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Abstract

This study aims to investigate the challenges and feasibility of extending monopile technology for larger wind turbines and
deeper water.

Preliminary monopile designs to support the DTU 10 MW reference wind turbine were established for water depths 20 m, 30
m, 40 m and 50 m. To properly account for the pile-soil interaction and the rigid pile behavior of large-diameter piles, lateral soil
stiffness was derived using the finite element software Plaxis 3D.

To verify the preliminary design, FLS analyses were done using the SIMO-RIFLEX computational tool. As the water depth
increases, the contribution of hydrodynamic loads to fatigue damage is found to be larger. A method for predicting total fatigue
damage using fewer representative sea states was introduced: a fatigue Damage Parameter (FDP) was established to correlate
fatigue damage to environmental condition by means of thrust, significant wave height (Hs) and wave peak period (Tp), and to
select representative conditions. Using at least 30% of the total number of conditions resulted in at least 90% accuracy in damage
prediction.
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1. Introduction

The offshore wind energy market, particularly in Europe, has achieved a rapid growth in the past several years.
The offshore wind energy market’s growth is related to the European Union’s renewable energy policies, which aim
for at least 27 % of the final energy consumption from renewable energy sources at the end of 2030 [1]. To reduce
the levelized cost of energy of offshore wind farms, larger wind turbines with rated power capacities on the order of
8 MW to 10 MW are being considered.

Larger offshore wind turbines require larger support structures. While monopile foundations still remain the most
widely-used support structure due to the relative simplicity of fabrication and installation, several challenges arise
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when extending the technology for larger wind turbines and for higher water depths. These include soil-structure
interaction, which directly affects the dynamic responses of the structure. In modeling soil-monopile interaction, the
current practice follows recommendations from American Petroleum Institute (API) [2]. The method is a Winkler-
type approach, which employs uncoupled nonlinear springs represented by p-y curves to support the monopile along
the embedded length. The API method is based on testing of two identical steel piles with diameters of approximately
2 meters (or less), and with embedment length to diameter (L/D) ratio of 34.4, while currently installed monopiles
have L/D ratio of less than 10 [3,4]. Thus, the API method derived for flexible piles may not be accurate for modeling
soil-structure interaction for large-diameter monopiles due to the associated rigid pile behavior. A study on finite
element (FE) modeling of large diameter piles by Lesny and Wiemann [5] also showed that the API method tends
to overestimate soil stiffness for large diameter monopiles, particularly at greater soil depths. Modeling soil-pile
interaction in commercial FE programs, such as PLAXIS and ABAQUS, removes uncertainty associated with the pile
behavior being rigid [6].

The design procedure for monopile offshore wind turbines is typically based on design standards from International
Electrotechnical Commission (IEC) [7], Det Norske Veritas (DNV) [8] and Germanischer Lloyd (GL) [9]. Extensive
load cases must be analyzed in order to check the adequacy of the design with respect to the ultimate limit state
(ULS) and fatigue limit state (FLS). The design analysis should consider the dynamic interaction between the wind
turbine and support structure, and account for nonlinearities associated with wind turbine control and responses due
to aerodynamic and hydrodynamic loading. An integrated analysis tool is therefore required [10]. The resulting stress
time series is typically broad-banded as a result of the combination of wind and wave loads, and the fatigue damage is
typically estimated using rainflow counting methods with the S-N-curve approach [11]. The computed damage is also
known to be sensitive to the wind and wave load modelling [12,13]. The FLS analysis is a time-consuming process
and several researchers have suggested methods to reduce computational time [14,15].

In the present work, preliminary monopile designs for water depths 20 m, 30 m, 40 m and 50 m are established
to support the DTU 10 MW offshore wind turbine [16]. ULS analysis of these designs, carried out using 1st order
and 2nd order wave models applied with Morison’s equation, is presented in [17]. The present study focuses on the
FLS analysis. The representative design load cases are derived from the long-term wind and wave distribution for
Danish central North Sea (Site 15) from the MARINA platform project [18]. A method for predicting fatigue damage
using fewer representative sea states is introduced. The accuracy of the procedure, which includes both the selection
of representative conditions and damage scaling, is evaluated against fatigue damage calculated using full number of
sea states. The proposed procedure could potentially reduce the amount of computational time in fatigue limit state
analyses.

The derivation of p-y curves for large diameter piles, wind turbine modeling, preliminary design procedure and
selection of fatigue design load cases according to the fatigue damage parameter are described in Section 2. The
obtained p-y curves, monopile designs, and results of the fatigue analysis for four different water depths are discussed
in Section 3.

2. Methodology
2.1. Pile-Soil FE Model

Plaxis 3D [19] is a three-dimensional finite element program primarily used in the analysis of deformation, stability
and groundwater flow in the field of geotechnical engineering. Several advanced constitutive models are available to
simulate the non-linear and time-varying soil and/or rock behavior. In this study, the Hardening Soil (HS) model
was used. It is an advanced soil model, which uses the following stiffness parameters in estimating soil stiffness: the
triaxial loading stiffness (&s0), the triaxial unloading and reloading stiffness (g,,) and the oedometer loading stiffness
(€0eq)- In addition, the HS model uses a hyperbolic stress-strain curve which better captures stiffness variation in sand
layers compared to other models [21].

Hanssen developed a methodology for extracting soil reaction springs from Plaxis 3D [21]. This approach is
valid for a circular pile placed in an arbitrary soil volume. The pile displacements (y-values) are given as default
output of node values in Plaxis 3D output program, whereas the corresponding p-values are found by integration
of horizontal stresses at the soil-pile interface. The mentioned methodology for extracting the p-values in hollow
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cylindrical monopiles involves creating interfaces for both the outer (positive interface) and inner (negative interface)
regions of the pile to account for soil-structure interaction on both sides. The general steps in modelling pile-soil
interaction include defining the soil properties, defining the pile structure, applying the load, and generating the mesh.
The assumed soil properties for a uniform sand layer are summarized in Table 1. For a 30,000 kN applied load, the
resulting interface stresses and pile displacement are illustrated in Fig. 1. Note that each applied load corresponds to
a single point in the p-y curves. Only the lateral stiffness of the soil represented by the p-y curves was extracted from
the FE model, and used as one of the main inputs in modelling and simulation of the monopile foundation.

Table 1: Soil parameters for FE Method using Hardening Soil model

Parameter Value
Drainage type [—] Drained
Unit weight unsaturated, y [kN/m?] 17
Unit weight saturated, y,, [kN/m?] 20

Secant stiffness in standard drained triaxial test, ng)f [kN/m*]  4.50E+04
Tangent stiffness for primary oedometer loading, E') [kN/m?] ~ 3.75E+04

oed
Unloading and reloading stiffness, EL [kN/m?] 1.20E+05
Power for stress-level dependency of stiffness, m [—] 0.5
Effective Cohesion, ¢/, y [kN/m?] 1
Effective angle of internal friction, ¢/, / [°] 36
Angle of dilatancy, ¥ [°] ' 6
Poisson’s ratio, v [—] 0.3
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Fig. 1: Graphical stress and displacement calculation
(a) Load application; (b) Stress at the positive interface; (c) pile deflection

2.2. Wind Turbine Model

The DTU 10MW Reference Wind Turbine (DTU 10MW RWT) consists of optimized blades, a drive train and a
tower. It was inspired by the NREL SMW reference wind turbine and was designed for an offshore site (IEC Class
1A). It has a hub height of 119 m relative to the mean seawater level and a rotor diameter of 178.3 m [16].

RIFLEX is a modeling tool developed by MARINTEK for the analysis of flexible marine risers and other slender
structures. The program is capable of static, dynamic and eigenvalue analysis based on beam FE modeling. It applies
blade element momentum (BEM) theory for aerodynamic load calculation and includes nonlinear soil springs for
considering soil-pile interaction [22].

The DTU 10 MW RWT was modeled in RIFLEX as shown in Fig. 2a. The wind turbine blades were modelled
using the structural and aerodynamic coeflicients from the definition. The tower was modelled as an axisymmetric
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pipe having 10 sections of constant diameter each, decreasing from a specified diameter at the bottom to the top of
the tower. Similarly, the monopile is modeled in RIFLEX as an axisymmetric pipe. Both tower and monopile have
a linearly elastic material with Young’s modulus £ = 210 MPa and shear modulus G = 80.8 MPa. The monopile
segment below the ground is laterally supported by the nonlinear p-y curves derived from Plaxis 3D for every 2.5 m
length. Wind fields were generated using TurbSim, a stochastic and full-field inflow turbulence tool developed by
National Renewable Energy Laboratory (NREL) to simulate three-dimensional wind speed vectors in a spatially fixed,
two-dimensional vertical rectangular grid [23].

The hydrodynamic loads were based on a 1st order wave model with forces integrated up to the instantaneous
undisturbed water line (assuming constant potential (¢) above the still water level). Morison’s equation was applied
with assumed drag (CD) and inertia coefficients (CM) of 0.9 and 2.0, respectively [8].

2.3. Design Procedure

For each water depth, the monopile diameter, thickness and length were established using the RIFLEX models.
The monopile thickness was based on the assumed diameter-thickness ratio of 80 [24], while the pile diameter and
penetration depth was designed to achieve an overall natural frequency within the soft-stiff region (0.25 Hz) derived
from the wind turbine’s blade passing frequency intervals, 1P and 3P. For selected penetration depths, the RIFLEX
model has to be modified by deriving a set of lateral soil springs from Plaxis 3D. This ensures that the lateral soil
stiffness takes into account the complex shift from flexible pile behavior to rigid pile behavior as the embedment
length is reduced. Fig. 2b shows the relationship between pile embedment length and natural frequency for a 10 m
diameter pile.

Natural Frequency [Hz]
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Fig. 2: (a) DTU 10 MW model in RIFLEX; (b) Pile embedment length vs natural frequency for the 10.0 m diameter pile

2.4. Fatigue Limit State Analysis

In the design of offshore wind turbines, fatigue damage assessment is normally done by running an extensive
set of design load cases. In this study, a simplified design load case (DLC 1.2) is chosen [7], with co-directional,
unidirectional wind and waves, no current, and only operational and below cut-in conditions considered.

For each selected cross section along the monopile, the stress time series was calculated from the time-varying axial
force and bending moment obtained in the integrated analysis tool. The point on the upwind direction of the cross
section was considered for stress calculation. Stress cycle amplitudes were calculated using the rainflow counting
method, and the resulting fatigue damage was calculated based on Palmgren-Miner summation and a representative
S-N curve applicable for structures in seawater with cathodic protection [25]. For simplicity, a stress concentration
factor of 1.0 was used for fatigue damage calculation.

2.4.1. Environmental Conditions

A number of representative sea states were derived based on long term wind and wave distributions for the selected
site. Table 2 summarizes 29 representative conditions arranged by increasing significant wave height. The reduction
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of metocean data to only 29 sea states is a significant simplification of real conditions, but allows for relatively efficient
preliminary analysis. For fatigue simulations, waves were generated based on JONSWAP spectrum with default peak
enhancement factor y of 3.3 and time step At of 0.10 seconds. To avoid unphysical high frequency components, a
cut-off frequency (w = +/2g/H,) was applied to the 1st order wave spectrum [13]. The wind fields (32x32 points,
180 m x 180 m) were generated using TurbSim with a time step At of 0.05 seconds. A Kaimal wind spectrum with
turbulence according to the normal turbulence model (NTM) for Class A turbines was used, and power law wind shear
(with exponent 0.1) was applied [18]. Six 10-minute simulations were carried out for each sea state.

Table 2: Summary of representative sea states from scatter diagram

Seastate Uw[m/s] Hs[m] Tpl[s] Prob.[%] hrs/year ‘ Seastate Uw [m/s] Hs[m] Tpl[s] Prob.[%] hrs/year

1 22 0.49 5.93 4.8 425 16 17.4 2.58 7.56 24 208
2 5.0 0.64 6.06 12.3 1081 17 20.5 2.61 7.58 0.3 30
3 8.0 0.73 6.13 7.5 658 18 11.1 3.21 8.05 0.6 54
4 11.1 0.77 6.17 2.0 176 19 14.3 3.35 8.16 3.7 322
5 14.3 0.80 6.19 0.3 28 20 17.4 3.48 8.26 33 291
6 22 1.15 6.47 0.3 27 21 20.5 3.55 8.32 0.9 79
7 5.0 1.26 6.55 5.5 483 22 23.6 3.59 8.35 0.1 10
8 8.0 1.43 6.68 16.3 1428 23 14.3 421 8.85 0.2 19
9 11.1 1.56 6.78 12.4 1088 24 17.4 4.35 8.96 1.3 113
10 14.3 1.63 6.83 3.7 325 25 20.5 4.47 9.06 1.0 90
11 17.4 1.66 6.86 0.6 52 26 23.6 4.54 9.11 0.2 20
12 20.5 1.69 6.88 0.1 5 27 17.4 522 9.68 0.1 7
13 8.0 222 7.28 1.8 161 28 20.5 5.36 9.80 0.4 34
14 11.1 2.37 7.40 8.9 778 29 23.6 5.47 9.89 0.2 21
15 14.3 2.51 7.50 8.0 697

99.4 8709

2.5. Fatigue Damage Parameter

In this section, a Fatigue Damage Parameter (F DP) is established to correlate fatigue damage of an environmental
condition with parameters H, and T,. There is no strong correlation between fatigue damage and mean thrust (R* =
0.48 for the concept studied here), which removes direct dependence of FDP on thrust or wind speed [17]. The
main motivation for establishing an FDP is to quantify how much each environmental condition contributes to fatigue
damage and select a number of representative conditions to predict fatigue damage. The proposed approach eliminates
the need for running all conditions, thus significantly reducing computation time for FLS.

2.5.1. Formulation
Using Morison’s equation, the hydrodynamic force per unit length (F) can be written as the sum of the drag and
inertia forces. For inertia-dominated regimes, the drag force contribution can be assumed insignificant:

F = pCrAil, (1)

where Cy; and A are the inertia coefficient and pile cross-sectional area, respectively. The acceleration of the fluid
particle in the direction of wave propagation for finite water depth (%) is [26]:
i, = wzga% cos (wf — kx) )
By expressing the circular frequency (w) and wave amplitude £, in terms of wave period (T") and wave height (H),
respectively, the bending moment (M) for every section of the monopile due to hydrodynamic load can be expressed
in terms of H, T, and moment arm (d):

(2n)? cosh [k(z + )]

H
M=d— A _
de pCuy > sinh (k1) cos (wt — kx) 3)
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For monopile foundations supporting a wind turbine, the axial stress is relatively small compared to bending stress.
Neglecting the axial force contribution, the sectional stresses can be expressed in terms of bending stress given the
moment of inertia (/) and distance from the centroidal axis (y):

(27)? cosh [k(z + h)]
2 sinh(kh)

H
o= ECI’ where C| =d );]pCMA cos (wt — kx) “4)

Assuming that damage accumulates linearly with the number of stress cycles, cycles of constant stress range (Ao-)
can be related to the number of cycles to failure (Ny) using Waohler’s equation [27]. The representative S-N curve [25]
has two slopes defined by material parameter m = 3 and m = 5. For FLS analysis, most stress cycle amplitudes lie on
the lower region of the S-N curve defined by m = 5. Thus, Ny can be expressed as follows:

Ny =a(Ao)™ )

where log (a) refers to the intercept of log (N) axis of the S-N curve. The fatigue damage (D) is then predicted using
the Palmgren-Miner summation [8]:

Reycle

_ ni(Ao;)
b= Z Nyi(Aay) ©

i=1

Assuming a narrow-banded wave frequency spectrum, the actual number of stress cycles (n;) over a given duration
is inversely related to the peak wave period. Using Eqs. 4 and 5, the fatigue damage can be expressed as:

1 5 p-11
D~ - (1) T 7
a-(Ao)?  acy
The formulation assumes fatigue damage is not correlated with mean thrust, wind and wave interaction is insignificant,
and that all stress cycles fall at the lower amplitude range defined by the parameter m = 5. Using the derived relation
for Hy and T, and including the probability (P) of each condition to improve selection of representative sea states,
the FDP is now defined as in Eq. 8.

FDP=H,T,"'P (8)

The simplified formulation does not require any prior knowledge about the structure, as opposed to the frequency
domain method proposed by Seidel [14].

2.5.2. Procedure

The procedure for calculating the total fatigue damage is illustrated in Fig. 3. A number of representative en-
vironmental conditions, out of the total number of conditions in the scatter diagram, shall be selected based on the
calculated FDP. The method can be regarded as a variant of importance sampling, where environmental conditions
are selected based on estimated fatigue damage contribution.

Given the total number of conditions (M) in the scatter diagram and the number of representative conditions (N),
the normalized F DP for each condition (i) and the scale factor (S F) for the total damage can be calculated as in Eqs. 9
and 10.

A simplified fatigue load assessment based on statistical regression models was also presented by Zwick and
Muskulus [15], whose performance was demonstrated on a jacket-type foundation under operational conditions. Un-
like the FDP method, the proposed method requires calibration of regression parameters for both piecewise linear
regression (PLR) and multivariate linear statistical model (LSM).
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FDP;
(FDPuorm)i = ————— )
M
izt (FDP;)
M M
Z i= (FDPnurm)i
F = lNl—a where Z(FDPrmrm)i =1 (10)
Zi:I(FDPnorm)i i=1
Calculate FDP for SelectN Conduct simulations Calculate total fatigue
all environmental representative and calculate fatigue damage by applyinga
conditions of the conditions with the damage from N scale factor based on
scatter diagram highest FDP value selected conditions normalized FDP

Fig. 3: FDP procedure for calculating fatigue damage

3. Results and Discussion

3.1. P-Y Curves

The derived nonlinear p-y curves for a pile having an 9 m diameter, 110 mm thickness and 35 m embedment for
selected shallow depths are shown in Fig. 4. It verifies that the soil stiffness consistently increases with depth up to
penetration depths at least twice the pile diameter.

Comparison of derived p-y curves using FE method and API method illustrates good agreement at shallow depths
(z = -1.25 m). The API method, however, overestimates soil stiffness with further increase in soil depth due to the

linear increase in stiffness whereas the FE method has a parabolic increase. The nonlinear p-y curves derived for all
monopile designs are documented in [17].
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Fig. 4: Extracted p-y curves for the shallow part of the soil [17]
3.2. Preliminary Design

Under extreme load conditions, the stability requirements set for preliminary design include the rotation at mudline
not exceeding 0.50° and the lateral deflections at mudline and pile toe not exceeding 120 mm and 20 mm, respectively.
The preliminary designs summarized in Table 3 satisfied both yield check and stability requirements, according to
static analysis with a combination of rated wind speed and 50-year wave loads and a safety factor of 1.35 [17]. For
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each monopile design, the tower diameter and thickness were also increased to achieve a more cost-effective pile
design. Note that manufacturing limitations were not considered.

Table 3: Monopile foundation designs

Water Pile Pile Tower Tower Penetration Natural
depth [m] diameter [m] thickness [mm] D scale [-] thickness scale [-] Depth [-] Frequency [Hz]
20 9 110 1.125 1.25 35 0.251
30 9 110 1.125 1.75 45 0.251
40 10 125 1.25 1 35 0.249
50 10 125 1.25 1.5 45 0.251

The criteria set for foundation stability were evaluated for FE and API method as shown in Table 4. In general,
the API method predicted lower deformations. Considering lateral deflections and rotation at seabed, FE method
predictions were about 30 % and 19 % higher, respectively. For the lateral deflection at pile toe, a higher deviation
was observed for monopiles designed for water depths 30 m and 50 m where the embedment depths were 45 m, which
was 10 m higher than that of water depths 20 m and 40 m. This high deviation at higher penetration depth shows
that the API method tended to overestimate the soil stiffness with depth. For all water depths, using the API method
slightly increased the natural frequency by about 0.01 Hz. Note that the stiffness in the shallow region of the soil,
where the two methods showed good agreement, had a more significant influence in the overall static and dynamic
response of the structure compared to the deeper part of the soil.

Table 4: Comparison of stability check results between FE method and API method

Water Lateral deflection at seabed [mm] Lateral deflection at pile toe [mm] Rotation at seabed [deg]
depth [m] Plaxis API Dev. [%] Plaxis API Dev. [%] Plaxis  API Dev. [%]
20 333 20.7 37.7 -49 41 16.9 0.0020 0.0016 20.3
30 52.5 383 27.0 27  -1.0 63.3 0.0020 0.0017 16.6
40 872 615 294 -6.4  -6.7 4.5 0.0022 0.0018 21.0
50 101.9 775 23.9 40 23 44.1 0.0022 0.0018 17.3

3.3. Fatigue Limit State Analysis

The calculated 20-year fatigue damage for selected points along the monopiles is shown in the outer envelope of
Fig. 5, which also shows the relative contribution of each environmental condition. For all water depths, fatigue
damage increased from the mean free water level until it reached a maximum value a few meters below the seabed,
and then gradually reduced to zero at the end of the pile. The maximum fatigue damage for different water depths
and its location are summarized in Table 5. Note that monopile designs for 20 m and 30 m water depths had 9.0
m diameter, while designs for 40 m and 50 m water depths had 10.0 m diameter. Regardless of pile design, the
location of maximum fatigue damage fell between 7.0 m and 9.0 m below the seabed. Among the four monopile
designs for each water depth, only the design for the 20 m water depth was satisfactory considering FLS. The effect
of wave diffraction, however, was not considered. For large diameter piles associated with low Keulegan-Carpenter
numbers (inertia-dominated regime), diffraction could potentially reduce the wave load magnitudes, and thus the total
fatigue damage. Fig. 5 also shows that, for the 20 m water depth, a larger part of the fatigue damage was given by
lower sea states. As water depth increased, the contribution from higher sea states became larger. This implies that
hydrodynamic loads become more significant with higher depths.
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Table 5: Location of maximum fatigue damage

Water Depth [m] Maximum fatigue damage Node Elevation from mudline [m]

20 0.35 28 -8.75
30 1.27 36 -6.25
40 1.45 48 -8.75
50 6 57 -1.5
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Fig. 5: Total fatigue damage, showing contributions from each environmental condition.

3.4. Fatigue Damage Parameter

3.4.1. Selection of sea states

The representative sea states were selected based on normalized FDP, as illustrated in Fig. 6a. Since FDP only
depends on the environmental condition, the selection of sea states is independent of both water depth and structural
design.

3.4.2. Results

The calculated fatigue damage for different numbers of representative conditions (N = 3, 9, 15, 20, 26) out of 29
sea states is shown in Fig. 7, with the black line indicating prediction using all 29 sea states. The fatigue predictions
from FDP approach are generally underestimated, but demonstrate good prediction if the number of conditions used
is at least 30% of the total number of conditions. The number of conditions (N = 3,9, 15,20, 26) was simply chosen
to demonstrate the accuracy of method with respect to increasing the percentage of samples, (i.e. 10%, 30%, 50%,
70%, 90% of the 29 sea states). Based on the FDP shown in Fig. 6a, for N = 3, representative sea states 14, 15 and 19
are used. Since they have the highest contribution, these three sea states are also included for all larger values of N.

The accuracy of damage prediction at the section where maximum fatigue damage occurs is shown in Fig. 6b.
Using a larger number of representative conditions generally increased the accuracy of prediction, and the method
was more accurate for higher water depths. Using at least 30% of the total number of conditions resulted in at least
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90% accuracy, but increasing the number of representative conditions from 30% to 70% did not result in a significant
increase in accuracy, particularly for water depths 20 m and 30 m.
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Fig. 7: Fatigue damage prediction for various N representative conditions

4. Concluding Remarks

Preliminary monopile designs for water depths 20 m, 30 m, 40 m and 50 m were established using nonlinear p-y
curves derived from FE method. The sensitivity of structural stability with soil lateral stiffness was investigated by
comparing the API method with FE method. To verify adequacy of the design, coupled fatigue limit state analyses
during operational conditions were conducted using irregular 1st order waves applied with Morison’s equation.

Results showed that using API method slightly increased the overall natural frequency of the structure by 0.01 Hz,
but tended to underestimate stability requirements. FE method predictions for lateral deflections and rotation at seabed
were about 30% and 19% higher, respectively. For lateral deflection at pile toe, the difference in prediction varied
depending on the pile diameter and penetration depth.

Fatigue analysis showed that damage contribution from higher sea states increased with water depth, implying that
hydrodynamic loads became more significant when designing monopiles for higher water depths. To achieve a more
accurate damage prediction, time-domain simulations accounting for the effect of wave diffraction for large monopiles
should be carried out.

The FDP procedure for calculating fatigue damage was introduced. Using at least 30% of the total number of
conditions resulted in at least 90% accuracy. Further work includes investigation of the applicability of the FDP
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procedure with other types of support structures, other (more extensive) site-specific environmental conditions and
sensitivity to lumping of environmental conditions.
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