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Abstract. Fatigue is a governing limit state for the design of an offshore wind turbine (OWT). The fatigue loads
are not only strongly dependent on the action of waves and wind but also on the site-specific soil properties. The
present article is aimed at investigating the effects of cohesive and non-cohesive soils on the fatigue damage of
a monopile foundation in water depth of 20 meters, using SIMA-RIFLEX for coupled aero-hydro-servo-elastic
simulations and TurbSim for spatio-temporal stochastic wind speed generation. The turbine model is based on the
5-MW reference wind turbine described by NREL (National Renewable Energy Laboratory) and the soil-structure
interaction is simulated by applying p-y curves proposed by API-RP-2GEO (2011) and DNVGL-ST-0126 (2016).
Fatigue damage is estimated with use of rainflow counting (RFC) method, which is used in combination with
Palmgreen-Miner rule and S-N curve proposed by DNVGL-RP-C203 (2016). It was identified that, depending on
the soil type, the degree of fatigue damage can vary as well as the critical region along the monopile.
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1 Introduction

The world has been experiencing an exponential growth in terms of offshore wind installed capacity, reaching
a cumulative power capacity greater than 29 GW (Lee and Zhao [1]] ). Many of this wind power is generated by
offshore wind turbines (OWTs) that are supported by monopile, as this type of foundation has proved to be a
economical choice when considering shallow water depth. However, due to its high length-diameter (L/D) ratio,
ranging from 3 to 8, this type of structures is very susceptible to dynamic loads induced by wind and wave action.

Adding to this, it must withstand the forcing loads generated by the operational frequency of the turbine. This
dynamic excitation is produced by the speed in which the rotor operates, the so-called 1P frequency, and also by
the blade passing frequency, which is called 3P frequency. Due to this, designers must pay close attention to the
natural frequency of the structure, always looking forward to prevent resonance. To do so, it is of utter importance
to consider the soil-structure interaction, because it may change the stiffness of the structure and, consequently, the
resonance frequency.

In this paper, the fatigue limit state (FLS) of a monopile foundation, in water depth of 20 meters, is analysed
in order to identify the effects that cohesive and non-cohesive soils may have on the fatigue damage of an OWT.
The soil-structure interation is based on the model proposed by Winkler, which considers the soil resistance as a
spring with stiffness given by the p-y method.

2 Reference Turbine Model and Support Structure

2.1 NREL 5MW baseline offshore wind turbine

The model used for the analyses was the same as proposed in Gomes [2f], which is based on the NREL SMW
reference wind turbine, however, with the transition piece included. It has a hub height of 90 m relative to the
sea water level, a rotor diameter of 126 m and, most importantly for fatigue design, a turbine operation period
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ranging from 5 to 8.6 seconds (1P frequency), with a blade passing period varying from 1.65 to 2.86 seconds (3P
frequency) (Jonkman et al. [3]).

The structure was modeled in RIFLEX, which is a modeling tool developed by MARINTEK [4]. This
software allows the user to consider coupled non-linear aero-hydro-servo-elastic simulations. Blades, tower and
monopile were modeled as axisymmetric pipe with Young’s modulus E = 210 MPa and shear modulus G = 80.8
MPa. The monopile considered in this work has 6 m in diameter, thickness of 0.06 m, and an embedment length
of 36 m.

2.2 Soil-structure interaction

In this study, the lateral system response is obtained using the beam on, the so-called, nonlinear Winkler
foundation model. As a consequence, the monopile was discretized into beam elements of 1.0 meter, each one of
them attached to a equaly spaced soil spring. The spring force is computed in accordance with the relationship
between the soil resistance ’p” and the pile deflection y”, which is obtain from the p-y curves proposed by API-
RP-2GEO [3]] and DNVGL-ST-0126 [[6]. As for the vertical system response, the structure was considered to be
vertically restrained.

For the analysis in cohesive soil (s,, < 100k Pa), the ultimate lateral resistance is described as:

) Bsu+v2)D+ Jsyz, if0<z< 2, 0
Pu 95, D, otherwise
the p-y curve, for cyclic loading and z > z,, is defined as:
Pu Y13
— (=)77, ify < 3ye
p=19 2 Ve (2)
0.72py, otherwise
and the p-y curve, for cyclic loading and z < z,., is defined as:
SO, ify < 3y
Ye
2 Y- 3yc .
p= 072pu(1 - (1 - 7) )7 if 3Yye <y < 15y €)]
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0.72p,, —, otherwise
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where z, describes the depth below soil surface, in meters, where the ultimate lateral resistance exceeds the limit
of 9s,, D, D is the pile diameter in m, - is submerged unit weight in kN/m?, s,, is the undrained shear resistance
in kPa, y. is the deflection at one half the ultimate soil resistance, estimated as (2.5¢.D), and, finally, €. and J are
parameters that describe the load-deflection curve.

For the analyses it was chosen 3 different values for the undrained shear resistance 10kPa, 20kPa and 50kPa.
The values for €. were taken in accordance to Table|l| (Ruigrok [7]).

Table 1. s, and €. relationship (adapted from Ruigrok [7])

Consistency €. [-] s, [kPa]
Very soft 0.02 <13
Soft 0.02 13-25
Firm 0.01 25-50

Others parameters adopted were J=0.5 and submerged unit weight of 8.5kN/m3.
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As for the non-cohesive soil, 3 different soils with 25°, 30° and 35° were analysed. The ultimate lateral
resistance for this type of soil is described as:

_ J(C1(¢)z+ Ca(¢) D)y 'z, for shallow depth @
Pu= Cs(¢)Dvy z, for deep depth

and the p-y curve, for cyclic loading, is defined as:
kz
= 0.9py,tanh (| —— 5
p putan ( 0.9, ) o)
where C (), C2(¢) and C5(¢) are coefficients that depend on the internal angle o friction (¢) and k is the initial

modulus of subgrade reaction, which can also be obtain by a given internal angle o friction (¢), as provided in
Table [2] (1ISO-19902 [8]).

Table 2. ¢ and k relationship (adapted from ISO-19902 [8])

Descriptive term  Internal angle of friction M N/m3

Very loose 25° 5,4
Loose 30° 11
Medium dense 35° 22

Please note, with increasing undrained shear resistance and increasing internal angle of friction, the initial
soil spring stiffness is also increased. It can be seen in Fig.[I(a)] for cohesive soil and in Fig. [I(b)} for non-cohesive
soil. This behaviour draws attention to the importance of conducting coupled soil-structure analyses when it comes
to OWT, as it may affect the natural frequency and consequently its dynamic response to external loading.

1.4x 6x10°
[esex 25°
1.26x 5.4x10% -
A — 30° |
2 O
PR o 4sa0 380
= 2 d \aad
= 938 £ 42x10
& z ‘
2 §.4x o 3.6x10°
=4 3 ]
k= Tx 3 3x10°
B 5607 F 240
3 42107 = 1.8x10
28x107 1.2x10
1.4x107 610
0 006 012 018 027 03 036 0 018 03 06 0 0015 0,03 0.045 0.06 0.075 0.09 0.105 0.12 0.135 0.15
Pile deflection (m) Pile deflection (m)
(a) Cohesive p-y curve at 12m depth (b) Non-cohesive p-y curve at 12m depth

Figure 1. Extracted p-y curves for cohesive and non-cohesive soil.

2.3 Natural period

As discussed, OWTs are prone to dynamic excitation due to turbine operation, wave and wind incidence.
Consequently, it is interesting to consider the effect that the soil properties may have on the natural period of the
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lowest mode of vibration. In this study, it is possible to see a correlation between the initial soil stiffness of the
p-y curve with the natural period of the structures in cohesive and non-cohesive soil, respectively. The greater the
inclination of the curve in Fig.[I(a)]and in Fig.[I(b)] the lower is the natural period in Table[3] This is in agreement
with what one must expect to happen, considering that the system has the same mass, but increasing stiffness.

Table 3. First resonance periods according to soil type

Undrained shear strength ~ Natural period (fore-aft) Angle of friction Natural period (fore-aft)

10 kPa 4.63s 25° 4.06 s
20 kPa 4.52s 30° 397s
50 kPa 4.25s 35° 3.89s

3 Environmental Conditions

The environmental conditions were taken as the same as provided in Gomes [2]], for the design load case
(DLC) 1.2 (Table E]) It was based on the Campos Basin data provided in Gongalves et al. [9], with co-diretional,
unidiretional wind and wave. Current was not considered as it may introduce an additional damping to the system,
possibly reducing the damage (IEC-61400-3 [10]).

Table 4. Environmental condition (adapted from Gomes [2])

Environmental State ~ Vj, [m/s]  Hg[m] T}, [s] Frequency Factor [-]

El 4 3.7 11.4 8.99E-02
E2 6 43 11.9 3.24E-02
E3 8 4.8 12.4 1.28E-02
E4 10 5.2 12.7 5.37E-03
E5 12 55 13.1 2.35E-03
E6 14 59 13.4 1.06E-04
E7 16 6.1 13.7 4.92E-04
E8 18 6.4 14 2.34E-04
E9 20 6.7 14.2 1.13E-04
E10 22 6.9 14.7 5.56E-05
Ell 24 7.1 14.9 2.77E-05

In order to consider the wind loads as realistic as possible, it was used TurbSim (Jonkman and Kilcher [[11]]),
a software capable of simulate stochastic and full-field turbulent wind velocity. It was used a Kaimal spectral
model with turbulence intensity of 14% and power law exponent of 0.14, which is in accordance with IEC-61400-
3 [10] wind class IIB. For the arodynamic loads, RIFLEX applies the blade element momentum (BEM) theory
(MARINTEK [4]). As for the hydrodynamic loads, it was used JONSWAP spectrum combined with Morison’s
equation, applying a drag coefficient of 0.9 and a mass coefficient of 2, as per Velarde and Bachynski [12].

Time domain simulations were conducted with a time step of 0.01 seconds. Simulations of 3800 seconds
were applied for each environmental condition, with a cut-off of 200 seconds in order to remove the transient
period. Moreover, the structural damping was given by Rayleigh model, with a damping ratio of 2%.
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4 Fatigue Damage Calculation

It was taken 5 representative regions along the monopile, based on its diameter D=6 m, at the mudline (z=0Om),
at 1D (z=-6.5 m), at 2D (z=-12.5 m), at 3D (z=-18.5 m) and at 4D (z=-24.5 m). In all these regions, the stress-time
series was calculated considering only the bending moment, as given in eq. (6).

M M, .
o= —Lrcos(0) + —=rsin(f) (6)
1, I,

where I, and I, are the cross-section moment of inertia, M, and M, are the moment about the local y and z axis,
r and @ is the radial position.

The fatigue damage is computed using the rainflow counting (RFC) algorithm, and Palmgren-Miner’s rule
for linear fatigue damage accumulation. This procedure is extensively applied in the offshore industry and makes
use of S-N curves proposed by DNVGL-RP-C203 [13]] in order to estimate the structural damage caused by each
stress cycle. For this work, it was used the curve C1 for structures in seawater with cathodic protection.

5 Simulation Results and Discussion

5.1 Critical region for cohesive and non-cohesive soil

The results for selected regions along the monopile in cohesive and non-cohesive soil is shown in Fig. [2]
which also shows the contribution of each environmental state for the damage. Depending on the soil type, the
maximum fatigue damage experienced by the monopile varied between 1D (-6.5 m) and 4D (-24.5 m).

For the non-cohesive soil the critical region was clear to identify rather than it was for the cohesive. The
former had its critical region localized around 1D (-6.5 m), whereas the latter had its critical region ranging from
2D (-12.5 m) to 4D (-24.5 m). This pattern can also be seen in the maximum bending moment envelop extracted
from analyses, shown in Fig.[3] It is clear to see that the maximum moment is localized in different regions for
each soil type, but with great similarities to the critical regions pointed out by the fatigue damage simulation.
This behavior can be associated with the differences in the resistance provided by cohesive soil when compared
to the non-cohesive soil. As show in Fig. and in Fig. the cohesive soil considered in the analyses tend
to have lower soil resistance when compared to the non-cohesive soil. Due to this, during dynamic analyses, the
non-cohesive soil offers greater resistance to the loads at lower depths, pushing the point of fixity to 1D (-6.5m)
and, consequently, experiencing the highest bending moment at this level. Meanwhile, for the cohesive, because
of its lower soil resistance, the point of fixity remain at 2D (-12.5 m) or deeper 4D (-24.5 m).

5.2 Non-cohesive and cohesive soil comparison

Overall, the damage, in the critical region, experienced by the structures in cohesive soil were greater than
for the non-cohesive soil. However, within cohesive soil, for lower undrained shear strength, the fatigue damage
were greater, in any environmental state, as shown in Fig. (a)] Same pattern was identified with structures in
non-cohesive soil, which shows that lower internal angle of friction leads to greater damages, regardless of the
environmental state, as shown in Fig.

It shows how important it is to consider a coupled soil-structure analyses when it comes to fatigue estimation.
Changes in the soil resistance leads to different natural frequencies, what in turn will increase or decrease the
fatigue damage sustained by the structure, regardless of wave and wind action, in the respective critical region.
For quantitative results, the Table [5] shows a summary of the normalized fatigue damage according to soil type.
Following these results, a reduction of 28% in the internal friction angle led to a increase of 74% in the fatigue
damage. While, for cohesive soil, a reduction of 80% in the undrained shear strength led to a increase of 739% in
the fatigue damage.
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Figure 4. Fatigue damage contribution of the environmental state for cohesive and non-cohesive soil. Bars are
overlaid.

Table 5. Normalized fatigue damage (NFD) according to soil type

Undrained shear strength NFD Internal friction angle NFD

10 kPa 8.39 25° 1.74
20 kPa 3.31 30° 1.31
50 kPa 1 35° 1

6 Conclusions

The closing remarks for this study are:

o It was identified that, for the conditions adopted, the critical region was localized at 1D (-6.5 m) for cohesive
soil and at 2D (-12.5 m) onwards for non-cohesive soil. This is due to a higher stiffness provided by the non-
cohesive soil at lower depths as compared to the cohesive soil. This trend was both identified in the maximum
bending moment envelop (Fig.[3) and in the cumulative fatigue damage along the monopile (Fig. [2);

e The lower the undrained shear strength (cohesive soil) and the internal angle of friction (non-cohesive soil),
the greater will be the fatigue damage, regardless of the environmental state. As shown in Table 3] lower
values of angle of friction and of undrained shear strength led to higher natural period, which indicates a
more flexible structure. This higher flexibility leads to higher amplitude of vibration and, consequently,
higher damages. This also explains why the cohesive soil sustained higher damages when compared to the
non-cohesive soil, as the former allows the structure to vibrate more freely because of its less stiff soil;

o It was identified a increase of 74% in the damage for a reduction of 28% in the internal angle of friction
for the non-cohesive soil. Whereas, for the cohesive soil, it was identified a increase of 739% in the fatigue
damage for a reduction of 80% in the undrained shear strength.
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