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ABSTRACT

In the field of stochastic dynamics of marine structures,
environmental conditions play a vital role. Considering wind
and waves as random processes, determining the
environmental parameters which correspond to an annual
exceedance probability for a certain structural concept is of
vital importance for the respective assessment of the loads
and their effects. The accuracy in predicting the conditions,
especially those corresponding to the sea, is of a great
relevance when a probabilistic design is performed in order
to ensure the structural integrity of an offshore wind turbine.
In particular, models are not always completely perfect and
accurate data is not always available. The Environmental
Contour Method (ECM), which is based on the IFORM
methodology, is one of the most popular methods in the
offshore industry when determining the environmental
conditions, for a given annual exceedance probability, is
required. The ECM allows analysing proper sea states for
operational and extreme conditions with lower
computational efforts than the most accurate method (Full
Long-Term Analysis). In the present study, effects of
progressive variations (uncertainties) of the sea states
parameters (i.e. significant wave height, spectral peak
period) on the dynamic response of a Monopile Wind
Turbine (NREL 5MW) are analysed. Two operative
conditions are considered: rated wind and cut-out wind
speed. In each case, the 50-year environmental contour (EC)
is plotted for a site located in the North Sea. Some sea states
are selected from the EC (base cases) and then derived cases
with percentage variations are generated. All the cases are
simulated in FAST (NREL) and the standard deviations of
the time series are compared with its respective values of
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base cases. The results for the dynamic responses at mudline
(e.g. overturning moments and shear forces) are presented as
the most important parameters governing the design of the
monopile. In this analysis, the wave height shows more
influence on the response variation percentage than the peak
period. This work shows the importance of accurately
setting up the input parameters and their impact on the
calculation of the dynamic responses.

Keywords: OWT, monopile, ECM, sensitivity analysis,

1. INTRODUCTION

For stochastic processes, the propagation of uncertainty is an
important matter when getting a high confidence in the
outputs predicted by models is required. The stochastic
approach of dynamic analysis of structures is not indifferent
to this issue. One popular tool for quantifying the impact of
uncertainties is the sensitivity analysis.

The sensitivity analysis is a useful tool which seeks to
explain how the uncertainty in the output of a model can be
apportioned to sources of uncertainty in the input parameters
of the model. The main purpose of the analysis is to
comprehend the model and understand how uncertainty is
propagated through it. Under this analysis, it is possible to
address some important aspects e.g. which factors contribute
most/less/nothing to the output uncertainty? How the output
variance can be reduced to a desired level? [1]. There are
basically two main approaches to perform a sensitivity
analysis: the global approach and the local approach,
whereas the first is focused in analyse the sensitivity in all
the input variable domain, the second one emphasizes in
analyse the sensitivity around a specific optimal point. The
last approach requires that a good “baseline” or ‘“nominal
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point” is set with high accuracy. Both approaches involve
many different methods, each one useful for a specific
context e.g. OAT, Sobol method, Elementary Effects, etc [2].
Investigations in the field of wind energy related to
sensitivity analysis have been done by Rinker et al. [3],
Karimirad et al. [4], Horn et al. [5] and Robertson et al. [6],
just to mention the most recent. Each work focused in
different aspects of wind turbines to find out the influence of
input parameters in the interested outputs.

This work is structured as follows: first, a brief presentation
of the environmental contour method and main details of the
NREL 5 MW Monopile Wind Turbine are presented. Then,
the methodology used for the sensitivity analysis is
described. Subsequently, the numerical analysis performed
is presented. The results are analysed and discussed in a later
section. Finally, the corresponding conclusions and future
work are summarized.

2. THE ENVIRONMENTAL CONTOUR METHOD

The environmental contour method (ECM) is based in the
IFORM approach (Inverse First Reliability Method). Under
this procedure a sphere in a non-physical standardized
normal space (U-space) can be generated for a given annual
exceedance probability q or desired return period N. The
radius of this sphere can be calculated with Eq. (1) as:

Where m, is the expected number of d-hour sea states per
year and @ denotes the operator of the inverse standard
normal distribution. With the radius as known value, the
three non-physical variables (U) can be determined using

Eq. (2):

ﬁz = Ulzlw + UI?IS + U%p )

These non-physical variables are linked to the physical
parameters through the Rosenblatt Transformation, Egs. (3)-

(5):

?(Uyy) = F(Uw) (3)
@ (Uys) = F(Hs|Uw) (4)
@(Urp) = F(Tp|Uw, Hs) 5)

F denotes the cumulative distribution function of the
respective environmental parameters. With all the
combinations of environmental parameters which satisfies
Egs. (3)-(5), it is possible to generate a contour surface
(ECS) or contour line (ECL) which represents all the
combinations of environmental conditions corresponding to
the desired annual exceedance probability [7].

When a long-term extreme prediction is required, the ECM
considers short-term simulations and the corresponding
short-term extreme distribution in order to find the
environmental condition with the largest value among all
short-term extremes. The ECM initially considers on its
analysis that the value of the short-term extreme distribution
is the median (p-fractile of 50%) but, this is not totally
accurate. In order to bypass this inaccuracy, it is needed to

use an empirical higher fractile to correct the predicted long-
term value e.g. 90% is a usual p-fractile value.

Recent studies has shown that a modified version of the
traditional ECM is required for offshore wind turbines
(OWT) as the responses are not monotonically related to the
main environmental parameters e.g. for wind speeds higher
than cut-out wind speed, OWT remains parked to reduce
loads. In this case, it is necessary to find an equivalent return
period (N) to bypass the occurrence of change in the
operational mode of the OWT. An iterative process, where
inner contours are tested, is required to find this equivalent
return period. After this process, the largest value of all the
short-term extremes for all the environmental conditions on
all the inner contours is then considered for the long-term
response prediction [8].

The present work is not mainly focused on the sensitivity in
the long-term extreme predicted responses, but rather on the
impact in the short-term responses when uncertainties in the
input parameters are introduced. Therefore, at this stage, the
traditional ECM is considered suitable for the analysis. In
further research, the use of the Modified ECM will be
mandatory if the operational conditions need to be really
reflected in the sensitivity analysis. Especially, for the cases
where long-term extreme responses are the main focus.

3. THE NREL 5SMW WIND TURBINE

For this analysis, the 5 MW NREL Wind Turbine supported
by a monopile will be used [9]. This configuration has been
widely studied and also has been validated with results from
the OC3 project to verify the simulation capabilities of
FAST [10]. The main dimensions of the wind turbine are
presented in Fig. 1, as well as, the main characteristics are
summarized in Table 1.

SWL ,
20m
Seabed ,
Figure 1. Main dimensions of the NREL 5 MW Wind

Turbine.

4. SENSITIVITY ANALYSIS

The methodology used in this work is known as OAT (One-
at-a-time) method which is a local approach. The term
‘local’ refers to the fact that all the derived cases are taken
with respect to a single point, also known as the baseline.
The characteristic of the baseline point is that it is a safe
starting point where the model properties are well known.
Then, specific percentage variations (J, &) for the sea
states calculated by the ECM are considered.



Table 1. Main characteristics of the NREL SMW wind

turbine [9]

Rating 5 MW
Rotor Orientation, .
Configuration Upwind, 3 Blades
Control Variable Spqed, Collective

Pitch
Rotor, Hub Diameter [m] 126, 3
Hub Height [m] 90
Cut-In, Rated, Cut-Out
Wind Speed [m/s] 3/11.4725
Rotor Mass [kg] 110 000
Nacelle Mass [kg] 240 000
Tower Mass [kg] 347 460

The cases considered in this work can be observed in Fig. 2.
The baseline (star) is taken directly from the ECL (base
case) and the sensitivity to: variation of wave height
(triangles), variation of spectral peak period (circles), and
the case when the same variation for Hs and Tp is applied
(squares) are calculated according to Egs. (6)-(7). The
values Hs* and Tp* are the wave height and peak period
considered for the derived cases.

Hs* = Hs (1 + §%) 6)
Tp* =Tp (1 + £%) @

With all the combinations of the inputs parameters (Uw, Hs,
Tp), several coupled simulations are run in FAST. Then, the
standard deviations (STD) are calculated from the resulting
simulated dynamic responses.
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Figure 2. Percentage variation Matrix of the ten sea states
selected in each ECL.

Finally, the values are used to find a sensitivity index (S) as
indicated by Eq. (8). This indicator helps us to better reflect
and quantify the sensitivity (uncertainty propagation) in the
short-term response (simulated response) when an
uncertainty in the sea state parameters is introduced, which
is the main purpose of this work. In a further study, the
impact of these uncertainties in a predicted long-term
response and, in an ULS analysis can be assessed. However,
this analysis is out of the scope of this work and, it will be
definitely addressed in a future research.

0 .
S(Case) = (M - 1) x100%

Xbase

®)

In Eq. (8), 0x,,,ipeq @0d Ox, .., are the standard deviation of
the resulting time serie of the response X, considering the
environmental parameters from the baseline case and
derived case, respectively. S(Case) represents the sensitivity
of the response X to the variations in the environmental
parameters for a specific case. All the baseline cases
correspond to one of the ten points selected in the ECL. The
nomenclature used in the numerical analysis is:
e S(Hs): Sensitivity index for the case when the
variation is applied only to the wave height (triangles).
e S(Tp): Sensitivity index for the case when the
variation is applied only to the peak period (circles).
e S(HsTp): Sensitivity index for the case when the same
variation is applied to the wave height and peak period
(squares).

5. NUMERICAL ANALYSIS

The site selected for the analysis is the one presented by Li
et al. [11] labelled as “Site 15”. This site is located in the
North Sea Center, see Fig. 3. The models considered for
representing the environmental stochastic processes are
summarized in Table 2. The respective parameters for the
probability distributions can be found in the previously
mentioned study. As a reference, the 50-year return extreme
parameters for this locations are U;;=27.20 m/s, Hs=8.66 m
and Tp=6.93 s.
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Figure 3. Location of “Site 157 [11].

bil Head Co: Kerry

In this analysis, two operational mean wind speeds at hub
height are considered, the rated and the cut-out wind speed.
In order to use the marginal distribution of the mean wind
speed, it is necessary to transform these wind speeds to a
height of 10 m above the mean sea level. This task can be
done by considering the wind profile power law, Eq. (9).

Z
Ugo = Uyg <Z92> )
1

The wind shear power exponent («) is taken as 0.14
according to the IEC-61400 [12]. Therefore, the mean wind
speeds to be used in the marginal and conditional
distributions for the environmental contour method (ECM)
are presented in Table 3. For each operational wind speed,
an ECL is generated. Ten sea states are selected in each ECL
(Base Case), see Fig. 4 and 5. These points have been
selected according to the following criteria: 1) trying to have
the points equally distributed along the ECL and, ii)
choosing important points e.g. point with the highest/lowest
Hs, the highest/lowest Tp.



Table 4. Sea states considered in ECL for rated wind speed
(11.4 m/s) and cut-out wind speed (25 m/s).

Table 2. Probability models for the joint environmental
distributions. Sea Uw=11.4 m/s Uw=25 m/s
Parameter Model State Hs Tp Hs Tp
Mean wind speed at 10 . . [m] [s] [m] [s]
meters height (uy) Marginal - Weibull 2 parameters 1 0212 0.906 0.821 0.738
Significant wave height Conditional — Weibull 2 7 0.086 6.434 1.453 5273
(Hs) parameters
Wave spectral peak Conditional L | 3 0.305 14.462 2.432 9.575
period (Tp) onditional — Log-norma 4 0.672 20.482 4.167 13.018
Table 3. Mean wind speeds considered in the analysis. > 1452 23602 6.571 14.527
Uw Uso U 6 2.935 20.103 7.908 12.272
Rated (m/s) 11.4 8.38 7 3.941 15.512 7.065 8.741
Cut-out (m/s) 2 17.64 8 4380 | 10705 | 5606 | 6.136
The corresponding sea states selected from the ECLs are 9 3.636 5.504 4.093 4.089
summarized in Table 4 and, the values of the respective 10 1.751 2.042 2.630 2.447
exceedance probabilities (Q) are presented in Table 5, as
well as the value of the joint probability.
ECL for Uy=11.4 m/s ECL for Uy,=25 m/s
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Figure 4. Contour line for a return period N=50 years,
Uw=11.4 m/s (dashed) and, selected sea states (circles).

Tp [s]

Figure 5. Contour line for a return period N=50 years, Uw=25

m/s (dashed) and, selected sea states (circles).

Table 5. Exceedance probabilities of environmental conditions in each ECL and their joint probability.

Sea Quw (Uratea)= 42.04% Joint Quw (Weut—our) = 0.51% Joint

State | Qpg 1w (W) | Qrpjyw,ns(tiu, h) | Probability | @y ., (h|u) | Qryjywus(tlu, k)|  Probability
1 99.940% 99.940% 5.46E-6 99.992% 70.020% 2.49 E-6
2 99.997% 1.313% 1.50 E-6 99.842% 0.843% 0.29 E-6
3 99.802% 0.019% 0.27 E-6 97.794% 0.064% 0.16 E-6
4 97.352% 0.002% 0.13 E-6 70.147% 0.008% 0.18 E-6
5 71.147% 0.000% 0.11 E-6 2.522% 0.057% 0.35E-6
6 3.126% 0.001% 0.19 E-6 0.007% 50.000% 0.62 E-6
7 0.011% 0.355% 0.35 E-6 0.479% 99.726% 0.68 E-6
8 0.000% 50.007% 0.59 E-6 19.643% 99.989% 0.60 E-6
9 0.089% 99.960% 0.89 E-6 72.368% 99.991% 0.55 E-6
10 53.198% 100.000% 1.31 E-6 96.721% 99.955% 0.65 E-6

The data presented in Table 4 is taken as baseline input data
for the FAST model. The wind field is generated in TurbSim
[13] considering the mean wind speed at the hub and, the
wind profile power law. Main details of the configurations
considered for the simulation of wind and wave conditions
are presented in Tables 6-8. Regarding Table 8, the Morison
Coefficients (Cg4, C, and, C,) are very important to determine

with a proper accuracy the dynamic responses. According to
[14] the usual parameter ranges for fixed structures are: 1.5<
Cp + C,< 2 and, 0.6< Cd< 1.2. The pressure coefficient (Cp),
also known as the Froude-Krilov coefficient, can be usually
considered 1 for slender circular cylinder. Therefore, the
values taken for this work will be the mean of the range
(Cd=0.9, Ca=0.75, Cp=1).



Table 6. General data considered for the simulation of wind
conditions.

Parameter Value
Turbulence Model Kaimal
IEC turbulence characteristic B
[EC turbulence type NTM
Wind profile type Power Law
Height of the reference wind speed 90 m
Mean (total).wind speed at the 114725
reference height [m/s]
Power law exponent 0.14
Coherence model IEC 61400-1 3° ed.
Simulated Time [s] 1200
Time Step [s] 0.05
Table 7. General data considered for the simulation of sea
conditions.

Parameter Value
Incident wave kinematics model JONSWAP
Peak-shape parameter 33
Analysis time for incident wave
calculations [s] 3630
heading direction 0°
Water depth [m] 20

Table 8. Data of monopile model.

Parameter Value
Diameter of the Pile [m] 6
Thickness of the Pile [m] 0.06
Young's Modulus [N/m2] 2.1E+11
Shear Modulus [N/m2] 8.08E+10
Density [kg/m3] 8050
Drag Coefficient (Cd) 0.9
Added Mass Coefficient (Ca) 0.75
Forude-Krilov/Pressure Coefficient (Cp) 1

In Figs. 6-7 the influence of these parameters in the standard
deviation of two main structural responses can be observed.
These figures show that, the Cd affects much lower the STD
of the responses analysed. It varies over a range of £ 0.4%
for the shear force and = 0.1% for the bending moment (Fig.
6). On the other hand, the parameter Ca has a major effect in
the dynamic responses and makes the STD to change over a
range of X 15% for the shear force and =3% for the
bending moment (Fig. 7). As it can be found in the literature,
the Morison parameters depend on Reynolds number,
Keulegan-Carpenter number and the relative roughness but,
for this analysis, the mean values could serve as a good start.

6. RESULTS

Prior to process and analyse the results obtained from
coupled simulations in FAST, it is necessary to consider the
context and nature of the responses in order to identify the
most representatives for the purposes of this work.

The first aspect to consider is that, any tridimensional
structural system has six degrees of freedom. However, in
this study, the corresponding dynamic responses related to
the vertical axis (z-axis) are ignored because the monopile
model is considered fixed at the seabed (no displacement)
and the rotational effect in that axis is considered almost
constant for all the cases. The second aspect is related to the
side-to-side direction (y-axis). As we are considering a
heading angle of 0° for wind and wave, the dynamic
responses in y-axis will be mostly a result of the gust
component. The value of that perturbation is smaller
compared with the full wind field in the fore-aft direction (x-
axis). Therefore, analyse the responses associated with that
direction will not give useful information in this case.
Finally, there are many critical points in the monopile wind
turbine that are wusually regarded by designers and
researchers (blade root, top of tower, transition piece, etc).
However, for the purposes of this work, it is necessary to
identify the point which better reflects the combined action
of wind and wave. The point of interest in this work is where
the seabed joints with the monopile, which is also known as
mudline (ML).
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Figure 6. Influence of drag coefficient in the standard
deviation of dynamic responses.
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Figure 7. Influence of added-mass coefficient in the
standard deviation of dynamic responses.

In summary, attending the reasons exposed above, only the
results for the fore-aft shear force (Fy) and fore-aft bending
moment (M) at mudline are presented in the following
sections. Fig.8 shows the time series My response for rated
wind speed and sea state 8, as example. In all cases, the first
60 seconds of simulation, the transient part, are ignored in
order to have more realistic sensitivity indexes.
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As a reference, the relation between the maximum
hydrodynamic load and the maximum aerodynamic load for
the sea states with the largest significant wave height are
1.97 (Uw=11.4 m/s, Hg=4.380 m, Tp=10.705 s) and, 7.04
(Uw=25 m/s, Hs=7.908m, Tp=12.272 s).

The effect of the change in the sea states parameters can be
more evident in a spectrum plot. Figs. 9-10 show the
spectrum of Fx for Uw=25 m/s and sea state 6 as examples.
These spectrums have been calculated with the WAFO tool
[15]. Fig. 9 shows the spectrum for the baseline and derived
cases where the Tp has not suffer any variation. In this case,
an upward displacement in the peak value can be noticed as
long as the Hs increases and, the peak frequency remains the
same for all the cases. On the other hand, Fig. 10 shows the
spectrum for the cases in which the Hs does not suffer any
change with respect to its baseline case. As expected, a
decrement in the peak frequency can be observed as long as
the Tp increases.

Figures 11-14 show some exemplary cases where the
relation between the sensitivity indexes and the percentage
variations in a specific environmental condition can be
observed. It is noticed a very clear linear relationship
between S(Hs) and its percentage variation (triangles)
whereas the relation between S(Tp) and S(HsTp) to their
respective percentage variations, could be well represented
by a nonlinear function of second degree (circles and
squares, respectively). Therefore, the sensitivity indexes can
be modelled as Eqgs. (10)-(12)

S(Hs) = A= (6) (10)
S(Tp) =B1*(5)2+Bz*(5) (11)
S(HsTp) = Cy * (6)* + C, * (5) (12)

Where O and € are the variations expressed in percentages.
S(Hs), S(Tp) and S(HsTp) are the sensitivity indexes and,
the coefficients A, B;, B,, C;,, C, can be found with a
regression analysis using the least squares method. The
goodness of the fitting values can be measured by the
coefficient of determination (r*). Tables 9 and 10 summarize
the values of the r* coefficients for each environmental
condition and each sensitivity index. The coefficients are
coloured according to the goodness of fitting, green for the

m)

best relationships and red for the worst cases. Table 9 is
referred to the fore-aft shear force at mudline (Fx) whereas
Table 10 is for the fore-aft bending moment at mudline
(My). In both cases, the coefficients are grouped by the
mean wind speed considered in the simulation. In general,
the r* coefficients show that the sensitivity coefficients fit
well to the linear and quadratic models. Only few cases have
an r” lesser than 98% with a minimum of 91.17%.
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Figure 9. Spectrum of Fx for Uw=25 m/s, Hs=7.91 m,
Tp=12.27 s and, e=0%.
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Figure 10. Spectrum of Fx for Uw=25 m/s, Hs=7.91 m,
Tp=12.27 s and, 6=0%.

In order to develop a model which could predict any
sensitivity coefficient in the corresponding ECL, it is
necessary to use a polynomial regression model which could
be able to represents all the sensitivity coefficients as a
function of the wave height and peak period for any sea
state.



In our case, for a polynomial interpolation, it is necessary to
define two vectors which reflect the degree of the
polynomial model, Egs. (13)-(14). The fitting polynomial is
represented by a matrix (P) which contains its coefficients,
according to Eq. (15), and through a matrix multiplication,
Eq. (16) any specific sensitivity coefficient (SCF) can be
obtained. Additionally, there is also possible to use the
expanded formula for this polynomial, Eq. (17).

Ho=[1 Hs H? H}] (13)
To=[1 T, T T3] (14)

Poo Poir Poz DPos
Pio P11 P12 0
P, =
k P20 P21 O 0 (15)

P 0 0 0],
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Figure 11. Sensitivity plot of Fx for Uw=11.4 m/s and sea state

4.

Sensitivity of My
Uw=11.4 mps - Sea State 7

2.0%
—i—S(Hs)
15% | —* S(Tp)
===-S(HsTp)
=
= 1.0%
T
a
E 0.5%
@
I 0.0%
@

-0.5%

-1.0%

0% 5% 10% 15%

Percentage variation (&, £)

Figure 13. Sensitivity plot of My for Uw=11.4 m/s and sea
state 7.

(CFY=H; P Ty (16)
{SCF} = ZZ{p”}k -Hs'-Tp/ (17

i=0 j=0

A third degree has been considered necessary because the
relation between the wave height and spectral peak period is
a non-injective function and shows a nonlinear behaviour
(See Fig. 4 and 5). However, we will see in the next
paragraphs that in some cases there could be some terms that
can be neglected as their contribution to the sensitivity index
calculation is very low. The fitted p-coefficients, Eq. (15),
are summarized in Table 11 (Fore-Aft Shear Force - Fx) and
12 (Bending Moment at mudline - My).
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Figure 12. Sensitivity plot of Fx for Uw=25 m/s and sea state
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Figure 14. Sensitivity plot of My for Uw=25 m/s and sea state
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Table 9. Coefficient of determination of sensitivity indexes for fore-aft shear force at mudline.

EC 1 2 3 4 5 6 7 8 9 10
~ | S(Hs) 99.97% | 99.88% | 99.97% | 99.98% | 99.98% | 99.99% | 100.00% | 100.00% | 100.00% | 100.00%
=
5 S(Tp) | 100.00% | 99.33% | 99.75% | 99.99% | 99.88% | 100.00% | 99.91% | 99.99% | 100.00% | 99.47%
= S(HsTp) | 99.80% | 99.76% 99.90% 99.92% | 99.98% | 99.98% | 100.00% | 99.96%
5| S(Hs) 99.99% | 100.00% | 100.00% | 100.00% | 99.99% | 99.99% | 100.00% | 100.00% | 100.00% | 100.00%
S
| S(Tp) | 100.00% | 99.83% | 99.87% | 99.99% | 99.97% 99.96% | 99.92%
O
= | S(HsTp) | 100.00% | 100.00% 99.98% | 99.98% | 99.97% | 99.94% | 100.00% | 100.00% | 99.95%




Table 10. Coefficient of determination of sensitivity indexes for fore-aft bending moment at mudline.

EC 1 2 3 5 6 7 8 9 10
a S(Hs) 99.98% | 99.65% | 99.70% | 97.49% | 98.67% | 99.92% | 99.96% | 99.98% 99.99% | 99.97%
E S(Tp) 99.99% | 99.78% | 99.02% | 99.86% | 99.98% | 100.00% | 99.86% | 100.00% | 100.00% | 99.95%
= S(HsTp) - 99.85% | 99.04% | 99.85% | 99.97% | 100.00% | 99.65% | 99.75% | 100.00% | 99.92%
g S(Hs) 99.97% | 99.98% | 99.98% | 99.97% | 99.94% | 99.97% | 99.99% | 99.99% 99.99% | 99.97%
E S(Tp) 99.98% | 100.00% | 99.96% | 99.99% | 99.94% | 99.85% | 99.75% | 99.94% 99.67% | 99.99%
= S(HsTp) | 99.70% | 100.00% | 99.95% | 99.93% | 99.88% | 99.97% | 99.92% | 99.99% 99.96% | 99.54%

As two operational wind speeds, two dynamic responses,
and five sensitivity coefficients have been considered then,
there are 20 SCF to predict. Each specific coefficient can be
identified by the index ‘k’> wherek € {1,2,3, ...,20}. In both
cases, they are referred to their specific operational wind
speed, and are presented with their respective r* parameter to
show the goodness of the fit. In general, the polynomial
models show good fitting, only the SCF C, for Fx and My
and, C, for My have a low r* value but, they could be still
considered to be acceptable as they are over 88%.

These p-coefficients (P-CF) allow us to compare the
sensitivity coefficient models. The first thing that can be
observed is that, the absolute values of most of the P-CF for
the rated wind speed are relatively lesser than the respective
values corresponding to the cut-out wind speed. From Tables
11-12, it is noticed that many P-CF have absolute values
near to zero around an order of 10 or even much lesser. The
P-CF in the bottom of the table (psg, P21, P12, Po3) are more
significant because they are coefficients for third degree
terms (Hs3Tp0, HSZTpl, HslTpZ, etc.). Therefore, when the

importance for determining the corresponding sensitivity
index. In contrast, low P-CF in the top of the table (poo, P10,
Po1> P20, €tc.) mean that their contribution to the sensitivity
index could be neglected specially for the independent (pgo)
and linear terms (p;o and poy).

From the previously exposed paragraph, for cut-out wind
speed all the terms are relevant for the sensitivity indexes as
all the P-CF are relatively high. On the other hand for the
rated wind speed, there are some low degree terms that are
very small and they can be probably set to zero in a new
regression analysis considering lesser terms, for example, if
we see Table 12, X=My, Uw=11.4 m/s, k=1, the coefficient
po1 is 4.76E-04 (= 0). As a consequence, if the coefficients
poo (Hs"Tp° term) and po; (Hs’Tp term) for Fx and My at
rated wind speeds are analysed, it could be observed that in
many cases they have very low values. Therefore, in those
cases the terms have low contribution to the SCF and it
means that a variation in the base case wave height will
impact more in the calculation of the sensitivity coefficients
than the peak period.

multiplication is done, the whole product acquires
Table 11. Fitted polynomial coefficients for Fore-Aft Shear Force at mudline (Fx).
Uw=11.4 m/s Uw=25 m/s
h A B, B, C G, A B, B, C G,
{k=1} {k=2} {k=3} {k=4} {k=5} {k=6} {k=7} {k=8} {k=9} {k=10}
Poo -0.136 1.511 1.21E-03 2.152 -0.182 0.572 -4.599 0.896 -3.337 1.508
P1o 0.963 5.287 -1.548 4.592 -0.679 0.898 70.190 -14.720 67.880 -14.880
por | 3.45E-02 -0.791 5.39E-02 -1.027 0.110 -0.665 -71.580 14.380 -71.140 14.780
P20 -0.562 8.770 1.85E-02 12.220 -0.770 -0.391 -53.740 10.450 -53.570 10.850
pu 0.286 -12.820 1.092 -15.900 1.670 0.316 58.800 -10.910 59.690 -11.450
Po2 | -7.48E-03 0.230 -1.87E-02 0.290 -3.18E-02 | 6.28E-02 2.748 -0.725 2.471 -0.708
pso | 3.66E-02 | 2.44E-02 -0.146 -0.217 -0.104 2.85E-02 1.396 -0.385 1.146 -0.379
p21 | -2.20E-02 1.063 -7.99E-02 1.336 -0.127 | -4.38E-02 | -2.874 0.693 -2.585 0.694
pi2 | -7.88E-03 0.353 -3.24E-02 0.435 -4.83E-02 | 2.03E-02 0.606 -0.200 0.440 -0.191
pos | 8.93E-05 | -2.67E-03 | 3.02E-04 | -3.31E-03 | 4.58E-04 | -1.00E-02 | -0.887 0.190 -0.857 0.193
r* | 100.00% | 99.71% 99.96% 99.78% | 100.00% | 99.98% 99.75% 96.08% 100.00% | 88.41%




Table 12. Fitted polynomial coefficients for Fore-Aft Bending Moment at mudline (My).

Uw=11.4 m/s Uw=25 m/s
{pii} A B, B, C G, A B, B, C, C,
{k=11} {k=12} {k=13} {k=14} {k=15} {k=16} {k=17} {k=18} {k=19} {k=20}
poo | -1.25E-03 | 4.47E-02 | 3.74E-02 0.132 4.04E-02 0.315 -1.897 0.323 -1.755 0.661
Pio 1.76E-02 0.299 -0.126 0.209 -0.130 -1.425 35.800 -6.274 37.350 -8.318
Poi 4.76E-04 | -2.46E-02 |-9.67E-03 | -5.39E-02 | -1.01E-02 1.315 -36.980 6.301 -39.150 8.256
P20 3.71E-02 0.324 0.156 0.757 0.201 1.080 -27.150 4.606 -28.730 6.148
pu 9.15E-03 -0.528 -8.90E-02 | -0.930 |-7.60E-02| -1.087 29.500 -4.919 31.500 -6.510
Poz | -2.01E-04 | 8.14E-03 | 1.93E-03 | 1.55E-02 | 1.79E-03 | -5.50E-02 1.612 -0.291 1.658 -0.374
Pso | -5.57E-03 | 2.12E-03 |-2.06E-02 |-3.30E-02 | -2.77E-02 | -4.70E-02 | 0.792 -0.152 0.759 -0.211
P21 -1.79E-03 | 4.91E-02 | 9.63E-03 | 8.87E-02 | 7.41E-03 | 7.30E-02 | -1.573 0.285 -1.576 0.384
piz | -3.12E-04 | 1.38E-02 | 2.15E-03 | 2.39E-02 | 1.75E-03 | -2.04E-02 | 0.376 |-7.47E-02| 0.350 -0.101
Pos 3.20E-06 | -4.31E-05 |-1.19E-05 |-8.91E-05 | -1.13E-05 | 1.79E-02 | -0.469 8.11E-02 | -0.490 0.107
r* 100.00% 99.99% 100.00% | 99.98% 99.99% 99.93% | 97.85% 99.84% 91.01% 90.64%
nonlinearities have considerable influence in the wave
7. CONCLUSIONS AND FUTURE WORK kinematics.
In the present study, a sensitivity analysis has been ACKNOWLEDGEMENTS

performed using the environmental contour method. The
main purpose of this work is to investigate the impact in the
short-term  response  (variance  propagation)  when
uncertainty is introduced in the environmental parameters.
The traditional ECM is used to select few proper and
reasonable sea states for offshore wind application with a
50-yr return period. All the simulations were carried out in
the FAST program using the Kaimal and JONSWAP models
for wind and wave kinematics, respectively.

The results showed that the relation between the sensitivity
indexes of the standard deviations of the responses at
mudline can be well represented by functions of the
uncertainty of the sea states parameters (&, €). A linear
relationship was observed when only a variation in the wave
height is made. For the case when the variation is applied
only to the spectral peak period, and when the same
variation is applied to the combination of wave height and
peak period, a quadratic relationship was perceived. A
polynomial fitting was select to represent the trend of all the
sensitivity coefficients in order to predict the sensitivity
ratios for other sea states not simulated. These polynomials
facilitate the comparison between different conditions and
responses, and also help to determine the polynomial terms
with higher influence.

Further research has to focus on adding complexities to this
procedure. The inclusion of survival strategies and
operational modes in the determination of the environmental
contour line can increase the accuracy of the fitted models.
This can be done by using the Modified Environmental
Contour Method (MECM). In this work, the same random
seeds have been used for all the simulations, increasing the
number of random seeds could help to improve the accuracy
of the results and represent better the stochastic nature of the
environmental parameters. Finally, as this work is relying on
simulations, implementing a higher degree nonlinear
hydrodynamic model in FAST can help to represent with a
better accuracy the hydrodynamic forces over the structure,
especially when shallow water is considered and, the
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