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A B S T R A C T

This paper explores the role of wave spectral characteristics and wave time history on the estimation of extreme
mooring loads on floating offshore wind turbines. This research is applied to the DeepCwind semi-submersible
platform located at the BiMEP test site in the North of Spain. Extreme sea states are selected using the inverse
first-order reliability method (I-FORM). Mooring loads are modelled by quasi-static and dynamic numerical
approaches. Different wave time series are generated numerically for each sea state to investigate the variability
in predicted peak loads. All cases simulated incorporate the combined effect of wind and waves. Differences of
approximately 30% in peak loads are found for the mooring system, reaching 40–79% for the most extreme sea
states. Safety factors are proposed to account for sensitivity to wave groupiness in modelling loads under ex-
treme work conditions of the DeepCwind platform (e.g., pitch and velocity control). A comparison between
theoretical and real-sea wave spectra is also modelled to investigate possible differences due to the presence of
multiple spectral peaks associated with swell and wind seas. In general, results show differences below 12% in
the prediction of loads between both assumptions.

1. Introduction

Offshore wind energy is one of the most prominent, competitive and
reliable sources for power generation. Traditionally, wind turbines are
installed on fixed foundations such as gravity-based structures, mono-
piles, jackets or tripods. However, the cost-effectiveness ratio of fixed
foundations in deep waters is not competitive and the continuous
technological development have contributed to the emergence of new
alternatives. The most immediate option is installing wind turbines on
floating platforms. Different floating offshore wind turbine (FOWT)
concepts have been developed, such as the spar buoy, the semi-sub-
mersible and the tension leg platform. Each has specific technical
challenges and a unique dynamic response. Despite conceptual differ-
ences among them, all concepts require a mooring system to ensure
their survival and station keeping in the harsh marine environment and
to achieve a successful platform design. Mooring systems are an im-
portant element to the stability of FOWTs. Currently, several possible
mooring configurations and types of components are available (Harris
et al., 2004): spread moorings (catenary, multi-catenary with weights
and buoys and taut spread mooring); single point mooring (turret
mooring, catenary anchor leg mooring (CALM) and single anchor leg

mooring (SALM)); and dynamic positioning (active mooring and pro-
pulsion).

Numerical modelling techniques are commonly applied to estimate
the performance of these systems on a floating platform. Traditionally,
tensions at the fairlead can be evaluated by quasi-static or dynamic
models. Quasi-static models have a low computational cost but do not
evaluate drag and inertial forces considered in dynamic models.
Mooring models have been widely studied through simulations and
laboratory tests (Barrera et al, 2019; Barrera et al., 2017; Azcona et al.,
2017a; Lindahl, 1985). Models coupling hydrodynamics, aerodynamics
and mooring systems are especially relevant when estimating the re-
sponse of offshore floating platforms. Numerous studies have been
carried out to address possible uncertainties that these models may
induce. Specifications used for numerical modelling are described in the
Offshore Code Comparison Collaboration Continuation with Correla-
tion (OC5 Project) (Robertson et al. , 2014b; Robertson et al, 2017). The
effects of the different approaches on hydrodynamic models were de-
monstrated in (Hall and Goupee, 2015), in which approaches with full
second-order wave forces and viscous mean drift forces were compared
with laboratory tests.

Traditionally, the design of mooring lines for floating structures is
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based on considering several limit states (DNVGL-OS-E301, 2015;
Haukanes et al., 2017): ultimate (ULS), accidental (ALS), fatigue (FLS)
and service (SLS). The ULS and FLS contribute to determining the
mooring line resistance required to withstand extreme environmental
loads and the accumulated load cycles over a given lifetime of a
structure. The ALS refers to events of accidental damage and evaluates
the resistance of a mooring system after damage has occurred. The SLS
represents the requirement that structure be able to meet its service
criteria. The verification of each limit state requires the identification of
the metocean conditions and their variability at a particular location to
estimate the profitability of a project. Different techniques, including
algorithms based on clustering and selection (Camus et al., 2011) and
environmental contour lines methods (Haver and Winterstein, 2008;
Del Jesus et al., 2015; DNV-RP-C205, 2014), have been developed to
evaluate the long-term effects of metocean conditions.

This article focuses on the design of extreme loads (ULS) on the
mooring lines of a FOWT, building on prior research on this topic. The
evaluation of the mooring loads according to IEC 61400–3 (IEC 61400-
3) was reported in (Azcona et al., 2017b), and different formulations
have been proposed to characterise the extreme mooring tensions due
to snap loads (Hsu et al., 2017). Additionally, the effects of environ-
mental conditions on peak mooring loads were evaluated for marine
energy converters through field tests in (Harnois et al., 2016). Previous
studies have not clearly demonstrated the influence of wave time his-
tory or real-sea wave spectra in the evaluation of extreme loads as key
factors for a safe mooring design.

The innovation of this study is the evaluation of the impact of dif-
ferent wave characterisation (spectrum and time series) on mooring
design load. Wave definitions can be described in the time domain or
frequency domain. A particular sea state can be defined by multiple free
surface temporal series each one with a different wave groupiness
distribution in the time domain. Wave groupiness is a sequence of wave
trains characterised by a height, period and energy taking part of a sea
state. The adding of all wave groupiness constitutes the complete sea
state time series. This study analyses the design load through two sta-
tistical techniques: the selection of peak loads and the maximum local.
Additionally, safety factors are proposed to quantify the uncertainty
associated with wave history. From the frequency domain point of
view, the wave description is achieved by means of a theoretical
spectrum such as a JONSWAP or Pierson-Moskowitz. However, this
assumption can generate wave energy distribution uncertainties in
comparison with real-sea wave spectra in the target location.
Theoretical spectra concentrate wave energy around one peak, but the
wave energy may be distributed over multiple peaks. The different
wave energy distribution in the spectrum is evaluated comparing the-
oretical and buoy measurements to estimate the variability of peak
loads on mooring system.

A methodology involving numerical models of mooring systems is
implemented to evaluate the variability of peak loads as a consequence
of different wave definitions. Loads on a mooring system are analysed
according to two different sources of uncertainty associated with waves:
1) wave time history characterised by the presence of different wave
groupiness and 2) wave spectrum shape. The remainder of the paper is
organised as follows. In section 2, the methodology used in this work,
the location examined, metocean databases and buoys, the definition of
FOWT and the numerical models studied are described. Section 3 de-
scribes the sea states selected and the numerical results obtained from
the calibration and validation, as well as the analysis of loads on the
mooring systems. The main conclusions of this investigation are pre-
sented in section 4.

2. Methodology

This section describes the method developed to evaluate loads on a
mooring system considering (i) site conditions, (ii) sea states, (iii)
platform design criteria, (iv) numerical model approach, and (v) peak

load assessment of the mooring system. A schematic description of the
methodology is provided in Fig. 1.

The study considers a particular location and a specific type of
floating platform using three different steps. The objective of the first
step is to analyse the design sea states of the proposed installation lo-
cation using metocean data. The second step involves the implementa-
tion and validation of the numerical model developed to simulate
FOWT behaviour in terms of movements and tensions relative to la-
boratory tests. Finally, the third step uses the validated numerical model
to estimate the peak mooring loads for specific sea states selected in the
first step.

2.1. Site assessment

The location selected for this study is BiMEP test site (−2.894°,
43.563°), an area off Armintza in the Basque Coast (North of Spain).
This location is characterised by a predominant regime of waves
coming from the north-west direction with an average significant wave
height of 1.7 m, maximum values of approximately 9 m, and periods
between 8 and 12 s, (Fig. 2) (Metocean Analysis of BiMEP, 2017;
Iturrioz et al., 2017). The average wind speed is 7 m/s, and winds
generally come from the west, south and east, with the strongest winds
blowing westward at a velocity of over 20 m/s. Regime of winds is
presented in Fig. 2 at 10 m over the surface.

2.2. Sea states

Sea states are defined by combining metocean hindcast and in-
strumental data using statistical techniques. Two different sea state
selection methods are considered in this research. The first one is based
on the application of I-FORM described in (Haver and Winterstein,
2008; Del Jesus et al., 2015). Its main target is to predict the meto-
ceanic characteristics for different return periods. The data used in this
selection comprise the reanalysis database described in section 2.2.1.
The objective of this first selection method is to study the variability of
the loads of the mooring lines based on a theoretical spectrum
(JONSWAP) using random seedings on the wave time series re-
construction to obtain different distributions of wave groupiness. The
goal of the second selection method is to analyse the variability of the
loads on the mooring lines by comparing the theoretical and observed
spectra. Observations are described in detail in section 2.2.2. The re-
sults of the selection methods are presented in sections 3.1.1 and 3.1.2.

2.2.1. Numerical metocean data
Wind and wave resource assessment at global, regional and local

scales requires the use of numerical databases due to the coarse spatial
resolution of instrumental measurements. Numerical databases provide
long time series that allow for the characterisation of wind and wave
performance in the long-term. Information used in this work is derived
from the reanalysis databases developed by IHCantabria and BiMEP in
the framework of TRL + project (Metocean Analysis of BiMEP, 2017).

The methodology used to generate the wind numerical database
Seawind is described in (Menendez et al., 2014). Undisturbed mean
wind speeds and directions for the 1985–2015 period are provided with
a resolution of 1 h. Wind data are modelled with the Weather Research
& Forecasting model and the module Advanced Research dynamical
solver, developed by the National Center for Atmospheric Research
(Skamarock et al., 2008). This limited area model (LAM) is coupled to
the global atmospheric Climate Forecast System Reanalysis (Saha et al.,
2010), which provides the boundary and initial conditions. Regarding
sea state parameters, the Simulating Waves Nearshore model (Ris et al.,
1999) is used to generate the Global Ocean Waves (GOW) database
(Reguero et al., 2012). Significant wave heights, wave peak periods and
prevailing wave directions for the 1985–2015 period are provided with
a 1 h resolution.

Metocean hindcast is used to assess long-term environmental
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conditions in a specific location. Marine structures design standards
recommend using environmental conditions for a given annual ex-
ceedance probability. For this reason, different methods have been
proposed over the years for the selection of a representative subset of a
large amount of data. In this paper, the inverse first-order reliability
method (I-FORM) is applied (Haver and Winterstein, 2008; Del Jesus
et al., 2015). This method proposes to obtain the long-term metocean
conditions generating an environmental contour corresponding to a
certain return period given by standards (DNV-RP-C205, 2014).

2.2.2. Measured metocean data
Two different sources of observations are used in this work: 1) the

BiMEP-WAVESCAN buoy and 2) the ANTEIA buoy.
The WAVESCAN directional buoy installed at the BIMEP (Metocean

Analysis of BiMEP, 2017; Iturrioz et al., 2017) test site is located two
nautical miles off the Basque coast (−2.8848˚E, 43.4682˚N, 80 m
depth). The collected metocean data (currents, wind and waves) are
stored internally in the data logger, and only a limited number of
parameters are transmitted to the shore station in real time using

Fig. 2. Regime of waves (left rose) and winds (right rose) in Armintza.

Fig. 1. Methodology of work.
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satellite communication. Only one set of statistical data are available
from this buoy, specifically, mean wind speed, significant wave height
and wave peak period. Wind characteristics provided by this buoy are
used in this research.

The ANTEIA is a directional wave buoy located at BIMEP with a
diameter of 0.6 m and a weight of 26 kg. This oceanographic buoy al-
lows for the collection of wave height, direction, period data, as well as
water temperature, in real time. Statistical and spectral parameters are
provided by the buoy every 1800 s. Wave spectral data provided by this
buoy are employed in this research.

2.3. Definition of offshore semisubmersible platform: DeepCwind
semisubmersible

The FOWT under investigation was the DeepCwind semisubmersible
platform (Robertson et al ,) (Fig. 3). The platform has three columns
with heave plates and a fourth central column where a 5 MW wind
turbine (Jonkman et al., 2009) from the National Renewable Energy

Laboratory (NREL) is mounted. Station keeping is provided by three
catenary chain moorings. This platform has been widely studied by
laboratory tests and simulations (Robertson et al, 2014; Hall and
Goupee, 2015; Robertson et al, 2017). The most important features of
this platform and its mooring system with respect to sea water level
(SWL) and centre of mass (CM) are shown in Table 1 and Table 2, re-
spectively. The coordinate system (Fig. 4) used in this investigation is
set such that waves and wind travel from the negative to positive x-axis.
This direction is set to represent zero degrees. All simulations in this
work are referred to this direction.

2.4. Description of the numerical model

A complete numerical model in the time domain has been im-
plemented with the purpose of modelling the dynamic behaviour of
FOWT (Martini et al., 2015; Armesto et al., 2016; Armesto et al., 2017).
This section presents the main characteristics of the model describing
the governing equation and other relevant considerations related to it.

Fig. 3. DeepCwind semisubmersible platform.

Table 1
FOWT parameters.

FLOATING STRUCTURE

Mass 1.3958E+7 kg
Draft 20 m
Displacement 1.3917E+4 m3

CM location below SWL 8.07 m
Roll inertia about CM 1.3947E+10 kg-m2

Pitch inertia about CM 1.5552E+10 kg-m2

Yaw inertia about CM 1.3692E+10 kg-m2

Table 2
Mooring system parameters.

MOORING SYSTEM

Number of mooring lines 3
Angle between mooring lines 120°
Depth to anchors below SWL 200 m
Depth to fairleads below SWL 14 m
Equivalent diameter of mooring lines 0.1393 m
Mass Density of mooring lines 125.6 kg/m
Stiffness of mooring lines 7.461E+6 N
Mooring line length 835.5 m
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The numerical model is built by coupling three different models
corresponding to the hydrodynamic, aerodynamic and mooring sys-
tems. Each model solves the governing equations from each system
individually. The hydrodynamic model is focused on describing the
global response (movements and rotations) of the platform. The
mooring model analyses the evolution of the forces on the mooring
lines that are applied over the floating platform. The aerodynamic
model examines the velocity of rotation of the wind turbine, which
provides forces and momenta over the floating platform. The three
models are coupled and solved under a unique system of equations
providing information at each time step.

The hydrodynamic model solves the Cummins’ equation (Cummins,
1962), a second-order ordinary differential equation with a convolution
integral applied to solve the radiation problem (1).

+ + + = + + +M A k t K t k d Gk t F t F t F t F t( ) ¨ ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )e c w m
0

(1)

where M is the corresponding inertia matrix of the floating structure,
A is the added mass matrix at infinite frequency, K is the retardation
matrix, G is the hydrostatic stiffness matrix, t is time and k k k¨, , and are
the floating platform acceleration, velocity and displacements, respec-
tively. External forces are represented by wave excitation forces (Fe),
current forces (Fc), wind forces (Fw) and mooring system forces (Fm).

Traditionally, the majority of hydrodynamic codes use only first-
order theory for potential flow; therefore, the codes only consider forces
and movements at the same frequency as that of the incident wave. The
first-order theory neglects the nonlinearity in the incident wave po-
tential of steeper waves. The first-order velocity potential is obtained by
a superposition of the hydrostatic, radiation and diffraction problems in
the floating structure mean position. This solution is adequate for small
wave amplitudes as well as small platform motions. The available al-
ternatives to take into account the nonlinearity range from the higher-
order boundary element methods to cutting-edge Navier Stokes equa-
tions. The second-order hydrodynamic theory (Pinkster, 1980;Simos
et al., 2018) attempts to approximate the nonlinear free surface
boundary condition and wave body interactions using the superposition
of the quadratic interaction of the first-order velocity terms as well as
terms of the second-order solution of the velocity potential. The model

presented herein neglects the contribution of the second-order potential
in the numerical computation of the force term (Simos et al., 2018).

For irregular waves with N components and j degrees of freedom,
the first-order wave excitation force can be represented by (2).

= =
=

F Re A Q w e j( ) , 1,2,3,4,5,6e j
n

N

n j n
i w t

(1),
1

( )n

(2)

where A en
i w t( )n is the complex wave component, An is the complex

wave amplitude, wn is the wave frequency, i is the imaginary number
and Q w( )j n represents the first-order complex excitation transfer func-
tion associated with wn and j. An can be written as =A a e ,n n

i n where
an is the wave amplitude and n the wave phase, and Q w( )j n is

=Q w q w e( ) ( )j n n n
i nj, where qn is the amplitude of the first-order force

per wave amplitude unit and nj its phase.
The second-order wave excitation (Pinkster, 1980; Gueydon et al.,

2014; Duarte et al., 2014;Simos et al., 2018) is defined by the con-
tributions of the sum and difference frequencies between pairs of waves
using the double Fourier transform (3). Therefore, for each pair with
amplitudes An and Am and frequencies wn and wm, two different
quadratic transfer functions (QTFs), +Q w w( )j n m and Q w w( )j n m , can be
obtained.

= +
= =

+ + +[ ]F Re A A Q w w e A A Q w w e( ) ( )e j
n

N

m

N

n m j n m
i w w t

n m j n m
i w w t

(2),
1 1

( ) ( )n m n m

(3)

where (*) denotes the complex conjugate.
According to (Gueydon et al., 2014), the sum frequency second-

order loads can be neglected in spread moored semisubmersible plat-
forms because the sum frequency loads can exceed the wave frequency.
Following (Pinkster, 1980; Duarte et al., 2014), the difference fre-
quency term can separate the double summation into three regions:
m = n, m > n, and m < n. However, these three regions can be
written as two terms due to the symmetry of m > n and m < n.
Hence, the second-order wave excitation force can be represented as
follows (4).

=

+

=

= = +

F Re A A Q w w

A A Q w w e

( , )

2 ( , ) ( )

e j
n

N

n n j n n

n

N

m n

N

n m j n m
i w w t

(2 ),
1

1 1

n m

(4)

The first term represents the mean drift loads and the second the
slow drift loads. The mean drift loads generate a mean offset, while the
slow drift loads can excite resonant movements in the low-frequency
range of the floating structure. The transfer functions as well as the
hydrodynamic matrices are calculated by ANSYS AQWA (ANSYS
AQWA, 2013), and transfer into the time domain is performed using an
in-house numerical code. The QTFs of the difference for the zero degree
direction are represented in Fig. 5. It should be noted that the highest
difference between QTFs is found in the pitch motion (Gueydon et al.,
2014).

The aerodynamic model used (De los Dolores et al., 2017) is based
on blade element momentum (BEM) theory. Each blade is discretised
into separate elements with different physical and aerodynamic prop-
erties. The relative velocity of each element is calculated at each time
step. The angle of attack can then be obtained, providing the lift and
drag coefficients over the element and the normal and tangential
components of the force. The model does not take into account aero-
elasticity and its possible effects. The rotor torque (TR) and forces and
momenta of the wind turbine over the floating platform are obtained by
integrating the forces computed at each element of the blades. A control
system, variable in pitch and velocity, is implemented as part of the

Fig. 4. Coordinate system and reference of the different mooring lines (M1, M2,
M3).
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BEM model, which provides the generator torque (TG) and the pitch of
each blade. The variation of the velocity of rotation of the blades (Ω) is
given as a function of the inertia of the wind turbine (IWT), the rotor
torque (TR) and the generator torque (TG) as follows:

=I t T t T t( ) ( ) ( )WT R G (5)

Two different approaches to obtain the behaviour of the catenary in
terms of tensions and movements are built into the mooring model: a
quasi-static model and a dynamic model. The quasi-static approach
assumes that the line is in static equilibrium at each time step ne-
glecting the inertia, current and wave forces on the line. The main
advantage of this approach is its numerical efficiency. The analytical
equations of the mooring lines (Jonkman and Buhl, 2007) with seabed
interactions are given in (6). These equations are described in 2D for a
vertical plane including an anchor and fairlead.
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(6)

where s denotes the longitudinal coordinate, CB the static friction
coefficient, 0 the linear weight, E the Young's modulus, A the sectional
area, LB the unstretched length of a mooring line resting on the seabed,
L the total unstretched length of a mooring line, HF the horizontal
component of the tension at the fairlead, xs the horizontal distance
between the anchor and a point on a mooring line, zs the vertical dis-
tance between the anchor and a point on a mooring line and Ts the
tension at a point on a mooring line.

The dynamic approach (Aamo and Fossen, 2000) solves the mooring
line as a flexible cable by means of a one-dimensional second-order
non-linear wave equation. This equation is formulated using Newton's
second law (7) and solved by a finite element method neglecting
bending and torsion stiffness.

=
+

+ +r
t s

T
e

r
s

f e
1

(1 )s
0

2

2 (7)

where r is the position vector, e the deformation and f the sum of
external forces acting on the cable.

The external forces f are a sum of the buoyancy force fhg , the

drag force, normal fdn and tangential, fdt components, the inertia

force fi and the seabed contact force in the normal fsb n, and hor-

izontal fsb t, directions. Their formulations (Aamo and Fossen, 2000;

Hall and Goupee, 2015) are given by the following equations:
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sb t hg µ
xy

µ

xy
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(8)

where g is gravitational acceleration, ρc the cable density, and ρw the
density of water. CDN and CDT are normal and tangential drag coeffi-
cients; d is the cable diameter; CI is a hydrodynamic mass coefficient; v
and a are the velocity and acceleration denoted by the subscripts n and
t, the decompositions into the normal and tangential directions, re-
spectively; zbot is the vertical coordinate of the seabed; and r z is the
vertical projection of the position vector and r z its velocity. Constants
KG and KB represent the stiffness and viscous coefficients, respectively.
In the horizontal term, Kµ is the coefficient of kinetic friction corre-
sponding to a maximum velocity vµ, and r xy represents the velocity of
the horizontal projection of the position vector.

2.5. Detection of peak loads

The methodology used to detect peak loads on mooring lines is
described in (Harnois et al., 2016). The detection of peaks in a load time
series is achieved by defining two parameters: τ and K. τ is a threshold
used to identify peak loads with sufficient amplitude, while K isolates
all of them. The parameter τ is defined as a percentage (n) over the
mean value of the load (F̄) and the parameter K is compared to the
standard maximum score (S) that relates the dynamic part of the load
(F F̄) to its dispersion ( F). The variable k defines the maximum force
threshold using K. The formulation of the standard maximum score is
given by

=S F Fmax( ) ¯
max

F (9)

Fig. 5. Quadratic transfer functions [kN/m2].
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The effect of these parameters on the selection of peak loads is
shown in Fig. 6 and Fig. 8. In Fig. 6, a load time series is represented as
a continuous line together with the load thresholds given by the para-
meters τ (dotted line) and k (dashed line). The peak loads in circles are
chosen as a result of this selection. This figure reveals the importance of
these parameters on the selection of peak loads. In addition, the

parameters depend on the sea state considered and the number of
mooring lines of the floating structure. For this reason, the parameters
must be determined through a sensitivity analysis.

The mooring system of the DeepCwind semisubmersible platform
has three mooring lines. A sensitivity analysis is carried out to de-
termine the percentage of peak loads on the most and least loaded

Fig. 6. Selection of peak loads: τ and K parameters.

Fig. 7. Parametric analysis of τ and K parameters: load distribution functions.
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mooring line. The results presented correspond to the tensions obtained
using a dynamic model for a sea state with a significant height of
10.3 m, peak period of 17 s and wind speed of 25.69 m/s. The percen-
tages of the peak loads are shown in Table 3 and Table 4.

The two analysis show that if the K and τ parameters are low, the
number of peaks increases and vice versa. The percentage of peak loads
is more dependent on the τ parameter in the least loaded line (mooring
line 1) than on K. For a value of τ, the number of peaks is the same
regardless of the K parameter. However, the results show that K para-
meter is more important in the most loaded line (mooring line 2) than τ
parameter because for a given K value, the number of peaks remains
constant regardless of the value of τ. Load distribution functions for
different τ and K values are displayed in Fig. 7. A first selection is made
to set τ to a value that would allow for the construction of a re-
presentative distribution function of all mooring line loads. A value of

τ = 1.1 is selected. Subsequently, another selection based on a para-
metric analysis of K allows for the construction of different distribution
functions of extreme peak loads. A value of K = 3.5 allows for the se-
lection of a sufficient number of peak loads to define a representative
extreme function.

Next, the selection of peak loads for sea state 3-case 2 is detailed
(Table 3). Fig. 8 shows the load time series and the selection of peak
loads for mooring line 2. The figure is divided into three panels. The
first represents the load time series, highlighting all peaks on the
mooring line as points with crosses (+). The second includes a pre-
selection of the peak loads indicated by points (.) applying the τ
parameter threshold. Finally, from the K parameter threshold, the peak
loads generated by the sea state considered are selected as circles re-
presented in the third panel.

Fig. 8. Selection of load peaks on the mooring line 2.

Table 3
Sensitivity analysis for the mooring line 1: Percentage of peak loads.

τ K

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

1 100 70.55 44.82 28.32 18.12 9.71 4.85 2.10 1.13 0.97 0.65 0.65
1.1 33.17 33.17 33.17 28.32 18.12 9.71 4.85 2.10 1.13 0.97 0.65 0.65
1.2 8.58 8.58 8.58 8.58 8.58 8.58 4.85 2.10 1.13 0.97 0.65 0.65
1.3 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 1.13 0.97 0.65 0.65
1.4 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65 0.65
1.5 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49 0.49
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
2.5 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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3. Results

Results are described next, including the definition of sea states, the
validation of the numerical model and the analysis of loads on the
mooring system.

3.1. Definition of sea states

In this section, the results of the two different methods proposed for
the definition of the sea states are presented: 1) severe sea state selec-
tion based on I-FORM (section 3.1.1) and 2) the selection of a set of sea
states given by local measurements (section 3.1.2). Based on these two
data sets, the importance of wave history and spectral shape will be
analysed.

3.1.1. Severe sea state definition: on the importance of wave history
Assessment of long-term metocean conditions is evaluated by means

of I-FORM (Madsen et al., 1986; Haver and Winterstein, 2008; DNV-RP-
C205, 2014; Del Jesus et al., 2015). The significant wave height (Hs) is
used as the marginal variable in this study using a lognormal dis-
tribution function. The peak period (Tp) is adjusted with a normal
distribution function and wind velocity at 90 m over the surface (W)
according to a Weibull distribution function. Finally, I-FORM is applied
for different return periods. The results are presented in Fig. 9.

The selection of the sea states simulated is shown in Table 5. Ac-
cording to the offshore standard (DNV-OS-J101, 2014), the sea states
selected for FOWT must have a 50 year return period. Four wind ve-
locities are simulated in response to cases with single generator-torque
control (7.93 m/s), single blade-pitch control (16.08 m/s and 25.69 m/
s) and intermediate situations (11.93 m/s). The concomitant wave
heights with these velocities are obtained from Fig. 9, which also
considers cases with short and long periods for each situation. In ad-
dition, the case involving a higher wave height is also selected. A total
of seven sea states are analysed.

Twenty cases or iterations for each sea state are generated using a
JONSWAP spectrum with gamma 3.3 to investigate the effect of wave
groupiness on the loads on the mooring lines. These iterations also
contribute to obtain a good definition of the maximum wave height.
The same wind velocity time series is used in all cases to capture the
importance of the wave history. The length of the series is 10000 s.
Therefore, each sea state is long enough to be statistically re-
presentative. The wave generation is obtained with an in-house code
(Lara et al., 2006) developed by IHCantabria, and the wind generation
is obtained by the TurbSim code (Jonkman and Kilcher, 2012). The
following parameters are analysed to highlight differences between
each case generated:

a) Statistical parameters: mean wave height (Hm), standard deviation
wave height (Hstd), root mean square wave height (Hrms), sig-
nificant wave height (Hs), mean of the fifty highest waves (H50),

mean of the ten highest waves (H10), maximum wave height
(Hmax), mean crest value (Hp_m), significant crest value (Hp_s),
maximum crest (HpM), mean trough value (Hn_m), significant
trough value (Hn_s), minimum trough (HnM), mean period (Tm),
significant period (Ts) and Hmax/Hm0.

b) Spectral parameters: significant wave height from zero-order mo-
ment (Hm0), peak period (Tp), spectral period with n = 1 (Tm01)
and spectral period with n = 2 (Tm02).

An analysis of these parameters is presented in Fig. 10. In particular,
these parameters correspond to sea state 6. This figure reveals that, as
expected, aggregated parameters have limited variability, while other
individual indicators such as Hmax show significant variability. In ad-
dition, the wave time history analysis and the comparison of the com-
puted spectra of certain cases to sea state 6 is presented in Fig. 11. It is
demonstrated that, from an energy point of view, all cases show similar
characteristics.

3.1.2. Synthetic versus observed sea spectra: on the importance of spectral
shape

From an instrumental database located in BIMEP, four sea states
(Fig. 12) are selected, taking into account the shape of the spectrum
from the database of the ANTEIA buoy. Two are swell sea states (sea
state 1 and sea state 2), one is a wind sea state (sea state 3) and the last
is a calm sea state (sea state 4). It is worth noting that energy is higher
in swell seas than in other seas. In addition, it is important to highlight
the difference in the shape of the wind sea spectrum with respect to the
theoretical ones due to the presence of two peaks.

The main objective of this research is to analyse the influence of the
spectra definition on the mooring line loads. To this end, different
spectral definitions are proposed. In Fig. 12, the continuous line re-
presents the buoy spectrum, and the dashed and dotted lines represent
the JONSWAP with gamma 3.3 and JONSWAP with the best gamma fit,
respectively. It can be observed that the JONSWAP spectrum does not
adequately represent the measured spectra with more than one peak.
This effect will be investigated with respect to the loads on the mooring
system.

Considering that the ANTEIA buoy only measures waves, data
provided by the WAVESCAN buoy are used to obtain the wind velocity
concomitant with the selected sea states at 90 m over the surface.
Therefore, the most realistic representation of local sea states is
achieved. The characteristics of the selected sea states are presented in
Table 6. According to the data provided in Table 6, different random
synthetic wave and wind time series are generated for each database.
Table 7 shows the target parameters and the real parameters obtained
for each approach and sea state. It should be noted that, thanks to the
ANTEIA buoy, the Hmax is known. Based on Hmax and other ag-
gregated parameters, a representative sea state has been reconstructed
for each wave spectrum method.

Table 4
Sensitivity analysis for the mooring line 2: Percentage of peak loads.

τ K

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5

1 100 81.22 50.59 29.27 16.92 11.00 6.94 3.21 1.69 0.85 0.34 0.00
1.1 90.86 81.22 50.59 29.27 16.92 11.00 6.94 3.21 1.69 0.85 0.34 0.00
1.2 79.86 79.86 50.59 29.27 16.92 11.00 6.94 3.21 1.69 0.85 0.34 0.00
1.3 62.44 62.44 50.59 29.27 16.92 11.00 6.94 3.21 1.69 0.85 0.34 0.00
1.4 46.87 46.87 46.87 29.27 16.92 11.00 6.94 3.21 1.69 0.85 0.34 0.00
1.5 35.36 35.36 35.36 29.27 16.92 11.00 6.94 3.21 1.69 0.85 0.34 0.00
2 9.81 9.81 9.81 9.81 9.81 9.81 6.94 3.21 1.69 0.85 0.34 0.00
2.5 1.69 1.69 1.69 1.69 1.69 1.69 1.69 1.69 1.69 0.85 0.34 0.00
3 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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3.2. Validation of floating wind turbine model

The numerical model built for the time domain simulation (de-
scribed in section 2.4) of the FOWT has been validated against la-
boratory tests performed by the Maritime Research Institute Nether-
lands (MARIN) in 2013 and published in the context of the OC5 Project
(Robertson et al, 2014; Robertson et al, 2017). A complete calibration
and validation are performed based on results pertaining to static ten-
sion, decay tests and regular and irregular waves with and without
wind. The results are validated along the zero degrees direction com-
paring the movements (surge, heave and pitch) in the platform and the

Fig. 9. Evaluation of metocean data for different return periods: a) Hs & Tp b) Hs & W.

Table 5
Sea state characteristics.

SEA STATE Hs (m) Tp (s) W (m/s)

1 8.10 11.20 7.93
2 8.10 21.50 7.93
3 8.81 12.50 11.93
4 8.81 20.80 11.93
5 9.50 13.90 16.08
6 9.50 19.80 16.08
7 10.30 17.00 25.69
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Fig. 10. Parameters for the cases of sea state 6.
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Fig. 11. Wave time history for certain cases of sea state 6.

Fig. 12. Wave spectra obtained by different approaches.

C. Barrera et al. Ocean Engineering 172 (2019) 105–126

116



tension on the mooring lines. The results of this validation for irregular
waves with and without wind are presented in Figs. 13–16.

The agreement between the code and laboratory tests in terms of
movements and tensions is very good. The linear and non-linear
damping are calibrated by a superposition of decay tests between the
numerical model and laboratory tests. The comparison of natural per-
iods show an accuracy close to 100% between the code and the ex-
perimental results. Regular wave tests are predicted in terms of the
platform movements and tensions on the mooring lines in the region of
95%. Similar discrepancies reported in (Hall and Goupee, 2015) are
obtained with respect to movements with irregular waves. These dis-
crepancies are attributed to the influence of the different approaches
adopted in the hydrodynamic models. The model developed in this
study neglects viscous forces and the second-order potential. For this
reason, the model does not capture the low-frequency energy in surge
properly. However, the load results on the mooring lines are more than
acceptable, as demonstrated by the comparison of the load time series
and the spectra. The results obtained support the aims of this article.

3.3. Analysis of loads on the mooring lines

In the present subsection, the analysis of mooring performance is
discussed. Three studies are carried out. First, the importance of dy-
namic modelling to the mooring line design is discussed in section
3.3.1. Second, the influence of wave time history on mooring loads,
analysed by statistical techniques, is discussed and safety factors are
proposed in section 3.3.2. Finally, the influence of spectral shape on
mooring loads is discussed in section 3.3.3.

3.3.1. The importance of dynamic modelling over mooring line performance
assessment

The influence of wave history on the peak loads is analysed using a
dynamic and quasi-static model for the seven sea states proposed. A
comparison between quasi-static and dynamic model is presented in
Fig. 17 for the three mooring lines of the semisubmersible platform. The
results correspond to sea state 6-case 8. This figure shows the loads in
terms of time series and power spectra together with the wave power
spectrum. The behaviour between both analyses is very different not
only in force magnitude but also energy. In general, the quasi-static
model does not properly capture peak loads and underestimates the
spectral energy. These results are a consequence of the model limita-
tions by not accounting for inertia, wave forces and seabed dynamic
friction (Jonkman and Buhl, 2007). Moreover, different parameters are
evaluated to corroborate the differences shown in Fig. 17: the average

load time series (T), the average of all crests (Tc), the significant value
among all crests (Ts), the maximum crest (Tmax) and the average of
selected crests (Tlp) using the load peak method. Fig. 18 shows all these
parameters for sea state 6 and the corresponding 20 iterations com-
paring quasi-static and dynamic tensions. It can be concluded that the
mean load differences are approximately 5%. However, by far the
highest discrepancies are obtained for the Tc and Ts parameters in the
regions of 30% and 45%, respectively. Extreme loads are under-
estimated by the quasi-static model with respect to the dynamic model
according to the Tmax and Tlp parameters.

3.3.2. Influence of wave time series on mooring loads: safety factors
To evaluate the importance of wave time history, the 20 iterations

of sea state 6 are shown in Fig. 18. Although T, Tc and Ts present low
discrepancy rates, Tmax and Tlp, which are directly related to mooring
line design, show large discrepancies. Differences of up to 57% in Tmax
and 34% in Tlp are detected in the most extreme sea state (sea state 7)
and the most loaded mooring line. This variability justifies the im-
portance of statistical techniques application on mooring line design
(DNVGL-OS-E301, 2015).

Moreover, from wave history analysis, it can be concluded that the
maximum tension discrepancies are directly related to the distribution
of wave groupiness and not to the maximum wave height. The left panel
of Fig. 19 shows the instant at which the maximum tension and the
height of the maximum wave are produced for all cases of sea state 6.
The maximum wave height and the maximum tension do not coincide
so the maximum wave does not generate the maximum load on
moorings. Maximum load is generated by the distribution of wave
groupiness. This conclusion is reinforced by results shown on the right
panel where it can be seen that similar wave heights generate sig-
nificant load differences on the mooring system. The maximum tension
together with the maximum wave height (Hmax), the maximum crest
(HpM) and the minimum trough (HnM) are also shown for all cases of
sea state 6 on mooring line 2. Noticeable differences in maximum
tensions are observed between the 20 cases. Hence, it is demonstrated
that the evaluation of the maximum tension is a complex process and
only possible making use of statistical techniques because the maximum
tension does not necessarily have to occur simultaneously with the
maximum wave height.

To understand extreme mooring load performance, two methodol-
ogies are applied to assess the variability of the peak loads. First, the
extreme events are identified following the procedure described in
section 2.5, and second, the extreme events are characterised according
to the maximum local load for each case.

Table 6
Metocean parameters from the different sea states.

SEA STATE Tp (s) Hm0 (m) Hmax (m) W (m/s) Date hour γ best fit

1 13.33 5.56 9.98 8.59 27/02/2017 23:32 2.63
2 13.33 4.53 7.50 8.40 06/03/2017 21:02 2.07
3 12.50 2.17 3.42 9.96 03/03/2017 17:02 1.55
4 11.76 0.68 1.12 1.56 13/04/2017 6:32 1.01

Table 7
Metocean parameters from the different sea states.

SEA STATE TARGET BUOY JONSWAP 3.3 JONSWAP BEST FIT

Tp (s) Hm0 (m) Hmax (m) Tp (s) Hm0 (m) Hmax (m) Tp (s) Hm0 (m) Hmax (m) Tp (s) Hm0 (m) Hmax (m)

1 13.33 5.56 9.98 12.79 5.46 9.66 12.73 5.43 9.72 13.04 5.52 9.60
2 13.33 4.53 7.50 13.51 4.45 7.19 13.80 4.44 7.27 13.44 4.62 7.31
3 12.50 2.17 3.42 12.66 2.17 3.48 12.48 2.15 3.29 12.79 2.22 3.26
4 11.76 0.68 1.12 11.60 0.71 1.14 11.45 0.68 1.13 11.60 0.71 1.14
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Fig. 13. Irregular wave test (Hs = 7.1 m, Tp = 12.1 s, γ = 2.2, JONSWAP spectrum): Movements.

Fig. 14. Irregular wave test (Hs = 7.1 m, Tp = 12.1 s, γ = 2.2, JONSWAP spectrum): Tensions.
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Fig. 15. Operational wave and steady wind (Irregular wave: Hs = 7.1 m, Tp = 12.1 s, γ = 2.2, JONSWAP; Wind: RPM = 12.1, W = 12.91): Movements.

Fig. 16. Operational wave and steady wind (Irregular wave: Hs = 7.1 m, Tp = 12.1 s, γ = 2.2, JONSWAP; Wind: RPM = 12.1, W = 12.91): Tensions.
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The selection of the load peaks reveals significant variability in the
determination of the extreme load. Table 8 summarises the maximum,
minimum and difference in percentages for all iterations in each sea
state and for each mooring line. Load differences between 6% and 17%
are obtained for the least loaded line and between 25% and 40% for the
most loaded line. Discrepancies between 21% and 28% and 79% are
obtained for the most extreme sea state.

Loads are fitted using a generalized extreme value (GEV) distribu-
tion function for the two studies. This fit is shown in Fig. 20 for the peak
load method (a) and for the maximum local load (b). To check the
quality of fit, a quantile-quantile plot is generated (QQ plot). The di-
agnostic quality of this test is very good, with points near the diagonal.
Fig. 20 shows the QQ plot for the most loaded mooring line in sea state
6. The most accurate adjustment is achieved by the peak load method to
produce more load data as opposed to the maximum local load, in

which only 20 data, one per case, are available. Nevertheless, an ac-
ceptable correlation coefficient of 0.9872 is obtained.

With respect to mooring design, the DNV mooring standard
(DNVGL-OS-E301, 2015) proposes the load evaluated by the most likely
value based on the extreme distribution. The most likely value (most
probable maximum, MPM) of tensions for each criterion, sea state and
mooring line is presented in Table 9. Higher MPM values are obtained
by the maximum local load method. In general, differences in the re-
gion of 5% are obtained for all sea states reaching discrepancies of
approximately 8% for the most extreme sea state.

The distribution function enables us to design mooring lines against
extreme loads with a high level of probability. However, from de-
signers’ point of view, it is more appropriate to employ safety factors
taking into account only the mean load on the mooring line. To this
end, Table 10 proposes different safety factors obtained for the different

Fig. 17. Comparison of tension between dynamic and quasi-static models: sea state 6-case 8.

Fig. 18. Comparison of different load parameters on the mooring lines: sea state 6.
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sea states and mooring lines. In general, coefficients between 1.2-1.4
and 2.1–3.2 are obtained for the least and most loaded lines, respec-
tively. Coefficients ranging from 1.5 to 4.1 are obtained for the most
severe sea state.

3.3.3. Influence of spectral shape on mooring loads
This section analyses the mooring loads from perspective of spectral

shape. The wave spectra considered are described in section 3.1.2, and
the results are presented in this section. Load analysis is performed by
comparing spectra and percentiles of tensions.

In Fig. 21, tension spectra are shown for the most loaded mooring
line. The figure also shows a comparison among the three wave spectra
considered (buoy data, JONSWAP γ = 3.3, JONSWAP best γ fit) for the
four sea states. In general, the different approaches capture the main
frequencies of tensions well. However, some discrepancies in the dis-
tribution of frequency energy are obtained. Sea states 1 and 2 can be
considered swell sea states. For this reason, similar results in terms of
spectral energy for each frequency are obtained between the buoy data
and the JONSWAP formulation. However, the main frequency ac-
cording to the buoy data shows a discrepancy with respect to the
JONSWAP spectra in sea state 2. This difference can be explained by the
fact that the spectrum measured presents a second peak with an ap-
preciable amount of energy at that frequency, as shown in Fig. 12. The
spectra of sea states 3 and 4 are generated by local wind characterised
by a lower amount of energy but with considerable frequency disper-
sion. Because the JONSWAP formulation considers a dominant fre-
quency, it is expected to yield higher discrepancies in terms of fre-
quency energy in these sea states. Nevertheless, similar results for the
load spectrum are provided by the different spectra in sea state 3,
generating significant differences in the distribution of energy in sea
state 4.

After the frequency domain analysis, a statistical analysis of the
mooring load response is carried out. First, a GEV distribution function
is used to fit the tension series to be able to more accurately compare
the implications of each approach. Fig. 22 compares the different
mooring load distribution functions among the different approaches. A
suitable adjustment is obtained through the GEV distribution with
correlation coefficients in the region of 0.99 for each approach and sea
state considered according to the QQ plot shown in Fig. 22. In general,

Fig. 19. Number of load peaks on the mooring lines: sea state 6.

Table 8
Maximum and minimum tension together with the difference (%) between peak
loads for all moorings and sea states.

MAXIMUM TENSION (KN)

MOORING LINE SEA STATES

1 2 3 4 5 6 7

M1 1146 1268 1199 1290 1289 1396 1665
M2 3704 4347 3784 4353 3900 4763 5956
M3 1137 1248 1197 1275 1298 1335 1514

MINIMUN TENSION (KN)

MOORING LINE SEA STATES

1 2 3 4 5 6 7

M1 1080 1130 1106 1142 1152 1197 1298
M2 2835 3258 3002 3472 2902 3426 3331
M3 1066 1117 1090 1132 1138 1179 1256

TENSION DIFFERENCE (%)

MOORING LINE SEA STATES

1 2 3 4 5 6 7

M1 6 12 8 13 12 17 28
M2 31 33 26 25 34 39 79
M3 7 12 10 13 14 13 21
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buoy data overestimate the seaward line tension and underestimate the
leeward line tension as opposed to the JONSWAP approaches. The
discrepancy of these results suggests differences in the coupling to the
platform response. Fig. 23 presents the surge offset for each state con-
sidered. All buoy sea states generate higher offset than JONSWAP ap-
proaches. Similar responses are obtained for the different JONSWAP
spectrum definitions. These results show the importance of considering
real spectra instead of theoretical spectra.

Finally, Fig. 24 shows the percentile differences (%) between the
JONSWAP approaches and the buoy data for all moorings and sea

states. The percentiles used are 0.5, 0.9, 0.95 and 0.99. Positive values
mean that predicted loads by JONSWAP spectra are higher than pre-
dicted loads by buoy data and vice versa. In general, loads obtained by
the JONSWAP spectrum are overestimated for mooring lines M1 and
M3 and underestimated for M2 with respect to the buoy data. Over-
estimated differences of less than 2% are observed in the least loaded
mooring lines (M1 and M3) for JONSWAP with gamma 3.3, and dif-
ferences of less than 4% are observed for the best JONSWAP fit in sea
states 1 and 2. The most loaded mooring line shows underestimated
differences of less than 2% and 4% for JONSWAP with gamma 3.3 and

Fig. 20. Fit and QQ plot: case 6. a) Peak load method b) Maximum local load method.
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JONSWAP with the best gamma fit, respectively. However, differences
of approximately 12% are obtained in the 0.99 percentile in sea state 2
for the two JONSWAP approaches. Overestimated differences of less
than 1% are observed between the JONSWAP approaches and the buoy
data for the least loaded mooring lines in sea states 3 and 4, whereas
those for the most loaded mooring are less than 4%.

The results show that similar patterns are obtained for the different
JONSWAP approaches with differences between them of less than 3% in
the prediction of loads. The assumption of a theoretical spectrum in-
stead of a real spectrum can generate uncertainties of up to 12% ac-
cording to the sea states considered in this work.

4. Conclusions

To survive ultimate limit states, a mooring system must be designed
to accurately estimate extreme line loads. An in-house numerical
model, calibrated by tank testing, is used to estimate loads in a catenary
mooring system. The estimated loads are sensitive to model setting,
quasi-static or dynamic, and input wave characteristic, wave groupiness
or spectra. In this article, extreme loads are analysed with various
model settings, and safety factors on the mooring lines are re-
commended by taking into account different working regimes of the
wind turbine. The aforementioned parameters are analysed on a FOWT
located in the North of Spain.

The influence of the mooring numerical model is investigated in the
analysis of peak loads. Dynamic models are more accurate than quasi-
static models in the evaluation of extreme loads. Slight differences are
found between the two models for mean loads of approximately 5%
reaching 70% with respect to the maximum load parameters.

I-FORM is used to select the long-term data of the sea states.
Different sea states are selected by considering the control used in the
turbine and the characteristics of the waves. The effect of wave time

Table 9
MPM of tensions for different criteria, sea states and mooring lines.

M1-MPM [KN] SEA STATES

CRITERIA 1 2 3 4 5 6 7

PEAK LOADS 1089 1143 1121 1161 1202 1225 1346
MAXIMUM LOCAL LOAD 1127 1187 1180 1209 1268 1256 1452

M2-MPM [KN] SEA STATES

CRITERIA 1 2 3 4 5 6 7

PEAK LOADS 2906 3412 3113 3650 3003 3656 3649
MAXIMUM LOCAL LOAD 3090 3535 3258 3751 3252 3847 3925

M3-MPM [KN] SEA STATES

CRITERIA 1 2 3 4 5 6 7

PEAK LOADS 1074 1130 1105 1147 1178 1212 1321
MAXIMUM LOCAL LOAD 1100 1166 1142 1200 1224 1296 1436

Table 10
Safety factors for different sea states and mooring lines.

MOORING LINE SEA STATES

1 2 3 4 5 6 7

M1 1.2 1.3 1.3 1.3 1.3 1.4 1.6
M2 2.1 2.7 2.2 2.7 2.5 3.2 4.1
M3 1.2 1.3 1.3 1.3 1.4 1.4 1.5

Fig. 21. Comparison of tensions spectra for all sea states: mooring line 2.
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history for each sea state is analysed by proposing several cases with
different distribution of wave groupiness. The results of simulations
show significant load variability. For this reason, two extreme load
studies are performed: one considering all peak loads and another
considering only the maximum local load. The most probable maximum
(MPM) is provided for each methodology as the design load proposed
by the standards.

The influence of the real spectra in contrast to that of the theoretical
spectra is analysed in this study. In general, the assumption of
JONSWAP spectra implied an error below 12% in the evaluation of
loads relative to that implied by real spectra.

To summarise, a methodology for evaluating the effect of different
parameters related to metocean conditions on a mooring system is
presented. This approach combines aerodynamic, hydrodynamic and

Fig. 22. Comparison of tension distribution function and QQ plot for all sea states: mooring line 2.

Fig. 23. Surge offset for each sea state and approaches.
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mooring models with statistical methods for the selection of sea states
and the evaluation of loads. The dynamic analysis achieves better ap-
proximations in the evaluation of extreme loads than other methods,
adopting statistical techniques in the design of extreme loads.
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