. This statistical treatment
is based on the local peaks sample of simulated tension time history (see Figure 2-13) and
is described in Chapter 3. The most critical design conditions are identified and for them
new dynamic analysis, using FEM-based modelling for the mooring lines, are performed
to identify the appropriate most probable short-term extreme tensions which are then used
in the design check equations (safety factors). Similar design procedure shall be used for
the Accidental Limit State (one line failed). For a better understanding about the load-

based methodology, see the flow diagram exposed in Appendix C.
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Figure 2-13 — Response global and local peaks.

This work will consider local peaks, with no correlation between them, since it is

a conservative approach [26].

2.3.2.2 RESPONSE-BASED METHODOLOGY — PROPOSED METHODOLOGY
The response-based methodology, which is also known in literature as long-term
analysis, based on time domain simulations, is the state-of-the-art method to design
offshore structures. It can be used to predict the fatigue life of the structure as well as its
design tensions. So, why such a good and powerful method is not the most used on design
routine nowadays? The answer is, as always, the cost-benefit in relation to the other

methods.
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An accurate long-term procedure demands the integration of the short-term
response over all short-term environmental conditions of the location where the floating
unit will operate. The methodology requires the joint probability distributions of the
environmental parameters, or a significant amount of simultaneous environmental data of
wind, wind and current in order to be performed. The mathematical details of this

approach are given in Chapter 3.

Generally, the long-term analysis is unfeasible to be used in the design routine
because it requires a big power of computational processing in order to obtain the

response within the limited design time.

In general, the two big problems related with the long-term analysis are: the
number of short-term simulations (huge computer time demand) and the treatment of all
data generated by the short-term realizations. In fact, even when simplifications are
adopted, these two characteristics will be always a concern in this kind of analysis;

especially when the focus is its applicability in the design routine.

In this dissertation a procedure for long-term analysis (response-based

methodology) is proposed. Basically, the procedure follow these steps:

1) Obtain a large database of simultaneous short-term measurements of
environmental parameters of wave, wind and current;

2) Define a discrete distribution of the floater draft T as one shown in Figure
2-14;

3) Perform dynamic numerical simulations for all short-term environmental
conditions contained in the data base for each floater draft; these numerical simulations
are performed using a catenary-based model for the system mooring lines and risers;

4) For each combination of short-term environmental condition-draft,
establish the tension peaks distribution for each mooring line segment of interest in the
analysis;

5) Obtain the long-term distribution of tension peaks for each mooring line
segment of interest and the corresponding most probable extreme value for a given return
period, say 100-yr;

0) Establish equivalent short-term conditions, for instance, by changing
arbitrarily the values of a measured short-term environmental condition, in a specific
draft, in order that the corresponding most probable short-term extreme tension in this

condition is equal (or very close) to the extreme long-term value computed in the previous
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step. Probably, there will be a proper equivalent short-term condition (environmental
condition and draft) for each mooring line;

7) Perform the dynamic simulations of the floater system for those equivalent
short-term environmental conditions using a FEM-based representation for the mooring

lines;

P(x)

Figure 2-14 — Example of draft distribution of an FPSO platform

The case studies performed in this work are based on a 10-yr database of
environmental conditions that were observed at Santos Basin (Brazil). The database
contains a set of 29,218 of 3-hr environmental parameters, including the simultaneous
environmental parameters (intensities and directions) of wind sea, swell, wind a
superficial current velocity. Due to the limited information contained in the database, a
triangular profile is adopted for modelling the current velocity through the water depth.
Table 2-1 and Figure 2-15 illustrate just one of the 29,218 environmental conditions used

in this work. All directions are measured clockwise with respect to North direction.

Table 2-1 — Environmental parameters of an observed short-term environmental condition.

Definition Parameter Value Incidence Angle
Velocity 5.99 m/s 70.9°
Sig. Height / Peak Period 0.90m / 4.19s 80.0°
| Swell | Sig. Height / Peak Period | 1.33m/9.66s 128.8°
Velocity 0.13 m/s 190.6°
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Figure 2-15 — Current profile and the directions of short-term environmental condition in the database

Due to the limited number of environmental conditions a procedure identified as
Bootstrap — for more details, see Ref. [35] — is used to obtain a confidence interval for the
estimated long-term tension (step 5 above). This procedure will be explained in the

Chapter 3.3.

In order to avoid any misconception the following nomenclature will be used from

now on in this dissertation:

e 100-yr most probable tension (or long-term tension) — Response obtained

by the long-term formulation presented in Chapter 3.2;

e Upper bound of extreme response estimator (or centenary tension) —

Response obtained after the Bootstrap procedure, according to the
formulation presented in Chapter 3.3;

e Final design tension (or just design tension) — Response obtained after

the numerical simulations with FEM modeled mooring lines (using the

equivalent short-term conditions).

The mathematical background and development of the long-term mooring tension
analysis is presented in Chapter 3, while the proposed long-term mooring analysis
procedure is presented by a flowchart shown in Appendix D. In order to manage all short-
term simulations and the corresponding huge number of files of the numerical simulations

a computer system was also developed. This system is described in Chapter 4.
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3 MOORING LINE TENSION STATISTICAL
TREATMENT

The main goal of this work is to establish a numerical procedure for long-term
analysis of tensions occurring in a mooring line of a floater system belonging to an
offshore oil production unit. Initially, this chapter describes the short-term statistical
analysis of this response parameter. In the sequence, the long-term analysis is described
including a discrete approach based on the observed/measured simultaneous
environmental parameters of wave, wind and current. Since the estimated long-term
extreme response parameters are based on a discrete representation of the environmental
data, there is some statistical uncertainty associated to them. Then, the next section
describes the Bootstrap technique that has been used in this work in order to assess such
uncertainty. Long-term analysis demands high computer power for running dynamic
simulations and also for saving analyses intermediary results. So, a general overview of

the computer system generated for this purpose is then described.

Since the long-term analysis is very computer demanding and costly, the mooring
lines and risers are represented by quasi-static catenary equations in the numerical
simulation of the floater system dynamics. For this reason, at the end, a response-based
environmental conditions is used in more refined short-term simulations, using FEM, in

an attempt to compensate the dynamic effects neglected by the quasi-static simulations.

3.1 SHORT-TERM DISTRIBUTION OF TENSION PEAKS

The tension time-series at a given point in a mooring line generated by means of
a time-domain dynamic simulation of the floater and its lines (risers and mooring lines)
for a given set of short-term environmental parameters of wave, wind and current and a
specific floater draft can be seen as a single realization of the stochastic process
representing this specific response. Then, the time domain stochastic process of line

response (tension) for a given short-term condition can be defined by:
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Ry(t|Y =y) = Rpr(K = k) + Rpyy(t|Y = y) (3.1.1)

Where:
t = Time;
K = Floater draft (for FPSO-type floater the draft changes along time due to the

amount of stored oil);

Y = Environmental parameters of a given short-term environmental condition

including also a given floater draft K = k;

y = [V, Bw, Hs1, Tp1, 01, Hso, Tpo, 62, Ve, O, k|= Specific short-term condition —
specific environmental condition (wind, sea wave, swell wave, current parameters and

their directions “6”’) and specific floater draft K = k;

Ry (t|Y = y) = Total short-term tension time-series, conditioned to the short-term

condition Y = y;
Rpr (K = k) = Line pre-tension conditioned to the draft condition K = k;

Rpy(t|Y =y) = Dynamic short-term tension time-series, conditioned to the

short-term condition Y = y;

Associated to the above process it is possible the corresponding sample of peaks:

Ry (rp|Y = y) = Peaks sample of the total tension for a given short-term

conditionY = y;

Rpy(rp|Y = y) = Peaks of the dynamic tension component for a given short-term

conditionY = y.
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Figure 3-1— Total Tension Components

Based on previous studies where the response stochastic process is assumed to be
stationary and ergodic [26], an accurate and practical procedure to represent probability
distribution associated to the peaks of the line tension process is the use of the three-
parameter Weibull distribution (see also Appendix A). The modelling can be made
considering the total tension process or only the dynamic tension process (total tension
minus pre-tension). Although the result must be the equivalent, the preference to separate
the signal lies on the reliability-based calibration of safety factors for mooring lines
design. Due to the different origin of these two components (pre-tension and dynamic
tension) it is common to establish different safety factors for both components. As this
work does not focus on a reliability analysis, all analysis performed will be based on the
peaks of the total tension. The associated probability density and cumulative distribution

function for the peaks of the total tension are given, respectively, by:

AP (-1 —u¥ () F P
fonply) = EZEON T ) o s w)
’ ap (y)* —F
(3.1.2)
And:
_(rp—u}“;’(ﬁ)lg(y)
Froy(ply) =1—e \ @ 0) for 1 =up(y)
(3.1.3)
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where up (y), ap (y) and 1Y (y) are the location, scale and shape parameters of the
Weibull distribution fitted to the peaks sample of the total tension time-series obtained by
the floater simulation under the short-term condition ¥ = y. In this work, the fitting
process employed was based on the method of moments using the mean, standard

deviation and skewness coefficient of the peaks sample (see Appendix A).

In case one needs to work with the peaks of the dynamic tension component the
only thing to do in order to obtain the corresponding probability distribution is to subtract

the pre-tension from the location parameter defined above.

Another important aspect is that the extreme value distribution of the tension peaks
within the short-term condition ¥ = 7y can be established by means of the Order Statistics
(see Appendix A). By assuming that the individual peaks belonging to the peaks sample
are statistically independent ones, the cumulative distribution of the short-term largest

tension peak is given by:

Ts
Froly (p1¥) = [Frpy )] 777
(3.1.4)
and the corresponding probability density function is:
E _ (Vp(}’)Tst_l)
pr|Y(rP|y) = vp(y)Tst [FRP|Y(TP|}’)] fRP|Y(7’P|)’)
(3.1.5)

where T, is the short-term period duration (3-hr in the present work) and v, (y) is the

rate of tension peaks given by:

(3.1.6)

where N, (y) is the number of peaks identified along the simulated tension time-series

whose length (after cutting-out the transient period) is Tg;p, .
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By considering that the peaks distribution is modeled by the Weibull distribution,
the most probable largest tension for the short-term condition ¥ = 1y is given by (see the

Type I Gumbel Asymptotic Distribution — Appendix A):

1
PV (y) = ul () + af ) [n(v, )T ) |F D)

(3.1.7)

3.2 LONG-TERM DISTRIBUTION OF TENSION PEAKS

There are many alternative ways to establish the long-term distribution of a
response parameter due to the many short-term individual conditions that the marine
structure is supposed to face in a long time period. There are methods based on the all
short-term peaks distribution, on the extreme short-term peak distribution, etc., for
instance, see Ref. [17] and [18]. Based on the all short-term peaks distribution, Battjes
[36] showed that the long-term distribution of all response (line tension in the present
case) peaks, can be expressed by:

1
FHLGw) = g [ v e ol fy )y

(3.2.1)

Supposing independence between the floater draft occurrence and the

environmental condition parameters, Eq. (3.2.1) can be re-written by:

1
R ) = o | [ ok Fii el € it ek
p

(3.2.2)
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where C is a vector containing the short-term environmental parameters of wave, wind
and current, ¢ = [V, Oy, Hgq, Tp1, 01, Hsy, Tpy, 04, Ve, 6] is a specific realization of C,
Froix.c(rplk, €) = Fr,y(rply), fc(c) is the joint probability distribution of the short-
term environmental parameters, fx (k) is the floater draft probability density function,

vp(k,€) = v, (¥) and v, is long-term mean peaks rate given by:

v = [ [ wteo fos@arde

(3.2.3)

Again assuming independence between response peaks, the most probable long-

term extreme response for a return period of N, years, r,ﬁ‘j’vi ‘: is obtained by solving the

following equation:

LT MPV \ _ _
FiT () = 1

~3le =

(3.2.4)

where N,, is the expected number of response peaks within long-term period of N,,,. years,

which is expressed by:

N — M
Np - Nercondeth

(3.2.5)

with T, given in seconds and N,,,4; being the number of short-term environmental

conditions for a period of 1-yr (it is equal to 2920 when T, = 3-hr).

The solution of Eq. (3.2.4) is not straightforward, usually it is solved numerically
by means of a zero-root finding algorithm. Schematically, Figure 3-2 shows some short-
term response cumulative distribution, the long-term response cumulative distribution (in

red) and the corresponding long-term most probable value.
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Figure 3-2 — Schematic of Long-Term Tension by Peak Distribution

3.2.1 DISCRETE CALCULATION OF THE LONG-TERM RESPONSE
DISTRIBUTION

The solution of Egs. (3.2.2) and (3.2.3) is a very challenging problem both involve
n-fold numerical integration, where n is the number of environmental parameters
(intensity and direction) of wave, wind and current (10 in case of considering sea and
swell waves) plus 1 related to the floater draft. Another difficult point is that it is not very
easy to establish the joint probability of the environmental parameters f¢(c). However,
an alternative approach can be employed based on a discrete sample of simultaneously
observed values of the environmental parameters and a given specific floater draft K =

k. The basis for this approach can be explained using the estimator of the mean for a

random variable X based on a sample X = {X1, *** ,Xy} which is given by:
+00 N
Xi
Hx = f xfx(x)dx = my = N
- i=1

(3.2.6)

where py is the “true” mean of X, my is the corresponding statistical estimator (the so-

called sample mean), fy (x) is probability density function of X and N is the sample size.
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Of course, the accuracy of my depends on the sample size N and the mean standard error

is given by (for more details, see [35]):

Smy N
(3.2.7)

where oy is the standard deviation of X, that is usually unknown and in practical

applications can be represented by its corresponding sample estimator:

N
(x; —my)?
Ox = Sy = — N
i=1

(3.2.8)

Based on the same rational presented above, the long-term response distribution
(Eq. 3.2.2), for the available database of simultaneous environmental conditions, can be

approximately estimated by:

C

Nk N¢
- 1 Vvp (ki C])FRP|KC(rP|kl' C])
AR AGESDY Z P
Vp =

(3.2.9)

where Ng is the number of discrete floater drafts considered in the analysis, p;
(Z =1 Di = 1) is the relative frequency of occurrence of the i floater draft (k;), N, is the
total number of simultaneously observed environmental parameters of wave, wind and
current, v, (k;, ¢;) are Flfp| K'C(rplki, cj) the peak rate and short-term peaks distribution
for the draft floater K = k; and the environmental parameters set € = c;. The long-term

mean rate of peaks can be obtained in a similar way, i.e.:
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Ng Nc¢

ki c)
M os g = szp(l )

i=1 j=

(3.2.10)

An estimator for the most probable long-term extreme value can be obtained by
using F RT(rp) instead of F, }%T (rp) in Eq. (3.2.4). Likewise the previous discussion related
to the mean estimator, this estimator also presents a statistical uncertainty which is mainly
dependent on the number of short-term environmental conditions N used (or available)
in the estimation process. A standard error measure for this estimator is not easily
obtained, so the so-called Bootstrap numerical procedure (for more details se, for

instance, in Ref. [35]) can be used to get an approximate value for its standard error.

3.3 BOOTSTRAP ANALYSIS TO ESTIMATE THE
UNCERTAINTY IN THE ESTIMATED LONG-TERM
TENSION

Bootstrap technique relies on random sampling where a “new sample” is obtained
by randomly taking each new sample component from the original one with replacement.
For instance, in the case of the estimator for the mean of a random variable X based on a
“original” sample X = {X1, ** ,Xn}, the new samples X* = {x;, - ,xyn} is
generated by randomly taken each sample component x; from sample X. This means that
X" may contain repeated values and, conversely, some components of X may not be in
X". Then, for each generated sample X, j = 1,2, -, N, with Np being the number of
Bootstrap (re)samples, a corresponding mean estimator My ; is obtained by Eq. (3.2.6).

Then, the estimated mean value of X, i.e. my, is taken as the mean value of all my i values

and the corresponding standard error Sy is taken as the standard deviation of the sample

containing all my i values, to finally estimate a upper bound of a true mean confidence

interval. The advantage of Bootstrap technique is that it can be applied for any statistic

estimator. More details are given in [35].
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In the present work, the Bootstrap technique can be applied to obtain a confidence
interval for the long-term most probable extreme response value (most probable largest
line tension — the centenary tension) by re-sampling N, available simultaneous short-term
environmental parameters sets from those originally simulated. In other words, each
component in a specific Bootstrap B} sample, i = 1,2,.., N, represented by a vector c;
containing a random generated set of environmental parameters € = ¢;. The random
generation must obey the frequency of occurrence for the floaters drafts and a
uniform/equal probability of occurrence for each set of observed simultaneous

environmental parameters of wave, wind, and current. In summary:
¢, = [VWl'P HWi’ HSli' TPli' eliJ HSZi' TPZil 921" VCi' gci] (331)

Considering the N samples in the i™ Bootstrap simulation an estimate of the long
term most probable extreme value can be obtained by means of the Eq. (3.2.4). One very
important aspect here is that it is not necessary to perform any new dynamic simulation
of the structural system since the statistical parameters for the short-term peaks

distribution have already been evaluated for any short-term condition y;(c;, k;). Then,

M

for short, representing the long-term most probable value 7 P v - simply as Z, after Ng

Bootstrap analysis there will a set of Ny estimated values for Z, i.e.:
Z={Zy,Zy ... 25,} (3.3.2)

Then the corresponding long-term extreme response estimator can be taken as the

mean value of the sample Z, i.e.:

Np
FMPV _ _J
PNyr N

(3.3.3)
and its corresponding standard deviation is:
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(3.3.4)

By assuming that the mean estimator can be modeled by a normal variable, the

true mean with (1 — a)100% confidence interval is given by:

My — KoSx < Uy < My + Ky Sy

(3.3.5)

where k, = 1.282,1.645 or 2.326 for a = 0.10,0.05 or 0.01.

In that way, an upper bound for the extreme response estimator can be defined as:

AMPV _ =MPV i
Tonyr = Toyyr T 255

(3.3.6)

This upper bound corresponds to a confidence level of approximately 97.5% in
which the true value of the extreme response estimator is equal or lower, based on the

hypothesis that the estimator itself is described by a Normal distribution.

34 EQUIVALENT SHORT-TERM CONDITIONS

After finding the upper bound of the extreme response estimator, by applying the

Bootstrap analysis, it will be necessary to define the equivalent short-term conditions that

P

will induce, in each line, a short-term tension equal to the f},‘;’\, V tension. These equivalent

yr

short-term conditions will be used in more refined final analyses, in an attempt to better
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capture the dynamic effects neglected by the quasi-static analyses performed until this

point of the work.

There is no restricted way to find these equivalent conditions. However, the
proposal is to select the condition with the maximum short-term most probable extreme
tension and change the wave, current and wind parameters until the short-term tension

equals the mooring line f,i‘;’v’; Z tension. This procedure shall be performed by using quasi-

static analyses.

Following the formulation exposed on Chapter 3.1 (Eq. 3.1.1), the stochastic

process of line tension correspondent to the new condition can be defined by:

RY(tly = ynew) = RY(tIY =y+ AY)

(3.4.1)

where:

_ VW + AVW, HW’HSI + AHS]_, Tp1,91, X

Y * Ay B HSZ + AHSZ'TPZJ QZ'VC + AVC: QC;k ’

Ry(t|Y = Ypnew) = Total short-term tension time-series, conditioned on the

new short-term condition ¥ = y,., =y + Ay.

The proposal is not change the waves peak periods, neither the environmental
condition directions, because it would difficult the process of increasing the short-term
tensions. In that way, a simple procedure that changes, at each step, the value of
AVy,, AHgq, AHs,, AV, can be applied until the short-term tension equals the mooring line
ﬁﬁ‘f\,’; " tension.

The final design tension of each mooring line can be estimated by running the
short-term simulation with the equivalent conditions, using the Explicit FEM to evaluate
the analyses on Dynasim. This final step is important to capture all the slender body
effects such as stiffness, damping, inertia, wave and current loads neglected by the quasi-

static analyses.
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4 COMPUTER IMPLEMENTATION FOR LONG-TERM
ANALYSIS

The long-term analysis procedure developed in this work involves many steps. For
each of them a numerical computer module has been developed. The initial modules (first
and second ones) are prepared to interact with Dynasim [1], which is the computer code
used for the numerical simulations of the floater systems. The modules are prepared in
order to divide, control and get the results of the short-term simulations using as many
computers available as possible. Therefore, the following five numerical modules have

been developed in Python [2]:

1 — Case Preparation;

2 — Short-Term Analysis;
3 — Long-Term Analysis;
4 — Bootstrap Analysis;

5 — Design Tension;

This chapter is dedicated to briefly explain each module and the main formulations
inside each one of them. The separation of the code in five modules had the objective to
control the errors during the implementation of the code, testing and checking the output

of each module. At moment, the code is able to deal only with the tension time series.

Inside of some modules is necessary to find the root of some functions. For these
cases, the Bisection root-finding method is used. The Newton-Raphson method was also
tested but showed to be not trustful for a few situations. Although the Bisection method
is slower than Newton-Raphson, it is also more reliable and, for this reason, was the
chosen method. The Bisection method is a simple root-finding method that can be used

for any continuous function.
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4.1 CASE PREPARATION MODULE

One of the main ideas of this work was to enable the long-term procedure to be
used in the design routine, i.e., without the necessity of investments in new expensive
computers. Therefore, the proposed long-term procedure should be able to facilitate the
use of any available computer and, thus, in order to reduce the risk of mistakes, a good

numerical tool for the management of all analyses involved becomes necessary.

The Case Preparation Module will access the base design case file of the whole
floating system prepared by Dynasim interface (including the data of hull, mooring
system risers, etc. - the original file) and active, for all available drafts, the set of
environmental conditions - from the available database of simultaneous environmental
parameters - that the user want to run, saving the changes at the end. This module can
also divide the initial set of environmental conditions in M other desired sub-sets of

environmental conditions, to be used in the next modules.

Figure 4-1 exposes two examples of outputs of this module: in the first the original
number of available simultaneous short-term environmental conditions were separated in
blocks of 100 and 500 conditions; in the second the separation is in blocks of 500 and 250

conditions. Thus, the user is free to select different sets of environmental conditions.

EXAMPLE 1 EXAMPLE 2
1-100 27001-27500 1-500 28001-28250
101-200 27501-28000 501-1000 28251-28500
201-300 .., 28001-28500 1001-1500 e« 28501-28750
301-400 28501-29000 1501-2000 28751-29000
401-500 29001-29218 2001-2500 29001-29218

Figure 4-1 — Module 1 —Two distinct outputs (data generation into folders)

This strategy aims at better exploring the use of different computers, with different
kind of processing power, once the user can take each folder and run them in different
machines. Inside of each folder exposed in Figure 4-1 it will contain the Dynasim files
for running the corresponding short-term simulations for all indicated drafts selected for
the long-term analysis. In this way, Module 1 just organizes and prepares the data for the

next modules.
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4.2 SHORT-TERM ANALYSIS MODULE

This module is responsible to read and process the time domain analyses outputs

generated by the Dynasim (tension time series).

As already explained, the long-term analysis will be used to define equivalent
short-term conditions to be performed in a more refined dynamic analysis. In that way, at
present, this module is able only to read and process the outputs related with the top of
each mooring line (fairlead tensions), although its architecture is prepared to do the same
for the tension time series on the top of any line segment (chains, wire ropes, polyester

ropes, etc.).

This module will be also responsible for processing the short-term statistics of the
tension time series and deleting the large files generated by Dynasim for each short-term
environmental condition. Considering that each time domain simulation output file
generated by Dynasim can achieve more than 1GB, it is clear that this module must be
capable to process the statistics of each tension time series, save just the main parameters
and delete all Dynasim outputs. For each simulation the most important statistical
parameters, as described in Chapter 3, of the tension time-series are stored: parameters of
the 3P Weibull distribution fitted to the time-series peaks, peaks frequency rate, time-

series mean value; most probable short-term (3-hr) extreme tension etc.

In order to keep the computer hard drive with enough space during the analyses,

this module must run in parallel with the time domain analyses (Dynasim).

For each finished Dynasim analysis, this module operates through the following

steps:

1. Read the top tension time series for each mooring line of the floating system;

2. For each top tension time series; compute its mean level, identify and store
all local peaks above it (peaks sample) and computes the peaks frequency
rate;

3. Compute the three parameters of Weibull model using the mean, standard
deviation and skewness of the peaks sample;

4. Find the most probable (MPV) short-term extreme tension taking the Gumbel
asymptotic distribution for the Weibull model;

5. Save all this computed parameters;

6. Delete the Dynasim output files.
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In its current version, this module only identifies and works with the local peaks

that are located above the mean level tension; although, for a future code revision, it is

planned to work with the time-series global peaks, as suggested in [26].

The Short-Term Analysis Module follows the structure initiated by the

Preparation Module (see Figure 4-2) and, in this way, each folder will also contain the

files with the main parameters of short-term simulations stored in it. As mentioned before,

this strategy aims to allow the use of different computers, networked or not, at any time.

1

L el e e ol el e e e e

CALADO

CASOS

PROB. CASO
3.4225477445e-85
3.4225477445e-85
3.4225477445e-85
3.4225477445e-@5
3.4225477445e-85
3.4225477445e-85
3.4225477445e-85
3.4225477445e-85
3.4225477445e-85
3.4225477445e-85
3.4225477445e-85
3.4225477445e-85
3.4225477445e-85
3.4225477445e-85
3.4225477445e-@5
3.4225477445e-85
3.4225477445e-85
3.4225477445e-85
3.4225477445e-85
3.4225477445e-85

R R R R S R

PROB. T
S5ee88808800:-081
SeaaaBReRe:e-B1
5@00000000=-01
5@00008000e-01
5@000080002-01
5@0ee080002-01
5@eeaBEeeaes-81
SBeRE00eR0e-B1
5280000000e-01
5@00008000e-01
5@0ee080002-01
5@eeaBEeeaes-81
SeaaaBReRe:e-B1
5@00000000=-01
5@00008000e-01
5@000080002-01
S5ee88808800:-081
SeaaaBReRe:e-B1
5@00000000=-01
5280000000e-01

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

SATDA RESUMO ANALISE WEIBULL CURTO-PRAZO - SIMULACAO DE 7568@s - LINHA 1

FORMA (PICOS)

.7633625958e+08
.6993685814e+08
.75115@43172+00
.72731828442+00
.796208576962+00
.7@17026810c+00
. 72887497452 +08
.B578584551e+2@
.9357952710e+00
.7558357801c+00
. 74716987 202+00
. 78414829542 +08
. 76381883482 +08
.7789423321c+00
.7957559534e+00
.79378298772+00
.858375@8871e+0@
. 72285594282 +08
.7752279041=+00
.7014565287c+00

N e s L e B N S S Sy Ty

ESCALA (PICOS)

7695443727 +00
541194680842 +88
B0082373562+81
B626122794e+81
@75156@3012+81
@3448927202+01
1154972412e+81
2315498682e+81
@775798562e+81
3256981198e+81
3612227191e+81
34685686882 +81
2626163732e+81
2837555567e+81
1194874924e+81
1533223280e+81
18941585342 +81
1267173957e+81
3544928110e+81
2871995518e+81

LOCACAQ (PICOS)

e S R e

6@8729237362+83
B6B76795285e+83
6068361728e+83
6093823595e+83
61851746682+83
61177704962+83
61851449332+83
6195887694e+83
6232226199e+83
6255@12125e+83
626@5635152+83
6227379195e+83
6188733639e+83
61845827852+83
6197369664e+83
61158207672+83
6@925795232+83
6251286168e+83
6361114878e+83
636@8572757e+83

TRACOES EXTR. (GUMBEL)
.6338513711e+83
1.6378816297e+83
1.63661664742+83
1.6419689444e+83
1.6416422680e+83
1.6434536290e+83
1.6521463683e+83
1.8537885394e+83
1.6518985483e+083
1.6647253314e+83
1
1
1
1
1
1
1
1
1
1

"

B6664253482+@3

.6619999848e+83
.6561668811e+83
.6559832987e+83
.65177108837e+83
. 64468146942+83
.64@81188323e+83
.B587436251e+83
.67489853482+83
.6748696891e+83

4.3 LONG-TERM ANALYSIS MODULE

Figure 4-2 — Module 2 — Short-Term outputs

The Long-Term Analysis Module computes the long-term response (top tension).

This module captures all short-term statistical results and computes the long-term

cumulative distribution curve, performing the summation analytically (see Chapter 3.2.1),

for the top tension of each line in the mooring system.

The main characteristics of this module are:

> »w b

Read the outputs from the previous module and storage them into a tensor;

Read and storage the pre-tension of each mooring line;

Organize and save, for each line, the short-term outputs in a single folder;

Compute the long-term cumulative probability curve for the top tension of

each mooring line and find out the corresponding 100-yr most probable value;

Save the long-term results;
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To find the long-term responses, the short-term information must be correctly
regrouped. Therefore, the Long-Term Analysis Module identifies the number of short-
term conditions contained in the folders (see Figure 4-1), and organize all the information

inside a 5-D tensor. As a quick explanation about this tensor, the five dimensions are:
1 — The number of columns contained in the previous module outputs;
2 — The total number of lines of the mooring system;
3 — The total number of short-term conditions;
4 — The total number of floater drafts;

5 — The total number of blocks (folders) of short-term conditions - see Figure 4-1.

In order to allow future reliability works, this module provides the long-term
curves and responses for both total long-term tension and dynamic component of the long-
term tension. The dynamic component of long-term tension will be obtained by
subtracting the pre-tension acquired from the “zero condition” outputs. The “zero
condition” is a short-term condition performed in Dynasim without any environmental

condition acting on the system.

The mooring lines present different pre-tensions to each floater draft. In that way,

the final pre-tension of each line will be called, from now on, by static tension and

obtained by:
15 = [ Ror (k) dk
(4.3.1)
or:
Ng
rs= ) Rer(kop
i=1
4.3.2)

where N, is the number of discrete floater drafts considered in the analysis, p;

(le.vz"l pi = 1) is the relative frequency of occurrence of the i floater draft (k;).
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Moreover, as per Eq. (3.1.1), the dynamic parcel of long-term tension (and CDF curve)

will be defined by:

Top =Tp = Ts (4.3.3)

i (v, ) = FEL (1) (4.3.4)

Schematically, Figure 4-3 shows an output of long-term analysis module.

Resumo Weibull Curto-Prazo_L1.txt
Resumo Weibull Curto-Prazo_L2.txt
Resumo Weibull Curto-Prazo_L3.6¢
Resumo Weibull Curte-Prazo_L4.txt

. SAIDA SERIE WEIBULL LONGO-PRAZO TOTAL - SIMULACAO DE 7560@s - LINHA 1
Weibull Longo-Prazo_Estatico-Dinamico_L1.bxt
Weibull Longo-Prazo_Estatico-Dinamico_L2.txt TRACAD CENTENARIA (100 ANOS) DE LONGO-PRAZO TOTAL:
3031.36
Weibull Longo-Prazo_Estitico-Dinamico_L3.txt
Weibull Longo-Prazo_Estatico-Dinamico_Ld.txt FREQUENCIA MEDIA DE PICO:
0.06202
2 TOTAL DE CASOS:
Weibull Longo-Prazo_Total_L1.txt I 29218

Weibull Longo-Prazo_Total_L2:
ol Eogo-PovsnTetaLiL TRACOES LONGO-PRAZO CDF LONGO-PRAZO TOTAL
Weibull Longo-Prazo_Totsl_L3.6 1213 3.6732088906¢-07

1214 1.2384437657¢-06

Weibull Longo-Prazo_Total_L4.tt

s e e 1215 3.3572175479-05
1216 $.70252213947¢-06
1217 7.5877366691e-06

Figure 4-3 — Module 3 — Example of long-term analysis output

44 BOOTSTRAP ANALYSIS MODULE

The Bootstrap Analysis Module performs the Bootstrap technique in order to
obtain an uncertainty estimator associated to the computed most probable long-term
extreme tension. The module generates Ny re-samples of short-term conditions, estimates
the most probable long-term (100-yr) extreme value for each of them and, finally,
computes the corresponding confidence interval as described in Chapter 3.3. The main
feature of the Bootstrap technique is that the short-term simulations do not need to be re-

run again, i.e., it uses only the results already generated by the Module 3.
The main characteristics of this module are:

1. Read the short-term outputs organized by the previous module and storage
them, again, in tensor format;

2. Generate the Ny samples by random sampling with replacement;
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3. Compute the most probable 100-yr extreme tension and save in folders the
results of each bootstrap sample (see Figure 4-4). The long-term CDF
curve of each bootstrap sample is also possible to be obtained;

4. Save the Ng results;

Each new bootstrap sample of short-term conditions is generated using the Python
random function, which consist of a uniform selection of a random element from the

original sample of short-term conditions. For more details, see [12].
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197
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199
200

L - I o P

-
(=14

Figure 4-4 — Modulo 4 — Ng Outputs

4.5 DESIGN TENSION MODULE

This module identifies the upper bound of the 95% confidence interval for the

PV

most probable 100-yr extreme top tension estimator (ﬁﬂ‘fvyr) of each mooring line, as

exposed in Eq. (3.3.6). Then, for each mooring line, the worst most probable short-term
extreme tension (centenary tension) and its respective short-term condition
(environmental condition and draft), is used as the start point to define its corresponding
equivalent short-term design condition (see Chapter 3.4). Figure 4-5 shows a partial

output of this module.
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| TragBes Centenarias Longe-Praze_Finais_L2.1n
Traghes Cemtendnias L ange-Draze_Finai
| TragGes Centenarias Longo-Praze_Finsis L4t
| Tragdes Centenanas Longo-Praze_Finais_L5.tet
Tragdes Centenanas Lange-Praze_Finsis LB
TragBes Cemtensrias L onge-Praze_Finais |76

| Tragdes Certenanas Longe-Praze_Finais_L8txt
| TragBes Centenanas Longo-Praze_Fanais 9.0
TragBes Cemtendrias Longe-Praze_Finais 110t

- TragBec Cemtenanas Longe-Praze_Finsis 1110
| Tragies Certenanas Lange-Fraze_Finais L1264
Tragdes Centendsas Longe-Praze_Finais_L 12t
TragBes Cemteninias Lange-Praze Finais L14na

| Tragoes Cemtenarias Longe-Praze_Finais_L 156t
| Trages Centenanas Longe-Praze_Finais_L 164

| TragBes Centendrias Lango-Praze_Fineis L17:ba

| Tragdes Centendrias Longe-Praze Finsis L1864
| Trogdes Centenanes Longe-Prase Fingis L1962
| Tragdes Centendnas Lange-Praze_Finais_L20.bd

SATDA TRACOES CENTEMARIAS LOMGO-PRAIO FIMAIS - SIMULACAO DE 7Sé@88s -

TRACAD CEMTEMARIA (100 ANOS) DE LONGO-PRAZD TOTAL:
3Te. 63

TRACAQ CENTENARTA (180 ANDS) DE LONGO-PRAZO ESTATICA:
1533.08

THACAC CENTENARIA (109 ANOS) Df LONGO-PRAZD DINAMICA:
1641,.57

PIOR TRACAD CURTO-PREZO:
288986

PIOR CASO CURTO-PRAIO:
13579

PIOR CALADO CURTO-PRAZO:
1

LINHA 1

Figure 4-5 — Module 5 — Example of output

The definition of the equivalent short-term conditions is not automatic, although

for future versions of the code this automation is planned.
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5 CASE STUDIES

This chapter presents the application of the long-term methodology described in

the previous chapters to the analysis of some case studies. In fact, three floating systems

were considered in this work:

a) Spread-moored FPSO in a water depth of 2000m (see Figure 5-1);

b) Turret-moored FPSO in a water depth of 2230m (see Figure 5-2);

¢) Semisubmersible platform in a water depth of 1800m (see Figure 5-3).

The main characteristics of each floater system studied are shown in Table 5-1. In

the table, LOA is the Length Overall, B is the Breadth, D is the Depth and T, T», T are

the operational drafts of the floaters.

Table 5-1 — Platforms Main Characteristics

FPSO Spread FPSO Turret | Semi-Submersible
LOA [m] 326.19 266.00 94.32
B [m] 56.90 43.50 94.32
D [m] 28.60 23.00 55.00
T:[m] 11.32 8.55 -
T, [m] 15.90 - 34.00
Ts [m] 20.45 11.83 -
Number of
Mooring Lines 20 6 16
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Figure 5-1 — FPSO Spread — 20 Mooring Lines (Upper View)

Figure 5-2 — FPSO Turret — 6 Mooring Lines (Upper View)
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Figure 5-3 — Semi-Submersible — 16 Mooring Lines (Upper View)

For each floating system, the focus of the study is on the most probable 100-yr top
tension in each mooring line considering the 10-yr database of simultaneous
environmental parameters of wave, wind and current available for Santos Basin and the
corresponding draft variation. As it does not store any oil, only a single one operational

draft is assumed for the semisubmersible platform.

Based on some operational track of the FPSOs operated by PETROBRAS, the
draft discrete probability distribution presented in Table 5-2 was adopted for the spread-
moored FPSO analyzed in this work.

Table 5-2 — Spread-moored FPSO — Draft discrete probability of occurrence

0% - 33.33%
33.33% - 66.67% 15.90 70%
66.67% - 100% 20.45 15%

The turret-moored FPSO used in this study is a Suezmax hull type, designed to
perform TLDs (Long Duration Tests). For this reason, the change of drafts is small and
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only two drafts were considered, i.e., the minimum and the maximum draft, with 50% of

occurrence each (see Table 5-3).

Table 5-3 — Turret-moored FPSO — Draft discrete probability of occurrence

Representative Draft | Draft Range Draft(m) Prob.
T yin 0-50% 8.55 50%
Ty ix 50-100% 11.83 50%

5.1 INPUT PARAMETERS DEFINITIONS FOR TIME DOMAIN
SIMULATIONS AND LONG-TERM EXTREME TENSION
ESTIMATION

There are many parameters that should be properly set for a numerical time
domain simulation in order to decrease the statistical uncertainty related to the results
obtained, such as: sea spectrum discretization, wind representation, simulation length, etc.
In the present work, wind-induced force was considered through a gust-wind model
incorporated into Dynasim, using the NPD spectrum (Appendix B). Besides this, as the
final long-term extreme top tension, the centenary tension, is taken as the upper bound of
a Bootstrap-estimated confidence interval, it is appropriate to define, for instance, the
minimum number of Bootstrap simulations in order to achieve a stable interval. Some

details about this topic are described in what follows.

5.1.1 NUMERICAL SIMULATION PARAMETERS DEFINITION

As previously mentioned, some important aspects in a numerical simulation of a
floating system are the sea spectrum discretization (the number of wave components) and
the simulation length. In order to define these two parameters, some studies were initially
performed for the spread-moored FPSO, since this is the most important floater system
used in the Brazilian coast for producing oil. Only the full draft was considered in this
initial study. The results obtained in this study were similar to those indicated in Refs.
[13],[26], [27] and were extrapolated for the analysis of other case studies.

The analysis consisted in tests with fifteen different seeds in Dynasim for the
worst short-term environmental conditions for each mooring line. For each seed a short-

term numerical simulation was performed, a 3P-Weibull distribution was fitted to the top
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tension sample of peaks and a corresponding short-term most probable extreme value was
estimated based oh the asymptotic Gumbel distribution. Three different simulation
lengths for the time domain analyses were tested: 3-hr, 6-hr and 12-hr. Besides this, five
discretization for the wave spectrum were also tested: 64, 127, 316, 631 and 6031 wave
components. The Figure 5-4 shows the coefficient of variation (CoV) of the fifteen
estimates for the most probable short-term extreme value for each line and combination

spectrum discretization x simulation length. The CoV is defined as:

S
CoV =—
m

(5.1.1)

where s is the standard deviation and m is the mean value of the fifteen estimates.

By observing the results, it is possible to see that the discretization with 631 and
6031 wave components (last two graphics) present results with very similar behavior,
with low CoVs, mainly for the longer simulation lengths. Based on these results, a
number of 1000 wave components was used in all other simulations performed. Although
the fifteen estimates seems to be a small sample to define the simulation length, it
indicates that longer simulations achieve lower CoVs and more variations of this

parameter were considered in each study case as it will be described later.
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Figure 5-4 — Spread Moored FPSO — Spectrum discretization from 64 to 6301 wave components.
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5.1.2 BOOTSTRAP NUMBER OF RE-SAMPLES

The minimum number (Np) of random samples used in Bootstrap analysis was

defined according to the statistic stabilization of the mean (long-term top tension response

~MPV

estimators — 7, | oy

) and standard deviation of the Np long-term responses and, so, of the

P

upper bound of the extreme top tension estimators (ﬁi‘fo Vyr). The results obtained as

0
function of the number of Bootstrap samples (Ng) are shown in Figure 5-5 to Figure 5-7,
for the most loaded line of the three floater systems investigated, with short-term
simulation lentghs of 15-hr. The standard deviation decay of the set of N upper bound

response estimated values are also showed in these figures.

By observing the results, it is seen that a good choice for Np is between 200 and

300. Then, Ny = 200 was adopted for the analysis performed in this work.

Mean - Long-Term Responses - FPSO Spread S. D. - Long-Term Responses - FPSO Spread
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Figure 5-5 — Statistic stabilization of the Bootstrap samples— Spread-moored FPSO.
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Figure 5-6 — Statistic stabilization of the Bootstrap samples — Semi-submersible platform.
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Figure 5-7 — Statistic stabilization of the Bootstrap samples — Turret-moored FPSO
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5.2 ANALYSES RESULTS

As already mentioned in the previous chapters, all the results presented here are
related to long-term analysis for 100-year return periods. These analyses are based on
simultaneous environmental data of 3-hr sea-states along 10-year long environmental

conditions database.

Only the tension at the top of fairleads are presented and for analyses considering
the mooring system in its intact condition, i.e., damaged mooring system analyses are out

of the scope of this work.

The long-term results were obtained according to the indication of API RP 2SK
rule [4], which reads: “The time domain simulation should be long enough to establish
stable statistical peak values.” In this way, this dissertation also intends to indicate the
minimum simulation length for the time domain analyses in order to achieve stable

statistical results for the long-term analyses (see Chapter 5.2.2).

5.2.1 SHORT-TERM ANALYSES

One of the most important steps in the long-term analysis is the definition of the
short-term distribution for the response peaks. In Ref. [26] it is shown that the three-
parameter Weibull model, with the parameters being defined using the sample first three
statistical moments (mean, standard deviation and skewness coefficient), is one of the
most appropriate models for this short-term probability distribution. The Dynasim [1]
contains a built-in routine for this purpose which is based on a Weibull-tail model, as

described in Appendix A.

This chapter presents some 3-hr short-term extreme response analyses comparing
these two aforementioned Weibull models. It is very important to say that the results do
not intend to open a discussion of which kind of Weibull method must be used in the
analyses, since only three cases were compared. The goal here is the verification and

validation of the Short-term Analysis Module (see Chapter 4.2) developed in this work.

An important observation must be done here. The Dynasim version used in this
work are not prepared to run the extreme analyses with a specific short-term period. The
short-term period adopted in the code is equal to the simulation length. For example, if

the numerical simulations are 30-hr long, the short-term extreme analyses will be refered
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to a short-term period of also 30-hr, counting all peaks and informing the results related
with a return-period of 30-hr. In other words, the short-term period and the simulation
length are not disconnected in the version of the software used in this work. For this

reason, only the 3-hr short-term simulations were evaluated.

It is also important to clarify that the Short-Term Analysis Module developed in
this work considers the first and the last points of the tension time-series in the filter of
maxima, in order to achieve a more conservative value for the extreme tension. As it will
be shown in what follows, although the Dynasim discard these two points, the results are

not influenced by this choice.

Table 5-4 to Table 5-6 present a summary of the comparison performed for the
spread-moored FPSO, Semi-submersible platform and turret-moored FPSO, respectively.
Figure 5-8 presents the cumulative distributions of the two Weibull models and the
empirical one for the peaks of the mooring line of the spread-moored FPSO. Figure 5-9
presents a zoom of the upper-tail of these distributions. These figures also include an
indication where the most probable short-term extreme value is located. Figure 5-10 and
Figure 5-11 are the corresponding ones for the Semi-submersible platform and Figure
5-12 and Figure 5-13 are those associated to the turret-moored FPSO. Since the results
obtained in all cases are similar, it is possible to see the computer implementation of the
three-parameter Weibull model in the Short-term Analysis Module is correct and can be

used in the long-term analysis.

Table 5-4 — Short-term extreme tension. Spread-moored FPSO — Line #11 — Mean draft + worst short-

term environmental condition

Mooring Line #11 Digit Tueay
Environmental Condition 19256

Dynasim (2-P Weibull-Tail) Short-Term Module (3-P Weibull)
Extreme Tension [kN] 3139 Extreme Tension [kN] 3091
% Non-Exceedance 99.828% | % Non-Exceedance 99.828%
N_Peaks 580 N_Peaks 580
Location (kN) 2279 Location (3P) [kN] 2264
Scale [kN] 199.0 Scale (3P) [kN] 219.0
Shape 1.264 Shape (3P) 1.393
Tension Difference (%) -1.6%
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Figure 5-8 — Tension peaks CDF. Spread-moored FPSO— Line #11 — Mean draft + worst short-term

environmental condition.
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Figure 5-9 — Tension peaks CDF tail. Spread-moored FPSO — Line #11 — Mean draft + worst short-term

environmental Condition.
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Table 5-5 — Short-term extreme tension. Semi-submersible platform — Line #1 — Operational draft +

worst short-term environmental condition

Line #1 Draft Toper
Environmental Condition 4408
Dynasim (2-P Weibull-Tail) Short-Term Module (3-P Weibull)
Extreme Tension [kN] 4413 Extreme Tension [kN] 4413
% Non-Exceedance 99.903% % Non-Exceedance 99.903%
N_Peaks 1027 N_Peaks 1028
Location [kN] 4407 Location (3P) [kN] 4407
Scale [kN] 1.923 Scale (3P) [kN] 2.063
Shape 1.647 Shape (3P) 1.794
Tension Difference (%) 0.0%

Cumulative Density Functions

Empiric

—2-P Weibull-Tail

CDF
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Figure 5-10 — Tension peaks CDF. Semi-submersible platform— Line #1 — Operational draft + worst

short-term environmental condition.
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Figure 5-11 — Tension peaks CDF tail. Semi-submersible platform — Line #1 — Operational draft + worst

short-term environmental condition.
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Table 5-6 — Short-term extreme tension. Turret-moored FPSO—- Line #2 — Full draft + worst short-term

environmental condition

: Draft Tmax
Line #2 . e
Environmental Condition 4344

Dynasim (2-P Weibull-Tail) Short-Term Module (3-P Weibull)
Extreme Tension [kN] 2040 Extreme Tension [kN] 2145
% Non-Exceedance 99.765% | % Non-Exceedance 99.765%
N_Peaks 426 N_Peaks 426
Location [kN] 940.1 | Location (3P) [kN] 944.2
Scale [kN] 127.2 | Scale (3P) [kN] 117.0
Shape 0.835 | Shape (3P) 0.773
Tension Difference (%) 4.9%

Cumulative Density Functions
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Figure 5-12 — Tension peaks CDF. Turret-moored FPSO. — Line #2 — Full draft + worst short-term

environmental condition.
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Figure 5-13 — Tension peaks CDF tail. Turret-moored FPSO — Line #2 — Full draft + worst short-term

environmental condition.
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5.2.2 LONG-TERM ANALYSES - RESPONSE-BASED
METHODOLOGY

This section presents the results obtained for the long-term analyses performed in
this work. Although each measured short-term is associated with a return-period of 3-hr
duration, longer simulation lengths were used for the analyses of short-term conditions in
order to identify a minimum simulation length to achieve a numerical stability for 100-yr
most probable top tension of each line in the mooring system analyzed. The following

simulation lengths were tested for the three floating systems investigated:

1) Spread-moored FPSO: 3-hr, 15-hr, 21-hr;
2) Semi-submersible platform: 3-hr, 15-hr;
3) Turret-moored FPSO: 3-hr, 15-hr, 30-hr;

Figure 5-14, Figure 5-15 and Figure 5-16 present the variation of the 100-yr most
probable top tension for each mooring line as a function of the simulation length for the
spread-moored FPSO, Semi-submersible platform and turret-moored FPSO, respectively.
As it can be seen in these figures, a simulation length of 15-hr is enough to perform the
short-term simulations for both FPSOs, while a 3-hr simulation length is enough for the
Semi-submersible platform. In other words, the values of the 100-yr top tensions stabilize

after these simulation lengths.

FPSO Spread - Long-Term Results
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Figure 5-14 — Spread-moored FPSO: 100-yr most probable top tensions as function of the simulation
length.
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Semi-Submersible - Long-Term Results
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Figure 5-15 — Semi-submersible platform: 100-yr most probable top tensions as function of the

simulation length.

FPSO Turret - Long-Term Results
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Figure 5-16 — Turret-moored FPSO: 100-yr most probable top tensions as function of the simulation

length.
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It is important to mention that the total number of short-term numerical

simulations performed for each system and each simulation length is dependent on the

number of drafts considered. Table 5-7 shows the total number short-term simulations for

each system. This huge number simulations puts in evidence the need of a control system,

as the one developed in this work, to perform a long-term analysis.
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Table 5-7 — Total number of short-term simulations performed for the long-term analysis

Number of short-term Number of type | Total number
Floating System | Drafts simulations (for of simulation of short-term
simulation length type) lengths simulations
FPSO Spread 3 87,654 3 262,962
Semi-submersible 1 29,218 2 58,436
FPSO Turret 2 58,436 3 175,308

For sake of space saving, in what follows only the results associated to 15-hr
simulation lengths will be presented. Table 5-8 to Table 5-10 present the long-term results
for the 100-yr top tension in each line of the mooring system of the spread-moored FPSO,
Semi-submersible platform and turret-moored FPSO, respectively. These tables also
include the worst 3-hr most probable extreme top-tensions for each line and the difference
between the long and short-term extreme values. Figure 5-17 and Figure 5-18 show the
short-term and long-term cumulative probability distributions and the tail of these
distributions, respectively, for the most loaded mooring line of the spread-moored FPSO.
For this case, the 100-yr most probable top tension is 7.8% larger than the largest short-
term extreme top tension among all short-term conditions and drafts considered. Figure
5-19 and Figure 5-20 present similar results for the Semi-submersible platform, while
Figure 5-21 and Figure 5-22 present the corresponding ones for the Turret-moored FPSO.
For the turret-moored FPSO the 100-yr most probable largest top tension is 15% larger
than the largest short-term extreme top tension. The Semi-submersible platform presents
an awkward result, i.e., the long and short-term extremes are almost the same. This
explained by the fact that, for this floating system, the long-term response is dominated

by a single extreme short-term environmental condition.

The semi-submersible platform has a very low dynamic behavior, with the largest
currents dictating the short-term extremes. In fact, although the short-term curves are
quite spread along the tension axis of long-term curve, as exposed by Figure 5-19, the
severe short-term conditions, induced by higher currents velocities, can occur with
smooth sea conditions, result in a narrow distribution of peak tensions, as exposed by
Figure 5-19 and Figure 5-20, in which the most severe short-term condition presents a

range of top peak tensions less than 15kN.

The results of 100-yr most probable top tensions associated to the other simulation

lengths is presented in Appendix F.
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Table 5-8 — Spread-moored FPSO. Extreme top tensions (simulation length of 15hr).

Spread-moored FPSO
Worst short-term condition Long-Term _
Line | Environmental | U Tension ?/If
i Condition raft Tension (kN) (%)
(kN)

1 13579 1 2896 3063 5.8%
2 12592 2 2597 2768 6.6%
3 12592 2 2693 2892 7.4%
4 12592 2 2416 2582 6.9%
5 12592 2 2344 2494 6.4%
6 25442 3 2489 2493 0.2%
7 25442 3 2676 2680 0.1%
8 25442 3 2733 2735 0.1%
9 25442 3 2832 2837 0.2%
10 25443 3 3025 3027 0.1%
11 19256 2 3210 3480 8.4%
12 19256 2 3042 3304 8.6%
13 19256 3 3015 3282 8.9%
14 19256 3 2883 3126 8.4%
15 19256 3 2748 2954 7.5%
16 19256 3 3140 3371 7.4%
17 19256 2 3035 3251 7.1%
18 19256 2 2988 3179 6.4%
19 19256 2 3101 3320 7.1%
20 19256 2 2959 3158 6.7%

Cumulative Density Functions

0.8

0.6
—Max Short-Term

CDF

s —Long-Term

02

1000 1500 2000 2500 3000 3500 4000 4500

Tension (kN)

Figure 5-17 — Spread-moored FPSO - Line #11. Short-term and long-term top tension peaks cumulative
probability distributions.
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Cumulative Density Functions - Tails
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Figure 5-18 — Spread-moored FPSO - Line #1 1. Short-term and long-term top tension peaks cumulative

probability distributions tails.

Table 5-9 — Semi-submersible platform. Extreme top tensions (simulation length of 15hr).

Semi-submersible platform
Worst short-term condition Long-Term _
Line | Environmental | B Tension ?/If
ph Cor T raft | Tension (kN) (%)
(kN)

1 4408 1 4412 4413 0.0%
2 4408 1 4331 4332 0.0%
3 4408 1 4409 4410 0.0%
4 4407 1 4343 4344 0.0%
5 8123 1 3261 3278 0.5%
6 8123 1 3363 3382 0.6%
7 8123 1 3329 3348 0.6%
8 8123 1 3262 3281 0.6%
9 11920 1 1570 1571 0.1%
10 11920 1 1606 1606 0.0%
11 11920 1 1617 1617 0.0%
12 11920 1 1636 1636 0.0%
13 25443 1 3511 3523 0.3%
14 25443 1 3657 3669 0.3%
15 25443 1 3673 3685 0.3%
16 25442 1 3660 3675 0.4%
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Figure 5-19 — Semi-submersible platform — Line #1. Short-term and long-term top tension peaks
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Figure 5-20 — Semi-Submersible — Line #1. Short-term and long-term top tension peaks cumulative

probability distributions tails.
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Table 5-10 — Turret-moored FPSO. Extreme top tensions (simulation length of 15hr).

Turret-moored FPSO
Worst short-term condition Long-Term ;
. . Extreme Tensi Dif
Line Environmental , ension o,
o Draft | Tension kN (%)
# Condition (kN)
(kN)
1 25442 1 865 869 0.5%
2 4344 2 1888 2223 17.7%
3 4344 2 1372 1500 9.3%
4 7978 2 1397 1605 14.9%
5 11920 2 1135 1145 0.9%
6 25443 1 1035 1042 0.7%
Cumulative Density Functions
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Figure 5-21 — Turret-moored FPSO — Line #2. Short-term and long-term top tension peaks cumulative

probability distributions.
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Cumulative Density Functions - Tails
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Figure 5-22 — Turret-moored FPSO — Line #2. Short-term and long-term top tension peaks cumulative

probability distributions tails.

5.2.2.1 EQUIVALENT CONDITIONS AND DESIGN TENSIONS

After the calculation of the long-term (100-yr) top tensions, now it is time to carry
out the Bootstrap analysis in order to find the upper bound of the 95% confidence interval
pMPV

of the extreme response estimator ( Nyr> also called by centenary tension, Tio0). After

this analysis, the equivalent short-term design conditions can be defined and, finally, find
the 100-yr design tensions (Tpyn) by running the Dynasim for these short-term conditions
using a FEM-based discretization for the mooring lines. As in the previous section, the

results presented are only for 15-hr simulation length.

Table 5-11 to Table 5-13 present a summary of the Bootstrap analysis, using Ny =
200 random re-samples, for the spread-moored FPSO, Semi-submersible plataform and
turret-moored FPSO, respectively. The tables present the mean value of 100-yr most
probable top tensions obtained from the Nz sample, the corresponding standard deviation
and the upper-bound of the 95% confidence interval — see Eq. (3.3.6), which is identified
as centenary tension Tioo. Then this value is compared to the worst short-term extreme
top tension and to estimated 100-yr most probable top tension computed in the previous
section. As it can be seem in these tables, the statistical uncertainty is larger for the FPSO-
based floating systems than for Semi-submersible platform. This, perhaps, can be
explained not only by the magnitude of short-term conditions parameters, but also by the

dynamic behaviors of these floating systems. Figure 5-23 to Figure 5-25 present the CDF
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curve of the 29,218 short-term extreme responses of the critical mooring line (in the
critical draft), of each platform. As shown in Figure 5-25 the FPSO Turret present a quite
spread short-term extreme responses at the upper tail of this distribution for the mooring

line number #2, which will affect the standard deviation of Bootstrap procedure.

The complete results, containing the other simulation lengths, are presented on

Appendix G.

Table 5-11 — Spread-moored FPSO. Bootstrap Results. All lines (simulation length of 15hr).
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Table 5-12 — Semi-submersible platform. Bootstrap Results. All lines (simulation length of 15hr).

Table 5-13 — Turret-moored FPSO. Bootstrap Results. All lines (simulation length of 15hr).
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Figure 5-23 — FPSO Spread — Line #11 — Empiric CDF curve of extreme short-term top tensions
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Figure 5-24 — Semi-Submersible — Line #1 — Empiric CDF curve of extreme short-term top tensions
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Figure 5-25 — FPSO Turret — Line #2 — Empiric CDF curve of extreme short-term top tensions
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After defining the upper bound of the 95% confidence interval of 100-yr most
probable top tension for each line (the centenary tension Tigo) of each floating system,
the corresponding short-term equivalent design conditions were defined (see Chapter
3.4). A short-term design environmental condition is one whose corresponding most
probable extreme value is equal or very close to the centenary tension Tioo. For each line,
this condition was defined by adjusting the corresponding individual short-term
environmental condition with the largest most probable short-term top tension. Table 5-14
to Table 5-16 present the equivalent short-term environmental conditions (see Chapter
3.4) for the mooring lines of the spread-moored FPSO, Semi-submersible platform and

turret-moored FPSO, respectively.

The final step of the whole methodology was to run the Dynasim with the mooring
lines modelled with finite elements for each equivalent short-term design condition
defined previously. Basically, the discretization of each mooring line was made with truss
elements of 10m. Table 5-17 to Table 5-19 show the final design tensions obtained for
the top of each mooring line of the three floating systems investigated in this work.
Regarding the most loaded mooring line in each floating system, it is possible to say, as
already expected, that only the FPSO-based floating systems have presented some
dynamic amplification in their mooring lines for the severe equivalent short-term

conditions. However, it is not a general trend when one looks at all mooring lines.
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Table 5-14 — Spread-moored FPSO. All Lines. Equivalent short-term design conditions — 15hr

Spread-moored FPSO - Equivalent short-term design conditions

Original short-term conditions

Equivalent short-term conditions

LI:; ¢ .::;j;t [;:;t Vc Vw Hs1 | Hs2 1;_7_‘::? Vc Vw Hs1 | Hs2 Teq @
[m/s] [ [m/s] | [m] | [m] [kN] [m/s] | [m/s] | [m] | [m] | [kN] Targ
L1 | 3212 Ta 1.02 [ 13.33 | 2.77 | 0.61 | 2896 1.12 | 14.73 | 3.05 | 0.68 | 3216 0.10%
L2 | 2910 T2 0.07 | 18.28 | 0.86 | 4.81 | 2597 0.07 | 19.75 | 0.95 | 5.18 | 2916 0.20%
L3 | 3109 T2 0.07 | 18.28 | 0.86 | 4.81 | 2693 0.07 | 19.73 | 0.93 | 5.23 | 3103 -0.20%
L4 | 2778 T2 0.07 | 18.28 | 0.86 | 4.81 | 2416 0.07 | 19.85 | 0.93 | 5.21 | 2773 -0.20%
L5 | 2684 T2 0.07 | 18.28 | 0.86 | 4.81 | 2344 0.07 | 19.54 | 0.94 | 5.24 | 2686 0.10%
L6 | 2589 T3 1.25 [ 10.60 | 2.24 | 0.73 | 2489 1.29 | 11.00 | 2.32 | 0.78 | 2589 0.00%
L7 | 2790 T3 1.25 | 10.60 | 2.24 | 0.73 | 2676 1.29 | 11.00 | 2.32 | 0.76 | 2792 0.10%
L8 | 2851 Ts 1.25 [ 10.60 | 2.24 | 0.73 | 2733 1.29 | 11.05 | 2.33 | 0.76 | 2852 0.00%
L9 | 2964 T3 1.25 [ 10.60 | 2.24 | 0.73 | 2832 1.29 | 11.18 | 2.38 [ 0.79 | 2964 0.00%
L10 | 3168 Ts 1.26 | 10.52 | 2.24 | 0.79 | 3025 1.30 | 11.25 | 2.43 | 0.83 | 3169 0.00%
L11 | 3662 T2 0.24 | 13.62 | 0.00 | 5.43 | 3210 0.26 | 15.61 | 0.00 | 6.01 | 3662 0.00%
L12 | 3486 T2 0.24 | 13.62 | 0.00 | 5.43 | 3042 0.26 | 15.81 | 0.00 | 5.99 | 3488 0.10%
L13 | 3470 Ts 0.24 | 13.62 | 0.00 | 5.43 | 3015 0.26 | 16.46 | 0.00 | 5.94 | 3478 0.20%
L14 | 3305 Ts 0.24 | 13.62 [ 0.00 | 5.43 | 2883 0.26 | 15.64 | 0.00 | 5.94 | 3313 0.20%
L15 | 3112 T3 0.24 | 13.62 | 0.00 | 5.43 | 2748 0.26 | 15.39 | 0.00 | 5.92 | 3120 0.30%
L16 | 3516 T3 0.24 | 13.62 | 0.00 | 5.43 | 3140 0.27 | 16.79 | 0.00 | 5.91 | 3523 0.20%
L17 | 3387 T2 0.24 | 13.62 | 0.00 | 5.43 | 3035 0.27 | 15.10 | 0.00 | 5.89 | 3391 0.10%
L18 | 3300 T2 0.24 | 13.62 | 0.00 | 5.43 | 2988 0.27 | 15.10 | 0.00 | 5.89 | 3303 0.10%
L19 | 3456 T2 0.24 | 13.62 | 0.00 | 5.43 | 3101 0.27 | 15.10 | 0.00 | 5.89 | 3455 0.00%
L20 | 3283 T2 0.24 | 13.62 | 0.00 | 5.43 | 2959 0.27 | 15.10 | 0.00 | 5.89 | 3285 0.10%
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Table 5-15 — Semi-submersible platform. All Lines. Equivalent short-term design conditions — 15hr

Semi-submersible platform - Equivalent short-term design conditions

Line

Draft

Original Short-Term Conditions

Equivalent Short-Term Conditions

# .::;j;t [m] Vc Vw Hs1 | Hs2 1(-_7_':::?' Vc Vw Hs1 | Hs2 Teq @
[m/s] [ [m/s] | [m] | [m] [kN] [m/s] | [m/s] | [m] | [m] | [kN] Targ
L1 | 4438 T1 1.13 6.03 | 0.85 | 1.01 | 4412 1.14 6.35 | 1.05 | 1.22 | 4438 0.00%
L2 | 4355 T1 1.13 6.03 | 0.85 | 1.01 | 4331 1.14 6.35 | 1.05 | 1.22 | 4356 0.00%
L3 | 4436 T1 1.13 6.03 | 0.85 | 1.01 | 4409 1.14 6.43 | 1.12 | 1.32 | 4436 0.00%
L4 | 4379 T1 1.13 6.03 | 0.85 | 1.01 | 4343 1.15 6.14 | 0.88 | 1.04 | 4379 0.00%
L5 | 3382 T1 1.10 | 12.14 | 3.29 | 1.51 | 3261 1.16 | 13.50 | 3.90 | 1.95 | 3380 0.00%
L6 | 3497 T1 1.10 | 12.14 |1 3.29 | 1.51 | 3363 1.17 | 13.75 ] 3.95 | 2.00 | 3505 0.20%
L7 | 3444 T1 1.10 | 12.14 | 3.29 | 1.51 | 3329 1.16 | 13.50 | 3.90 | 1.95 | 3446 0.10%
L8 | 3339 T1 1.10 | 12.14 | 3.29 | 1.51 | 3262 1.15 13.00 | 3.52 | 1.65 | 3347 0.20%
L9 1574 T1 1.03 892 | 186 | 0.92 | 1570 1.04 9.04 | 1.89 | 0.93 | 1575 0.00%
L10 | 1619 T1 1.03 892 | 1.86 | 0.92 | 1606 1.06 9.24 1195 | 0.96 | 1621 0.10%
L11 | 1638 T1 1.03 892 | 186|092 | 1617 1.07 9.48 | 2.05 | 1.02 | 1639 0.10%
L12 | 1658 T1 1.03 892 | 186 | 0.92 | 1636 1.07 9.48 | 2.05 | 1.02 | 1657 -0.10%
L13 | 3648 T1 1.26 | 10.52 | 2.24 | 0.79 | 3511 131 10.75 | 2.30 | 0.81 | 3644 -0.10%
L14 | 3815 T1 1.26 | 10.52 | 2.24 | 0.79 | 3657 131 11.00 | 2.45 | 0.95 | 3814 0.00%
L15 | 3846 T1 1.26 10.52 | 2.24 | 0.79 | 3673 1.31 11.15 | 2.55 | 1.05 | 3847 0.00%
L16 | 3845 T1 1.26 10.52 | 2.24 | 0.79 | 3660 1.31 11.15 | 2.55 | 1.05 | 3840 -0.10%
Table 5-16 — Turret-moored FPSO. All Lines. Equivalent short-term design conditions — 15hr
Turret-moored FPSO - Equivalent short-term design conditions
Original Short-Term Conditions Equivalent Short-Term Conditions
LI; ¢ .::;: ;t D[:;t Vc Vw Hsi | Hs:2 1;.7_‘:;:?' Vc Vw Hsi | Hs2 Teq w
[m/s] | [m/s] | [m] | [m] [kN] [m/s] | [m/s] | [m] | [m] | [kN] Targ
L1 917 T1 1.25 | 10.60 | 2.24 | 0.73 865 1.35 11.80 | 2.70 | 1.15 | 916 -0.10%
L2 | 2683 T2 0.83 | 14.61 | 0.00 | 6.83 | 1888 1.01 | 17.76 | 0.00 | 8.36 | 2683 0.00%
L3 1606 T2 0.83 | 14.61 | 0.00 | 6.83 | 1372 0.92 15.93 | 0.00 | 7.45 | 1609 0.20%
L4 1682 T 0.21 | 13.87 | 0.00 | 6.61 | 1397 0.25 15.68 | 0.00 | 7.45 | 1683 0.10%
L5 1186 T2 1.03 892 | 186 | 0.92 | 1135 1.10 9.83 | 2.38 | 1.36 | 1182 -0.30%
L6 1090 T1 1.26 | 10.52 | 2.24 | 0.79 | 1035 134 | 11.62 | 2.70 | 1.28 | 1087 -0.30%
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Table 5-17 — Spread-moored FPSO. All lines. Final design top tension (simulation length of 15hr).

3216 3397 5.6%
2916 3121 7.0%
3103 3345 7.8%
2773 2938 6.0%
2686 2895 7.8%
2589 2618 1.1%
2792 2829 1.3%
2852 2890 1.3%
2964 3018 1.8%
3169 3262 2.9%
3662 4467 22.0%
3488 3841 10.1%
3478 3473 -0.1%
3313 3308 -0.1%
3120 3288 5.4%
3523 3608 2.4%
3391 3611 6.5%
3303 3546 7.3%
3455 3737 8.2%
3285 3922 19.4%
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Table 5-18 — Semi-submersible platform. All lines. Final design top tension (simulation length of 15hr).

4438 4410 -0.6%
4356 4300 -1.3%
4436 4415 -0.5%
4379 4329 -1.1%
3380 3377 -0.1%
3505 3501 -0.1%
3446 3437 -0.3%
3347 3340 -0.2%
1575 1607 2.0%
1621 1650 1.8%
1639 1669 1.8%
1657 1685 1.7%
3644 3616 -0.8%
3814 3789 -0.7%
3847 3825 -0.6%
3840 3822 -0.5%

Table 5-19 — Turret-moored FPSO. All lines. Final design top tension (simulation length of 15hr).

916 1119 22.1%
2683 2580 -3.8%
1609 1886 17.2%
1683 1861 10.6%
1182 1216 2.8%
1087 1226 12.8%
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6 CONCLUSION AND FUTURE WORK

This work presented the development of methodology for long-term response
analysis of tensions in the mooring lines of an offshore floating system. Essentially, it is
based on the short-term numerical simulations for set of 10-yr long short-term
environmental data of 3-hr sea-states, observed (or inferred) in the location where the
floating is (or will be) installed (will operate). Each short-term environmental condition
is composed of the simultaneously observed environmental parameters of wave, wind and
current. The wave data can be represented by the sea and swell components. The analysis
take into account the unit draft variation in the long-term. The long-term response
distribution is a draft-weighted average of all short-term response peaks distribution,

modelled in the present work by the three parameters Weibull distribution.

Due to the large number of environmental conditions to be analyzed, the initial
analysis is based on the catenary equation modelling for each line and each riser
connected to the floater. The Bootstrap approach is employed in order to take into account
the statistical uncertainty associated to the estimated long-term most probable extreme

response due to the limited number of short-term environmental conditions.

Once the upper bound of the long-term extreme tensions (the centenary tensions)
have been evaluated, an equivalent short-term design environmental condition is defined
for each line of the mooring system. This equivalent short-term environmental condition
is any set of environmental condition whose short-term most probable extreme response
is equal (or very close) to the long-term most probable extreme value. The equivalent
short-term design environmental conditions can be obtained by making small changes
around the parameters of an analyzed condition that resulted in a large most probable
short-term extreme value. Then, this equivalent short-term environmetal conditions are
applied in a numerical model where the lines are discretized by finite elements, i.e., a
more accurate model, but very time-consuming. The short-term extreme responses

estimated from the results of this last model are taken as final design values.

One very important aspect is that the methodology requires some control system
in order to manage, verify and get the results of all short-term simulations. This control
system was developed in Phyton and, among other features, it allows the use of many

computers for running the short-term simulations.
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The methodology has been used in the long-term analysis of the mooring system

of three floating systems: a spread-moored FPSO, a turret-moored FPSO and a Semi-

submersible platform. Some aspects related to the systems modelling were observed and

are recommended in future analyses:

as also indicated in Ref. [26], the wave spectrum shall be well discretized,
the use of at least 1000 wave components is recommended;

a minimum time duration of 15-hr for each short-term simulation is
indicated for FPSOs in order to obtain stable short-term statistical
parameters of the response;

a minimum number of 200 random re-samples shall be used in the

Bootstrap procedure.

Other aspects observed during the analyses which are related to the computer

system used to perform the long-term analysis using the Dynasim code are:

although the Python code (Short-Term Analysis Module) is able to erase
the Dynasim files after reading, it is recommended a minimum of 1TB free
space on the hard disk (a buffer) in order to avoid any type of problem
related with the short-term simulations when using the parallel processing
tool available on Dynasim in association with only one Short-Term
Analysis Module process;

the long-term analyses of spread moored systems showed to be the most
time consuming ones. Considering the short-term simulation with a time
duration of 15hr, three drafts, with the spectrum discretized by more than
1000 wave components, using four computers Intel Core 17, 32G RAM,

the long-term analysis took about 1 month to be finished;

Concerning the results of long-term analyses themselves, it was observed that the

FPSO mooring systems presented the larger dynamic amplifications. The Semi-

submersible platform presents a quasi-static behavior and the wave-loading in not very

important for its response. The largest responses are dominated by the short-term

environmental conditions with largest current velocities.
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A very important step has been done for the use of long-term analysis in the design
of mooring systems. In computer terms, the methodology presented in this work can be
used without any significant difficult. However, some future studies are still necessary in

order to recommend its daily use, among others:

e the use of larger environmental data base in order to identify the minimum
number of environmental conditions to be employed in the long-term
analysis;

e using the database of environmental conditions, compare the obtained
long-term extreme results with those obtained with the standard design
long-term methodology based on the extreme environmental conditions;

e perform a long-term analysis using a FEM-based model for the lines (fully-

coupled model) since the beginning of the process;

Other improvements in the developed methodology can be also implemented:

e create a central interface, user-friendly, for the code, making it easy for
other users to use;
e implement the possibility of using global tension peaks instead of local

peaks and compare the results obtained by these two methodologies;

As the last one but not the least suggestion for future work is the use of this
methodology in the reliability analysis studies in order to obtain a calibrated design

methodology for design moored floating systems in Brazilian waters.
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APPENDIX A — STATISTICAL DISTRIBUTION

A random variable X can be represented by its corresponding probability
distribution which, in turn, can be expressed by either its probability density function
(PDF) fx(x) or its cumulative probability function (CDF) Fy(x). These two are related
by

dF
ety = £
(A1)
and
Fe(x) = f fe(Odx
(A.2)

Some important characteristic parameters of a random variable, such as the first
four statistical moments, mean (u), standard deviation (o), skewness (y) and kurtosis (k)

coeffients are, respectively, obtained by:

=] Zx&(x)dx

(A.3)
o= jj (x —w?fx(x)dx
(A.4)
I (0 = )3 fr () dx
(A.5)
S = ) fr(x)dx
_ -
(A.6)
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In what follows some important probability distributions used in engineering are

described.

A.1 GAUSS, RICE AND RAYLEIGH DISTRIBUTIONS

These three probability distributions (Gauss, Rice and Rayleigh) are connected to
a Gaussian random process X (t) with known mean value u and spectral density S(w).
Just to remember that the standard deviation of this process corresponds to square root of

zero-order moment (m,) of this function. The n-order moment of S(w) is defined as:

m, =f w"S(w)dw
0

(A.7)
A.1.1 GAUSS DISTRITUTION
The Gauss probability density function (PDF) is given by:
1 _Lx=w?
fX(x) = O_\/Ee 2( g )
(A.8)

where p is the mean and o of the random variable X (in case of a Gaussian random
process = ,/mg). There is no analytical solution for its corresponding CDF, however,

it is defined as:
xX—u
F = (——
x(0) = & (—)

(A.9)
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where @(.) is the CDF of a standard Gaussian random variable (u = 0 and ¢ = 1) which

is tabulated in almost every book on probability and statistics.

A.1.2 RICE AND RAYLEIGH DISTRITUTIONS

The peaks X, of a Gaussian random process X (t) is given theoretically by the

Rice distribution whose PDF is:

2 2
1| Xp 1 Xp
A e A o2 e
fx (xp)z—ez‘/m_os + 21— e2e *\Wmo CD[ L 1—gzl
P V2m/m, my Mo€
(A.10)
where ¢ is the spectrum bandwidth-related parameter given by:
2
m
e= [1- 2
Moy
(A.11)

When € = 1 the process is broad band and the Rice distribution converges to the
Gaussian one. However, when € — 0 the process is narrow band and the Rice distribution

becomes the Rayleigh distribution, whose PDF is given by:

(A.12)

The CDF for the Rice distribution can only be obtained numerically, except when

it becomes a Rayleigh distribution. For this situation:
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Fx, (xp) =1- e—%<\/iz_o>

(A.13)

A.2 WEIBULL DISTRIBUTION

A.2.1 THREE-PARAMETER WEIBULL MODEL
The PDF and CDF of random variable X with a 3-Parameter Weibull distribution

are defined, respectively, by:

A1 r—unA
fx(x) = %Ae_(T) for x>u
(A.14)
Fy(x) =1-— e_(%)/1 for x>u
(A.15)

where u, a and A are the so-called, respectively, location, scale and shape parameters of
the distribution. The relationships of these parameters with the first four statistical

moments of X are [37]:

,u=u+aF(1+%) (A.16)

a=a\/[‘(1+§)—[‘2(1+%) (A.17)

_F(1+%)—3F(1+%)F(1+%)+2F3(1+%)

- 3

[+ -r2(+2)f

(A.18)
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K=r(1+%)—4r(1+%)r(1 +%)+6F2(1+%)2F(1 +%)—3r4(1+%)

[r(1+3)-r2(1+3)]

(A.19)

where I'(.) = Gamma function;

An important observation is that the Rayleigh distribution (mentioned before) is a

specific case of a Weibull distribution, with =0, 1 = 2 and a = /2m,,.

A.2.2 TWO-PARAMETER WEIBULL MODEL
The 2-Parameter Weibull distribution is the same of Eq. (A.14) and Eq. (A.15),

with the location parameter being equal to zero. Then, the corresponding PDF and CDF

are:

-1 A
fi@) =207
(A.20)
Fx(x)=1-— e_(z)l
(A21)

This model has one advantage when used in the probability distribution fitting

process. Through some mathematical transformation it can be linearized as:

In{—In[1 — Fy(x)]} =Alnx — Alna
(A.22)
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If a sample X = [xq, x5, ..., xy] and the corresponding empirical CDF values p =

[L,i, ...,L are available, the two parameters of the Weibull model the best fits
N+1 N+1 N+1

the data can be obtained through linear regression analysis. The advantage of this
procedure is that the fitting can be directed for some part of the data, i.e., the distribution
can be fitted for only some part of the sample. In extreme analysis is the upper tail that is
important. A procedure largely used in the short-term simulations of marine structures is
the so-called Weibull-tail fitting. This procedure is implemented in Dynasim [1] and
consists in obtain the two parameters of Weibull distribution for six sets of that, i.e., above
60%, 65%, 70%, 80%, 85%, 90% percentiles of the empirical cumulative distribution.
The final model parameters A and @ are taken as the corresponding mean values of the

six fittings.

A.2.3 GUMBEL OR TYPE I PROBABILITY DISTRIBUTION

The PDF and CDF of a random variable X with a Gumbel probability distribution

are, respectively, given by:

—a(x—u)

fi(@) = qeetw—e

(A.23)

e—a(x—u)

Fy(x) =e~
(A.24)

where a and u are, respectively, the scale and location parameters of the distribution.

These parameters are related to the mean p and standard deviation o of X by:

(A.25)
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0.5722

u=pu-

(A.26)

It is important to point out that the parameter u is the most probable value of this
distribution, i.e., at the point x = u is the position where the CDF Fy(x)reaches its

maximum value.

A.3 PROBABILITY DISTRIBUTION OF EXTREME VALUES

Structures should be designed to withstand extreme maximum loads, as the storage
capacity of a dam must be designed to guarantee the water supply for a city during
extreme minimum levels of the river where it is installed. Extreme values have their own
population and are usually related to a given return period. For instance, the largest level
in some point of a river in period of one year varies along various years of observation.
If a sample of largest yearly-observed values is available, the 1-yr extreme level
probability distribution is obtained by fitting a probability model to this data sample.
However, if for some reason, the 100-yr extreme is required it is very likely that a large
sample of 100-yr maxima will be not available. For this latter case, other approaches must
be followed in order to obtain the extreme distribution and one of them is the so-called
Order Statistics, described in what follows. For convenience, only maximum extreme

value statistics will be commented.

A.3.1 ORDER STATISTICS

Assume that, for instance, in the return period of interest the random variable X is

observed N times. Then, a single sample of this random variable in such period given by:

X = {Xl,Xz, ...,XN} (A27)
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where X; means the i™ observation of the random variable, that is also a random variable.
However, the probably distribution of each observation is governed by the probability of

X itself, or in other words:
Fy (x) = Fy, (x) = -+ = Fy, (x) = Fx(x) (A.28)
Defining the sample of maximum value of X in N observations as:
Xy = max{X,,X,, ..., Xy} (A.29)
it is possible to identify that if a given value x, belongs to the maximum sample, then:
PXp<x,))=PX;<x.NX,<x,N..NXy<x,) (A.30)

By Assuming that the observations X; are statistically independent, then Eq.
(A.30) becomes:

P(Xg <x,) =P(X; <x.) P(Xy <x¢) ... P(Xy < x,) (A.31)

or

N
P(Xs <x0) = | [P <0
i=1

(A.32)

Generalizing the expression, for any value of x,, since P(X; < x) is the Fy, (x,)
itself, P(Xg < x,.) is the cumulative probability distribution of the extreme value at X =

x, and using Eq. (A.28), results:

94



Fx, (x) = [Fx(x)]" (A.33)

Consequently, the probability density function of the extreme value is given by:

Fx,(x)
dx

fxp(X) = = N[Fx ()"~ fx(x)

(A.34)

In this context the ordinary probability distribution of X, i.e., Fx(x) (or fx(x)) is
identified as initial or parent distribution. Once this distribution is known, the extreme
value distribution can be derived for any N or any other return period of interest. This

procedure is schematically shown in Figure A-1. Usually, the most probable value of the

extreme distribution is the most wanted result.
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Figure A-1 — Initial and extreme maximum distribution with the corresponding most probable value.
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A.3.2 ASYMPTOTIC EXTREME VALUE DISTRIBUTION

The approach described before leads to the “exact” extreme value distribution, for
any value of N. However, when N — oo, the extreme distribution tend to converge to

asymptotic functions, which are of three types:

1 — Gumbel Asymptotic Distribution (Type I);
2 — Fréchet Asymptotic Distribution (Type II);

3 — Weibull Asymptotic Distribution (Type II);

The domain of attraction of these three distributions depend on the tail behavior
of the initial distribution in the direction of maximum value. Most of practical
distributions used in offshore engineering, such as: Weibull and Normal, have the Gumbel
distribution as its asymptotic form. This is because these distributions have an exponential
decay in the direction of maximum extreme. This behavior is identified by the following

expression:

G N 160
1—-Fx(x) fx(x)

(A.35)
where fy (x) and Fy(x) are PDF and CDF, respectively, of the initial random variable X.

The Gumbel distribution, as described previously in this Appendix, has two
parameters, a and u. It can be shown [38] that this parameters can be derived by the two

following expressions:

Fx(u)=1-——

(A.36)

a = Nfy(w

(A.37)

96



that applied to a Weibull model as the initial distribution result in:

A Aw—1
a="2(nN) 4w
Ay
(A.38)
1
u=1u, + a,(nN)w
(A.39)

with u,,, a,, and 4,, being the parameters of the 3-P Weibull distribution and N is the
number of repetitions of the variable X in the return period considered. When using the

2-P Weibull tail distribution, u,, can be replaced by the mean u of peaks sample.
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APPENDIX B — WIND AND WAVE SPECTRUMS

JONSWAP sea spectrum, adjusted for Santos/Campos Basins is:

) (a)—wp)z
Wp T 202w2
S(w) = “%9_1'25(7) ye TP
(B.1)
where: Y = 6.4T; %*°!1 — Peak parameter or peak enhancement factor;

2
a = 0.3125 I;—ﬁ [1 — 0.287In(y)] — Form parameter or Phillips constant;
P

_ (0q = 0.07, forw < wp
7= {Jb =0.09, for w > w,

— Shape parameter or peak width;
g = Gravity acceleration;

o = Wave frequency (rad/s);

wp = Peak frequency (rad/s);

Hs = Wave significant height;

Tp = Wave peak period (T, = 2m/wp);

NPD wind spectrum is:

320 (%)2

27-[(1 + 50.468)3.561

S(w) =

(B.2)

~0.75
where o=172< (@)
21 \ 10

® = Wind frequency (rad/s);

Uio = Hourly wind velocity at 10m above sea level
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Mooring System Definition

APPENDIX C — LOAD-BASED METHODOLOGY

A 4

Environmental Conditions
Definition (from Associated
Return Periods)

A4

Intact Simplified Analyses
using Characteristic Curves
(~4500 Cases for each Draft)

Identification of Critical
Draft and Environmental
Condition (for each Line)

A 4

Intact FEM Analyses to
Obtain the Tmax of each Line

TMéx <
1.67MBLcorr

Wish to

YES

Optimize?

Damaged FEM Analysis for
each Line, Breaking the
Second Most Tensioned Line

:

\ 4
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TMéx <
1.25MBLcorr

NO

\ 4

Wish to YES

Optimize?

Design Tensions
Found

Important Considerations:

1) The procedure above is specific for the determination of Design Tensions.
For other responses, such as Design Offsets, the procedure will be different;

2) The Damaged Condition Analysis could follow the same sequence of the
Intact Condition Analysis, running at first all the environmental conditions for each line
(with second line broken), using the characteristic curves (catenary equation) to represent
the mooring lines and then use the FEM to find the final tensions. However, such
procedure can lead to 2 or 3 times more processing time and the mooring design could be
responsible to delay the platform project. Besides that, it has been found that the use of
the worst cases of Intact Analysis to run the Damaged Analyses result in design tensions

very close to those of a broader analysis.
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APPENDIX D — RESPONSE-BASED METHODOLOGY

Mooring System Definition |

y

Simultaneous Environmental
Conditions
(Measured on Site)

4

Long-Term Analysis, using

Intact Simplified Analyses
(Characteristic Curves)

-

Long-Term Analysis of each
Set of Data Generated by
Bootstrap Analysis

.

Identification of Centenary
Tensions using Standard
Deviation obtained from

Bootstrap Analysis

A4
From the Worst Condition
(Weather and Draft) of each
Line, Creation of Equivalent
Short-Term Conditions that
will generate the Final
Centenary Tensions

.

Intact FEM Analyses of
Equivalent Conditions to
Obtain the Trinal of each Line

-
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TF inal <
1.67MBLcorr

Wish to YES

Optimize?

Damaged FEM Analysis for
each Line, Breaking the
Second Most Tensioned Line

:

NO

Trinal <
1 . 2 5 MB LCQI‘I‘

\ 4

Wish to YES

Optimize?

Final Design
Tensions Found

Important Consideration: The Long-Term analysis could also be done for each

broken line in order to obtain the Damaged Long-Term Tension. However, this procedure
would result in a need of a higher processing power and it would be not feasible for the
everyday design routine. Besides that, a discussion of return period to be used on the
Damaged Long-Term analysis should be raised due to the low exposure time of the

platform operating with one or more lines broken.
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APPENDIX E - CONVENTIONAL ANALYSIS RESULTS

The results presented here are related with the environmental conditions used on

a conventional design short-term methodology (load-based methodology). The intention

is not to compare these results with those obtained from the proposed long-term analysis.

The tables and figures show that the Short-Term Analysis Module (see Chapter 4.2)

provide reliable results - comparing with the reference (Dynasim).

of fairleads are presented and only the intact analyses were conducted.

For the FPSOs, only the full draft results are presented. Only the tension at the top

Table E-1 — Short-term extreme tension. Spread-moored FPSO — Full draft + worst environmental

condition. Load-based methodology

Spread-moored FPSO. Full draft — Conventional load-based methodology
Line Cor.lventional Cur.rent, 2-P Weibull 3-P Weibull Dif
" EnV|ron.n!entaI Wind, Draft Sh0|:t-Term Shor:t-Term (%)
Condition Waves Tension (kN) | Tension (kN)

1 3956 10,100,100 3 5907 5961 0.9%
2 3956 10,100,100 3 5673 5731 1.0%
3 3956 10,100,100 3 5978 6031 0.9%
4 3956 10,100,100 3 5709 5765 1.0%
5 3956 10,100,100 3 5703 5760 1.0%
6 3799 10,100,100 3 6062 5960 -1.7%
7 3799 10,100,100 3 6230 6127 -1.7%
8 3799 10,100,100 3 6096 5993 -1.7%
9 3799 10,100,100 3 6036 5934 -1.7%
10 3799 10,100,100 3 6084 5984 -1.7%
11 3046 10,100,100 3 5924 5927 0.0%
12 3046 10,100,100 3 5846 5852 0.1%
13 3046 10,100,100 3 5920 5920 0.0%
14 3046 10,100,100 3 5846 5852 0.1%
15 3046 10,100,100 3 5698 5707 0.2%
16 2850 10,100,100 3 6456 6463 0.1%
17 2850 10,100,100 3 6230 6237 0.1%
18 2850 10,100,100 3 5975 5983 0.1%
19 2850 10,100,100 3 6198 6211 0.2%
20 2850 10,100,100 3 5906 5915 0.2%
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Figure E-1— Short-term extreme tension. Spread-moored FPSO — Full draft + worst environmental

condition. Load-based methodology

Table E-2 — Short-term extreme tension. Semi-submersible platform — Operational draft + worst

environmental condition. Load-based methodology

Semi-submersible platform. Operational draft — Conventional load-based methodology
Line Cor_wentional Cm:rent, 2-P Weibull 3-P Weibull Dif
# Enwron_n!ental Wind, Draft Shor:t-Term Shor:t-Term (%)
Condition Waves Tension (kN) Tension (kN)
1 1667 100, 10, 10 1 5186 5176 -0.2%
2 1667 100, 10, 10 1 5023 5013 -0.2%
3 1667 100, 10, 10 1 5022 5011 -0.2%
4 1667 100, 10, 10 1 4867 4855 -0.3%
5 1667 100, 10, 10 1 2331 2329 -0.1%
6 962 100, 10, 10 1 2289 2288 0.0%
7 962 100, 10, 10 1 2367 2367 0.0%
8 962 100, 10, 10 1 2478 2479 0.0%
9 962 100, 10, 10 1 2173 2163 -0.5%
10 962 100, 10, 10 1 2212 2203 -0.4%
11 962 100, 10, 10 1 2280 2271 -0.4%
12 962 100, 10, 10 1 2194 2188 -0.3%
13 1251 100, 10, 10 1 3583 3574 -0.2%
14 1251 100, 10, 10 1 3728 3719 -0.3%
15 1251 100, 10, 10 1 3740 3729 -0.3%
16 1495 100, 10, 10 1 3721 3715 -0.2%
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Figure E-2 — Short-term extreme tension. Semi-submersible platform — Operational draft + worst

environmental condition. Load-based methodology

Table E-3 — Short-term extreme tension. Turret-moored FPSO — Full draft + worst environmental

condition. Load-based methodology

Turret-moored FPSO. Full Draft — Conventional load-based methodology

Line Cor_wentional Cur_rent, 2-P Weibull 3-P Weibull Dif

# Enwron_n!ental Wind, Draft Shor:t-Term Sh0|:t-Term (%)
Condition Waves Tension (kN) | Tension (kN)

1 3783 10,100,100 2 1994 1919 -3.9%
2 4072 10,100,100 2 2905 2918 0.5%
3 2607 10,100,100 2 3407 3378 -0.9%
4 2786 10,100,100 2 3874 3823 -1.3%
5 3116 10,100,100 2 2112 2070 -2.0%
6 3429 10,100,100 2 2402 2318 -3.6%
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APPENDIX F — LONG-TERM RESULTS

The results presented here are related with the 10-yr database of environmental

conditions that were observed at Santos Basin (Brazil).

The results below were obtained by the Long-Term Analysis Module (see Chapter
4.3). Therefore, the results are the original ones, obtained by the long-term analysis, i.e,

the Bootstrap procedure was not used here.

Only the tension at the top of fairleads are presented and only the intact analyses

were conducted.

Table F-1 — Spread-moored FPSO. Extreme top tensions (simulation length of 3hr).

Spread-moored FPSO
Worst short-term condition Long-Term ;
Line Environmental Extreme | Tension Elf
# Condition Draft | Tension (kN) (%)
(kN)
1 13579 1 2871 2894 0.8%
2 13579 1 2574 2610 1.4%
3 20316 3 2592 2696 4.0%
4 20316 3 2320 2416 4.1%
5 12592 2 2236 2342 4.7%
6 25442 3 2487 2488 0.0%
7 25442 3 2674 2675 0.0%
8 25442 3 2730 2732 0.1%
9 25443 3 2830 2834 0.1%
10 25443 3 3022 3024 0.1%
1 19256 2 3091 3290 6.4%
12 19256 2 2923 3110 6.4%
13 19256 2 2888 3076 6.5%
14 19256 2 2752 2923 6.2%
15 19256 2 2627 2772 5.5%
16 19256 2 2998 3164 5.5%
17 19256 1 2904 3055 5.2%
18 19256 1 2871 3000 4.5%
19 19256 1 2974 3115 4.7%
20 19256 1 2848 2970 4.3%
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Figure F-1 — Spread-moored FPSO. Extreme top tensions (simulation length of 3hr).

Table F-2 — Spread-moored FPSO. Extreme top tensions (simulation length of 15hr).

Spread-moored FPSO
Worst short-term condition Long-Term ;
Line | Environmental | o ST Tension ?/If
Ph Condition raft | Tension (kN) (%)
(kN)
1 13579 1 2896 3063 5.8%
2 12592 2 2597 2768 6.6%
3 12592 2 2693 2892 7.4%
4 12592 2 2416 2582 6.9%
5 12592 2 2344 2494 6.4%
6 25442 3 2489 2493 0.2%
7 25442 3 2676 2680 0.1%
8 25442 3 2733 2735 0.1%
9 25442 3 2832 2837 0.2%
10 25443 3 3025 3027 0.1%
11 19256 2 3210 3480 8.4%
12 19256 2 3042 3304 8.6%
13 19256 3 3015 3282 8.9%
14 19256 3 2883 3126 8.4%
15 19256 3 2748 2954 7.5%
16 19256 3 3140 3371 7.4%
17 19256 2 3035 3251 7.1%
18 19256 2 2988 3179 6.4%
19 19256 2 3101 3320 7.1%
20 19256 2 2959 3158 6.7%

108



Tension [kN]

Short-Term Extreme vs Long-Term Tensions - 15h

Line

Figure F-2 — Spread-moored FPSO. Extreme top tensions (simulation length of 15hr).

Table F-3 — Spread-moored FPSO. Extreme top tensions (simulation length of 21hr).

Spread-moored FPSO
Worst short-term condition Long-Term ;
Line Environmental | Extreme | tension ?/If
Ph Condition raft | Tension (kN) (%)
(kN)

1 13579 1 2890 3031 4.9%
2 13579 1 2589 2740 5.8%
3 12592 2 2671 2859 7.0%
4 12592 2 2397 2554 6.5%
5 12592 2 2326 2468 6.1%
6 25442 3 2488 2491 0.1%
7 25442 3 2675 2678 0.1%
8 25442 3 2732 2735 0.1%
9 25442 3 2833 2837 0.1%
10 25443 3 3026 3028 0.1%
11 19256 2 3161 3418 8.1%
12 19256 2 2995 3243 8.3%
13 19256 2 2965 3219 8.6%
14 19256 3 2835 3066 8.1%
15 19256 3 2707 2901 7.2%
16 19256 2 3103 3320 7.0%
17 19256 2 3001 3203 6.7%
18 19256 2 2957 3136 6.1%
19 19256 2 3066 3271 6.7%
20 19256 2 2926 3114 6.4%
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Short-Term Extreme vs Long-Term Tensions - 21h

Line

Figure F-3 — Spread-moored FPSO. Extreme top tensions (simulation length of 21hr).

Table F-4 — Semi-Submersible platform. Extreme top tensions (simulation length of 3hr).

Semi-submersible platform
Worst short-term condition Long-Term ;
Line Environmental | Extreme | rension E’/If
Ph Condition raft | Tension (kN) (%)
(kN)

1 4408 1 4413 4414 0.0%
2 4408 1 4331 4332 0.0%
3 4408 1 4409 4410 0.0%
4 4407 1 4343 4344 0.0%
5 8123 1 3268 3289 0.6%
6 8123 1 3371 3394 0.7%
7 8123 1 3336 3360 0.7%
8 8123 1 3270 3293 0.7%
9 11920 1 1570 1571 0.1%
10 11920 1 1606 1606 0.0%
11 11920 1 1617 1617 0.0%
12 11920 1 1636 1636 0.0%
13 25443 1 3514 3526 0.3%
14 25443 1 3660 3672 0.3%
15 25443 1 3676 3690 0.4%
16 25442 1 3665 3682 0.5%

110



Tension [kN]

1000

500

Short-Term Extreme vs Long-Term Tensions - 3h

Line

e [V1ax Short-Term

- Long-Term

Figure F-4 — Semi-Submersible platform. Extreme top tensions (simulation length of 3hr).

Table F-5 — Semi-Submersible platform. Extreme top tensions (simulation length of 15hr).

Semi-submersible platform

Worst short-term condition

Extreme Long-Term Dif
Li;ne Enéiron.n!ental Draft | Tension Te?(ﬂon (%)
ondition (kN) (kN)

1 4408 1 4412 4413 0.0%
2 4408 1 4331 4332 0.0%
3 4408 1 4409 4410 0.0%
4 4407 1 4343 4344 0.0%
5 8123 1 3261 3278 0.5%
6 8123 1 3363 3382 0.6%
7 8123 1 3329 3348 0.6%
8 8123 1 3262 3281 0.6%
9 11920 1 1570 1571 0.1%
10 11920 1 1606 1606 0.0%
1 11920 1 1617 1617 0.0%
12 11920 1 1636 1636 0.0%
13 25443 1 3511 3523 0.3%
14 25443 1 3657 3669 0.3%
15 25443 1 3673 3685 0.3%
16 25442 1 3660 3675 0.4%
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Figure F-5 — Semi-Submersible platform. Extreme top tensions (simulation length of 15hr).

Table F-6 — Turret-moored FPSO. Extreme top tensions (simulation length of 3hr).

Turret-moored FPSO
Worst short-term condition Long-Term ;
. . Extreme T ; Dif
Line Environmental , ension 9,
o Draft | Tension kN (%)
# Condition (kN)
(kN)
1 25442 1 863 866 0.3%
2 4344 2 2145 2598 21.1%
3 4344 2 1482 1674 13.0%
4 7076 2 1532 1863 21.6%
5 11920 2 1142 1156 1.2%
6 25443 1 1032 1037 0.5%

Short-Term Extreme vs Long-Term Tensions - 3h

Line

e 12 Short-

s LOng-Term

Figure F-6 — Turret-moored FPSO. Extreme top tensions (simulation length of 3hr).

erm
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Tension [kN]

Table F-7 — Turret-moored FPSO. Extreme top tensions (simulation length of 15hr).

Turret-moored FPSO
Worst short-term condition Long-Term ;
. . Extreme Tensi Dif
Line Environmental . ension o,
res Draft Tension kN (%)
# Condition (kN)
(kN)
1 25442 1 865 869 0.5%
2 4344 2 1888 2223 17.7%
3 4344 2 1372 1500 9.3%
4 7978 2 1397 1605 14.9%
5 11920 2 1135 1145 0.9%
6 25443 1 1035 1042 0.7%

Short-Term Extreme vs Long-Term Tensions - 15h

Line

g | Short-Term

- Lo Term

Figure F-7 — Turret-moored FPSO. Extreme top tensions (simulation length of 15hr).

Table F-8 — Turret-moored FPSO. Extreme top tensions (simulation length of 30hr).

Turret-moored FPSO
Worst short-term condition Long-Term ;
. . Extreme Tensi Dif
Line Environmental , ension Ly
i Draft Tension kN (%)
# Condition (kN)
(kN)
1 25442 1 865 870 0.6%
2 4344 2 1894 2233 17.9%
3 4344 2 1366 1494 9.4%
4 7978 2 1401 1606 14.6%
5 11920 2 1133 1142 0.8%
6 25443 1 1036 1043 0.7%
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Figure F-8 — Turret-moored FPSO. Extreme top tensions (simulation length of 30hr).
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APPENDIX G —- CENTENARY TENSIONS

The centenary tensions (Ti00) presented below were obtained by the Design
Tension Module (see Chapter 4.5), after the application of the Bootstrap procedure. By
this appendix is also possible to see the stabilization of the responses, indicating the

minimum (or the ideal) time duration of short-term simulations.

The responses stabilization can be identified by the last three columns of tables
with duration of time domain simulations bigger than 3hr. In this work, the responses
were classified as stables when difference between them to the previous responses (those
with lower duration of time domain simulation) were smaller than 2%. Although the
results show stabilization for Semi-Submersible for simulations of 3hr, the centenary
tensions (T1oo) of this platform were also obtained by short-term simulation with 15hr of

duration.

In order to simplify the tables, the differences are presented by the formulation:

Ti
T (G.1)
But, actually, the real formulation on tables is:
T " — T .
— (G.2)
Tj

Only the tension at the top of fairleads are presented and only the intact analyses

were conducted.
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Table G-1 — Spread-moored FPSO. Bootstrap Results. All lines (simulation length of 3hr).
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Table G-2 — Spread-moored FPSO. Bootstrap Results. All lines (simulation length of 15hr).

Spread-moored FPSO

Sl L Bootstp Bootstp Tisnr | T1snr | Tisar
Line | _Term Term | prean | B9 | tension | T100 | T100 Tsnr | Tanr | Tanr

# Te.:':lon Tel;smn Tension '[gkﬁ] T100 Tmax | Tir
[k,;; [k;] [kN] [kN] (T) | (Taoo) | (Twax)
L1 2896 3063 3021 96 3212 10.9% | 4.9% | 5.9% | 9.0% | 0.9%
L2 2597 2768 2716 97 2910 12.0% | 5.1% | 6.1% | 9.0% | 0.9%
L3 2693 2892 2794 157 3109 15.4% | 7.5% | 7.3% | 10.5% | 3.9%
L4 2416 2582 2491 144 2778 15.0% | 7.6% | 6.9% | 10.0% | 4.1%
L5 2344 2494 2401 141 2684 145% | 7.6% | 6.5% | 9.3% | 4.8%
L6 2489 2493 2478 55 2589 40% | 3.8% | 0.2% | 0.8% | 0.1%
L7 2676 2680 2659 65 2790 43% | 41% | 0.2% | 0.4% | 0.1%
L8 2733 2735 2712 69 2851 43% | 42% | 0.1% | 0.3% | 0.1%
L9 2832 2837 2811 77 2964 46% | 45% | 0.1% | 0.4% | 0.1%
L10 3025 3027 2995 86 3168 47% | 4.7% | 0.1% | 0.6% | 0.1%
L11 3210 3480 3412 125 3662 14.1% | 5.2% | 5.8% | 6.1% | 3.9%
L12 3042 3304 3236 125 3486 14.6% | 5.5% | 6.2% | 6.7% | 4.1%
L13 3015 3282 3212 129 3470 151% | 5.7% | 6.7% | 7.2% | 4.4%
L14 2883 3126 3059 123 3305 14.7% [ 5.7% | 6.9% | 7.5% | 4.7%
L15 2748 2954 2894 109 3112 13.2% [ 5.4% | 6.5% | 7.2% | 4.6%
L16 3140 3371 3324 96 3516 12.0% | 43% | 6.6% | 7.3% | 4.7%
L17 3035 3251 3207 90 3387 11.6% | 4.2% | 6.4% | 7.2% | 4.5%
L18 2988 3179 3140 80 3300 10.4% | 3.8% | 6.0% | 6.8% | 4.1%
L19 3101 3320 3275 91 3456 114% | 4.1% | 6.6% | 7.4% | 4.3%
L20 2959 3158 3118 83 3283 11.0% [ 3.9% | 6.4% | 7.2% | 3.9%
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Table G-3 — Spread-moored FPSO. Bootstrap Results. All lines (simulation length of 21hr).

Spread-moored FPSO

S G Bootstp Bootstp Tr1nr | T2anr | T21nr
Line T:::;En T::::n Mean Bc:gtp Tension | T100 | T100 | Tyspy | Tasnr | Tasnr

# Tuia Tir Tension [kN] Tio0o Tryax | Tir

[KN] [KN] [kN] [kN] (Twr) (T100) | (Tmax)

L1 2890 3031 3000 87 3175 9.9% | 4.7% | -1.0% | -1.2% -0.2%
L2 2589 2740 2703 87 2877 11.1% | 5.0% | -1.0% | -1.1% -0.3%
L3 2671 2859 2784 143 3070 14.9% | 7.4% | -1.1% | -1.2% -0.8%
L4 2397 2554 2483 130 2743 145% | 7.4% | -1.1% | -1.3% -0.8%
L5 2326 2468 2395 130 2654 14.1% | 7.5% | -1.1% | -1.1% -0.8%
L6 2488 2491 2474 45 2565 3.1% | 3.0% | -0.1% | -0.9% 0.0%
L7 2675 2678 2656 55 2767 34% | 3.3% | -0.1% | -0.8% 0.0%
L8 2732 2735 2710 63 2836 3.8% | 3.7% | 0.0% | -0.5% 0.0%
L9 2833 2837 2809 74 2957 44% | 4.2% | 0.0% | -0.2% 0.0%
L10 3026 3028 2995 85 3165 46% | 45% | 0.0% | -0.1% 0.0%
L11 3161 3418 3376 113 3603 14.0% | 5.4% | -1.8% | -1.6% -1.5%
L12 2995 3243 3201 113 3427 14.4% | 5.7% | -1.9% | -1.7% -1.6%
L13 2965 3219 3175 117 3410 15.0% | 5.9% | -1.9% | -1.7% -1.6%
L14 2835 3066 3023 112 3248 14.6% | 5.9% | -1.9% | -1.7% -1.7%
L15 2707 2901 2863 99 3061 13.1% | 5.5% | -1.8% | -1.6% -1.5%
L16 3103 3320 3288 90 3468 11.8% | 4.5% | -1.5% | -1.4% -1.2%
L17 3001 3203 3174 84 3342 11.4% | 4.3% | -1.5% | -1.3% -1.2%
L18 2957 3136 3110 74 3259 10.2% | 3.9% | -1.4% | -1.2% -1.1%
L19 3066 3271 3241 84 3410 11.2% | 4.3% | -1.5% | -1.3% -1.2%
L20 2926 3114 3087 77 3241 10.8% | 4.1% | -1.4% | -1.3% -1.1%
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Table G-4 — Semi-submersible platform. Bootstrap Results. All lines (simulation length of 3hr).

Semi-submersible platform
?I_T::: I_;_Zr:: Bootstrap | Bootstrap | Bootstrap
Line . . Mean Standard | Tension T100 T100
# Tension | Tension Tension | Deviation Tioo Ty T_LT
Tmax Tur ax
[kN] [kN] [kN] [kN] [kN]
L1 4413 4414 4404 22 4448 0.8% | 0.8%
L2 4331 4332 4321 24 4368 0.8% | 0.8%
L3 4409 4410 4400 23 4447 0.9% | 0.8%
L4 4343 4344 4336 25 4386 1.0% | 1.0%
L5 3268 3289 3233 82 3396 3.9% | 3.3%
L6 3371 3394 3331 91 3512 42% | 3.5%
L7 3336 3360 3309 76 3460 3.7% | 3.0%
L8 3270 3293 3268 44 3357 2.7% | 1.9%
L9 1570 1571 1569 3 1576 0.4% | 0.3%
L10 | 1606 1606 1598 11 1620 0.9% | 0.8%
L11 1617 1617 1605 17 1638 1.3% | 1.3%
L12 1636 1636 1624 18 1659 14% | 1.4%
L13 | 3514 3526 3489 86 3662 42% | 3.9%
L14 | 3660 3672 3632 99 3830 4.7% | 4.3%
L15 | 3676 3690 3648 106 3861 5.0% | 4.6%
L16 | 3665 3682 3638 111 3861 53% | 4.9%

Table G-5 — Semi-submersible platform. Bootstrap Results. All lines (simulation length of 15hr).

Semi-submersible platform

ShCLgl LDy Bootstp Bootstp Tishr | Tisnr | Tisnr
Line | _Term Term | prean | BB | rension | Ti00 | T100 Tanr | Tsnr | Tane

Tension | Tension . S. D. —

# Tuia Tir Tension [kN] LRI Tryax | Tir
[kN] [kN] [kN] [kN] (Twr) (T100) | (Tmax)
L1 4412 4413 4404 17 4438 0.6% | 0.6% | 0.0% -0.2% | 0.0%
L2 4331 4332 4320 18 4355 0.6% | 0.5% 0.0% -0.3% | 0.0%
L3 4409 4410 4398 19 4436 0.6% | 0.6% 0.0% -0.3% | 0.0%
L4 4343 4344 4334 23 4379 0.8% | 0.8% 0.0% -0.2% | 0.0%
L5 3261 3278 3227 77 3382 3.7% | 3.2% | -0.3% | -0.4% | -0.2%
L6 3363 3382 3325 86 3497 40% | 3.4% | -0.3% | -0.4% | -0.2%
L7 3329 3348 3303 70 3444 3.5% | 29% | -0.4% | -0.5% | -0.2%
L8 3262 3281 3260 40 3339 24% | 1.8% | -0.4% | -0.5% | -0.2%
L9 1570 1571 1569 3 1574 0.3% | 0.2% 0.0% -0.1% | 0.0%
L10 1606 1606 1597 11 1619 0.8% | 0.8% 0.0% 0.0% 0.0%
L11 1617 1617 1602 18 1638 1.3% | 1.3% 0.0% 0.0% 0.0%
L12 1636 1636 1621 18 1658 1.4% | 1.3% 0.0% 0.0% 0.0%
L13 3511 3523 3486 81 3648 3.9% | 3.6% | -0.1% | -0.4% | -0.1%
L14 3657 3669 3628 94 3815 43% | 4.0% | -0.1% | -0.4% | -0.1%
L15 3673 3685 3643 101 3846 47% | 4.4% | -0.1% | -0.4% | -0.1%
L16 3660 3675 3631 107 3845 51% | 4.6% | -0.2% | -0.4% | -0.1%
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Table G-6 — Turret-moored FPSO. Bootstrap Results. All lines (simulation length of 3hr).

Table G-7 — Turret-moored FPSO. Bootstrap Results. All lines (simulation length of 15hr)

Table G-8 — Turret-moored FPSO. Bootstrap Results. All lines (simulation length of 30hr).
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