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Introduction

Taiwan has recently started to evaluate the poten-
tial for offshore wind energy production off its west
coast, which was selected by 4C Offshore Limited as
one of the world's best wind locations [1], having con-
siderable development potential due to high wind ener-
gy, stable wind speed, and shallow water depth.

The authors [2, 3] previously showed that typhoon
conditions are crucial design problems for the ultimate
strength of the unit. However, fatigue strength can be
just as significant, especially at the tubular joint con-
nections of the jacket support structure that are subject-
ed to numerous load cycles during the 20 years of de-
sign life. To this end, the authors [4] recently conducted
time-domain simulations to reproduce the long-term
evolution of the wind and wave loads on the unit and to
evaluate the corresponding structural response. This
was done by collating joint probability tables to pro-
duce a covariance matrix for the considered environ-
mental load parameters, namely wave height, wave
period, and wind speed, and then stochastically gener-
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ate the desired 20 years of weather states through
Cholesky decomposition of said covariance matrix.

While this recent study was highly beneficial in
terms of validating the adopted Finite Element-derived
Closed Form (CF) approach, not to mention demon-
strating the low damage inflicted upon the jacket foun-
dation’s X-joints, a lack of sufficiently detailed envi-
ronmental data led the authors to implement the present
study, which seeks to provide a more accurate fatigue
life assessment based on the probabilities of occurrence
of each combination of environmental parameters,
taken directly from a set of decomposed joint probabil-
ity tables, while further reducing computation times.

Due to the long computation times of time-domain
simulations, this study adopted the same wave load
generation models and CF structural response ap-
proaches that were previously shown to be a good
trade-off between time-efficiency and simulation accu-
racy, as well as a more realistic wind load generation
model. The calculations were conducted according to
DNVGL Guideline [5], in compliance with the IEC’s
61400-1 International Standard [6].



The long-term environmental conditions are de-
scribed in the second section of this paper, and the
short-term conditions, based on IEC and DNV guide-
lines, and the numerical models employed to calculate
the wind and hydrodynamic loads are described in the
third and fourth parts. The fifth part of the present pa-
per presents the hot spot stress evaluation approach that
combined FE-derived Closed-Form expressions of the
nominal stresses at the tubular joints and stress concen-
tration factors. Finally, the fatigue damage was as-
sessed using the Rainflow Cycle Counting scheme. The
fatigue life assessment results and suggestions for fu-
ture improvements are discussed in the Conclusions.

Long-term Statistical Representa-
tion of Environment

The long-term statistical environment was based
on a preliminary site survey gathered over three years.
In this survey, six scatter diagrams, showing the num-
ber of one-hour observations of each significant wave
height and peak wave period (Hs-Tp), were presented
for a range of hub height wind speeds Up,. Joint prob-
ability tables for wind speed, wind direction, wave
height, and wave period were analyzed, and, based on a
strong correlation between wind speed and wave height,
i.e. corr(Uny, Hs) =0.72, and high similitude between
the normalized component probability distributions for
wind direction 0,4, Which suggested that Up,p-Ouwng
joint probabilities could be uniformly applied to the
other parameters, each of the six Hs-T,-Up,, diagrams
were further decomposed into twelve tables, one per
wind direction, such that the probability of occurrence
of each combination of said environmental parameters
could be easily referenced from 72 Hs-Ty-Unus-Ownd
joint probability tables, with a total of 120 Hs-T,, proba-
bilities per table x 72 tables = 8640 combinations.

In this way, the contribution of each short-term
condition to the total fatigue life was weighted by its
frequency of occurrence, such that the fatigue damage
was mostly driven by frequently occurring mild wind
and wave conditions, as opposed to extreme conditions,
such as typhoons, that occur more seldom, and would
represent only a small part of the total fatigue life of the
structure.

Short-term Time Domain
Wave Loads

For each sea state, the selected JONSWAP sea
spectrum [7] and directional spreading function were
applied to obtain an irregular, time-varying flow field,
for which the consequent wave loads were determined
by the Morison equation, as expressed in Eq. (1), exe-
cuted via the in-house HydroCRest code. The determi-
nation of coefficients follows DNVGL Guideline [5],

where the slamming term F, is neglected in normal
wave conditions.

Based on the superposition solution of potential
flow theory, an irregular sea surface can be decom-
posed into an infinite number of regular component
waves, which are formulated by amplitude, direction,
frequency, and phase. For a given power spectrum, i.e.
directional JONSWAP, Eq. (2), the amplitude is calcu-
lated by Eq. (3). The JONSWAP formula is expressed
by Eq. (4), and the directional spreading function is the
cosine-power equation, as Eq. (5). A GPU accelerator
was utilized [9] to speed up the wave load simulation
for parallel processing thousands of component waves
and element nodes and then sum reduction of each line
load to an overall overturning moment to comply with
the close-form formulation of FEA. Figure 1 shows the
nodal forces and total force in HydroCRest. Figures 2
plot the time series of OTM magnitude of the two
demonstrated spectrums at Hg = 1.4m and 4.0m.
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Figure 1. Nodal load distribution on members (thin lines)
and total load (thick lines) in irregular sea



Short-term Time Domain
Wind Loads

On the short-term wind model, the concept of
wind turbulence is explained in DNV [5] as “the natural
variability of the wind speed about the mean wind
speed Uy in a 10-minute period” for which “the short-
term probability distribution for the instantaneous wind
speed U can be assumed to be a normal distribution”
with standard deviation oy. In the present study, the
short term wind states were modeled on the IEC 61400-
1 Normal Turbulence Model (NTM) [6], with a refer-
ence turbulence intensity of Il = 0.16, as per the re-
quirement of the Taiwanese Ministry of Economic
Affairs [10] that the pilot wind turbine to be installed in
the Taiwan Strait Offshore Wind Farm must be IEC
61400-1 Class 1o compliant. Following the NTM, the
standard deviation ay; of the wind speed for a given Uy,
is calculated by Eq. (6):
oy = Ler(0.75 Uy + 3.8) ©)

In order to generate a more realistic short-term
wind state, the wind speed fluctuations were calibrated
against real on-site data by applying a non-linear least
squares regression analysis to the fast Fourier trans-
forms (FFT) of the wind speed data over consecutive
10-minute periods, and then reconstructing the signals
(Fig. 3 — top). The wind fluctuations were then further
randomized by randomizing the phase shifts of the
component harmonics (Fig. 3 — bottom). The regression
curve amplitudes were then scaled so as to produce a
final signal which conforms to the IEC NTM.

Figure 2. Time-history of ‘rﬁagnitudes of overturning
moments in two sea states
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Figure 3. Reconstructed FFTs of real wind data

Due to the large number of transient wind load
calculations to be made over the simulated life time, an
unsteady blade element momentum method (UBEM)
was adopted to calculate the aerodynamic loads on the
wind turbine. Due to its maturity, the BEM is widely
employed for the design and analysis of wind turbines
[11]. The blade element theory discretises the rotor into
a number of 2D airfoil sections, such that the axial and
tangential loads on each 2D section may be calculated
from the respective airfoil’s lift and drag characteristics
for the respective local relative flow velocity and angle.
These local loads are then integrated along the length of
the rotor blades and multiplied by the number of blades,
as per Eq. (7), to determine the total thrust and rotor
torque:

dFy = nE%prg: ff(cl cosg + Cy cosg)edr

()
dQ = ﬂg%praz ff((]l sin ¢ + C; cos@)erdr

The BEM model was validated against the power
curve provided by the 3.6 MW wind turbine manufac-
turer [12] for the full range of normal operating condi-
tions, taking into consideration cut-in, cut-out, and
supra-nominal (pitch control) wind velocities, and was
found to correlate very well with the official data.

To account for stochastic loading, due to fluctuat-
ing wind speeds, and deterministic cyclic loading, due
to rotor-tower interaction, wind shear profile due to
friction with the ocean surface, and tilt angle effects,
the wind turbine rotor plane was discretized onto a
radial grid, such that the Cartesian coordinates of the
blade elements (taking into consideration tilt, coning
angle, and rotor overhang (Fig. 4)) are known through-
out the rotor plane, thereby allowing for easy computa-
tion of relative wind components in terms of each blade
element’s local coordinate system. In this way, the wind
load time step is easily set via the angular component of
the radial grid.

The effects of the wind turbine tower on the up-
stream flowfield were modelled by assuming potential
flow around a circular cylinder [13] (Fig. 5), such that
the radial and angular components of the flow velocity
at a considered pointzare given by Eq. (8):

Uy = Uo (1 -5 )cose
RZ (8)
U = —U., (1 +r_=) sin @

A wind shear profile was included, such that the
wind velocity at height z for a specified hub height
velocity U(H) is given by Eqg. (9):

o
U(z) = U() () ©
where the power law exponent for offshore locations is
taken as o = 0.14, in accordance with DNV [5].



Closed-form Evaluation of
Hot Spot Stress

Using beam elements, a structural finite element
model of the unit was built, which included the tower,
the mass of the rotor nacelle assembly, the jacket, and
the four piles, for which the interaction with the soil
was reproduced using nonlinear elastic spring connect-
ors. The wind thrust at the nacelle and hydrodynamic

line loads on the jacket were produced by HydroCRest.

Figure 6 shows the finite element model of the offshore
wind turbine. The computation time required to conduct
the static Finite Element Analyses was approximately
0.5 s per time step, which would require several weeks
of computations for the millions of wind and wave
induced load cycles to simulate during a 20-year design
life. A faster approach was thus adopted to conduct
rapid fatigue life assessments that consisted in deriving
from FEA results the Closed-Form (CF) expressions of
the nominal stress at the tubular joints connection in the
jacket structure as a function of four global load param-
eters (Fig. 6):
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Figufe 5. Potential flow tower model

»  the amplitude and direction of the hydrodynamic
load (i.e. wave and current on jacket) induced
overturning moment at the mudline (OTMpyygro
and BHydro)a and

»  the amplitude and direction of the wind load (i.e.
tower and blades) induced overturning moment at
the mudline (OTMWind and BWind)-

The structural stress assessment at the joints for
more than 8000 wind and wave load combinations were
conducted through static FEAs that corresponded to
various combinations in amplitude and directions of the
4 global load parameters entailed in the Closed-Form
expression. A unique regression expression was then
fitted for each FE-nodal stress at the joints’ connections
through a set of constant parameters (C, to Cg) as pro-
vided in Eq. (10).

Shom = (Cl 'OTMWind +C2)’COS(BWind +C3)+C4 'COS(ﬁHydro +C5)
+(c6 -OTM{yar0 +C7 -OTMy 4 +cg)
(10)

The nominal stresses at 545 nodes in the global FE
model produced by the Closed-Form expressions and
those extracted from the global FEA for 8321 FE-load
combinations and two different water depths. The
Closed-Form expressions were determined using the
FE-results corresponding to the average high-tide water
depth FE-load cases. The same Closed-Form expres-
sions were then employed to reproduce the nominal
stresses computed for the low-tide FE-load cases, and it
appeared that the accuracy was still satisfactory despite
a hydrodynamic line load distribution obtained for a
water depth 3.5 m shallower. The Closed-Form nomi-
nal stress expressions approach enabled a significant
reduction of the computation time to approximately
0.722 ms per time step. Finally, the hot spot stresses at
8 spots around the circumference of the considered
connection were obtained by including the stress con-
centration factors according to DNVGL [14].

v . r |
Figure 6. Offshore wind turbine finite element model and
CF expressions for load parameters at the mudline.
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Fatigue Assessment

This study examined the fatigue life of 6 K-joints
on each face of the jacket (Fig. 6). Those joints’ loca-
tions were deemed sufficiently remote from the tower’s
flange and pile sleeve connections' influence that were
approximately represented in the FE model through
rigid kinematic couplings. Therefore, at those joints, the
nominal stress approach, as described in the previous
section, would provide sufficient accuracy for the fa-
tigue analysis. The hot spot stress was then calculated
at 8 spots around the circumference of the intersection
on the brace and the chord side according to DNVGL
[14] formulations.

For the most contributing wind speed of 17.5 m/s,
a sensitivity study was conducted to evaluate the accu-
racy of the fatigue damage prediction for various short-
term environment condition settings in terms of:

»  duration: 10 min, 20 min, 30 min and 60 min,
»  time-step interval: 0.25s,0.75s,1.0sand 1.5s.

The reference computation entailed a 60-min load
duration, which is consistent with the long term wave
and wind observations in the scatter diagrams, and a
0.25 s time-step that enabled our wind/wave load mod-
els to capture very short variations of load such as the
tower effects and the smallest component waves. The
results produced for this setting will be employed as
reference basis for the comparison with other settings.

The stress distribution was then obtained by the
Rainflow Counting stress Cycles method, and the fa-
tigue damage was produced for the ‘T class S-N curve
provided by DNVGL [14]. Since the short-term envi-

Figure 7 shows the damage predictions and their
related numbers of time steps, which represent time of
computation. It can be observed that the damages ob-
tained for 10-min and 20-min durations overestimated
the damage obtained by the reference computation,
while for the 30-min duration the results were converg-
ing. Additionally, the time-step intervals 0.75sto 1.0 s
resulted in good accuracy of damage prediction com-
pared to the reference 0.25s setting, whereas for
At=15s the damage predictions were significantly
underestimated .

Figure 8 shows the stress range distribution ob-
tained by Rainflow stress cycle counting method for
various load durations. It appeared that the stress range
distribution produced for the 10-min load duration
overestimated that obtained for the 60-min duration,
whereas for the 20-min and especially the 30-min dura-
tions, the distributions came very close to the reference
calculation. This is consistent with the damage results
observations made in Figure 7.

Table 1 lists the damage results and shows the ac-
curacy of the damage in terms of ratio of the damage
prediction for given load settings to the reference dam-
age produced for 60 min short-term condition duration
and 0.25 s time step interval. An optimal setting of 30
min duration for 1.0 s time-step interval was found to
be a good tradeoff between accuracy (88%) and fast
computation (1800 time-steps) and will be employed
for the fatigue assessment.

Table 2. Fatigue damage results

Tubular joint Fatigue damage for 20 years design life (-)

ronmental conditions were defined for different dura- FaceA FaceB FaceC FaceD
tion t, the damage was scaled up to the 20-year design Kla 0.044 0.242 0.044 0.244
life as expressed in Eq.(11) to be comparable. Klb 0.353 0.079 0.352 0.080
Daoys == Dt-min (11) K2b 0162 0013 0159  0.013
K3a 0.076 0.304 0.076 0.304
Table 1. Fatigue damage accuracy K3b 0.489 0.024 0.484 0.023
t [min] At [5] Ntime-step Dt-min DZOyrs ACCUFaCy
10 025 2400 | 1.083E-06 114 | 141% D)
10 0.75 800 1.054E-06 1.11 138% 12
10 1 600 1.049E-06 1.10 137% +| Tt ’
10 15 400 | 1.003E-06 106 | 131% : ; )
20 0.25 4800 1.717E-06 0.90 112% 0.8 - - e
20 075 1600 | 1.658E-06 0.87 | 108% 06 K i
20 1 1200 | 1.684E-06 0.89 | 110% R [T e 30 min, At= 105
20 15 800 | 1.544E-06 081 | 101% 04 o= Tomn
30 025 7200 | 2.055E-06 0.72 90% 02 || JiZ50mm
30 0.75 2400 1.995E-06 0.70 87% ] «t= 60 min
30 1 1800 | 2.012E-06 0.706 | 88% 0 Number of fime-steps
30 15 1200 1.841E-06 0.65 80% 1.E+02 1.E+03 1.E+04 1.E+05
60 0.25 14400 | 4.592E-06 0.81 100% Figure 7. Damage predictions vs. time of computation for
60 0.75 4800 4.449E-06 0.78 97% various load settings.
60 1 3600 4.459E-06 0.78 97%

60 15 2400 4.314E-06 0.76 94%




For each of the 8640 short-term conditions the fa-
tigue damage was evaluated as previously described.
The total fatigue damage was then produced as the sum
of all the damage weighted by its corresponding long-
term statistical frequency. Table 2 presents the fatigue
damage of the tubular joints in the jacket. It can be
observed that the most critical joints were the K3 'a' and
'b' that were located low in the jacket and thus under-
went high levels of stresses, especially from the legs.
Additionally, the short-term condition that contributed
the most to the fatigue was that with a 22.5 m/s wind
speed, which is just before the cut-out speed of 25 m/s,
a significant wave height of 2.25 m, and zero-crossing
period of 7.5 s.

Stress range (N/mmz2)
80
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Probability of exceedance (-) 0

1.E-04 1.E-03 1.E-02 1.E-01 1.E+00

Figuire 8. Stress range distribution for various short-term
durations and At = 0.25s.

Conclusions

This study presented a fatigue life evaluation
methodology for fixed-type offshore wind turbine
foundations using time-domain simulations and the
Rainflow Cycle Counting method. A long-term statisti-
cal environment, based on a preliminary site survey
comprising three years’ worth of one-hour observations
served as the basis for a convergence study for an accu-
rate fatigue life evaluation. Short-term conditions based
on IEC and DNV guidelines were generated for a num-
ber of load durations and time steps, and an optimal
load setting of 60-min short-term environmental condi-
tions with 1.0 s time-steps was then selected based on a
sensitivity study on the fatigue damage prediction.
After analysis, an insufficient fatigue strength was
identified which would require further calculations
involving more extensive long-term data measurements
in order to confirm those critical results.. Longer simu-
lations are thus required in order to determine an opti-
mal life time of simulation that, in the future, could be
employed to conduct time-efficient fatigue assessment
entailing global finite element analyses.
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Numerical Convergence Study of Long-term Time-domain Fatigue Damage
Simulation for Jacket Foundation of Offshore Wind Turbine
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ABSTRACT

This study evaluated the fatigue life of the jacket support structure of a 3.6 MW wind turbine operating in an
offshore wind farm by time-domain simulations. The long term statistical environment was based on the wind-wave
scatter diagrams and joint probability tables of a preliminary site survey that define total load cases. The wave loads
were determined by the in-house HydroCRest code, and the wind loads by an unsteady BEM method. The Finite
Element model of the jacket foundation was built using Beam elements. Nominal stresses at the tubular joints were
extracted and stress concentration factors were applied to obtain the hot spot stress. The fatigue damage was then
assessed for an adequate S-N curves through the Rainflow Cycle Counting scheme. Computational expense and
simulation times for such time domain analyses are typically very high; we therefore improved the algorithm of
HydroCRest and combined FE-derived Closed-Form expressions of the nominal stress to reduce the computational
time, and conducted a convergence study to minimize the number of time steps for the accumulated fatigue damage
prediction over 20 years. An optimal load setting of 30-min short-term environmental conditions with 1.0 s time-
steps (interval) was employed to assess the fatigue life of the jacket. As a result, a critical fatigue damage value of
0.489 was predicted at the bottom leg-brace K-joints. Further calculations involving more extensive long-term data
measurements in order to confirm those results.
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