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ABSTRACT 17 

 18 

Offshore wind turbines are now a mature technology to produce renewable energy on a vast scale, nonetheless several design and 19 

maintenance planning challenges remain. There have been attempts to investigate the impact of marine growth on fixed offshore wind 20 

turbine structures, but only few adopted a whole dynamics approach. This work presents a methodology to capture the influence of 21 

marine growth on the dynamic response of a tripod substructure, supporting the NREL 5 MW reference offshore wind turbine, under 22 

combined dynamic loads from wind and waves, and including soil-structure interaction by means of the spring-to-ground model. Marine 23 

growth is modelled as prescribed by DNV and API, evaluating the effects of variation of its thickness, roughness, and distribution. It is 24 

here demonstrated that marine growth thickness and roughness impact significantly on the loads acting on wind turbines' structures and 25 

its dynamic response, and that heterogeneity in marine growth thickness profiles vs depth available in literature lead to substantially 26 

different results. Tower top displacement becomes 24% higher when marine growth thickness grows from 0 to 200 mm. On the other 27 

hand, the changes in the natural frequencies of the support structure with an increase of marine growth's thickness are almost negligible 28 

(0.3%). 29 

 30 

 31 

Keywords: Offshore wind turbine, Marine growth; Tripod offshore support structure; Soil-structure interaction; Dynamic analysis.  32 

33 
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NOMENCLATURE 34 

[C] Damping matrix 
[K] Stiffness matrix 
[M] Mass matrix 

{F(t)} External force vector 
CD Drag coefficient 
CM Inertia coefficient 
D Diameter or typical cross section dimension 
dS Infinitesimal surface 
dV Infinitesimal volume 
Hs Significant wave height 
k Stiffness 
m Mass 
TI Turbulence intensity 
Tp Peak spectral period 
u Water particle velocity 
U Wind speed 
u’ Water particle acceleration 
X Displacement vector 
γ' Submerged unit weight of soil 
ρ Density 
Φ Angle of internal friction 

 35 

 36 
Acronyms  37 

API American Petroleum Institute 
BEM Blade Element Momentum 
DNV Det Norske Veritas 

FE Finite Element 
FFT Fast Fourier Transformation 

HHT-α Hilber–Hughes–Taylor-α 
ISUM Idealized Structural Unit Method 
K-C Keulegan-Carpenter 
MG Marine Growth 

NREL National Renewable Energy Laboratory 
OC3 Offshore Code Comparison Collaboration 
OT Overturning Moment 

OWT Offshore Wind Turbine 
SD Standard Deviation 
SSI Soil-Structure Interaction 

 38 

39 
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1. INTRODUCTION  40 

 41 

1.1 Context 42 

Offshore wind harvesting is one of the most promising technologies in the renewable energy sector [1]. Just in 2019, offshore wind 43 

turbines (OWTs) for a record total capacity of 3627 MW have been installed and connected to the grid in Europe. This figure is 30% 44 

more than 2018 installed rated power [2]. However, offshore wind exploitation poses more design problems and additional expenses 45 

than onshore wind turbines. Costs are mainly represented by support structure and the turbine. Depending on the type of sub-structure, 46 

its cost can range from 15% (monopiles) up to 33% (jacket) of the total capital cost [3]. 47 

 48 

1.2 Problem statement and aim 49 

OWT support type mainly depends on the depth at which it has to operate. However, deeper seas require the adoption of more 50 

complex structures, such as tripod or jacket, which can bear more severe sea states using less material, being more structurally efficient 51 

[4]. An additional factor to be considered for the design of OWTs is the presence of sea water fauna and vegetation. Marine growth 52 

(MG)  is defined as the marine organisms that naturally colonize the underwater parts of offshore substructures. Its quantity is influenced 53 

by multiple factors, including sea water characteristics, marine current, and geographical location. In addition to corrosion problems, 54 

several studies have noted that marine growth influences the structure properties and the wave loads acting on it [5, 6]. The additional 55 

weight added around the support braces alters the mass-related properties, such as the natural frequencies (these will be lowered, in 56 

general). Moreover, the larger projected area of the structures’ members causes higher waves and current loads. Finally, the drag 57 

coefficient is incremented by marine growth roughness. In order to optimize the operation and maintenance of these assets, a more in-58 

depth knowledge of marine growth behaviour and its influence on the structure is required. 59 

Although recognised as a potential problem for OWT support structures, at the moment the studies on the effect of marine growth 60 

on the dynamic response of tripod are relatively few – and the present work aims at bridging this gap. 61 

 62 

1.3 Previous work  63 

Marine growth impact assessment is included in all major offshore structure design codes, such as Det Norske Veritas (DNV) [7]. 64 

However, the majority of the studies treat it only as a parameter to take into account when calculating the hydrodynamic coefficients. 65 

Detailed experimental studies have been conducted on tubular structures to assess the variation of the hydrodynamic coefficients in the 66 
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presence of marine growth [8, 9]. The work done by Sarpkaya et al. [10] has been taken into consideration for high values of Keulegan-67 

Carpenter (K-C) number, where the dependency of mass and drag coefficients from K-C is displayed for values till K-C=100.  68 

A comprehensive analysis on marine growth influence on the dynamic response of an OWT supported by a jacket has been conducted 69 

by Fevåg [5]. The impact of different marine growth thicknesses has been evaluated, also assessing section-wise distributions of 70 

thickness along the depth and on the single members. The variation of hydrodynamic forces and natural frequencies was studied, and a 71 

fatigue damage assessment on the structure’s braces was conducted. However, only one sea state was considered for determining the 72 

environmental loads. Shi et al. [6] performed a study on the sensitivity of different marine growth parameters on the response of a jacket 73 

type OWT. The paper presents a dynamic response analysis for two different turbine configurations and their operational environmental 74 

conditions. The varying parameters are thickness, density, drag, and inertia coefficients. The selection of the evaluated range of values 75 

was not justified by literature prescriptions: the paper assesses the influence of a certain range of values around the prescribed ones. 76 

Carswell and Arwade [11] produced a comprehensive analysis on the effects of biofouling on a monopile supporting the NREL 5 MW 77 

OWT. Both hydrodynamic load enhancement and the impact on natural frequencies have been evaluated. In addition, a range of drag 78 

and inertia coefficients have been simulated. Just one regular wave load condition was considered. Moreover, comparing just the 0 mm 79 

and 200 mm thickness scenarios leave out the intermediate phases of biofouling growth. 80 

OWT foundations play a big role in the overall dynamic response of the structure. Various methods for modelling the soil-structure 81 

interaction (SSI) have been proposed. One of the most used methods to model the lateral load on piles is the non-linear springs method 82 

[12]. Herein, the soil is replaced with a number of springs along the pile to replicate its behaviour by setting appropriate stiffness values. 83 

The topic of the soil influence on a monopile type offshore wind turbine has been widely treated by Bisoi and Haldar [13], and Abhinav 84 

and Saha [12], presenting the dynamic analysis of 2 MW and 5 MW OWTs, respectively, for soil characteristics varying from stiff to 85 

soft clay. Abhinav and Saha [14] investigated the influence of sandy soil on a pile supported jacket OWT over a range of environmental 86 

load conditions. These studies, however, do not consider the effect of biofouling.  87 

Therefore, the present work focuses on investigating the response of a tripod supporting the NREL 5 MW OWT under combined 88 

aerodynamic-hydrodynamic loading, in the presence of marine growth, within a finite element (FE) framework. A water depth of 45 m 89 

is considered. Thickness of the marine growth is assumed to vary from 0 mm to a maximum of 200 mm. Loose sandy soil is considered 90 

in the study and the soil properties are represented by means of p-y, t-z and Q-z curves. Statistical uncertainty due to the modelling of 91 

turbulent wind and irregular wave time series is addressed by means of a probabilistic framework.  92 
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The methodology adopted in the present work, along with the numerical tools used, is described in Section 2. The modelling 93 

parameters and the field of application of this study are discussed in Section 3. The results of the study are presented in Section 4 and 94 

the paper concludes with section 5. 95 

 96 

1.4 Paper’s novelty 97 

Studies on the effect of biofouling on monopiles and jacket-type support structures can be found in literature. Tripod-type structures 98 

have been examined from several point of view. However, no relevant reference for comprehensive studies on marine growth effects on 99 

tripods has been produced yet.   100 

The goal of this paper is to perform an investigation on the influence of marine growth on the dynamic performance of the tripod 101 

supported OWT, under conditions of combined aerodynamic and hydrodynamic loading, considering the soil-structure interaction (SSI). 102 

The aim is to give a complete overview of the problem, highlighting which aspects need further studies to produce reliable results.  103 

The literature survey presented in Section 1.3 showed that current studies do not take into consideration both marine growth modelling 104 

parameters and multiple sea states for their analyses. Therefore, an aero-hydrodynamic-geotechnical analysis is here attempted. In order 105 

to do so, met-ocean conditions have been derived based on probabilistic formulations defined for the North Sea, coupling wind speeds 106 

and sea-states, represented by a significant wave height and a peak spectral period. This is essential for a wind turbine dynamic analysis, 107 

and this paper makes use of a formulation published in literature, for the same. This procedure has been followed widely in the study of 108 

both fixed and floating offshore wind turbines [15].  109 

Moreover, a consolidated soil-structure interaction modelling methodology enhances the accuracy of the results also for the natural 110 

frequency analysis along with the tower response frequency spectra.  111 

 112 

2. METHODOLOGY  113 

The dynamics of fixed-to-seabed OWT structures requires the modelling of the aerodynamics loads, the hydrodynamic loads, the 114 

structural dynamics of the flexible elements, the soil-structure interaction dynamics, and the control system strategy. The approach 115 

proposed here consists in combining these dynamic effects, which  act simultaneously. A time-domain approach is adopted in order to 116 

take into account these nonlinear loads.  117 

 118 

2.1 Aerodynamic loading  119 
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Stochastic, three-dimensional turbulent wind fields are generated using NREL’s TurbSim code [16], which makes use of the 120 

SANDIA method [17]. Herein, a suitable description of the wind speed turbulence spectrum is initially assumed (for instance, the Kaimal 121 

spectrum). Wind velocity vector time series are then realized at discrete points in a two-dimensional plane enclosing the wind turbine 122 

rotor and tower, using FFT (Fast Fourier Transformation). Using Taylor’s frozen turbulence hypothesis, the grids of time histories are 123 

marched at the mean wind speed, in the mean wind direction. Wind shear has been considered with the default TurbSim power law 124 

model. The power law exponent has been set to 0.14 [16].  125 

NREL’s FAST (Fatigue, Aerodynamics, Structures, and Turbulence) code [18] performs a linear interpolation on the full field wind 126 

data to determine the velocity components on the blade element locations. The blade element momentum (BEM) approach [19] is 127 

adopted to determine the aerodynamic forces acting on the wind turbine blades. The underlying assumption in the BEM theory is that 128 

the total aerodynamic force on a blade can be obtained by the summation of the component forces acting on the discrete blade elements 129 

[20]. Furthermore, tip losses and hub losses have been taken into account with the Prandtl tip-loss and hub-loss model. Aerodynamic 130 

stall has been considered as well [20], instead tower shadow effect option has not been enabled. 131 

 132 

2.2 Hydrodynamic loading  133 

Both FAST and the finite elements code USFOS [21] make use of the Morison equation [22] to compute the wave loads acting on 134 

the tripod. Herein, the total wave load is obtained as the sum of drag and inertia components, attributed to water particle velocity and 135 

acceleration, respectively. As per the Morison equation, the hydrodynamic load, in a direction perpendicular to the cylinder axis, on the 136 

infinitesimal length of a cylindrical member is given by: 137 

 138 

𝑑𝐹 = 1
2 𝜌𝐶𝐷|𝑢|𝑢 𝑑𝑆 + 𝜌𝐶𝑀𝑢.  𝑑𝑉                                  (1) 139 

 140 

Here, U is the density of water, dS and dV are, respectively, the infinitesimal surface and volume of the cylindrical section, and u is 141 

the velocity normal to the cylinder longitudinal axis (therefore �̇� is the normal acceleration). CD and CM (CM =1+CA, CA being the added 142 

mass coefficient) are the drag and inertia coefficients. Irregular sea-waves are generated from the JONSWAP wave spectrum (a peak-143 

enhanced Pierson-Moskowitz spectrum), by means of a constant-area discretization method [23].  144 

 145 

2.3 Structural dynamics  146 

For a tripod under wind and wave loading, the dynamic response may be analysed using the following equation: 147 
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𝑀[�̈�] + 𝐶[�̇�] + 𝐾[𝑋] = {𝐹(𝑡)}                    (2) 148 

 149 

Here, [M], [C] and [K] are, respectively, the mass, damping and stiffness matrices. X is the displacement vector, and its derivatives 150 

represent velocities and accelerations. {F(t)} is the external force vector, sum of hydrodynamic (inertia and drag forces, Section 2.2) 151 

and aerodynamic loads (Section 2.1). Numerical time integration is made by means of the Hilber–Hughes–Taylor-α (HHT-α) method, 152 

a variation of the Newmark-β method. Here, α is a parameter that indicates the time averaging of the stiffness, damping and load terms 153 

[24].  154 

 155 

2.4 Soil modelling 156 

The tripod is fixed to the seafloor by means of piles embedded into the seabed. Piles refer to hollow cylindrical elements that transfer 157 

lateral loads onto the surrounding soils. Detailed information on the load transfer mechanism of offshore piles are well documented in 158 

literature ([25, 26]). For the present work, a Winkler spring model is used to model the SSI in the numerical program USFOS. Herein, 159 

soil properties are represented by springs attached to the pile at discrete points, along its length, in both lateral and axial directions. Of 160 

particular importance for OWT structures are the p-y springs that represent the resistance of the soil to lateral loading. Similarly, the t-z 161 

and Q-z curves are used to model the skin friction and tip bearing resistance respectively. The use of springs to model the SSI for 162 

offshore structures has been recommended by the design codes - DNV [7] and API (American Petroleum Institute) [27].  163 

 164 

2.5 Statistical uncertainty  165 

The use of random phases or seeds to generate time histories of wind and wave loading inevitably results in the statistical uncertainty, 166 

which is epistemic in nature. This uncertainty can be reduced by increasing the number of time domain simulations, for the same met-167 

ocean condition, but using different wind and wave time series, and averaging across the ensemble to obtain a reliable estimate of the 168 

statistical parameters [28]. In the present work, each met-ocean condition is analysed using 20 different wind and wave time histories. 169 

This number of seeds aims to represent a trade-off between the choice of one of the main reference studies [14] and a lower computational 170 

time. As the reference, the analyses are run for 600 s of simulated time. The total length of each single simulation is 720 s, but the initial 171 

120 s are discarded to account for start-up and transient events [29]. The integration time step for the analysis made in USFOS is 0.04 172 

s. 173 

 174 

 175 
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2.6 Combining aerodynamic and hydrodynamic loads  176 

Accurate prediction of the dynamic response of an offshore wind structure can be realized by means of fully coupled simulations. 177 

This approach simultaneously accounts for aerodynamics, hydrodynamics, structural dynamics, control dynamics and soil-structure-178 

interaction. However, in several cases, for instance – when the code is lacking the capabilities to perform a fully coupled simulation or 179 

because of intellectual property concerns (when turbine control system algorithms cannot be shared between  design partners), a semi-180 

coupled approach [30,31], is adopted. 181 

This is usually followed in the design of offshore wind foundations, where wind turbine manufacturers (WTM) and foundation 182 

designers (FD) perform their own simulations with aeroelastic and geotechnical engineering tools, respectively. There is constant 183 

information interchange between the two sets of designers (loads at the mudline are passed from the WTM to the FD, for instance) and 184 

the result is an integrated multi-disciplinary design approach [32]. 185 

For bottom fixed OWTs, a semi-coupled analysis accounting for the aerodynamic and hydrodynamic load effects can give 186 

conservative measures of structural response, provided the natural period of the tripod is less than the incoming wave periods’s range 187 

([33, 31]). The present work employs a two-stage approach for combining the influences of the wind and wave loads, as illustrated in 188 

Figure 1. 189 

The first stage involves using FAST for an aero-hydro-servo-elastic analysis on the tripod, fixed at the mudline, to generate the time 190 

series of wind loads at the hub of the OWT. In the second stage, these wind load time series are incorporated into the USFOS [21] model 191 

of the OWT structure (including the soil domain and marine growth), to constitute a semi-coupled aerodynamic-hydrodynamic-192 

geotechnical analysis. For a semi-coupled approach to be valid, it is necessary for both numerical codes to have similar wave generation 193 

capabilities ([33, 29]).  194 

In the second stage, the combined dynamic analysis, which includes SSI, is performed using USFOS, a FE program for framed 195 

offshore structures such as jackets and tripods. USFOS makes use of a nonlinear FE technique called the Idealized Structural Unit 196 

Method (ISUM) [34], which aims to reduce the computational costs by using fewer elements and degrees of freedom [35]. In ISUM, 197 

each element in the actual structure is represented using a FE [24]. A Green strain formulation is used [21], which accounts for membrane 198 

effects in tubular elements and column buckling. 199 
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 200 

Figure 1 – Scheme of the adopted two-stage procedure  201 

 202 

 203 

 204 
3. CASE STUDY  205 

 206 

3.1 Support strucuture  207 

In the present study, the NREL 5 MW OWT is supported on a tripod substructure. Like a jacket, a tripod is a space frame structure 208 

with 3 legs resting on pile foundations. The tripod considered in the study is similar to the one used in the Offshore Code Comparison 209 

Collaboration (OC3) project [16]: the water depth is 45 m and the OWT hub is at a height of 87.6 m above the mean sea level. The FE 210 

model of the tripod is initially generated in GeniE [36] and is then exported to USFOS. The material considered is steel and its main 211 

properties are summarised in Table 1.  212 

 213 

Table 1 – Structure’s material main properties  214 

Young’s Modulus [GPa] Yield Stress [MPa] Density [kg/m3] Thermal Expansion Coefficient [m/°C] 

210 360 7850 1.2 x 10-5 
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 215 

3.2 Metocean conditions  216 

Four metocean conditions have been considered in the present study, as shown in Table 2. Wind velocities have been set; then, 217 

consequent sea states have been obtained. Considering the turbine operating wind speed range going from 3 to 25 m/s [4], 6 and 24 m/s 218 

scenarios are close to the cut-in and cut-out wind conditions. 12 m/s has been selected as representative of the wind speed range where 219 

the maximum energy is extracted. 45 m/s wind speed has been chosen as the extreme speed from Abhinav and Saha [14]. Northern 220 

North Sea conditions are assumed, and sea states correlated on wind speed are obtained using a probabilistic formulation proposed by 221 

Johannessen et al. [37]. Here, U refers to the wind speed at the hub-height, Hs is the significant wave height, Tp is the peak spectral 222 

period and TI is the turbulence intensity. 223 

 224 

Table 2 – Met-ocean conditions of the study 225 

Load case U [m/s] Hs [m] Tp [s] TI Remarks 

1 6 2.2 9.8 0.20 Below rated wind speed 

2 12 3.1 10.1 0.15 Near rated wind speed 

3 24 5.7 11.2 0.12 Above rated wind speed 

4 45 11.2 13.5 0.10 Extreme wind speed – parked condition 

 226 

3.3 Soil profile 227 

The soil profile used in the study is given in Table 3. The soil can be classified as loose sand, on the basis of the angle of internal friction 228 

(Φ) [38]. Also, the submerged unit weight of soil (J c ) is presented in Table 3. These parameters are used to define the type of soil, 229 

hence needed for p-y, t-z and Q-z curves. 230 

Piles are modelled below the mudline with a total of 13 nodes, obtaining a total length of 37 m. 231 

Table 3 – Soil profile at the site of the study 232 

Depth [m] Type J c  [kN/m3] Φ [°] 

0.0 – 10.0 Sand 8.25 20 

10.0 – 28.0 Sand 9.00 25 

28.0 – 37.0 Sand 9.50 30 

 233 
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3.4 Marine growth 234 

Marine growth has been modelled by specifying its thickness (uniform or with different distribution along the water depth), and 235 

roughness (through CD and CM imposition). The values chosen are summarised in Table 4. 236 

 237 

Table 4 – Summary of marine growth modelling parameters 238 

Uniform Thickness [mm] 

0 50 100 150 200 

Distribution 

J. Wolfram [39] DNV [7] MID [40] Oldfield [41] 

Roughness  

CD=0.7 - CM =2 

(Default USFOS CD and CM) 

Smooth structure members 

(k/D ˂ 10-4) 
5 mm 50 mm 

 239 

3.4.1 Thickness  240 

A total of five values of constant thickness along the depth has been selected for the analysis. Even though such a condition is 241 

unrealistic, this represents the simplest way of assessing the influence of the marine growth presence. Maximum value and thickness 242 

increment have been chosen accordingly with the studies taken as reference [5,6]: the outcomes can be directly compared to the majority 243 

of the studies on this subject (as made by Fevåg [5]). Being this an unrealistic condition, selecting five main scenarios has been 244 

considered a conservative choice, in line with previous studies (such as Fevåg [5]). The references for the thickness values regard a 245 

North Sea submarine environment ([9, 42]). 246 

 247 

3.4.2 Distribution  248 

Marine growth thickness profiles along the depth have been taken from previous studies involving North Sea scenarios. Distributions 249 

are shown in Figure 2, where the thickness profiles have been normalised using the maximum value for a better graphical representation. 250 

These profiles have been then scaled to 200 mm, to compare them with the same maximum value. Even though the single maxima were 251 

quite different, the purpose of this operation has been to obtain realistic thickness profiles for the simulations. It can be noticed that the 252 

trends are quite heterogenous, meaning a different amount of additional mass to the structure and increased hydrodynamic loads. The 253 

problem is taken into account during the results discussion. 254 
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 255 

3.4.3 Roughness  256 

As biofouling grows around smooth steel tubular structures, inertia and drag coefficients change. Both the larger diameter and the 257 

higher roughness of the outer surface change the drag force acting on the structure. Inertia coefficient also depends on roughness. Curves 258 

that are normally used to estimate these coefficients with Keulegan-Carpenter and Reynolds numbers shift as relative roughness k/D 259 

(being k the roughness and D the element’s diameter/typical cross section dimension) increases [10]. Previous works have considered 260 

just one value for mass and drag coefficient (CD=0.7, CM=2.0) for the whole structure [14, 43]. Here, roughness effect has been simulated 261 

by calculating drag and inertia coefficients depending on: sea state, K-C number and depth. Depending on these parameters, the 262 

hydrodynamic coefficients have been obtained as indicated by DNV and Sarpkaya et al. [10]. The latter has been observed for high K-263 

C numbers. As a simplification, the significant wave height and the peak period have been used as inputs to obtain the coefficients. 264 

Roughness values have been set as prescribed from DNV [44]: k=5x10-2 m and k=5x10-3 m (maximum and minimum values of the 265 

prescribed range for marine growth). A scenario considering smooth structure elements (k/D ˂ 10-4 [44]) has been simulated as well for 266 

comparison. Simulations with the default values set in USFOS, which correspond to the DNV [44] recommendation for the smooth 267 

surface cases, have been run. 268 

 269 
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Figure 2 – Marine growth distribution profile along the depth in the considered four scenarios  270 

 271 

 272 

4. RESULTS AND DISCUSSION  273 

 274 

In order to take into account the stochastic nature of the wind and wave loads, the considerations presented below are based on the 275 

average over 20 time series realisations (derived from the 20 seeds).  276 

Two types of results will be discussed. The first part will focus on the mean and standard deviation (SD) values of the following   277 

dynamic response parameters: 278 

- effect of the variation of MG thickness on tower displacement, horizontal wave load, base shear (the lateral force at the base of 279 

the structure) and overturning moment (an estimate of the external forces multiplied by the distance from the soil).  280 

- effect of the variation of MG thickness on the horizontal wave load, considered the most representative hydrodynamic load.  281 

- effect of the variation of MG thickness on  the base shear.  282 

The second part will instead investigate the oscillatory response of the structure, from a frequency point of view, as MG thickness 283 

increases, showing: 284 

- Comparison between natural and exciting frequencies. 285 

- Response frequency spectra. 286 

4.1 Marine growth parameters variation 287 

4.1.1 Uniform Thickness  288 

Tower displacement 289 

Figure 3 displays the mean lateral (x-direction) displacement along the tower height. The x-axis scale has been exaggerated to allow 290 

a better visualisation of the response. The values are increasing along the height, as expected due to the action of the aerodynamic thrust 291 

acting at the hub level. On the other hand, a clear monotonic trend when augmenting the marine growth thickness cannot be identified. 292 

 293 
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 294 

Figure 3 – Mean along-height lateral displacement for 5 different marine growth thickness values at sea state corresponding to 12 m/s 295 

Due to the oscillatory nature of the wave loads, in addition to the mean value, the standard deviation of the horizontal displacement 296 

is also presented in Figure 4. A larger gap between the mean+SD and mean–SD values can be observed, and it is in general proportional 297 

to the marine growth thickness. 298 

 299 
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 300 

Figure 4 – Along-height lateral displacement Mean+SD and Mean–SD gap visualisation for 5 different marine growth thickness at sea state 301 

corresponding to 12 m/s 302 

 303 

Table 5 shows a clear trend for lateral displacement mean and SD. The mean values decrease, especially for 100 and 150 mm MG 304 

thickness scenarios. Instead, SD values are increased up to 24%. Being one order of magnitude higher than mean values, SD increment 305 

has been judged more critical. 306 

A comparison of these results to the ones reported in [29], which refer to a jacket support structure, highlights that the values (maxima 307 

ensemble-average) measured on the jacket are up to five times larger than the Mean+SD displacements values on the tripod. In this 308 

work, the maxima ensemble average has been computed, for each seed (then averaged again to obtain single value). The maxima have 309 

sampled every 10 seconds simulated, for a total of 60 values for each simulation. The interval for the sampling operation has been chosen 310 

consistently with the waves peak spectral period. Table 6 helps to evaluate the entity of the difference between the plotted values 311 

(Mean+SD) and the 60 maxima average. 312 
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Given the nature of the displayed statistics, it is possible to assume that the averaged maxima represent a better mean of comparison. 313 

Still, the values found indicate a smaller tower displacement for the tripod support than for the jacket. 314 

 315 

Table 5 – Averaged lateral displacement mean and SD % variation for 12 m/s wind speed sea state 316 

MG thickness [mm] 50 100 150 200 

% Mean variation -10.6 -39.6 -89.6 -18.7 

% SD variation +1.2 +8.1 +18.3 +23.9 

 317 

Table 6 – Comparison of Mean+SD and 60 maximum values average for 3 different positions along the tripod tower height. The case reported refer 318 

to 200 mm marine growth thickness and 12 m/s wind speed 319 

 Pile head [m] Tower base [m] Tower top [m] 

Mean+SD 0.007  0.015  0.132  

60 Maxima Average 0.031  0.053  0.371  

 320 

Horizontal wave loads  321 

In the simulations, the hydrodynamic loads are computed instantaneously, based on surface elevation. The total wave load acting on 322 

the structure increases as the marine growth’s layers of the tripod are thicker (Figure 5). As expected, the increased members’ diameters 323 

cause the surface exposed to the waves to be larger. Consequently, the resulting stress on the structure increases since the additional 324 

diameter is not considered as a structural component, being constituted by biofouling. 325 

Base shear  326 

Marine growth does not seem to affect the mean base shear when the turbine is operational, as displayed in Figure 6. Mean values 327 

remain constant for 6, 12 and 24 m/s wind speed and increases for 45 m/s. A cause can be found in the different contribution of turbine 328 

thrust and wave load to the resulting base shear. While the aerodynamic thrust is largely constant for a given wind speed, the wave load 329 

is oscillatory in nature, and increases with marine growth – furthermore, the aerodynamic thrust is, in general, an order of magnitude 330 

higher than the surge wave load amplitude. Therefore, a higher turbine thrust contribution (higher than the one of wave load) would 331 

justify the nearly constant values as thickness changes. A confirmation can be found on the trend observed as the turbine is not operating: 332 
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at 45 m/s wind speed the mean base shear clearly increases from 0 to 200 mm thickness scenario. The same trend can be found for 333 

standard deviation (Figure 6), meaning, again, an increased probability of high base shear values as marine growth layers thicken. 334 

 335 

 336 

Figure 5 – Wave load mean values (black bars) and SD for 5 different values of marine growth thickness and 4 wind speeds 337 

 338 

 339 

Figure 6 – Base shear mean values (black bars) and SD for 5 different values of marine growth thickness and 4 wind speeds  340 

Overturning moment 341 

Due to the larger arm (i.e. distance from the seabed level), the rotor thrust provides the largest contribution to the overturning moment 342 

(i.e. moment in pitch), which is an estimate of the external forces multiplied by the distance from the soil. This can be observed in Figure 343 
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7, where when the turbine is operating, the overturning moment (OT) is almost constant for the different thicknesses simulated, while 344 

when the turbine is parked (not operating), the values themselves are lower (when going from 24 to 45 m/s) and strongly affected by the 345 

thickness settings, since they are largely due to the oscillatory nature of the wave loads. In fact, by calculating the two separate moments, 346 

it is possible to appreciate how, while the mean values belong to the same order of magnitude, the maximum hydrodynamic moment is 347 

five times larger than the aerodynamic one.  348 

 349 

 350 

Figure 7 – OT moment mean values (black bars) and SD (colours) for 5 different values of marine growth thickness and 4 wind speeds 351 

 352 

4.1.2 Marine growth roughness  353 

The CM and CD coefficients have been varied, along the depth, in function of the different characteristics of the MG at different 354 

depths, and this had an impact on the loads. It can be seen from Figure 8 that the choice of the default values, causes an overestimation 355 

of the mean wave load for every sea state simulated. Being the default values used in case of smooth structure, the overestimation is 356 

intended with respect to the “smooth” scenario in which the coefficients have been instead computed as explained in section 3.4.3. The 357 

relative overestimation of the standard deviation follows the percentages shown in Table 7.  358 

The difference is larger at low wind speeds (low HS): for the 6 m/s case it reaches 45%, while for the other wind speeds its magnitude 359 

is almost four time smaller (around 10%). This difference comes from the values used in USFOS by default (CD=0.7 and CM =2; with 360 

respect to those, CD is the parameter that changes the most comnsidering its dependence from Reynolds and K-C numbers.  361 
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 362 

Figure 8 – Mean wave load for 4 sea states when using the default USFOS values or the corrected inertia and drag coefficients 363 

 364 

Table 7 – Wave loads when using USFOS default CD and CM in place of the corrected ones and percent overestimation 365 

Wind [m/s] “Default” scenario load [kN] “Smooth” scenario load [kN] % Overestimation 

6 8.2 5.6 44.5 

12 19.6 18.0 8.9 

24 67.3 60.7 10.8 

45 243.8 216.9 12.4 

 366 

Sea states dominated by drag forces are represented by high K-C numbers. For these scenarios, CD is a function of Reynolds number 367 

[45]. Normally, a high K-C number can be found close to the water surface, decreasing with depth. The regions below the threshold of 368 

K-C=5 [45] are mostly dominated by inertia forces, with drag influence being almost negligible. For sea states with low wind speed 369 

(low HS), then, only the region close to the water surface is characterised by high water velocities. Setting CD at 0.7 for the whole depth 370 

results in a consistent overestimation of the values at low wind speeds because of the low Reynolds number. This can be seen for 6 m/s 371 

wind speed scenario, which is not high enough to justify the CD=0.7 as prescribed by DNV [44] and used in USFOS as default. Instead, 372 

for the other sea states the overestimation is smaller. This is mainly due to the CD values, which are larger than 0.7 because of the high 373 
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wind speed and the consequently more severe sea state. Moreover, CM is nearly the same as the USFOS default one for the whole depth 374 

for the other three scenarios. 375 

Figure 9 displays the total wave load experienced by the structure as the marine growth roughness varies. As shown, when roughness 376 

increases, also the mean wave load becomes higher. The percent increment with respect to the smooth case is summarised in Table 8. 377 

The values are larger when passing from low to high HS.  378 

The standard deviation is higher for the “Smooth” than for the “5 mm” and “50 mm” roughness scenarios. This result suggests that 379 

the inertia dominated conditions (smooth case) cause a larger scatter of load values than the drag dominated ones. 380 

 381 

 382 

Figure 9 – Wave load mean values (black bars) and SD for 3 different values of MG roughness and 4 wind speeds 383 

 384 

385 
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Table 8 – Percent mean wave load increase for roughness k=5 mm and k=50 mm with respect to the “Smooth” case 386 

Wind [m/s] k = 5 mm k = 50 mm 

6 75% 121% 

12 70% 111% 

24 120% 154% 

45 103% 167% 

 387 

4.1.3 Marine growth non-uniform distribution  388 

The distributions prescribed by the four references considered (Wolfram [39], DNV [7], MID [40], Oldfield [41]) have been set with 389 

the desired accuracy mainly on the tower central member, discretised with various cylindrical elements to reproduce its conic shape. 390 

Instead, the three long and thin oblique members are discretised with fewer cylindrical members by USFOS and thus the accuracy is not 391 

homogeneous for the whole tower. However, the results have been presented because the loads on the central part of the structure are 392 

the driving loads when evaluating the structure dynamic behaviour. The outcomes of the simulations correspond to a different marine 393 

growth mass added to the “nude” structure. This makes unequal the conditions at which the results would be compared. In fact, while 394 

the change in mass does not significantly affect the results, the added volume has been seen to be fundamental for the loads magnitude 395 

(as already observed for the constant thickness impact analysis). Therefore, the added volume for each scenario has been calculated, as 396 

reported in Table 9.  397 

 398 

Table 9 – Mass, additional mass and additional volume for 4 marine growth distributions 399 

 
Wolfram 

[39] 

DNV 

[7] 

MID 

[40] 

Oldfield 

[41] 

Mass [tons] 3085 2869 3138 2726 

Additional Mass [tons] 715 499 767 356 

Additional MG Volume [m3] 698 487 749 348 

 400 
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Base shear and total wave load show a very similar behaviour when assessing the effect of MG distribution. Therefore, these two 401 

will be discussed together and generically referred to as “load”. Figure 10 shows base shear’s mean and standard deviation when 402 

changing marine growth thickness profile along the depth, at 12 m/s. The distributions leading to higher loads are the ones prescribed 403 

by Wolfram [39] (1.42 MN) and MID [40] (1.41 MN). 404 

However, even though its lower standard deviation indicate that it would not cause the highest load, the marine growth profile taken 405 

from DNV [7] presents a higher mean value (-35 kN). In addition, the added volume is considerably lower: 30 and 35 % less that the 406 

first two distribution cited, suggesting that for the same added volume this marine growth profile would cause the loads to be way higher 407 

than the others. 408 

 409 

 410 

Figure 10 – Mean and SD base shear for 4 marine growth distributions at 12 m/s 411 

4.2 Natural frequencies and structure response in frequency 412 

4.2.1 Natural frequencies analysis  413 

The natural undamped frequencies have been computed using USFOS. The general formula for natural frequencies of a one degree 414 

of freedom system is reported (Equation 3), to remind the dependency from the mass, which remains for more complex systems. 415 

 416 

𝑓 = 1
2𝜋 √ 𝑘

𝑚                      (3) 417 

 418 
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Differences arise when considering the structure as fixed (Approach A) or when modelling the soil (Approach B). It is possible to 419 

appreciate how, in both the approaches (presented in Figure 11 and Figure 12) the first two natural frequencies are not significantly 420 

influenced by the presence of marine growth. In terms of design criteria, in fact, the most critical eigen modes have to remain non-421 

excited by the rotor frequency to not cause the phenomenon of resonance, which would greatly enhance the amplitude of the tower 422 

oscillation. As explained by Van der Tempel and Molenaar [46], offshore wind turbines are usually designed so that first natural 423 

frequency (the tower lateral bending frequency) is far from the 1P and 3P rotor frequency ranges. Given the dimensions of a 5 MW 424 

NREL OWT, the “soft-stiff design” is adopted. As a consequence, the first natural frequency has to remain in the middle between the 425 

1P and 3P frequency ranges. 426 

 427 

 428 

Figure 11 – First 5 modes of vibration natural frequencies for different marine growth thicknesses with Approach A (no soil dynamics modelling) 429 

 430 
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 431 

Figure 12 – First 5 modes of vibration natural frequencies for different marine growth thicknesses with Approach B  432 

(soil dynamics modelling included) 433 

 434 

A different representation of the first two natural frequencies variation is given in Table 10, which compares the percent change with 435 

respect to the case with null thickness. 436 

For both the conditions, the variation of first and second modes is nearly negligible. Moreover, as a confirmation of the results 437 

obtained, the change is consistent with Fevåg [5]: first and second global natural frequencies are not influenced by the presence of 438 

marine growth. 439 

Table 11 shows the comparison between the results of the two studies. The order of magnitude of the results is the same but with a 440 

different sign. A decreasing trend would have been expected because of the increment of the total mass of the structure. For example, 441 

passing from 150 mm to 200 mm MG thickness, the percent change decreases. The anomalous behaviour is manifesting due to the 442 

presence of the soil, making the structure’s behaviour to be not linear [14]. 443 

Third, fourth and fifth natural frequencies are following the expected trend. As marine growth layers become thicker, the frequency 444 

decreases. The added mass in fact, following Equation 3, lowers the frequency. It has also been observed that for higher order natural 445 

frequencies the decrement, for thicker MG layers, is more pronounced. 446 

It has also been found that the frequencies that vary the most with the presence of marine growth are the ones which corresponds to 447 

an eigen mode that involves a wide movement of the lower part of the structure, which is colonised by marine growth. The first two 448 

modes of vibration are characterised by the bending of the upper part of the tower. Consequently, marine growth does not vary these 449 

natural frequencies. On the other hand, as the modes of vibrations become more complex, they involve the lower part of the structure: 450 
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here the lower members bend and twist. Therefore, the correspondent eigen frequencies’ variation is wider. This observation can be 451 

appreciated for the first 20 modes of vibration, as presented in Figure 13. 452 

 453 

Table 10 – Percent change of the first two natural frequencies with respect to null thickness 454 

 50 mm 100 mm 150 mm 200 mm 

 Bottom fixed – Approach A 

1 -0.08% -0.15% -0.19% -0.17% 

2 -0.08% -0.15% -0.19% -0.17% 

3 -1.08% -2.2%7 -3.57% -4.97% 

4 -1.08% -2.27% -3.57% -4.97% 

5 -2.82% -5.30% -7.46% -9.34% 

 Loose sand soil – Approach B 

1 0.17% 0.29% 0.290% 0.16% 

2 0.17% 0.29% 0.290% 0.16% 

3 -4.25% -8.16% -11.77% -15.11% 

4 -4.25% -8.16% -11.77% -15.11% 

5 -5.71% -10.76% -15.28% -19.36% 

 455 

Table 11 – First natural frequency percent variation comparison between the present study and [5] 456 

 Present study [5] 

50 mm 0.17% 0.0% 

100 mm 0.29% -0.1% 

150 mm 0.29% -0.2% 

200 mm 0.16% -0.3% 

 457 
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 458 

Figure 13 – Relative variation for the first 20 natural frequencies as MG thickness increases 459 

 460 

4.2.2 Comparison of the natural and exciting frequencies  461 

Wind loads spectra are across a low range of frequencies (Bhattacharya [47]), and therefore out of the resonance range. Following 462 

the analysis made by Fevåg [5], it can be said that also the wave load spectrum peak frequency (around 0.1 Hz for a 10 m/s peak spectral 463 

period sea state) is substantially lower than the modes of vibration natural frequencies of the structure, first of which is set at 0.29 Hz. 464 

Then, it is not expected that the wave loads will substantially excite the structural modes of vibration. Anyway, a bit of structural 465 

oscillation is present, therefore the contribution of the wave loads to the horizontal oscillatory displacement is tangible. 466 

Table 12 summarises the exciting frequencies due to the turbine rotational motion. The rotation speed gives the 1P frequency, which 467 

is the most critical one together with 3P (the blade passing frequency for a three-bladed wind turbine). 468 

By comparing of the values summarised in Figure 12 (bar chart of natural frequencies) and the ones in Table 12, it is possible to 469 

confirm that neither the 1P nor the 3P turbine rotational frequencies cause resonance. Given the value of the tripod first natural frequency, 470 

0.293 Hz, which lays into the gap 1P-3P for each wind speed, the safe design of the structure can be confirmed to be the soft-stiff [46]. 471 

 472 

 473 

474 
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Table 12 – Turbine rotation frequencies at each wind speed 475 

Wind speed  

[m/s] 

Rotor speed 

[rpm] 

Excitation frequency  

[Hz] 

  1P 3P 6P 9P 

6 7.9 0.132 0.395 0.79 1.185 

12 12.1 0.202 0.605 1.21 1.815 

24 12.1 0.202 0.605 1.21 1.815 

45  

(parked turbine) 
0 0 0 0 0 

 476 

 477 

4.2.3 Response frequency spectra  478 

In order to better understand the impact of the marine growth thickness on the dynamic response of the OWT, it is useful to analyse 479 

the changes in the lateral displacement response spectrum when the amount of biofouling is changed. 480 

Figure 14 shows a shift in the third peak frequency for the different scenarios. This is caused by structure’s mass change for the 481 

different marine growth thicknesses. Since the increased thickness enlarges the members’ diameter as well, a simple method to assess 482 

the impact of the two phenomena on the natural frequencies change is here proposed. 483 

In order to confirm that the shift in frequencies may be due to the change in mass, an equivalent but approximated 1 DOF system 484 

model is used. This approach simplifies consistently the dependency from mass in such a complex system but can provide a useful 485 

insight and confirmation. 486 

The values presented in Table 13 are displayed as percent of relative variation. It can be observed that the expected values are very 487 

close to the actual values obtained by extracting them from the frequency spectra. Then, it can be confirmed that the peak shifts 488 

accordingly to the mass increase due to the marine growth thickness increment. 489 

 490 
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 491 

Figure 14 – From top to bottom: tower top, tower base and pile head lateral displacement response frequency spectra for 12 m/s load case,  492 

for 5 different MG thickness values 493 

 494 

 495 

Table 13 – Expected and actual percent peak relative distance for 5 marine growth densities and thicknesses (at 12 m/s wind speed) 496 

 
Thickness  

[mm] 

 0 50 100 150 200 

Mass [tons] 2370 2580 2800 3035 3280 

Frequency expected % variation  -4.3 -8.7 -13.2 -17.6 

Peak Frequency [Hz] 1.114 1.07 1.028 0.992 0.96 

Peak frequency actual % shift  3.9 7.7 11.0 13.8 

 497 
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Figure 15 highlights how the wave load experienced by the structure increases in intensity: the increment is 19% passing from 0 to 498 

200 mm marine growth thickness. However, the exciting frequency does not change. 499 

By comparing the structure’s response frequency spectra at different heights along the tower (Figure 14), some key trends have been 500 

discovered. Firstly, the wave load excitation frequency (always close to 0.1 Hz) can be found in the structure’s response only in the 501 

submerged parts and not in the tower top response spectrum, as expected. Moreover, the peak at 0.7 Hz, caused by the wind load, 502 

increases of importance passing from the pile head (near the seabed), to the tower base, and to the tower top, where it corresponds to 503 

the highest value. Therefore, the parts of the structure excited mainly from just one of the two types of load will present, as expected, a 504 

higher peak at the frequency of that excitement source. It is also possible to identify a minor peak set at 0.3 Hz. This is the first natural 505 

frequency of the structure, at which the tower oscillates due to the free from constraints top end. The peak is emphasised at 45 m/s, as 506 

shown in Figure 16, because the parked wind turbine condition makes the tower to behave just as a simple cantiliver, having just one 507 

end constrained in all its degrees of freedom. Therefore, the tower vibrates at its natural frequency at its free end. 508 

The trends and observations made for the frequency spectra shown are similar for all the other sea states that have been simulated 509 

for the study. The comparison of Figure 14 and Figure 16 highlights that the third peaks are characterized by just one maximum in the 510 

45 m/s scenarios, while a more variable shape is identifiable for the other loading cases. The cause has been found in the average 511 

operation This suggests that, as the turbine passes to the parked configuration, the system simulated by the software is simpler, having 512 

all the turbine’s controls disabled. 513 

 514 

 515 

Figure 15 – Total wave load frequency spectra for 6 m/s sea state for 5 different MG thickness values 516 

 517 
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 518 

Figure 16 – Tower top response frequency spectra for 5 marine growth thicknesses at 45 m/s wind speed 519 

 520 

5. CONCLUSIONS  521 

Offshore wind turbines represent a proven solution for producing renewable energy on a vast scale. This technology poses additional 522 

design challenges as well as the need of careful maintenance planning. So far, there have been few attempts to investigate the influence 523 

of marine growth on the response of fixed offshore wind turbine structures, especially on offshore wind turbines utilising a tripod 524 

structure as support structure, and considering the soil-structure interaction. Therefore, in the present work a methodology and the results 525 

of an aero-hydro-servo-geo-elastic dynamics analysis is given, discussing the impact of the marine growth thickness and roughness on 526 

the dynamic response of the system. 527 

The main findings can be summarized as: 528 

- Increase of loads on the tripod for an increasing marine growth thickness; 529 

- Importance of roughness modelling, since the results are highly sensitive to this parameter; 530 

- Absence of variation for the critical natural frequencies (first two modes) in any scenario;  531 

- Discrepancy between the guidelines of the different codes.  532 

Lateral displacement and loads increase as marine growth thickens. Furthermore, different thickness profiles and different roughness 533 

values have shown to have a clear impact as well. 534 

Thickness variation has a high impact both on loads and structure’s lateral displacement: the standard deviation increases up to 24% 535 

for 200 mm MG thickness, meaning a higher probability of wider tower oscillations. Indeed, due to the increased diameter of the braces, 536 

the wave load experienced by the structure is enhanced. It is noticeable that the tripod support seems to experience smaller displacement 537 

than the jacket one. While the base shear and overturning moment are not heavily affected when the turbine is operational, these are 538 



            32                                                                    Ocean Engineering, 2020 

increasing as marine growth thickens. Marine growth thickness distribution along the structure required a comparison that considered 539 

the effectively added volume, the cause of the enlarged loads. Furthermore, the marine growth profile prescribed by DNV has been 540 

identified as the most critical, given the high loads and low added volume if compared to the other non-homogeous distributions. 541 

The analysis on the impact of the roughness revealed to induce a reduction of the wave loads in the case of smooth marine growth. 542 

In fact, using the values automatically set by USFOS [48] causes a significant overestimation especially at low wind speeds, where sea 543 

states are mainly dominated by drag forces. When roughness is increased, the enhanced drag coefficient causes larger wave load and 544 

base shear. Mean values increases up to 167% (nearly 60 kN) of the “smooth” scenario. 545 

The natural frequency analysis has clearly shown a decreasing trend due to the mass increment. Nevertheless, the first two natural 546 

frequencies demonstrated a negligible change (0.3%), but still at the designed soft-stiff conditions between 1P and 3P rotor frequency 547 

ranges. The peaks identified through the frequency spectra analysis have shown no sign of resonance. As marine growth thickens, the 548 

third peak’s frequency is lower. It has been pointed out, though, how the tower top oscillates at the first natural frequency given its 549 

freedom from constraints. The origin of the peaks has been determined with a prior analysis of the effect of the single loading conditions: 550 

while the 0.1 Hz peak represents the response to the wave load, the peak spotted at 0.7 Hz is caused by the wind. The third peak shifting 551 

trend has been identified as mass-connected. In fact, the relative frequency decrement is in line with the predicted one, computed 552 

considering the 1 DOF system mass dependency. 553 

Then, it has been observed that the references for marine growth thickness profiles can lead to added volume differences up to 35 % 554 

between each other. This finding underlines the necessity to considerate the appropriate profile for each marine envronment for accurate 555 

load calulations. 556 

However, it is worth highlighting that the work here presented has shown two main limitations. Firstly, the effect of the distributions 557 

(of thickness and hydrodynamic coefficients) could be better appreciated with a smaller discretization of the lower part of the tripod 558 

structure. The adjustment would make USFOS to assign the values with higher accuracy, respecting the desired profile. Secondly, the 559 

non-linearity due to the soil modelling, displayed when computing the natural frequency of the structure, could be explained and 560 

therefore confirmed by using a software implementing a different soil model. Both limitations will be the topic of future research carried 561 

out by the authors.  562 

 563 

564 
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