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A B S T R A C T

Offshore wind turbines can exhibit dynamic resonant behavior due to sea states with wave excitation frequencies
coinciding with the structural eigenfrequencies. In addition to significant contributions to fatigue actions, dy-
namic load amplification can govern extreme wind turbine responses. However, current design requirements
lack specifications for assessment of resonant loads, particularly during parked or idling conditions where
aerodynamic damping contributions are significantly reduced. This study demonstrates a probabilistic approach
for assessment of offshore wind turbines under extreme resonant responses during parked situations. Based on
in-situ metocean observations on the North Sea, the environmental contour method is used to establish relevant
design conditions. A case study on a feasible large monopile design showed that resonant loads can govern the
design loads. The presented framework can be applied to assess the reliability of wave-sensitive offshore wind
turbine structures for a given site-specific metocean conditions and support structure design.

1. Introduction

Current design practice for offshore wind turbine support structures
are based on design codes, where appropriate safety levels have to be
fulfilled for a number of design situations. These include, among others,
designing against extreme wind and wave conditions, fault occurrence,
and emergency shutdown cases. In spite of the extensive list, current
design requirements lack specifications for assessment of structural
resonance, where dynamic amplification can significantly increase ex-
treme loads. This study investigates the design specifications related to
structural resonance, particularly for hydrodynamically sensitive,
bottom-fixed OWT structures.

Offshore wind turbines can exhibit resonant behavior due to sea
states with wave period close to the natural frequency. In addition to
significant contributions to fatigue actions, dynamic load amplification
can govern extreme responses. Hence, this phenomenon can be con-
sidered as a critical event along with environmental conditions that
correspond to severe wave height or extreme wind speed. The problem
can be treated as a rare event, since the probability of having sig-
nificantly large wave heights with wave period close to the first natural
period of the structure is limited by the physical wave breaking phe-
nomena. Although the maximum wave height before wave breaking can
be predicted as a function of wave steepness, this breaking limit is not

absolute and can always be influenced by site-specific physical and en-
vironmental characteristics. A well-established method for extrapolation
of metocean parameters is the environmental contour (EC) method, which
was first demonstrated by Haver [1–3] in defining design curves for
extreme wave height and wave period in the Northern North Sea.

Responses of offshore structures cannot be predicted using a single
metocean parameter, but rather by at least a joint distribution of wave
height and wave period. Joint modeling of extreme wave heights (Hs)
and corresponding conditional wave periods (Tp|Hs) have been de-
monstrated in several literature [2,4–7] based on Conditional Modeling
Approach (CMA), which is widely applied in modeling multivariate
extremes. The approach is efficient since the joint probabilistic in-
formation can be directly obtained from metocean data, either from
direct measurements or hindcast predictions. Description of other ap-
proaches for joint metocean modeling can be found in several litera-
ture [8–11]. A detailed discussion of statistical modeling of environ-
mental conditions can be found in the review by Jonathan and
Ewans [12], which also highlights that there is currently no clear
consensus in multivariate modeling within the metocean community.

Today’s standard approach for constructing environmental contours
is based on Inverse First Order Reliability Method (IFORM) introduced
by Winterstein et al. [13], where the standard normal space is used to
determine design variables for the given multivariate distributions and
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specified return periods. An alternative to this traditional approach
based on direct Monte Carlo simulations was proposed by Hu-
seby et al. [14,15]. Since the contours are independent of the structural
design, the EC method is an ideal alternative to full long-term response
analysis (FLTA) when design loads are of main interest.

A number of literature demonstrate application of EC method for
offshore structures. Christensen and Arnbjerg-Nielsen [16] applied the
EC method to established OWT design loads and response distribution.
The study also demonstrated calibration of partial safety factors for
both extreme and operating conditions. Saranyasoontorn and
Manuel [17] investigated the accuracy of EC method for derivation of
OWT design loads. The study highlighted the importance of assessing
both operation and parked cases to determine the governing design
load. Agarwal and Manuel [18] applied the EC method to derive long-
term OWT extreme loads. Results from peak-over-threshold (POT) ap-
proach and block maxima approach have shown good agreement for
load distributions with well-defined tails. Baarholm et al. [19] in-
vestigated ringing phenomenon for the Troll A Platform, an offshore
natural gas platform with concrete gravity based foundation installed in
the Northern North Sea. Environmental contours were combined with
platform response from model testing in order to verify the design
loads. A modified EC method was introduced by Li et al. [20] to predict
long-term extreme responses of bottom-fixed OWTs. The proposed
method accounts for the non-monotoic OWT response, and therefore
can substitute the traditional EC method in load cases where wind loads
are significant. On a comparative study of different EC methods,
Vanem [21] demonstrated that responses of a hypothetical one degree-
of-freedom system can be governed by sea states with wave period close
to the structural natural frequency. For offshore wind turbines (OWT),
this resonant behavior is more critical and can lead to significant re-
sponses during parked conditions, as investigated by Shir-
dazeh et al. [22].

The aim of this paper is twofold. Firstly, it attempts to establish
design conditions based on the EC method. Secondly, it demonstrates a
probabilistic framework for assessment of extreme responses of wave-
sensitive OWT structures under extreme resonant behavior during
parked conditions. The identified uncertainty in design of large
monopiles is further discussed in Section 2. The general methodology is
summarized in Section 3, where the EC method, wind turbine modeling
and reliability analysis are also discussed. The proposed probabilistic
framework is demonstrated on a large monopile case study presented in
Section 4. The last section presents the conclusions and

recommendations. This study addresses the uncertainties related to
specification of design conditions, particularly the need for a resonance
ultimate limit state for larger bottom-fixed support structures.

2. Identified design uncertainty

The most accurate approach for deriving the long-term extreme
response distribution of an OWT is by performing a full long-term
analysis (FLTA), which is also referred to as the all sea states approach.
This approach considers all site-specific environmental conditions, with
a main disadvantage of being computationally expensive. For the 1-
hour extreme response, X ,hr1 the long-term cumulative distribution
function (CDF), F x( ),X hr1 can be expressed as shown in Eq. (1).

=F x F x u h t f u h t du dh dt( ) ( | , , ) ( , , )X u h t X U H T U H T| , , , ,hr hr w s p w s p1 1

(1)

where f u h t( , , )U H T, ,w s p is the joint probability distribution func-
tion (PDF) of mean wind speed (Uw), significant wave height (Hs) and
wave spectral period (Tp), and F x u h t( | , , )X u h t| , ,hr1 is the short-term CDF
of X hr1 conditional on environmental parameters (Uw, Hs, Tp). Both
terms represent the inherent randomness associated with the joint en-
vironmental PDF and short-term extreme responses, respectively.

For wave-dominated offshore structures where the main interest is
the extreme responses due to extreme environmental conditions, the EC
method or contour line method is commonly used as an alternative to
FLTA. As an example, the 50-year extreme response can be estimated as
the maximum response considering all the wind and wave conditions
along the 50-year joint environmental contour. The variability in the
short-term extreme response is then accounted for by taking the
0.85 to 0.95 fractile [23,24]. This approach, however, is not directly
applicable to OWTs as demonstrated in several studies [17,18,20]. A
discontinuous or non-monotonic response is observed for OWTs, since
there is transition from operating state to parked state around cut-out
wind speed (normally at 25m/s). Thus, depending on site-specific
conditions and wind turbine rating, the maximum load can be governed
by the non-extreme operating wind conditions, particularly around
rated or cut-out wind speeds.

Based on an extensive set of fatigue simulations for a large monopile
supporting a 10 MW OWT [25], the most probable 1-hour short-term
extreme bending moment M( )x hr1 during operation and parked situa-
tions are estimated as shown in Fig. 1. The values do not reflect short-

Fig. 1. Comparison of normalized most probable maximum bending moment M( )x hr1 at the (a) interface and (b) mudline during operation and parked conditions.
Loads are derived from simulations under normal turbulence model (0.90 fractile) for a North Sea site at 25m water depth.
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term variability and are normalized to ease comparison. For both in-
terface and mudline, the maximum Mx hr1 is governed by the operation
case. However, it is observed that a parked, wave-sensitive OWT can
also give the same response magnitude as the operating case. These
extreme loads are not caused by extreme Hs, but rather by moderate
wave conditions with Tp close to the natural frequency. Disregarding
the Tp distribution (i.e., by taking the most probable Tp for a given
Uw,Hs combination as represented by the dashed line in Fig. 1) can
underestimate responses during parked conditions. Note that in the case
study considered, the extreme loads corresponding to the 50-year Uw

and 50-year Hs have relative load magnitudes equal to 0.67 and 0.83 at
the interface and mudline levels, respectively, and therefore do not
govern the design.

It can be argued that the parked and operational loads presented
above are not directly comparable, since assuming a 0.90 turbulence
fractile does not give the same safety margins for both design situations.
Loads during parked suituations are primarily governed by waves and
are subject to higher uncertainties related to OWT dynamic response.

A schematic illustration of environmental contour and critical limit
state functions in U-space is shown in Fig. 2. The limit state functions
representing failure during operation (g1(z)) and extreme environ-
mental conditions (g2(z)) are illustrated in Fig. 2a [17]. In addition, the
limit state function for failure during parked situations under extreme
resonant responses (g3(z)) in the H Ts p U-space is illustrated in Fig. 2b.
This load case can be associated with parked or idling situations re-
sulting from electrical faults. In practice, a wind turbine availablity of
90% is currently recommended by DNVGL [26] for assessment of fa-
tigue of OWT components. Situations during installation phase, where
OWTs can idle up to several months before power production com-
mences, are additional scenarios where the risk of failure cannot be
disregarded.

Although OWT substructures are designed such that the overall
natural frequency is far away from the wave peak frequency, waves
with period close to the structural natural period can develop resonant
behavior, and become critical particularly for the parked case with

reduced aerodynamic damping. These extreme loads introduce design
uncertainties for large, wave-sensitive monopiles, which are currently
not covered by existing design standards. The succeeding sections ad-
dress this problem based on the assumption that the extreme resonant
loads govern the design.

3. Methods

The proposed framework for evaluation of OWT structural relia-
bility is shown in Fig. 3. Based on in-situ metocean data, the environ-
mental contours are constructed to define the relevant metocean con-
ditions. An integrated OWT model is developed to carry out time-
domain load simulations. Using the derived extreme load distribution,
reliability assessment is performed for a selected limit state. The fra-
mework is demonstrated on a case study of a large monopile supporting
a 10 MW OWT.

3.1. Environmental contour method

The EC method is a well-established approach for defining statistical
descriptions of the metocean environment. Based on the first-order
reliability method (FORM) [27], the inverse-FORM (IFORM) [13] is an
efficient method to approximate a limit state surface for a given prob-
ability of failure (PF) or target return period (TR). Transformation of
independent standard normal random variables (U1, U2) from the
standard normal random space (U-space) to the physical para-
meters (Hs, Tp) in the physical space (X-space) is normally performed by
Rosenblatt transformation [28].

Given a set of metocean data, the aim is to model the tail dis-
tribution and extrapolate at higher return values. Similar to Extreme
Value analysis, return periods of interest are much longer than available
measurements. Therefore, the uncertainty in defining a design sea state
increases for higher return periods. As a practical rule of thumb, ex-
trapolations to higher return periods are only reasonable up to about
four times the length of the data [29] (e.g. for a given 20 years of
continuous data, it is statistically sound to predict up to the 80-year
return value).

Statistical extrapolation of metocean parameters using IFORM is
widely accepted in several design standards, including DNV GL’s
Environmental conditions and environmental loads (DNVGL-RP-
C205) [30], NORSOK’s standard on Actions and action effects (N-
003) [24] and IEC’s Design requirements for offshore wind turbines (IEC
61400-3) [31]. The latter particularly describes a procedure for de-
termining the 50-year significant wave height (Hs) conditional on mean
wind speed (Uw) for ULS analysis during wind turbine power produc-
tion.

3.1.1. Metocean data
In terms of data usage, EC method can be classified into two [6]: (1)

the initial distribution or global approach, where all long-term data are
used included in the analysis, and (2) the event approach, where only
data exceeding a certain threshold are used in the analysis. Further-
more, site-specific metocean database should include long-term joint
distribution of Hs, Tp or Tz, mean wave direction ( ¯), and wave direc-
tional spreading around the mean. However, these four parameters are
not always available, so wave scatter diagrams are usually reduced to
two or three parameters [29].

In this study, the initial distribution approach is performed in con-
structing H Ts p contours. Different methods for constructing en-
vironmental contours are demonstrated using in-situ observations in
four selected offshore sites as shown in Fig. 4. In-situ data representing
1-hour sea states are made available by the EU Copernicus Project and
are described in Table 1. All succeeding illustrations of joint metocean
modeling are derived based on Site 1 data from the Belgian North Sea.

Fig. 2. Schematic 2D illustration of environmental contour, limit state func-
tions and potential design points in (a)U Hw s U-space and (b) H Ts p U-space
for wave-sensitive offshore wind turbines.
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3.1.2. Joint metocean modeling
The long-term description of environmental conditions was esti-

mated by fitting statistical joint distributions to the available wave data.
A common practice is to fit a marginal distribution to Hs, and a con-
ditional distribution to Tp. This model, which is referred to
as ``Hs marg.″ in this paper, generally gives good approximations to
extreme wave heights and corresponding wave periods, but can
overestimate Hs at lower values of Tp due to physical limitations in-
duced by wave steepness. When the main interest is the prediction of
extreme values of Hs conditional on Tp close to the structural natural
period (fn), fitting a marginal distribution f t( )T pp to Tp and a conditional
distribution f h t( , )H T p|s p to Hs can avoid overestimation of Hs. This
model, referred to as ″Tp marg.″ model, is also based on the initial dis-
tribution approach which could introduce bias in parameter estimation.
An alternative model where f h t( | )H T p|s p is fitted to the ”tail” of the Hs

distribution is also investigated and is referred to as the ``Tp marg. (tail)″
model. A description and comparison of these models are presented for
the selected offshore sites.

Hsmarg.model
When fitting the marginal distribution to Hs, the joint descrip-

tion ( )f h t( , )H T p,s p of Hs and Tp can be formulated as follows:

=f h t f h f t h( , ) ( ) ( | )H T p H T H p, |s p s p s (2)

The marginal distribution f h( )Hs is generally well approximated by a
3-parameter Weibull distribution with probability density function de-
fined by Eq. (3). The Weibull shape (α1), scale (β1) and location (γ1)
parameters are the maximum likelihood estimates.

=f h
h h

( ) expH
t

1

1

1

1

1
1

s
p

1 1

(3)

The conditional distribution f t h( | )T H p|p s is modelled by fitting a

Fig. 3. General framework for evaluation of OWT structural reliability.

Fig. 4. Location of four in-site marine observation sites in the North Sea.

Table 1
Data description for the four selected offshore sites.

Site No. Countrya LAT (deg) LONG (deg) Data Coverage

Start End

1 BE 51.41 2.77 01-01-2011 31-03-2018
2 NL 52.93 4.15 19-05-2011 31-12-2017
3 NL 54.12 4.02 01-01-2011 31-03-2018
4 NL 54.85 4.73 01-01-2014 31-03-2018

a BE: Belgium; NL: The Netherlands
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lognormal distribution with probability density function defined by
Eq. (4). The lognormal mean (μ1) and standard deviation (σ1) are
conditional on the wave height (h) based on nonlinear functions defined
by Eqs. (5) and (6), respectively. The derived parameters are sum-
marized in Appendix Table A1.

=f t h
t

t µ
( | ) 1

2
exp

(ln( ) )
2T H p

p

p
|

1

1
2

1
2p s (4)

= +µ a a hLN
a

1 2 3 (5)

= +b b b hexp( )LN 1 2 3 (6)

Tpmarg.model
When fitting the marginal distribution to Tp, the joint descrip-

tion ( )f t h( , )T H p,p s can be formulated as follows:

=f t h f t f h t( , ) ( ) ( | )T H p T p H T p, |p s p s p (7)

Similarly, the marginal distribution f t( )T pp is generally well ap-
proximated by a 3-parameter Weibull distribution as illustrated in
Fig. 5. The probability density function is defined by Eq. (8), where α2,
β2 and γ2 are the maximum likelihood estimates of the shape, scale and
location parameters, respectively.

=f t
t t

( ) expT p
p p2

2

2

2

1
2

2
p

2 2

(8)

The conditional distribution f h t( | )H T p|s p is modelled by fitting a 2-
parameter Weibull distribution with probability density function de-
fined by Eq. (3). The shape (α3(tp)) and scale (β3(tp)) parameters are
calculated conditional on tp based on the nonlinear functions defined by
Eqs. (10) and (11). The derived parameters are summarized in
Appendix Table A2.

=f h t h h( | ) expH T p|
3

3 3

1

3
s p

3 3

(9)

= +m m tp
m

3 1 2 3 (10)

= +n n tp
n

3 1 2 3 (11)

Tpmarg. (tail) model
To improve approximation of the tail behavior, an alternative ap-

proach where the conditional distribution f h t( | )H T p|s p is fitted to the
upper tail of Hs distribution (i.e. Hs above the 95% quantile) by the least
squares (LS) method. The fitting method is illustrated in
Appendix Fig. B1, Fig. B2 and Fig. B3 for lower Tp bins, while Fig. B4
illustrates the fitting for a higher Tp bin.

For lower Tp bins, fitting to the distribution tail does not sig-
nificantly improve the fit, due to errors in nonlinear fitting of the de-
rived parameters across the Tp range. For higher Tp bins where direc-
tionality effects can introduce bi- or multimodal distributions, fitting to
the tail of the distribution can avoid the bias and lead to tighter en-
vironmental contours. The Tp marg. (tail) model adopts the same mar-
ginal distribution (Eq. (8)), with modified conditional distribution de-
scribed by the Eqs. (12)–(14). The derived parameters are summarized
in Appendix Table A2.

=f h t h h( | ) expH T p|
4

4 4

1

4
s p

4 4

(12)

= +p p tp
p

4 1 2 3 (13)

= +q q tp
q

4 1 2 3 (14)

The advantage of the Hs marg. model is that the conditional standard
deviation σ1(tp|h) approaches zero for increasing h, as illustrated in
Fig. 6. On the other hand, the conditional standard deviation of
the Tp marg. model σWBL(tp|h), derived from Weibull para-
meters α3(h|tp) and β3(h|tp), increases with tp. This inflates the contours

Fig. 5. Marginal Tp distribution for 1-hour sea states at Site 1: (a) probability
density function f t( ( ))Tp ; (b) cumulative distribution function F t( ( ))Tp .

Fig. 6. Nonlinear estimates of conditional Weibull (μWBL, σWBL) and
lognormal (μLN, σLN) distribution parameters derived for Site 1 data.
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when extrapolating to higher tp values, thus overestimating the ex-
treme Hs values. The consequences of choosing either of the models
presented are discussed in the succeeding section.

3.1.3. Environmental contours based on IFORM
For a specified return period (TR) or probability of failure (PF), the

reliability index (β) can be determined based on the rela-
tion = P( )F

1 . The corresponding isoline with radius equal to β can
be constructed in the standard Gaussian space as a function of the in-
dependent standard Normal random variables (U1, U2), which satisfy
Eq. (15) as illustrated in Fig. 7. Based on data representing 1-hour
stationary sea states, the PF for the 50-year U1 or U2 can be estimated as

=P 1/(365*24*50) 2.28·10F50
6. Consequently, = 4.5850 .

+ =U U1
2

2
2 2 (15)

The environmental contours are derived by mapping U1 and U2 into
the physical space (Tp, Hs). By using Rosenblatt transformations [28],
the cumulative distribution functions can be expressed in terms of the
standard Normal distribution function (Φ) as defined by Eqs. (16) and
(17). For the Tp marg. model, the Weibull cumulative distribution
functions for both marginal F t( )T pp and the conditional F h t( | )H T s p|s p
distributions are defined by Eqs. (18) and (19), respectively.

=U F t( ) ( )T p1 p (16)

=U F h t( ) ( | )H T s p2 |s p (17)

=F t
t

( ) 1 expT p
p 2

2
p

2

(18)

=F h t h( | ) 1 expH T p|
3

s p

3

(19)

To assess the validity of extrapolated wave heights, the generated
contours are compared against limiting steepness values. The average
wave steepness (Sp) for short-term irregular sea states is defined by
Eq. (20) [30]. In cases where no reliable information is available, the
limiting values for Sp can be approximated by Eq. (21), interpolated
linearly for 8< Tp<15 s. These limiting values were derived from
measured data from the Norwegian Continental Shelf and are assumed
to be generally valid. Based on the derive contours and in-situ data, the

steepness criteria can be generally used in predicting the highest pos-
sible Hs. The defined criterion is not overconservative for lower Tp

ranges up to 5 sec.

=S
g

H
T

2
p

s

p
2 (20)

=S
T
T

1/15, for 8 s.
1/25, for 15 s.p

p

p (21)

As discussed in several literature [12,32], a number of factors, both
physical and statistical in nature, must be considered when extra-
polating metocean conditions. Statistical considerations include the
choice of distribution, the fitting method, length of data, and data
quality related to instrumental errors and sampling variability. Physical
factors, such as effect of directionality, wind seas and swells, and cli-
mate uncertainty, also contribute to the total uncertainty. These factors
are not considered in this study.

3.2. Wind turbine modeling

3.2.1. Large monopile design
A preliminary monopile and tower design is established to support

a 10 MW reference OWT [33]. Table 2 summarizes the wind turbine
properties and foundation design parameters. Primary dimensions of
the monopile are designed such that the natural frequency (fn) of the
OWT is outside the blade passing frequencies (1P and 3P). This is also
normally within the soft-stiff region as illustrated in Fig. 8.

Based on a simplified fatigue reliability analysis, a 110 mm thick-
ness is required at mudline for a design life of 25 years. This corre-
sponds to a monopile D/t ratio = 73. The monopile thickness is varied
from D/t = 73 at the mudline to D/t = 100 at the interface level. A
tower with a total length of 96 m connects the interface to the hub
height. The tower has a diameter of 6.5 m at the interface, and tapers
gradually to 5.5 m at the top. In HAWC2 [34], the tower is modelled as
10 different sections with thickness ranging from 20 mm to 32 mm. The
resulting OWT natural frequency is =f 0.20n Hz.

Note that wave excitation frequencies should practically be avoided
in the design. Further increase in the target fn would require a larger
pile diameter up to 9.5 m, as demonstrated in several studies [35,36].
For a mean water depth of 25 m with a relatively mild wave climate, a
pile diameter of 8.0 m is a feasible design.

3.2.2. Offshore wind turbine model
Wind turbine loads are calculated using HAWC2 [34], an aeroelastic

simulation tool capable of both static and dynamic wind turbine ana-
lyses. HAWC2 is based on a multibody structural formulation, where
each structural component is modelled by Timoshenko beam elements.
The integrated model of an OWT supported by a monopile is illustrated
in Fig. 9.

The OWT model is defined by structural elements with six degrees

Fig. 7. U-space representation given = 4.5850 .

Table 2
Wind turbine and monopile design parameters.

Parameter Value

Rating [MW] 10
Rotor diameter [m] 178.3
Number of blades [−] 3
Cut-in, rated, cut-out Uw [m/s] 4.0, 11.4, 25.0
Rotor speed range [rpm] 6, 9.6
Hub height [m] 114
Interface elevation [m] 14.7
Mean water depth [m] 25
Monopile diameter [m] 8.0
Monopile thicknessa [mm] 110

a Defined by ratio =D t/ 73 at mudline
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of freedom (x) and by matrices representing the mass [M], damping [D]
and stiffness [K]. Considering both aerodynamic (Faero) and
hydrodynamic (Fhydro) forces, the general equation of motion can be
expressed as shown in Eq. (22). The details of structural modeling and
environmental loads calculation are further discussed in the following
subsections.

+ + = +M x D x K x F F[ ] ¨ [ ] [ ] aero hydro (22)

Structural model
The monopile, tower and rotor are all modelled as separate bodies.

A linear elastic material is assumed for both monopile and steel tower,
with Young’s modulus, =E 210s GPa and shear modulus, =G 80.8s GPa.
Both wind turbine nacelle and hub masses are represented as point
masses at appropriate elevations. A simplified foundation model based
on apparent fixity (AF) approach is implemented, where soil lateral and
rotational stiffness are approximated by fixing the monopile at a certain
distance below the mudline. A predetermined length of 24m (3 times
the pile diameter) is assumed.

The total damping (Dtotal) in an OWT can be modelled as the linear

sum of foundation (Dsoil), structural (Dstruc), hydrodynamic (Dhydro) and
aerodynamic (Daero) damping as shown in Eq. (23). In HAWC2, struc-
tural damping is based on the classical Rayleigh viscous damping [37],
where the total damping is calculated as a linear sum of mass and
stiffness matrices. The damping coefficients were tuned such that the
combined soil (Dsoil) and structural damping (Dstruc) leads to a damping
ratio, = 1.05%, for both first fore-aft and first side-to-side bending
modes. A free vibration test, illustrated in Fig. 10, is performed to verify
the damping ratio based on Eqs. (24) and (25). The damping level is a
typical assumptions during design stage, and have been observed in
several offshore measurement campaigns [22,38]. In addition, both
aerodynamic and hydrodynamic damping are included in the simula-
tions as a function of wind and wave parameters, respectively.

= + + +D D D D Dtotal soil struc hydro aero (23)

= A
A

ln 1

2 (24)

=
+(2 )2 2 (25)

Environmental loads
The structural integrity of an OWT has to be verified against several

design load cases (DLC), as outlined in design standards such as the IEC
61400-3 [31] and DNVGL-ST-0437 [26]. In this study, emphasis is
made on DLC 6.4, where loads during idling case under operational
wind conditions can govern the design. For hydrodynamically sensitive
structures, such as large monopiles, the investigation is most critical for
sea states with wave period close to the OWT’s natural frequency.

Time-domain simulations are performed for 600 s at a timestep (Δt)
of 0.02 s. The correlation between wind speed at hub height (Uw) and
significant wave height (Hs) is based on wind farm data as illustrated in
Fig. 11a. Wind speeds are generated assuming a power law profile with
shear exponent, = 0.15. For every Uw, the turbulence intensity (TI) is
defined by Eqs. (26) and (27) based on Normal Turbulence Model
(NTM) [26,31] as illustrated in Fig. 11b. A reference value of =I 0.12ref
was assumed for category C (low turbulence) and class III wind tur-
bines. The wind fields generated in HAWC2 are based on Mann tur-
bulence model [39]. Based on the wind profiles, aerodynamic drag
loads for a parked turbine are calculated. The aerodynamic loads during
wind turbine power production are based on the blade element mo-
mentum (BEM) theory [40,41].

= + =I V b b m s(0.75 ); 5.6 /ref hub1 (26)

Fig. 8. DTU 10 MW reference wind turbine frequency ranges with 10% safety
margin.

Fig. 9. Monopile model in HAWC2.

Fig. 10. Free vibration test with initial tower displacement of 0.50m.
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=TI U/ w1 (27)

For each sea state, linear irregular waves were generated based on
JONSWAP spectrum. The peak enhancement factor (γ) is defined by
Eq. (28), where Hs and Tp are expressed in meters and in seconds, re-
spectively [30].

= < <

T H

T H

T H

5, for / 3.6.

exp(5.75 1.15 ), for 3.6 / 5.

1, for 5 / .

p s
T
H p s

p s

p

s

(28)

Based on Morison’s equation, the total hydrodynamic force per unit
length of the monopile can be calculated as the sum of drag and inertia
components as defined by Eq. (29). The load is applied at the in-
stantaneous wave elevation. A drag coefficient, =C 1.05D and inertia

coefficient, =C 2.00M are assumed.

= +F C DU U C AU| |hydro D M (29)

3.2.3. Extreme load distribution
Before reliability analyses can be performed, an extreme load dis-

tribution has to be derived. The contours for specified return periods
are shown in Fig. 12. The main interests are the extrapolated Hs, par-
ticularly at the region where resonant behavior is observed. Note that
the resonant region depends on the structural design, and is in-
dependent of the environmental contours. The environmental contours,
even for a return period of 1000 years, are found to be consistent with
the steepness criteria [30]. In cases where limited metocean data is
available, the defined criteria can be used to arrive at a conservative Hs

for a given wave period. A summary of derived sea states for different
annual probability of exceedance (q) is shown in Table 3.

For a wave dominated response, the long-term distribution can be
approximated by Eq. (30). The variability in short-term structural re-
sponse can be accounted for by inflating the environmental contours, as
demonstrated by Winterstein et al. [13]. Alternatively, selecting a high
fractile value for the extreme value distribution also results to a con-
sistent load estimate. A 0.85 to 0.95 fractile value is recommended in
literature [23] and in NORSOK standard for Actions and action ef-
fects [24].

Based on the sea states summarized in Table 3, OWT simulations
with 1-hour basic time interval are performed in HAWC2. An extreme
value distribution (Gumbel) given by Eq. (31) is fitted to the
0.90 fractile of the largest values obtained from 12 independent reali-
zations, particularly at higher return periods 10, 50, 100 and 500 years.
The derived annual load distribution is a main input to reliability as-
sessment.

=F x F x h t f h t dt dh( ) ( | , ) ( , )M h t M H T H T| , ,x x s p s p (30)

=F x x( ) exp expM
x

x
x

(31)

where αx and βx are the Gumbel location and scale parameters, re-
spectively.

3.3. Reliability assessment

The reliability with respect to failure due to bending of tubular
members is evaluated. Results from deterministic design equation is
first presented for comparison with the calculated reliability indices.

3.3.1. Deterministic design check
For a deterministic, code-based design [42], the design equation for

bending of tubular members is defined by Eq. (32).

=M M
f W

Sd Rd
m c

M

,

(32)

where:
MSd is the design bending moment
MRd is the section design bending moment capacity
W is the elastic section modulus
γM is the material safety factor
The characteristic bending strength (fm,c) is calculated as a function

of characteristic yield strength (fy,c), Young’s modulus of elasti-
city =E GPa( 210 ), section outer diameter (do) and section thickness (t)

Fig. 11. (a) H Us w relation based on wind farm data; and (b) U TIw rela-
tion based on Normal Turbulence Model (NTM).
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as defined by Eq. (33). The equation is valid for <0.10 120
f d
Et

f
E

y o y.

=f
f d
E t

Z
W

f0.94 0.76m c
y c o

s
y c,

,
,

(33)

where W and Z are the elastic section modulus and plastic section
modulus, respectively, defined as follows:

=W d d t
d32

[ ( 2 ) ]o o

o

4 4

(34)

=Z d d t1
6

[ ( 2 ) ]o o
3 3

(35)

Using Eqs. (32) to (35), MRd can be estimated assuming = 1.1M . A
steel grade of S355 is assumed for both monopile and tower. A load
safety factor, = 1.35,L is applied to estimate MSd based on the most
probable 50-year resonant load. For different section thickness (t), the
ulitization ratio (MSd/MRd) is estimated as summarized in Table 4.
Based on the calculated design values, the interface is more critical for
failure due to dynamic resonant amplification.

The relatively high D/t ratio for large monopile and tower increases
the slenderness ratio. The simplified design equation does not account
for further reduction in strength due high D/t ratio. In addition, local,
global, and shell buckling failure are not investigated in this example.

3.3.2. Limit state equation
Based on the design equations, a simplified limit state equation for

bending of tubular members [42] can be formulated as defined by
Eq. (36). The stochastic load is a function of the derived annual max-
imum bending moment (Mx) due to resonance phenomenon, with ad-
ditional parameter Xwave to account for the wave load model un-
certainty.

=g
f d X

E tX
d X d X tX f X

M X

x( ) 0.94 0.76 1
6

[( ) ( 2 ) ]y o d

s t
o d o d t y R

x wave

3 3o
o o

(36)

Fig. 12. Derived environmental contours based on the Tp marg. model and Site 1 data.

Table 3
Sea states for derivation of resonant response distribution.

q [-] TR [yr] Hs [m] Tp [s] Uw [m/s]

0.63 1 2.05 5.10 18.7
0.20 5 2.19 5.10 19.7
0.10 10 2.24 5.10 20.0
0.02 50 2.36 5.10 20.9
0.01 100 2.41 5.10 21.2
0.002 500 2.59 5.10 22.4
0.001 1000 2.63 5.10 22.7

Table 4
Design bending moment resistance (MRd) and utilization ratios (MSd/MRd) for tower section at interface and monopile section at mudline.

Interface (tower) Mudline (monopile)

ttwr [mm] MRd [MNm] MSd/MRd [−] tMP [mm] MRd [MNm] MSd/MRd [−]

32 288.2 0.81 110 1583.8 0.22
30 263.7 0.89 100 1430.4 0.24
28 239.2 0.98 90 1276.3 0.27
26 214.6 1.09 80 1121.4 0.31
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Table 5 summarizes the load and resistance models’ stochastic
variables. The yield strength (fy), which varies according to steel grade
and section thickness, represents variability in material properties. The
mean and COV for both monopile (fy MP) and tower (fy tower) yield
strength are based on a steel grade of S355. The assumed mean and
COV for the geometrical parameters X X( , )d to are considered re-
presentative for steel components. In addition, the assumed COV
for Xwave are consistent with the recommendations from the Probabilistic
Model Code [43], which states that the wave model uncertainty can vary
from 0.05 to 0.30. For an assumed resistance model uncertainty (XR),
both monopile and tower designs are assessed at mudline and interface
levels, respectively.

3.3.3. Reliability assessment
Failure is defined as the state where the yield strength is exceeded,

which occurs if the limit state equation is less than or equal to zero. By
definition, the probability of failure (PF) and annual reliability
index (β(x)) are given by Eqs. (37) and (38):

=P P gx x( ) ( ( ) 0)F r (37)

P fx x( ) ( ( )· )F park
1 (38)

where Φ() is the standardized normal distribution. Eq. (37) gives the
conditional probability of failure given that the turbine is parked,
stopped or idling during operational range of wind speeds. To account
for this, Eq. (38) is modified to include the occurrence factor, fpark, here
assumed to be 10%. Based on Eqs. (36)–(38), the reliability indices are
estimated using FORM [27]. According to design codes [43,44], a target
annual reliability index, = P3.3 ( 5·10 )F

4 is recommended for ULS
design of OWT. This corresponds to structures with relatively large cost
of safety measures and minor consequences of failure.

4. Case study: large monopile

4.1. Environmental contours

A comparison of the 50-year H Ts p contours based on the three EC
models presented, namely the Hs marg., Tp marg. and Tp marg. tail, is
shown in Fig. 13. Although the Hs marg. model has an overall tighter
contour at extreme Hs, Tp values, Hs prediction at lower Tp extends
above the indicative steepness criteria for all offshore sites investigated.
On the other hand, the Tp marg. model provides a better fit at Tp ranges

of interest, at the expense of overestimating extreme Hs, Tp values.
Lastly, the Tp marg. (tail) model gave an overall tighter fit for Hs across
Tp values, but is prone to errors in generalizing the conditional para-
meters (Eqs. (13) and (14)) across Tp range. This can result to over-
estimating Hs at lower Tp ranges, as in the case of Sites 2 and 4. Note
that the choice of statistical distributions are fitted for Site 1 data,
which has a relatively mild sea state compared to the other offshore
sites. The derived contours for the other offshore sites can be further
refined by investigating other distribution types. This is not performed
in this study.

The choice of model largely depends on the desired application. In
this study, where interest is on the extrapolation of Hs at lower Tp

ranges s(3 6 ), the Tp marg. model is preferred.

4.2. Wind turbine loads

To investigate the wave-induced resonant response, simulations
based on DLC 6.4 were performed for different combinations of Hs and
Tp. For demonstration of the resonance problem, only one realization is
performed. The 10-minute maximum bending moment (Mxmax) at the
interface and mudline are used to derive the monopile response iso-
lines. Fig. 14 shows the combined plot of the derived response isolines
and environmental contours. The graphical solution shows peak re-
sponses around the structural natural period =T sec( 5.1 ),n while the
environmental contours show the occurrence probability of the sea
states (Hs, Tp) combination that can cause the extreme event. Due to
significant aerodynamic damping, the observed peak responses around
the natural period are not observed during wind turbine operation.

Fig. 15 illustrates environmental inputs and the resulting responses,
both in time and frequency domains. The dynamically amplified re-
sponses are caused by the wave loads, as validated by the signals’ power
spectral densities (PSD). For other support structures which are rela-
tively not sensitive to waves, such as jacket foundations, this load case
will not govern the design loads.

Based on a global sensitivity analysis of bottom-fixed OWT loads,
hydrodynamic forces dominate the loads, particulary during parked or
idling cases [45]. It is highlighted that the derived loads are based on
linear irregular waves, which become invalid for steep waves. Non-
linear effects, such as springing and ringing-type responses, are not fully
captured by the current load model. Wave models that incorporate full
nonlinear effects and wave impact forces, as investigated by several
researchers [46–51], provide more accurate load predictions. In cases
where analytical and numerical calculations are subject to large un-
certainties, validation against model tests to reduce the uncertainties, as
demonstrated in several studies [19,52], are often recommended in
design standards [24,30].

The derived annual maximum load distribution (see sec. 3.2.3) is
illustrated in Fig. 16. A Gumbel distribution demonstrates a good fit to
the 0.90 fractile levels, particularly at higher return per-
iods =CDF( 0.90, 0.98, 0.99, 0.998). Note that extending the Gumbel
fit to lower return periods =CDF( 0.37, 0.80) reduces the quality of fit
at the higher return periods, which are more important to caputure
when performing reliability analysis.

4.3. Example of reliability assessment

An example of reliability assessment based on the derived annual
load distribution is demonstrated in this section. The preliminary sup-
port structure design is evaluated against bending failure due to ex-
treme resonant response.

Table 5
Stochastic variables for bending of tubular members. G: Gumbel; LN:
LogNormal; D: Deterministic.

Variable Dist. Interface Mudline Ref.

Mean COV Mean COV

Mx [MNm] G 165.9 0.016 237.4 0.027 a

fy [MPa] LN 414.0 0.05 354.0 0.05 -
Es [GPa] LN 210 0.03 210 0.03 [43]
X [ ]wave LN 1.0 0.05-0.3 1.0 0.05-0.3 [43]
X [ ]R LN 1.0 0.10 1.0 0.10 -
X [ ]do LN 1.0 0.005 1.0 0.005 -
X [ ]t LN 1.0 0.0025 1.0 0.0025 -
do [m] D 6.5 - 8.0 - b

t [mm] D 26, 28, 30, 32 - 80, 90, 100, 110 - b

a refer to Section 3.2.3
b refer to Section 3.2.1
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Fig. 13. Derived 50-year environmental contours at selected sites.

Fig. 14. Environmental contours plotted with monopile response isolines (Mxmax [MNm]).
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Fig. 15. Time and frequency domain signals of wind speed (Uw), wave elevation (η), and monopile responses for 1-year Hs return period ( =H 2.05s m, =T 5.10,p
=U 18.7w m/s). The OWT natural frequency (fn) is also plotted in the f-domain, with the PSD for monopile responses in log scale.

Fig. 16. Fitted Gumbel distribution to the annual maximum bending moment (Mx) at (a) interface ( = MNm164.7 ,x = MNm2.0 ,x =E M MNm[ ] 165.9x and
= MNm2.6 ) and (b) mudline ( = MNm234.5 ,x = MNm5.0 ,x =E M MNm[ ] 237.4x and = MNm6.4 ) .

Table 6
Calculated annual reliability indices (β) for the monopile section at mudline.

tMP [mm] COVwave

0.00 0.05 0.10 0.20 0.30

110 16.31 15.49 13.63 9.74 7.30
100 15.64 14.85 13.06 9.31 6.99
90 14.89 14.14 12.42 8.82 6.64
80 14.03 13.32 11.69 8.27 6.24

Table 7
Calculated annual reliability indices (β) for the tower section at interface .

ttwr [mm] COVwave

0.00 0.05 0.10 0.20 0.30

32 7.37 6.75 5.61 4.01 3.26
30 6.54 6.00 5.01 3.64 3.02
28 5.62 5.16 4.35 3.25 2.76
26 4.59 4.25 3.64 2.83 2.48
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Tables 6 and 7 summarize the calculated β for the monopile section
at the mudline and tower section at the interface, respectively. The
effect of section thickness (tMP, ttwr) and wave load model un-
certainties (COVwave) to β is also shown. For all COVwave and thickness
range investigated, the mudline section have acceptable reliability le-
vels. On the other hand, the interface level is more critical and can have
unacceptable reliability levels (β<3.3) for conditions with higher
COVwave and reduced ttwr. The same results were given by the de-
terministic design check (see sec. 3.2.3).

Along the failure surface, the sensitivity of β(x) or PF(x) to the

variation of stochastic parameter (xi) is measured by the sensitivity
factor (αi) (see [27]). At the design points x( *),i the corresponding
sensitivity factors ( *)i for =COV 0.20wave were determined, as sum-
marized in Table 8. Since = 1.0,i i

2 the sensitivity can also be illu-
strated as shown in Fig. 17. Results show that the β(x) is most sensitive
to uncertainties related to the wave load model (Xwave) and resistance
model (XR). On the other hand, variations in stochastic para-
meters E X,s do and Xt have relatively insignificant effects.

5. Conclusions and recommendations

In this paper, it was shown that extreme OWT loads can occur
during parked or idling situations under operational wind speeds. A
probabilistic assessment of offshore wind turbines under extreme re-
sonant response was demonstrated. Based on in-situ wave observations
on the North Sea, the environmental contour method is used to estab-
lish relevant design conditions. A case study on a large monopile
foundation is presented to demonstrate that wave-sensitive, bottom-
fixed foundations can have significant loads due to resonant behavior.
Lastly, a simplified reliability analysis of both monopile and tower
against bending failure is demonstrated. Although metocean char-
acteristics and support structure designs are case-specific, the presented
framework can be applied to assess the reliability of wave-sensitive
OWT structures.

The accuracy of wave height extrapolations based on the EC method
highly depends on the length and quality of data. Measurement and
statistical errors, or model errors when using calibrated hindcast
models, introduce uncertainties in establishing the design conditions. In
addition, the traditional approach where Hs is modelled as the marginal
distribution (with Tp|Hs), can overestimate Hs. When the interests are
the non-extreme Hs, it is a good practice to compare metocean extra-
polations with Tp or Tz as marginal distribution and Hs as the condi-
tional parameter. Comparison with wave heights based on the steepness
criteria [30] is also recommended.

The presented OWT responses are based on time-domain simula-
tions with linear irregular waves. A more sophisticated wave model
accounting for nonlinear effects, wave diffraction, and potential impact
loads, is recommended for a more detailed assessment. Finally, it is
highlighted that the reliability is generally more sensitive to load or
response variations. Validation of numerical predictions based on
model tests is very important for highly dynamic offshore structures.

As offshore wind turbines become bigger and as installations push to
deeper waters, larger support structures become necessary. Upscaling of
traditional bottom-fixed foundations can introduce design un-
certainties, as these structures become more hydrodynamically sensi-
tive. This study addresses design specifications, or the lack thereof,
related to dynamic amplification due to wave-induced loads. Its im-
plications on fatigue design will be further investigated.
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Table 8
Sensitivity factors ( *)i and design points x *i for =COV 0.20,wave =t 110MP mm,
and =t 32twr mm.

Stochastic variable, xi Interface Mudline

*i x *i *i x *i

Mx −0.070 166.0 MNm −0.199 252.1 MNm
fy 0.115 405.4 MPa 0.191 322.9 MPa
Es 0.061 208.6 GPa 0.013 209.2 GPa
Xwave −0.885 1.789 −0.860 4.951
XR 0.440 0.856 0.428 0.663
Xdo 0.034 0.999 0.041 0.998
Xt 0.016 1.000 0.011 1.000

Fig. 17. Sensitivity ( * )i
2 of reliability index to stochastic input parameters

for =COV 0.20,wave =t 110MP mm, and =t 32twr mm.
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Appendix A. Derived parameters for environmental contours

Appendix B. Illustrations of Tpmarg. (tail) fitting method

Table A2
Parameters for the marginal and conditional distributions of the Tpmarg. and Tpmarg.(tail) models.

Parameters Site 1 Site 2 Site 3 Site 4 Equation

α2 2.405 2.461 2.539 2.594 Eq. (8)
β2 2.819 3.139 3.562 3.715 Eq. (8)
γ2 3.050 2.799 2.998 2.899 Eq. (8)
m1 0.000 0.000 0.000 0.000 Eq. (10)
m2 0.031 0.062 0.097 0.058 Eq. (10)
m3 2.059 1.828 1.623 1.919 Eq. (10)
n1 2.586 2.233 −2.33E+01 −5.37E+01 Eq. (11)
n2 5.45E+05 1.25E+02 3.05E+01 5.98E+01 Eq. (11)
n3 −10.554 −3.296 −0.078 −0.027 Eq. (11)
p1 0.000 0.000 0.000 0.000 Eq. (13)
p2 0.023 0.064 0.060 0.071 Eq. (13)
p3 2.229 1.869 1.931 1.876 Eq. (13)
q1 0.000 0.000 0.000 0.000 Eq. 14
q2 0.865 1.018 1.810 0.839 Eq. (14)
q3 0.670 0.734 0.482 0.926 Eq. (14)

Fig. B1. Conditional wave height distribution fitted at 95th percentile of bin =T [4.0 4.5]p : (a) probability density function ( )f h t( , )Hs Tp| and (b) cumulative
distribution function ( )F h t( , )Hs Tp| .

Table A1
Parameters for the marginal and conditional distributions of the Hsmarg. model.

Parameters Site 1 Site 2 Site 3 Site 4 Equation

α1 1.436 1.192 1.225 1.273 Eq. (3)
β1 0.951 1.016 1.318 1.450 Eq. (3)
γ1 0.107 0.393 0.383 0.434 Eq. (3)
a1 0.902 1.287 1.180 1.154 Eq. (5)
a2 0.823 0.357 0.524 0.514 Eq. (5)
a3 0.287 0.598 0.419 0.448 Eq. (5)
b1 0.001 0.001 0.001 0.001 Eq. (6)
b2 0.184 0.192 0.192 0.193 Eq. (6)
b3 −0.251 −0.196 −0.196 −0.200 Eq. (6)
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Fig. B3. Conditional wave height distribution fitted at 95th percentile of bin =T [5.0 5.5]p : (a) probability density function ( )f h t( , )Hs Tp| and (b) cumulative
distribution function ( )F h t( , )Hs Tp| .

Fig. B4. Conditional wave height distribution fitted at 95th percentile of bin =T [7.5 8.0]p : (a) probability density function ( )f h t( , )Hs Tp| and (b) cumulative
distribution function ( )F h t( , )Hs Tp| .

Fig. B2. Conditional wave height distribution fitted at 95th percentile of bin =T [4.5 5.0]p : (a) probability density function ( )f h t( , )Hs Tp| and (b) cumulative
distribution function ( )F h t( , )Hs Tp| .
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