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Abstract. The importance of foundation modelling for the support-structure fatigue damage 

estimation of a 10 MW monopile based offshore wind turbine is investigated in different 

operational states and wind-wave misalignment conditions. Three different models are used: (1) 

a non-linear elasto-plastic model including hysteretic behaviour effects, (2) a linear elastic model 

and (3) a non-linear elastic model, using numerical simulations with an aero-hydro-servo-elastic 

computational tool. Depending on the environmental condition, different dynamic processes 

dominate the responses. For parked states, deviations between models up to 160% were found. 

For wind wave-misalignment over 30o in operational cases, differences up to 180% were found 

for low sea states and 119% for high sea sates. Both nonlinear foundation damping and stiffness 

formulation have considerable effect on the responses, with hysteretic effects becoming crucial 

when aerodynamic damping is negligible in the direction of the response. Attention is required 

when comparing the fatigue damage only at the mudline, as larger variations between the models 

may occur in the embedded part of the monopile, where the absolute maximum is found. 

1.  Introduction 

The offshore wind industry is growing fast, becoming a mainstream supplier of low-carbon electricity 

and it is expected to produce 7% to 11% of the EU’s electricity demand by 2030 [1]. Offshore wind 

farm developments are also growing in size, with their average capacity reaching 493 MW in 2017 [2]. 

The main challenge for future offshore wind farm developments is to reduce the levelized cost of 

energy (LCOE). The LCOE has lately been reduced by the use of larger capacity turbines and improved 

supply chain integration [3], however further cost reduction can be achieved by more efficient designs 

of offshore wind turbines (OWTs). The OWT foundation, defined as the part of the support structure 

which transfers the loads acting on the structure into the seabed [4], has a high potential for cost 

reduction, as it contributes up to 20% of total capital costs [5].  

Monopiles represent approximately 82% of all installed substructures in Europe [2]. It is anticipated 

that monopiles will remain a preferred choice due to manufacturing speed and fabrication experience 

[6]. With the gradual introduction of higher capacity OWTs (6–10 MW) for deeper water wind farms, 

large-diameter monopiles are considered to be one of the most promising options, testing however 

various technical and economical limits.  

Monopile-based OWTs design, relies on dynamic analyses, coupling aerodynamics, hydrodynamics, 

soil-structure interaction (SSI) and control system aspects. Due to the pronounced dynamic responses, 
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fatigue is one of the governing factors for the final design. Fatigue damage assessment is a time-

consuming, complex process, and the results are sensitive to variations in the OWT operational state, 

loading environment and foundation modelling. Several studies have demonstrated the effect of the 

foundation on natural frequency and structural fatigue damage of OWTs [7-10]. Although considerable 

development has been made on representing the interaction between wind, waves and structural response 

aspects in OWT dynamic analyses, the foundation modeling remains unrefined in most existing models 

[11]. The current industry design practice in foundation modelling for monopiles is based on p-y curves. 

In the p-y curves approach, the soil response is idealized by means of uncoupled, non-linear springs, 

which support the monopile along the embedded length. In particular, discrepancies between API p-y 

curves [12] and large-diameter monopile behavior have been identified [13], and their adequacy to 

represent accurately the monopile behavior has been questioned.  

In order to address some of these discrepancies, a new foundation model for monopiles based on 

macro-element approach has been proposed [14]. The macro-element model incorporates some of the 

observed soil and foundation features that are not accounted for in the p-y curves formulation, such as 

different stiffness during loading-unloading, soil hysteretic effects, soil damping and coupling between 

multidirectional loads. Some first studies have indicated that the proposed model predicts lower fatigue 

damage compared to various SSI models, such as the p-y element approach or linear elastic stiffness 

matrix [8]. However, these studies do not take into account the coupling between loads in different 

directions, which is important for wind-wave misalignment conditions. For wind-wave misalignment or 

parked situations, aerodynamic damping may not be effective in the load direction, and the details of 

foundation modelling become relatively more important for the structural response. 

The aim of the present study is to investigate the effect of including hysteretic foundation behavior 

through a macro-element model on the fatigue lifetime of a large diameter monopile foundation for 

different operational-environmental states. Comparisons are made between the macro-element model 

and different foundation models calibrated to provide an equivalent stiffness response. 

2.  Foundation Behaviour 

The response of large-diameter monopiles is dominated by large horizontal loads, which combined with 

the height of the structure, result in large bending moments at mudline. The applied axial loads are 

relatively small compared to the horizontal forces [15]. In addition, large-diameter monopiles are 

characterized by a low length-to-diameter ratio (L/D). This results in a relatively rigid structural 

behavior, different from flexible bending beam behavior assumed in the API p-y curves formulation.  

2.1.  Main aspects of soil behaviour affecting monopile foundation response 

The response of monopile foundations depends on the response of the surrounding soil. Specifically, the 

main aspects of soil behavior which affect monopile response are: 

 

1. Soil stiffness. Soils exhibit a non-linear response that leads to different soil stiffness during 

loading, unloading and reloading. As a result, the monopile load-displacement response is 

non-linear and hysteretic. Variations in foundation stiffness can bring the OWT natural 

frequencies closer to the excitation. Realistic representation of the foundation stiffness under 

cyclic loading is essential for the accurate prediction of the foundation fatigue damage. 

 

2. Soil damping. Soils dissipate energy by geometric spreading of waves (radiation damping) 

and by plastic deformation (hysteretic damping) [11]. The energy dissipated by radiation 

damping is negligible for frequencies below 1 Hz, thus negligible for monopile foundation 

analysis [16]. Hysteretic damping becomes the main soil damping contributor. The 

individual contributions from aerodynamic, hydrodynamic, structural and soil damping vary 

for different situations [16-19]. Aerodynamic damping provides the highest contribution to 

the overall damping, however its importance decreases in parked and wind-wave 

misalignment situations, resulting in increased relative importance of soil damping.  
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2.2.  Foundation modelling in offshore wind turbine design 

Dynamic simulations are usually used to determine OWT load effects for OWT design [4]. Generally, 

industry makes use of approaches where the support structure and wind turbine are simulated separately, 

using super-imposed or semi-integrated load calculation approaches [18]. However, a fully-integrated 

analysis is often required to capture the interaction between the various loads and structural response, 

making appropriate assumptions regarding soil stiffness and damping. In a fully-integrated analysis, the 

entire OWT - rotor-nacelle assembly, support structure, foundation - is subjected to simultaneous 

aerodynamic and hydrodynamic loads incorporating control system and SSI aspects. 

The most common approach used for modelling the monopile foundation response is the p-y curve 

approach, where p represents the soil lateral resistance and y the pile displacement. Often, p-y curves 

have been calibrated following the API p-y formulation. However, employing the API p-y formulation 

in the estimation of OWT dynamic response results in discrepancies between simulated and measured 

responses [17]. This is because [13] the API formulation was initially developed and validated for long, 

slender piles. Monopiles are less slender and show a more rigid behavior, such that neglecting other 

components of soil resistance, such as side and base shear, may lead to inaccurate prediction of the 

responses [20-23]. Additionally, the API p-y curves do not accurately reproduce the initial lateral 

foundation stiffness [7, 21] and as they are usually modelled as non-linear elastic, the contribution of 

hysteretic damping, due to plastic deformations, is not considered. Various formulation models have 

been proposed due to the API p-y curves limitations. A detailed review can be found in [11]. 

2.3.  Macro-element foundation modelling 

An alternative approach that can accurately and efficiently represent both the foundation stiffness and 

damping is macro-element modelling. These models condense the foundation and surrounding soil 

response to a force-displacement relation at one point, commonly located at mudline [21]. The response 

at this point is estimated from numerical analyses of the structure and soil (i.e. FEA) or experimentally. 

The macro-element modelling approach [14, 23] is able to include the contribution of soil resistance 

components such as base and side shear, which are not included in traditional p-y formulation. Moreover, 

depending on the model capability-complexity, it can account for various fundamental effects such as 

change of the overall stiffness due to non-linear hysteretic behaviour and hysteretic damping effects. 

Finally, the foundation response is only computed at one node, resulting in fewer degrees of freedom in 

the full structural model for integrated analysis than for the p-y approach.  

The macro-element concept has been applied for jack-up spudcan foundations [20, 22], skirted 

foundations for OWTs [23], or foundations for bridges [24]. A new macro-element model based on the 

multi-surface plasticity formulation [25] has been developed [26] for predicting the load-displacement 

response and the hysteretic damping of monopile-based OWTs. Its formulation is based on results from 

FEA of the soil and the foundation. The performance of the macro-element model was compared against 

field test measurements and FEA results for three piled foundations and the model can reproduce the 

non-linear load-displacement response and the hysteretic behavior observed in monopiles with different 

L/D ratios [14]. Good agreement was also found between the model predictions and the FEA results 

while the macro element approach provides considerable reduction in computational effort. 

3.  Methodology 

3.1.  Wind Turbine Model 

The wind turbine model is based on the DTU 10MW reference wind turbine (DTU 10MW RWT) [27], 

supported on a monopile foundation with a diameter of 9 m, thickness 0.11 m and penetration length of 

36 m.  It has a hub height of 119 m relative to the mean sea-water level and a rotor diameter of 178.3 m 

with a cut-in wind speed 4 m/s and cut-out speed 25 m/s. The wind inflow simulations were performed 

with TurbSim [28]. The wind turbine is modelled in SIMO-RIFLEX, an aero-hydro-servo-elastic finite-
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element method simulation tool developed by SINTEF Ocean. 

Figure 1 shows the wind turbine model, including the support 

structure and the rotor-nacelle assembly (RNA). Three 

foundation models were used in the study and their detailed 

description can be found in section 3.3.  Blade element 

momentum (BEM) theory is applied for aerodynamic load 

calculation. The hydrodynamic loads were based on a 1st order 

wave model with forces integrated up to the instantaneous 

undisturbed water line (assuming constant velocity potential 

above still water level). The MacCamy- and Fuchs formulation 

was used for environmental conditions (ECs) 1 - 4, to account 

for near-field diffraction effects, while Morison’s equation was 

applied for EC5. 

3.2.  Environmental Conditions 

A numerical hindcast model from the National Kapodistrian University of Athens (NKUA) was used to 

generate 10-yr statistics for several locations in the North Sea, Atlantic Ocean and Mediterranean Sea 

for the Marina Platform project [29]. The hindcast data have resolution of 1 hour for the period 2001 to 

2010 for a site located at the Norwegian Continental Shelf (NCS) with geographic coordinates 55.11oN, 

3.47oE in 30 m water depth. The dataset provides information about metocean parameters such as mean 

wind speed (Uw), significant wave height (Hs), wave peak period (Tp) and wind-waves directionality. 

The turbulence conditions used in the study are based on the recommended practice [4]. A Kaimal wind 

spectrum with turbulence according to the normal turbulence model (NTM) for Class A turbines was 

used. Note that this represents very high turbulence intensity for offshore conditions. Wind shear is 

accounted for by the power law with exponent 𝛼 = 0.14 [4]. Table 1 shows a summary of the ECs 

analysed. In all simulations the OWT rotor is facing the wind, meaning that the wind direction coincides 

with the fore-aft (FA), therefore the wind-wave misalignment is the angle between the wave and the FA 

direction. For all the ECs, the OWT has been tested in both operational and parked states. In the latter 

case, the rotor is kept locked and the blades pitched to 90o. The sea-states used for the analyses were 

chosen as the ones that contribute the most to the long-term fatigue for five wind bins of 2 m/s, based 

on a long-term fatigue damage analysis for the given site considering unidirectional metocean data. 

 
Table 1 Environmental conditions of the cases investigated 

Simulation & Environmental Parameters 

EC 

number 

Time 

Simulation 
Uw Hs Tp 

Wind-Wave 

Misalignment 

Wave 

Spectrum 

 [s] [m/s] [m] [s] [degrees]  

1 3600 5.06 0.75 5.50 

0, 15, 30,  

45, 90 

  Pierson–Moskowitz 

2 3600 9.06 1.25 5.50 Pierson–Moskowitz 

3 3600 14.94 2.25 6.50 Torsethaugen 

4 3600 20.90 3.75 7.50 JONSWAP 

5 3600 26.74 5.25 8.50 JONSWAP 

3.3.  Foundation models 

Three modelling approaches have been used to simulate the foundation response. 

 

1. Model 1 (M1). Macro-element model calibrated to FEA. The elasto-plastic macro-element 

model with kinematic hardening [26] has been employed in this study. The model can represent 

the non-linear hysteretic load-displacement response observed in experimental tests and in the 

field [30] including coupled response between lateral loads and bending moment [14, 26]. A 

Figure 1 Wind Turbine model in SIMO-

RIFLEX 
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general description of the model is given in section 2.3.  The macro-element model is calibrated 

with load-displacement curves from Finite Element Analysis (FEA) of the soil (described by 

constitutive models) and the monopile foundation, as shown by Page et al. [26]. The model 

communicates with SIMO-RIFLEX through a dynamic link library (see Figure 1). 

 

2. Model 2 (M2). Linear elastic stiffness matrix with additional soil damping. The stiffness matrix 

is applied at mudline and has been calibrated based on M1 to represent the monopile-foundation 

response at representative load levels. Soil damping is included in the form of stiffness-

proportional Rayleigh structural damping applied to the sub-structure and tower. To quantify 

the contribution of foundation damping, a free vibration analysis with no wind and no waves 

was conducted for model M1. The analysis was performed by gradually applying a force of 

1.5MN at the tower top and then releasing the force to allow the OWT to vibrate. Global 

damping was then quantified from the time history of the FA bending moment at the mudline 

using the logarithmic decrement method, where the logarithmic decrement (δ) is defined as: 

 

 𝛿 = ln (
𝐴𝑖
𝐴𝑖+1

) = 2𝜋
𝜉

√1 − 𝜉2
≈ 2𝜋𝜉 (1) 

where 𝐴𝑖 and 𝐴𝑖+1 are two successive amplitudes and 𝜉 is the global damping ratio. A 

comparison of the FA bending moment at the mudline from the free-vibration test and the global 

damping ratio for M1 and M2 with 0% and 0.6% soil damping is shown in Figure 2. The soil 

damping is chosen as 0.64% of the critical damping in order to have a reasonable approximation 

to the damping in M1. The value is similar to findings from different studies [31, 32] and within 

the range of theoretically calculated foundation damping [33]. Stiffness-proportional Rayleigh 

damping was tuned to capture the linear damping of the 1st natural frequency of the structure. 

(No mass-proportional term was included). The nonlinear damping in the M1 model can be seen 

in the nonzero slope of the damping ratio with respect to response amplitude (Figure 2, right). 

 

 
Figure 2 Decay test (left) and global damping ratio (right) for M1 and M2 with different levels of soil damping 

 

3. Model 3 (M3). P-Y curves calibrated to FEA. The third model is a p-y curve model calibrated 

to same results of full 3D FEA [26] as described for M1. The monopile below the mudline is 

modelled as a beam and the soil is represented a series of discrete, uncoupled, elastic springs at 

nodal points along the pile. For M3 the same amount of soil damping as in M2 (0.64%) in the 

form of Rayleigh structural damping is added to the model. Figure 3 shows the static FA bending 

moment along the monopile when subjected to a constant force at the hub height.  

 

Figure 4 presents the first fore-aft (FA) support structure natural frequencies from the different models, 

evaluated during the free decay tests. The natural frequencies of M1 and M3 depend on the moment 

amplitude, meaning that higher load levels result in lower foundation stiffness and consequently in lower 

natural frequencies. M2 is a linear elastic model, with constant eigenfrequency.  
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3.4.  Stress and Fatigue Damage Calculation 

The dynamic simulation results give the time history of loads at 

various cross sections along the monopile, denoted as 𝑁𝑥 (axial force), 

My and 𝑀𝑧 (bending moments). Based on the coordinate system in 

Figure 5, the axial stress (𝜎𝑥) at a given point (𝑟, 𝜃) on outer surface 

of the tubular cross section with outer radius 𝑟 is estimated as: 

 

 𝜎𝑥 =
𝑁𝑥

𝐴
−
𝑀𝑦

𝐼𝑦
𝑟 sin(𝜃) +

𝑀𝑧

𝐼𝑧
𝑟 cos(𝜃) (2) 

 

where Α is the cross-sectional area, Iy and Iz are the second moment of area for the cross section computed 

about the y and z axes, respectively. The shear stress and its resultant fatigue damage has not be taken 

into account due to its negligible effect relative to the axial stress. The number of load cycles for different 

stress levels is computed based on rainflow counting technique [34]. The implementation of rainflow 

cycle counting in WAFO Toolbox [35] has been employed, for bilinear stress versus cycles to failure 

(S-N) curves [36]. Representative S-N curves were selected based on Det Norske Veritas (DNV) 

recommended practice [37]. Particularly the curve “D” from Table 2-2 in [37] for steel in seawater with 

cathodic was selected and since the fatigue damage is pronounced in welds, S-N curves for girth welds 

were used [36]. A reference thickness equal to 25 mm and a thickness exponent on fatigue strength of 

0.2 were used based on [37]. The fatigue damage has been calculated using Palmgren-Miner’s rule [37]. 

4.  Results & Discussion 

4.1.  Sensitivity to operational state 

A comparison of the bending moment’s power spectral 

density (PSD) at the mudline for operational and parked 

state (Figure 6) shows the importance of foundation 

modelling in the response and consequently in the 

resultant fatigue damage. For both states, the peak which 

corresponds to wave excitation has similar energy 

content for the three models. In the operational state, 

there is more energy in the range of wave excitation than 

at the natural frequency, due to the presence of the 

aerodynamic damping. However, in parked conditions, 

the resonant response is considerably more important. 

Additionally, in the operational cases, some response at 

higher frequencies (over 0.3 Hz) is observed, especially 
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around the 3P blade passing frequency. The same behavior can be seen in Figure 7, which shows a 

comparison of the fore-aft bending moment PSD of model M2 for EC4 for various values of soil 

damping for the first fore-aft bending mode. 

 
Figure 7 FA Bending Moment PSD for M2 for variations in soil damping ratio in operational (left) 

 and parked (right) state for EC4 

 

Comparing the different soil models, as shown in  Figure 8 for both operational and parked states, M2 

(linear-elastic foundation stiffness) shows lower amplitudes at the wave frequency excitation, being 

stiffer than M1 and M3 (non-linear stiffness formulation). In the parked state, the natural frequency for 

M2 is slightly shifted to the right, while the natural frequency of M3 (with an intermediate stiffness) is 

observed between M1 and M2. The soil damping effect is clear for the parked cases, where the macro-

element predicts lower amplitudes at the natural frequency than M2 and M3. 

  
Figure 8 FA bending moment PSD at mudline for operational (left) and parked (right) state [EC4] 

 

In Figure 9, the one-hour fatigue damage at the mudline for M2 and M3 is compared to M1. Positive 

and negative deviation imply overestimation and underestimation respectively of M2 or M3 compared 

to M1. In operational states, the variations in fatigue is observed between -10% and 50%. However, the 

differences in parked states are between -60% to 140% depending on the case. The considerably higher 

variations in fatigue damage in parked states indicate the increased importance of foundation modelling 

and inclusion of hysteretic damping effects in cases where aerodynamic damping is negligible. 

      For operational cases, as shown in Figure 10 (left), the response is dominated by different processes 

depending on the EC. For EC1, the response close to the 3P frequency range (~ 0.31Hz) dominates due 

to dynamic amplification, and the differences between foundation models depend on slight differences 

in the resonant frequency. EC2 is mainly governed by the low frequency component (below 0.05 Hz - 

Figure 10). This effect resulted in relatively high standard deviation of the axial stress in EC2 (compared 

to EC3 & EC4), but little fatigue damage, due to the low number of cycles caused by the slowly-varying 

process.  The differences in EC2 are mainly driven by the wave excitation which includes a broad range 

of frequencies including the natural frequencies, therefore slight variations in the resonant frequency 

between the soil models may affect the resulting responses. For M2, in EC2-EC3, although the axial 
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stress standard deviation (STD) was slightly underestimated, the fatigue damage was overestimated 

compared to M1. Below the resonance frequency, in the region dominated by foundation stiffness, M2 

is stiffer than M1, resulting in lower moment amplitudes, while for excitations close to resonance 

frequency, which are dominated by foundation damping and more important for fatigue, M2 shows 

higher amplification due to the lower amount of damping. For more severe ECs (4 & 5), waves dominate 

the response, with high peaks around the wave excitation frequency. In that region, foundation stiffness 

governs the response, therefore M2’s larger stiffness leads to underestimation of the response and 

damage, while M3 shows a constant overestimation. Also, for the fault case (EC5 – operational) there 

is a pronounced response close to the natural frequency, likely excited by second order wave loads (from 

the integration to the instantaneous free surface).  

 

 
Figure 9 1hr fatigue damage comparisons of M2 and M3 to M1 at mudline for operational (left) and parked (right) state 

 

 
Figure 10 FA Bending Moment PSD of M1 at mudline for different ECs in operational (left) and parked (right) states 

In parked cases (Figure 10 - right), the dominant responses for all ECs are close to the natural 

frequency, where foundation damping dominates. Both M2 and M3 underestimate the responses for 

EC1 and EC2 and considerably overestimate for EC5. The differences between M2 and M3 rely on the 

fact that in spite of having the same amount of damping, the different stiffness formulation leads to 

differences in the resonant frequency, leading to variations in fatigue. The differences of M1 compared 

to M2 and M3 for high severity ECs is a result of the damping formulation which for M1 increases with 

higher load amplitudes while for M2 and M3 remains constant (Figure 2). Figure 10 also shows the 

slight decrease of the resonant frequency due to the foundation stiffness drop for higher load amplitudes. 

4.2.  Comparison below mudline 

Comparing the distribution of the response below seabed between M1 and M3, for both models, the 

axial stress STD and fatigue damage follow the same behaviour along the monopile giving the maximum 

values in similar locations. However, as indicated in Figure 11 for EC4, the fatigue damage difference 

between the two models increases considerably from operational (8.2%) to parked (42.1%) state, 
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indicating that soil damping contribution has a significant effect in reducing dynamic responses along 

the monopile, resulting in lower damage over the embedded part of the pile. It should be noted that the 

difference in estimated maximum fatigue damage below mudline from the different soil models can be 

larger than the difference of the predicted fatigue damage at the mudline.  

 
Figure 11 Axial stress STD & fatigue damage along monopile for operational (left) and parked (right) state [EC4] 

4.3.  Sensitivity to Wind-Wave Misalignment  

Considering wind-wave misalignment conditions, Figure 12 shows results at the location (angle) around 

the monopile with largest fatigue damage – and this location changes for different misalignment angles. 

In operational cases, EC1 response is dominated by 3P excitations, giving the maximum fatigue damage 

in the wind direction irrespective of the misalignment angle. Increasing wave misalignment also leads 

to lower fatigue damage for EC2, and the location of maximum is slightly shifted towards the wave 

direction for angles higher than 45o. For more severe ECs, dynamic responses due to waves dominate 

and larger misalignment angles increase maximum fatigue. Different behaviour is observed with respect 

to the misalignment angle for three frequency ranges. In the resonance frequency range (0.25 – 0.27 

Hz) for low misalignment angles, aerodynamic damping still capable of attenuating the responses. For 

angles larger than 45o, aerodynamic damping is negligible in the wave excitation direction, and soil 

becomes the main contributor of damping. In the wave frequency range (0.1 – 0.2Hz) the responses 

decrease slightly with larger angles of misalignment. In unidirectional wind-waves, the soil experiences 

higher load levels due to the mean thrust force, resulting in softening of the soil and therefore in slightly 

higher responses.  The responses in the 3P frequency range decrease with larger misalignment angles, 

but these responses have minor importance for these ECs. The location of the maximum fatigue damage 

for ECs 3, 4 and 5 is correlated with the wave direction. The aforementioned effects are shown in Figure 

12. In parked cases, fatigue damage constantly decreased with larger misalignment angles mainly due 

to side-to-side aerodynamic damping as the blades were pitched to 90o in parked conditions. For EC1 

and EC2 the fatigue damage was lower than in operational cases for all misalignment angles, while for 

ECs 3 to 5, the fatigue damage was higher with differences up to 40% for 0o. 

 
Figure 12 Axial stress PSD at mudline for the point of maximum fatigue damage for EC4 per misalignment angle (left) & 

maximum fatigue damage ratio per misalignment case to unidirectional operational cases for all ECs (right) for M1 
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A comparison of the axial stress PSD for the different soil models for high misalignment angles indicates 

the importance of soil modelling.  Figure 13 (left) shows EC4 in operational state with misalignment of 

90o. The absence of aerodynamic damping in wave excitation direction, makes soil damping crucial for 

attenuating the response near natural frequencies, with M1 providing with much lower stress amplitudes. 

The relative difference of the PSD peaks at resonant frequency between M1 and M3 increased from 

23% in EC1-EC2 to around 36% for EC3 and EC4 reaching 60% for EC5, indicating that larger load 

amplitudes lead to higher hysteretic damping. These effects are reflected in the fatigue damage. In all 

ECs, for misalignment angles up to 30o the relative difference in fatigue damage is comparable to the 

unidirectional wind-waves cases (aerodynamic damping is effective) with slight variations up to 5 -10%, 

depending on the EC. However, for larger misalignment, the differences reach 158% (EC3) and 183% 

(EC2), indicating the importance of soil modelling in these conditions. For M2, in contrast to M3, slight 

variations up to 8% in relative difference have been found for the whole range of misalignment angles 

for EC2, EC3, and EC4. For EC5 similar behaviour is observed as in the case of M3, with a steep rise 

in the relative deviation after 30o of misalignment from to 10% to 67%. 

 

 
Figure 13 Axial stress PSD for EC4-Operational 90o misalignment (left) Relative difference in fatigue damage at mudline 

between M1-M3 (right) for different wind-wave misalignment in operational state per EC 

Conclusions & Recommendations 
Three different models have been used to evaluate short-term fatigue sensitivity in different operational 

states for the DTU 10MW monopile-based offshore wind turbine; (1) a non-linear elasto-plastic macro 

element model (M1), (2) a linear elastic model (M2) and (3) a non-linear elastic model (M3). Results 

show that different processes dominate the responses depending on the environmental state, with both 

foundation stiffness and damping formulation affecting the behaviour of the models in different 

frequency regimes. Slight variations in the resonant frequency between the foundation models affected 

the resulting responses considerably. For all the cases, M2 had lower relative differences than M3 to M1 

but this was mainly due to the simplified stiffness formulation which resulted in constant natural 

frequency for all load levels, in contrast to M1 and M3. In operational states, differences in fatigue 

damage can vary from -10% to 50%, whereas in parked states differences from -60% to 154% were 

found, indicating the high importance of foundation modelling and soil hysteretic effects when 

aerodynamic damping is negligible. Considerable differences have also been found for misalignment 

angles higher than 30o in operational states, where aerodynamic damping was negligible. Finally, 

compared to the fatigue damage at mudline, larger variations may occur in the embedded part of the 

monopile, where the absolute maximum was found for all the cases analysed. To evaluate the long-term 

effect of the different foundation models on fatigue damage, it is recommended to perform a complete 

study including long-term probability of occurrence of various sea-states, wind-wave misalignment and 

OWT operability percentage.   
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