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Abstract 6 

 7 

By accounting for almost 25% of the capital cost of an OWT (offshore wind turbine), optimisation of support structures 8 

provides an efficient way to reduce the currently high cost of offshore wind energy. In this paper, a structural 9 

optimisation model for OWT support structures has been developed  based on a coupled parametric FEA (Finite Element 10 

Analysis) and GA (Genetic Algorithm), minimising the mass of the support structure under multi-criteria constraints. 11 

Contrary to existing optimisation models for OWT support structures, the proposed model is an integrated structural 12 

optimisation model, which optimises the components of the support structure (i.e. tower, transition piece, grout and 13 

monopile) simultaneously. The outer diameters and section thicknesses along the support structure are chosen as design 14 

variables. A set of constraints based on multi-criteria design assessment is applied according to standard requirements, 15 

which includes vibration, stress, deformation, buckling, fatigue and design variable constraints. The model has been 16 

applied to the NREL (National Renewable Energy Laboratory) 5MW OWT on an OC3 (Offshore Code Comparison 17 

Collaboration) monopile. The results of the application of the integrated optimisation methodology show a 19.8% 18 

reduction in the global mass of the support structure while satisfying all the design constraints. It is demonstrated that the 19 

proposed structural optimisation model is capable of effectively and accurately determining the optimal design of OWT 20 

support structures, which significantly improves their design efficiency. 21 
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Nomenclature 
a  Amplitude of the wave 

u  Horizontal velocity of water particles 

c  Cohesion value of soil u  Horizontal acceleration of water particles 

DC  Drag coefficient of the monopile 
cu  Current velocity 

TDC ,
 Drag coefficient of the tower 

MSLcu ,
 Velocity of current at mean sea level 

fC  Frictional coefficient between the pile and the soil 
excV ,

 Extreme current speed 

MC  Inertia coefficient of the monopile 
aveV  Annual average wind speed 

TC  Thrust coefficient of the rotor 
50eV  50-year extreme wind speed 

allowd  Allowable deflection 
50gV  50-year extreme 3 s gust wind speed 

piled  Pile-head deflection 
refV  Reference wind speed 

D  External diameter of the tower V  Mean wind velocity 

Pf1
 Rotor induced frequency rV  Reference wind speed measured at the 

nacelle altitude 

Pf3
 Blade passing frequency 

1321 ,,, xxx   Design variables 

stf1
 First natural frequency of the support structure Lx  Lower bound of design variables 

allowsrf ,
 Allowable fatigue safety ratio Ux  Upper bound of design variables 

min,srf  Minimum fatigue safety ratio 
rz  Nacelle altitude used as reference height 

towerF  Wind loads along the tower   Roughness coefficient 

hF  Hydrostatic force   Friction angle of soil 

objF  Objective function f  Partial safety factor for consequence of 

failure 

TF  Thrust force  
m  Partial safety factor for material 

h  Local wave depth 
fm,  Material partial safety factor for fatigue 

aveH  Average significant wave height  
a  Availability of wind turbine 

50sH  50-year extreme significant wave height 
allow  Allowable rotation 

k  Wave number 
inc  Rotation due to installation incertitude 

mL  Buckling load multiplier 
seabed  Rotation at the mudline 

allowmL ,
 Allowable buckling load multiplier 

a  Air density 

globalM  Global mass of the support structure 
w  Water density 

ratedn  Rated rotor speed 
allowf ,  Allowable fatigue stress range 

IniN  Number of initial samples 
designf ,  Design fatigue stress range 

lifeN  Design life number of cycles 
allowT ,  Allowable Tresca stress 

MaxIterN  Maximum number of iterations 
max,T  Maximum Tresca stress 

PerIniN  Number of samples per iteration 
allowVM ,  Allowable von Mises stress 

R  Rotor radius 
max,VM  Maximum von Mises stress 

aveT  Average wave period 
sy ,  Yield strength of the soil 

50sT  50-year peak spectral period   Angular frequency of the wave 
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1. Introduction 25 

 26 

Since its early development in the 1980s, wind energy has experienced an unprecedented development with more than 27 

1500% increase in global wind power installation over the last 15 years, reaching a total installed capacity of 432 GW at 28 

the end of 2015 [1]. It is considered to be one of the key contributors to satisfying continuous, increasing energy demand 29 

and targets for reduced environmental emissions. Given the increasing trend of rotor sizes [2], and since OWTs (offshore 30 

wind turbines) benefit from the larger available space , higher wind shear and less variability on market price [3], 31 

considerable investments are being deployed in deeper sites located further from shore [4], sharing experience from 32 

onshore wind turbines and offshore technologies [5]. Studies have shown that offshore wind could contribute to around 33 

5.5% of the world’s electricity by 2050 [6]. 34 

 35 

Different types of support structures for OWTs exist, as illustrated in Fig. 1. The choice of types of support structure 36 

depends on multiple criteria, such as water depth, seabed conditions and financial constraints [7-11]. Monopiles (see Fig. 37 

1b) are currently the most common foundation concept, representing 80.1% of total EU’s installations in 2015 [12]. 38 

Preferred by industry for their simple and robust design, monopiles have been installed in water depths ranging from 5 m 39 

to 30 m.  For deeper site locations, monopiles tend to become practically constrained and economically non-competitive 40 

[7]. Thus, different concepts such as jacket structures or, most recently, floating support structure are deemed more 41 

suitable. This study focuses on monopiles, as they still represent the vast majority of already installed or currently in 42 

design OWT support structures. 43 

 44 

Figure 1. Typical foundation concepts [13]: a gravity-based foundation, b monopile foundation, c caisson foundation,  45 

d multi-pile foundation, e multi-caisson foundation, f jacket foundation 46 

 47 

In addition to higher costs induced by offshore location, OWT support structures require site-specific design 48 

consideration in order to ensure the nominal 20-25 years of operational life. As a consequence, the levelised cost of 49 

energy (LCOE) of OWTs in 2013 was reported at 215 $/MWh, which was more than three times higher than onshore 50 

wind turbines [14]. Although the LCOE of OWT has been reduced recently, the contribution of support structures for 51 

OWTs still account for 20-25% of the capital cost [15]. Thus, reducing the support structure cost through structural 52 

optimisation is a key enabler to decrease offshore wind costs and make this solution less dependent on subsidy schemes 53 

[13].  54 

 55 
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A structural optimisation model of OWT support structures requires two main components, i.e. 1) a structural model 56 

which describes the structural behaviour of support structures; and 2) an optimisation algorithm which finds the optimal 57 

set of design variable(s), with regard to the objective function(s) and constraint(s). 58 

 59 

Structural models used for OWT support structures can be roughly categorised into two groups, i.e. 1D (one-60 

dimensional) beam models and 3D (three-dimensional) FEA (finite element analysis) models. A 1D beam model 61 

discretises the support structure into a series of elastic Euler or Timoshenko beam elements. Due to its computational 62 

efficiency and acceptable accuracy to model global structural dynamics behaviour, the beam model has been widely used 63 

in commercial codes (e.g. GH-Bladed [16]) to model OWT support structures. Although efficient, the beam model fails 64 

to represent accurately structural responses, such as stress concentration effects, when a more local scale is required  65 

[17]. In order to capture structural responses accurately, it is necessary to construct the OWT support structures using 3D 66 

FEA. In 3D FEA, the support structures are generally constructed using 3D shell or brick elements. Compared to the 1D 67 

beam model, the 3D FEA model is capable of capturing structural responses accurately and examining detailed stress 68 

distributions across the structure. Due to its high fidelity, the 3D FEA model has been widely used for modelling wind 69 

turbine structures [18-20].  Therefore, the 3D FEA is chosen in this study to model the OWT support structures. 70 

 71 

In addition to the support structure, the soil structure interaction should be modelled, as the simplification of assuming a 72 

rigid soil could lead to up to 20% of errors in natural frequencies of the structure [21], which is obviously not acceptable 73 

with regard to resonance risk assessment. When considering a flexible soil, foundations are usually designed using the 74 

well-known p-y method [22], in which soil is modelled by equivalent springs, with stiffness based on soil property. 75 

Nevertheless, this method was designed and validated for Oil and Gas applications only, which does not fit with the 76 

larger pile diameters used for OWT monopiles. Consequently, it tends to overestimate the pile-soil stiffness, 77 

underestimate lateral deflections [23] and does not depict properly the predominant body motion of the foundation [24]. 78 

A recommended approach to obtain reliable and accurate results is to use 3D FEA with brick elements to represent the 79 

soil conditions [23, 25]. To achieve the required accuracy, the 3D FEA model with brick elements is chosen in this study 80 

to model the soil.  81 

 82 

The optimisation algorithms used for OWT support structures can be roughly categorised into two groups [26, 27], i.e. 83 

calculus-based algorithms and meta-heuristic algorithms. The former relies on a gradient calculation of the objective 84 

function to find the sensitivity of each design variable. It features rapid convergence and ensures an optimal solution for 85 

convex search-space, which explains its popular utilisation [28-30]. Nevertheless, optimisation problems for offshore 86 

structures are generally non-convex [31], which makes the calculus-based algorithms less robust and more likely to end 87 

in local optima [32]. Thus, a meta-heuristic algorithm is preferred. The meta-heuristic algorithm is defined as an iterative 88 

generation process and problem-independent algorithm that uses intelligent strategy, based on stochastic decisions, to 89 

explore efficiently the search space in order to find near-optimal global solutions. Most of the search strategies are 90 

evolutionary algorithms based on natural process. The Genetic Algorithm (GA), popularised by [33], is the most popular 91 

of meta-heuristic algorithms. It tends to reproduce the natural selection process based on the Darwinian theory of 92 

evolution, in which a population tends to evolve through selection and generation of fitter individuals. Since it does not 93 

require an explicit mathematical formulation of the problem and the calculation of the gradient of objective function, this 94 
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method has been widely employed in complex problems and has proved to be very efficient and robust for hybrid 95 

renewable energy system [34], wind turbine layout in wind farms [35], wind turbine composite blades [36] and OWT-96 

related studies [37-39]. Therefore, the GA is chosen in this study to search for optimal solutions. 97 

 98 

Studies have been performed for design optimisation of OWT support structures. Laszio et al. [40] proposed a simplified 99 

design procedure for the design of OWT monopile foundations and applied it to the design of foundations for an offshore 100 

wind farm. The results indicated that the simplified design procedure could achieve acceptable initial design in an 101 

efficient way.  Hong et al. [41] proposed a design methodology of lattice towers for OWTs in the ultimate limit state. 102 

The structural topologies were specified in terms of the inclination of bracings, tower cross-section geometry and the 103 

number of segments along the tower height. The optimal design was searched for according to tower mass and 104 

fabrication complexity. Lee et al. [42] studied the structural topology optimisation of the transition piece for an OWT 105 

with jacket foundation. Lighter structure was achieved with the structural topology optimisation, demonstrating the 106 

topology optimisation can be effective and speeding up the total design cycle.  However, these studies consider an 107 

independent optimisation of the different components (such as tower, transition piece and monopile) of OWT support 108 

structures. Nevertheless, an integrated approach, in which different components are optimised simultaneously, should 109 

ensure better optimisation results [43] and more accurately represent the interaction among components.  110 

 111 

The combination of FEA and GA for the integrated structural optimisation of OWT support structures has not been 112 

reported in the literature. This paper attempts to develop an innovative integrated structural optimisation model of OWT 113 

support structures by combining FEA and GA. A parametric FEA model of OWT support structures is developed and 114 

validated and then coupled with GA, based on an integrated approach. The structural optimisation model is applied to the 115 

NREL 5 MW wind turbine supported on the OC3 monopile to optimise the overall mass of the support structure while 116 

satisfying multiple criteria imposed by design standards. It should be clarified that for the purpose of this study support 117 

structure means the assembly of the tower, transition piece, monopile and foundation. 118 

 119 

This paper is structured as follows. Section 2 describes the reference model. Section 3 presents the design load analysis. 120 

Sections 4 and 5 present the parametric FEA and GA respectively, which are then coupled to form the optimisation 121 

model in Section 6. Results and discussion are provided in Section 7, followed by conclusions in Section 8. 122 

 123 

2. Reference model: NREL 5 MW on OC3 Monopile 124 

2.1. NREL 5MW OWT 125 

 126 

The NREL 5MW OWT [44] was developed by NREL (National Renewable Energy Laboratory) as a reference model to 127 

facilitate research and conceptual studies. This design was extrapolated from operating and conceptual machines to 128 

provide a typical multi-megawatt OWT. The RNA (Rotor-Nacelle Assembly) is supported by a 77.6 m tapered tubular 129 

tower. Its basic characteristics are summarised in Table 1 and further details can be found in [44]. The location of RNA 130 

is defined with respect to the tower-top coordinate system (see Fig. 2), which originates at the centre of the tower top 131 

with x and z axes pointing downwind and vertically upwards, respectively.  132 

 133 
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Table 1. Main properties of the NREL 5MW OWT model [44] 134 

Item Value 

Rated power [MW] 5  

Number of blades 3 

Rotor diameter [m] 126 

Rated wind speed [m/s] 11.4  

Rated rotor speed [rpm] 12.1 

Rotor-Nacelle Assembly mass [kg] 350,000 

Tower base diameter [m] 6  

Tower base thickness [m] 0.027 

Tower top diameter [m] 3.87 

Tower top thickness [m] 0.019 

Coordinate location of RNA  zyx ,,  [m] (0.41 , 0.00,1.97 ) 

Moment of Inertia of RNA  zyx ,,  [kg-m
2
] (4.37, 2.35, 2.54)   10

7
 

 135 

2.2. Adapted OC3 Monopile and transition piece 136 

 137 

The OWT is considered to be supported by a monopile support structure, designed during the OC3 (Offshore Code 138 

Comparison Collaboration) project for the IEA (International Energy Agency) [45]. The monopile is designed as a 56 m-139 

length tubular pile with constant section, having an outer diameter of 6 m and a thickness of 60 mm; 36 m of the 140 

monopile are embedded in the soil, and the remaining 20 m cover the distance from seabed level up to the sea surface. 141 

The depth and denomination of each layer along the monopile are depicted in Fig. 2, and further details can be found in 142 

Ref. [45]. The original NREL’s design has been adapted to represent both transition piece and a typical grouted 143 

connection for this OWT size [46]. The tower is supported by a flange connection with the transition piece at 10 m above 144 

the MSL (mean sea level). The transition piece also ensures a smooth diameter transition between the monopile top and 145 

the tower base. 146 
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 147 

Figure 2. Geometry: a Representation of the adapted NREL 5MW and OC3 Monopile geometry embedded in layered 148 

sandy soil, b details of the transition piece adapted geometry 149 

 150 

3. Design Load analysis 151 

 152 

3.1. Site-specific met-ocean characteristics 153 

 154 

The assumed site in this study is situated in the Dutch part of the North Sea, 8 km away from the shore of IJmuiden city 155 

and refers to the NL-1 location in Ref. [5]; it is proved to be a particularly appropriate site for monopile deployment. 156 

Furthermore, it closely matches the wind class, soil condition and water depth considered in this study. The NREL 5MW 157 

OWT was designed to operate with Class I wind, according to the classification of IEC 61400-1 standard [47]. 158 

Characteristics of the wind conditions are derived from this classification. Regarding the wave conditions, a Pierson-159 

Moskowitz wave spectrum [43], characterised by the significant wave height and peak spectral period, is used in this 160 

study. The main specific met-ocean data of this site are summarised in Table 2.  161 

 162 

 163 

 164 

 165 

 166 

 167 

 168 
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Table 2. Met-ocean conditions of the IJmuiden “NL-1” site 169 

Wind conditions (Class I)  Marine conditions 

Reference wind speed 
refV [m/s] 50  

 
50-year significant wave height 

50sH  [m] 6.9  

Annual average wind speed 
aveV [m/s] 10  

 
50-year peak spectral period 

50sT  [s] 7.7  

50-year extreme 3s gust wind speed 
50gV  [m/s] 60  

 
Average significant wave height 

aveH  [m] 2  

   
Average wave period 

aveT  [s] 5  

   
50-year extreme current speed 

50,cV  [m/s] 0.8  

 170 

3.2. Sources of loads 171 

 172 

OWTs are subjected to multiple load sources imposed by their environment. A relevant list of loads that should be taken 173 

into account for the design of support structures are suggested in design standards, such as IEC 61400-3 [48] and DNV-174 

OS-J101 [49]. Formulations and calculations of each environmental load were derived in this study according to DNV-175 

RP-C205 [50]. As depicted in Fig. 3, the loads on the support structure can be roughly categorised into six groups, i.e. 1) 176 

inertial loads; 2) aerodynamic loads transferred from the rotor; 3) wind loads on the tower; 4) wave loads; 5) current 177 

loads; and 6) hydrostatic loads.  178 

 179 

Figure 3. Loads on the support structure 180 

 181 

The loads depicted in Fig. 3 are detailed below. 182 

 183 
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3.2.1. Inertia loads 184 

 185 

The inertia loads, due to the mass of the support structure and the RNA mass at the top of the tower (see Table 1), can 186 

significantly contribute to buckling and affect the modal frequencies of the OWT support structure, and therefore they 187 

should be taken into account in the structural analysis of support structures. 188 

 189 

3.2.2. Aerodynamic loads transferred from the rotor 190 

 191 

The aerodynamic loads applied on the rotor are transferred to the tower top and are commonly decomposed into a load 192 

matrix defined in the wind turbine referential axis. The typical values of loads for the design of the steel tower were 193 

extracted from [51] and were originally defined during the WindPACT (Wind Partnership for Advanced Component 194 

Technologies) Turbine Rotor Design Study [52]. The fatigue loads were obtained through the Damage Equivalent Load 195 

(DEL) method, developed by NREL and detailed in [53]. The DEL method was applied to the NedWind 25 fatigue-load 196 

spectrum and good results were achieved [53], which confirms the validity of the DEL method.  197 

 198 

3.2.3. Wind loads on the tower 199 

 200 

Wind loads acting on the tower structure result from drag and are dependent on the mean wind velocity  zV . A power 201 

law profile is generally used to represent the wind shear, defined by the following equation: 202 

 












r

r
z

z
VzV          (1) 203 

where 
rV  represents the reference wind speed measured at the nacelle altitude 

rz , and   is the roughness coefficient 204 

which is equal to 0.115 for offshore site [45]. Wind loads along the tower are then determined from: 205 

     zVzDCzF rTDatower

2

,
2

1
        (2) 206 

where 
TDC ,
 is the drag coefficient of the tower, taken as 1.0 from [39],  zD  is the external diameter of the tower at height 207 

z  as the tower is tapered. 208 

 209 

3.2.4. Wave loads 210 

 211 

According to DNV-OS-J101 [49], Morison’s equation can be employed to estimate the wave loads on the structure when 212 

the diameter of the structure, D , is smaller than one fifth of the wave length  , i.e.: 213 

2.0D           (3) 214 

For shallow water waves, the wave length   is given by [54]: 215 

ghT        (4) 216 

where T  is the wave period, g  is the gravity acceleration with a typical value of 9.81m/s
2
, h  is the water depth.  217 
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In this case, wave period and water depth are 5s and 20m, respectively. Thus, the wave length   is 70m, which is 11.6 218 

times larger than the diameter of the monopile used in this study, satisfying the condition defined in Eq. (3). Thus, 219 

Morison’s equation is deemed to be an appropriate method to calculate wave loads in this study.     220 

 221 

According to Morison’s equation, the wave loads are composed of an inertia and a drag term: 222 

|t)u(z,|t)u(z,CD 
2

1
+t)(z, uCD 

4

1
=(z)F DwaterM

2

wwave       (5) 223 

where 
w  is the water density, with typical value of 1025 kg/m

3
; 

MC  and 
DC  are the inertia and drag coefficient of the 224 

monopile, taken respectively as 1.6 and 1.0 from [25]; t)u(z,  and t)(z,u  are respectively horizontal velocity and 225 

acceleration of water particles, which can be obtained from  linear/Airy wave theory [55]. 226 

 227 

3.2.5. Current loads 228 

 229 

Current can induce drag loads on the support structure. An exponential profile for sub-surface current is used to describe 230 

the current velocity )(zuc
 from MSL to seabed d : 231 

7/1

,)( 






 


d

zd
uzu MSLcc

        (6) 232 

where 
MSLcu ,

 is the velocity of current at MSL, d  is the water depth from MSL to seabed. Assuming that the current and 233 

wave are aligned, current velocity is added to the wave particle velocity in the drag term of the Morison’s equation in Eq. 234 

(5). 235 

 236 

3.2.6. Hydrostatic 237 

 238 

Immersion of the monopile into water induces hydrostatic pressure applied on its surface. This represents a permanent 239 

normal load, linearly increasing with the water depth. The hydrostatic force hF  can be calculated by: 240 

ghF wh        (7) 241 

where g  is the gravitational constant, h  is the water depth. 242 

 243 

3.3. Design load cases 244 

 245 

Design standard IEC61400-3 [48] defines thirty-two load cases for the structural design of OWTs, covering all the 246 

operation conditions of an OWT, such as start up, normal operation, shut down and 50-year extreme conditions. The 247 

types of analyses of the thirty-two load cases can be categorised into two groups, i.e. ultimate and fatigue. For simplicity, 248 

the typical load cases used in the structural design of offshore wind turbines are generally the ultimate load under 50-249 

year extreme condition and fatigue load under normal sea condition. In this study, both ultimate and fatigue load cases 250 

are considered, and the details are presented below. 251 

 252 
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3.3.1. Ultimate load case 253 

 254 

The ultimate load case corresponds to the extreme environmental conditions that may be experienced by the OWT and is 255 

based on a 50-year return period. It was demonstrated that the NREL 5MW is governed by the wind loading, rather than 256 

wave loading [56]. Thus, the most critical ULS load case is often considered to correspond to the parked wind turbine, 257 

under the 50-years Extreme Wind Model (EWM) with the 50-years Reduced Wave Height (RWH) and Extreme Current 258 

Model (ECM), defined as the Design Load Case (DLC) 6.1b and 2.1 for IEC [48] and GL [57] standards, respectively.  259 

Load safety factors of 1.1 and 1.35 are applied on the gravitational load and other loads (i.e. wind, wave and current 260 

loads) [47], respectively. 261 

 262 

3.3.2. Fatigue load case 263 

 264 

The nature of wave loading as well as rotor operation during the OWT’s lifetime induces a significant source of periodic 265 

loadings. Wind turbine support structures are therefore prone to fatigue failure [26]. A very commonly used fatigue load 266 

case corresponds to an operating state under Normal Turbulence Model (NTM) and Normal Sea State (NSS) where wave 267 

height and cross zero periods are obtained from the joint probability function of the site, assuming no current; it 268 

corresponds to the DLC 1.2 from the IEC standard [48] and is assumed to represent the entire fatigue state [58]. Load 269 

safety factor for fatigue is equal to 1.0, according to the IEC standard [47]. 270 

3.3.3. Summary of design load cases 271 

 272 

Tables 3 and 4 summarise the factored aerodynamic loads and load cases considered in this study. 273 

 274 

Table 3. Factored wind turbine aerodynamic loads [51] 275 

Load case Thrust force [kN] Tilting moment [kN-m] Torsional moment [kN-m] 

Ultimate load case 781 38,567 7,876 

Fatigue load case 197 3,687 3,483 

 276 

Table 4. Design Load cases 277 

Load case  Wind conditions Wave conditions Load safety  factor 

Fatigue load case  NTM: NSS: * 

DLC 1.2  
aveV  

aveH , 
aveT  1.0 

(Operating)   No current  

Ultimate load case  EWM: RWH: Normal N 

DLC 6.1b/2.1  
50gV  

5032.1 sH , 
50sT  1.1/1.35 

(Parked)   ECM: 
excV ,

  

 278 
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4. Parametric FEA model 279 

 280 

4.1. Model description 281 

 282 

A parametric FEA model of the support structure and the soil is established using ANSYS, which is a widely used 283 

multipurpose FEA commercial package. A flowchart of the model is presented in Fig. 4 and details of each step are 284 

illustrated by an application to the reference model defined in Section 2. 285 

 286 

Figure 4. Flowchart of the parametric FEA model  287 

 288 

4.2. Application of the parametric model to the reference model 289 

 290 

4.2.1. Define parameters 291 

 292 

In the first step, the parameters involved in the FEA modelling, such as structure thickness and geometry data, are 293 

defined. 294 

 295 

4.2.2. Create Geometry 296 

 297 

Based on the geometric dimensions presented in Section 2, the 3D geometry of the reference model is generated, 298 

consisting of five parts, i.e. tower, transition piece, grout, monopile and soil. Tower and monopile parts are discretised 299 

into 15 and 10 segments respectively, in order to represent the varying thicknesses. The diameter of the soil is 20 times 300 

the diameter of the monopile, which is large enough to ensure no artificial boundary effects on pile-soil behaviour. The 301 

created 3D geometry model is depicted in Fig. 5. 302 
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 303 

Figure 5. 3D geometry model: a support structures, b soil model, c section view of soil model 304 

 305 

4.2.3. Define and assign material properties 306 

 307 

The main part of the support structure is made of steel S355, which has been widely used for OWT support structures 308 

[25]. According to [44], density of the steel S355 is artificially increased by 8% to account for secondary steel 309 

appurtenances, welds and coatings that are not accounted for in the thicknesses data of the support structure.  310 

 311 

Regarding the grout, commercial data from a high strength concrete  Ducorit D4
® 

[59], which is commonly used in OWT 312 

grouted connections [46], is chosen in this study. The Tresca failure criterion used for brittle material is applied to the 313 

grout. Mechanical properties of the support structure materials are summarised in Table 5. 314 

 315 

Table 5. Material properties of the support structure  316 

Properties Steel [25] Grout
 
[59] 

Young's modulus [GPa] 210 70 

Poisson's ratio [-] 0.38 0.19 

Density [kg/m
3
] 8500 2740 

Compressive strength [MPa] - 200 

Tensile strength [MPa] - 10 

Yield Strength [MPa] 355 - 

 317 

The constitutive model of sand is well described by the Drucker-Prager model [60], which is pressure dependent and has 318 

been widely used for soil modelling. According to the Drucker-Prager model, the yield strength of the soil, 
sy , , can be 319 

expressed in terms of the internal friction angle   and the cohesion value c  using the following equation: 320 
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))sin(3(3

)cos(6
,









c
sy

       (8) 321 

The frictional coefficient 
fC  between the pile and the soil is given by [23]: 322 









 

3

2
tanfC          (9) 323 

Properties of soil materials used in this study are adapted from [23] and [61] in order to match the soil characteristics of 324 

the site, and are listed in Table 6. 325 

 326 

Table 6. Sand properties for the different soil layers [23, 61] 327 

Type of 

sand 

Unit weight 

[kN.m-3]
 

Young’s 

modulus [MPa] 

Angle of 

Friction [deg.] 

Cohesion 
[61]

 

[kPa] 

Yield stress 

[kPa] 

Friction coeff 

[-] 

Loose  10 30 33 50 59.2 0.40 

Medium 10 50 35 50 58.5 0.43 

Dense 10 80 38.5 50 57.0 0.48 

 328 

4.2.4. Define element type and generate mesh 329 

 330 

Because the tower, transition piece and monopile are thin-wall structures, they can be effectively and accurately 331 

modelled using shell elements. The element type used here is shell element Shell281, which has eight nodes with six 332 

degrees of freedom. It is well suited for linear, large rotation and/or large strain nonlinear application. The Shell281 333 

element is defined in ANSYS and its details can be found in ANSYS help documentation [62]. Following standard 334 

guidelines [25] and experimental results [46], grout was modelled using 2
nd

 order solid elements (SOLID186) in order to 335 

allow bending stress to develop and propagate. Finally, the different soil layers are modelled with linear order solid 336 

elements (SOLID185). Mesh convergence exercises are performed to determine the proper mesh size. Five parameters 337 

are defined in order to well control the mesh, i.e. 1) number of divisions on circumferential edges of the support structure 338 

STCEN , ; 2) element size of longitudinal edges of the support structure STLEES , ; 3) number of divisions on 339 

circumeferential edges of the soil SoilCEN , ; 4) element size of longitudinal edges of the soil SoilLEES , ; and 5) number of 340 

divisions on radial edges of the soil SoilREN , . Additionally, a bias factor of 15 is applied to the mesh on radial edges of 341 

soil, ensuring a finer mesh near the contact regions of monopile and soil. Four sets of meshing parameters (see Table 7) 342 

are investigated. In this case, a point load of 100kN is applied on the tower top. The calculated maximum von-Mises 343 

stress is presented in Table 7. As can be seen from Table 7, the maximum von-Mises stress converges at Refinment 2, 344 

with a relative difference (0.44%) when comparing to the further mesh refinement. Therefore, meshing parameters for 345 

Refinement 2 are deemed appropriate and thus chosen in this study. The created mesh is depicted in Fig. 6. 346 

 347 

 348 

 349 
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Table 7. Meshing parameters and calculated maximum von-Mises stress 350 

ID 
STCEN ,  

[-] 

STLEES ,  

[m] 

SoilCEN ,  

[-] 

SoilLEES ,  

[m] 

SoilREN ,  

[-] 

Number of 

elements 

Maximum von-

Mises stress 

[MPa] 

Diff 

[%] 

Meshing 1 16 4 16 8 4 1,648 23.2 1.75 

Refinement 1 32 2 32 4 8 6,460 22.8 0.88 

Refinement 2 64 1 64 2 12 35,264 22.6 0.44 

Refinement 3 128 0.5 128 1 24 217,108 22.5 - 

(where diff [%] is calculated for maximum von-Mises stress) 351 

 352 

 353 

Figure 6. Mesh : a Cut view of the mesh of the assembly model, b mesh of the support structure 354 

 355 

4.2.5. Define boundary conditions 356 

 357 

Loads applied on the OWT support structure for both ultimate and fatigue load cases are the ones defined in Section 3. 358 

Wind turbine rotor aerodynamic loads are applied on top of the tower. Other loads (i.e. wave, current and wind loads as 359 

well as hydrostatic loads) are applied using pressure formulations, which enable these loads update automatically with 360 

the updated diameters of the support structure during the optimisation process, ensuring a more realistic representation. 361 

Thus, wave, current and wind pressure are applied on the upwind-side outer surface of the support structure while 362 

hydrostatic loads are surrounding the submerged components. The RNA is represented as a lumped mass, applied via 363 

multi-point constraint on the tower top. 364 

 365 

The bottom of the soil model is fixed against translation in all directions, whereas the lateral boundaries of the soil model 366 

are fixed against lateral translation. A frictional contact based on an augmented Lagrangian formulation [62] is defined 367 
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between the pile and the soil with the appropriate friction coefficients (see Table 6), enabling soil-solid interaction. Any 368 

other contacts (such as tower to transition piece contact) are simplified with a bonded formulation. The frictional contact 369 

formulation and nonlinearity from the soil behaviour involve multiple step analysis to make the solution converge. 370 

 371 

4.2.6. Solve and post-process results 372 

 373 

Having defined design parameters, geometry, materials, element types, mesh and boundary conditions, a variety of 374 

analyses (such as buckling, fatigue and modal analyses) can be performed. The simulation results, such as deformations 375 

and stress distributions of both support structure and soil, are then plotted using the post-processing functions of ANSYS 376 

software.  377 

 378 

4.3. Validation of the parametric FEA model 379 

 380 

Two case studies, based on the NREL 5MW OWT on OC3 monopile, are performed to validate the parametric FEA 381 

model.  382 

 383 

4.3.1. Modal analysis 384 

 385 

Considering the analysis of the natural frequencies, the present FEA model has been compared to reference values in two 386 

different configurations, i.e. fixed soil [45] and flexible soil [23].  387 

 388 

As can been seen from Table 8, the first two frequencies of fore-aft and side-to-side modes obtained from the present 389 

FEA model show good agreement with the reference values for both configurations, with the maximum percentage 390 

difference (4.6%) observed for the 2
nd

 fore-aft mode with flexible soil. This confirms the validity of the present FEA 391 

model.  392 

 393 

From Table 8 it can also be observed that the types of soil modelling (i.e. fixed or flexible) can significantly affect the 394 

natural frequencies of support structures.  395 

 396 

Table 8. Comparison of the support structure mode frequencies with reference values 397 

Mode frequencies Fixed Soil  Flexible Soil 

(Hz) Present Ref. [45]
 

% Diff  Present Ref. [23] % Diff 

1st Fore-Aft 0.276 0.277 -0.5%  0.245 0.242 1.6% 

1st Side-to-side 0.278 0.278 -0.1%  0.248 0.241 3.2% 

2nd Fore-Aft 1.573 1.600 -1.7%  1.304 1.366 -4.6% 

2nd Side-to-side 1.838 1.807 1.7%  1.423 1.489 -4.4% 

 398 
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4.3.2. Deflections in static analysis 399 

 400 

This case study aims to assess the deflection behaviour of the support structure in a static analysis. In the reference case 401 

study [63], the weight of the RNA and a 2 MN rotor thrust load were applied on top of the structure. The present model 402 

is adapted to comply with the shift of RNA centre of mass used in the reference model. The deflections at the RNA level 403 

and tower base are compared, and results are presented in Table 9. The displacements at RNA and tower base under 404 

loaded condition are measured with respect to the RNA location and tower base centre under unloaded condition, 405 

respectively. 406 

 407 

Table 9. Static Deformation of the NREL 5 MW on OC3 monopile  408 

Load case Displacement at RNA   Displacement at Tower base 

Mass/Thrust Present Ref. [63]
 

% Diff  Present Ref. [63]
 

% Diff 

RNA / 2MN 1.649 m 1.644 m  -0.3%  0.084 m 0.088 m -4.5% 

 409 

As can be seen from Table 9, good agreement is achieved when comparing the results of the present FEA model against 410 

the values reported in [63], for both displacements at the RNA and  tower  base,  with  a  maximum  relative  difference 411 

(-4.5%) observed for displacement at the tower base. This further confirms the validation of the present FEA model.  412 

 413 

5. Genetic algorithm 414 

 415 

A GA [33] is chosen in this study for finding the optimum solutions. The GA is a search procedure based on genetics and 416 

natural selection mechanisms. It tends to imitate how evolutionary processes have remarkably succeeded in optimising 417 

nature. A GA is based on two concepts to translate the optimisation problem into an evolution process, i.e. a fitness 418 

function and a genetic representation. 419 

 420 

The performance of an individual is assessed through a fitness function. This function should be a measure of how well 421 

the design point performs, relative to the chosen objective function, and how well it adapts to its environment, which is 422 

defined by the satisfaction of design and structural constraints. In a GA, a design point is defined as a chromosome, 423 

containing all the variables of the system, which are defined as genes. Earlier GA used binary encoding to define the 424 

genetic string of the chromosome, but now, real-number and integer coding are also possible [64]. Having defined the 425 

fitness function and genetic representation, GA proceeds to initialise a population of candidate solutions and then to 426 

improve the population through repeatedly using crossover and mutation operators.  427 

 428 

6. Structural optimisation of offshore wind turbine support structure 429 

 430 

6.1. Objective function 431 

 432 
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The mass reduction in an OWT support structure is beneficial to reduce the material costs of the support structure, 433 

achieving successful and economic operation. As this study focuses on an integrated optimisation approach, the 434 

minimum global mass of the support structure 
globalM  is chosen as objective function

objF . This is expressed as: 435 

 
globalobj MF min        (10) 436 

 437 

6.2. Design variables 438 

 439 

The main variables considered for optimisation of a monopile support structure are the thickness and diameters of the 440 

different sections. Indeed, these two types of variable have a great influence on the structural response and are 441 

individually design-driven by different criteria [13]. 442 

 443 

By defining several segments along the support structure, the number of variables for thickness increases greatly which 444 

can impose difficulties to numerically solving the problem. In this case, the tower and monopile consist of 15 and 10 445 

segments, respectively. Taking the thickness of each segment as variable requires 25 variables, and other 5 variables are 446 

needed for transition piece thickness, tower top diamter, tower bottom diamter, monopile top diameter and monopile 447 

bottom diamter, resulting in 30 variables in total. A reduction technique used effectively by [43] is to define thickness at 448 

their top and bottom ends, and the intermediate variable values are then derived by a linear interpolation. This strategy 449 

has been adopted in this study for the foundation, sub-structure and tower, decreasing the total number of variables from 450 

30 to 13. Given the length of the tower, three linear interpolations are introduced instead of one, in order to provide more 451 

degrees of freedom. Due to installation limitations, the diameter of the foundation is assumed to stay constant all along 452 

its length.  453 

 454 

Therefore, inspired by the chromosome formulation, a set of design variables for a design point 𝑗 can be expressed as a 455 

vector of variables: 456 

  13,21  nxxxX
T

nj        (11) 457 

where 
1x  and 

2x  are the diameters at the base and top of the monopile, respectively; 
3x  and 

4x  are the diameters at the 458 

base and top of the tower, respectively; 
85 ~ xx  are used to define different thicknesses along the tower: 

5x  at the base of 459 

the tower, 
6x  and 

7x  at two intermediate locations and 
8x  at the top of the tower; 

9x  and 
10x  

are the thicknesses at the 460 

base and top of the sub-structure, respectively; 
11x  and 

12x  are the thicknesses at the base and top of the foundation, 461 

respectively. Finally, 
13x  is the thickness of the transition piece. The different locations of the variables along the support 462 

structure are illustrated in Fig. 7.  463 
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 464 

Figure 7. Schematic of the design variables of the support structure 465 

 466 

6.3. Constraints and design criteria 467 

 468 

Choice of criteria is of paramount importance for the reliability of the solution provided by the optimisation. Wrong 469 

choice, or lack of relevant criteria, could lead to unrealistic results, and unexpected structural failure during experimental 470 

tests or structure lifetime [65]. According to DNV-OS-J101 [49], three limit states should be considered in the design of 471 

OWT support structures, i.e. 1) ultimate limit state (ULS), which corresponds to the maximum loading-carrying 472 

resistance (i.e. yielding stress and buckling);  2) fatigue limit state (FLS), which corresponds to failure due to fatigue 473 

loads;  and 3) serviceability limit state (SLS), which correspond to tolerance criteria (i.e. deflections and vibrations) 474 

applicable to normal use. Therefore, in this study, the structural optimisation of OWT support structures takes account of 475 

six constraint conditions, i.e. vibration (SLS), stress (ULS), deformation (SLS), buckling (ULS), fatigue (FSL) and 476 

design variable constraints, covering the three limit states suggested in DNV standard. 477 

 478 

 479 

 480 

 481 

 482 

 483 

 484 
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6.3.1. Vibration constraint 485 

 486 

Figure 8.  Illustration of typical excitation ranges of a modern offshore wind turbine [13] 487 

 488 

Resonance phenomena are one of the main concerns for OWT on monopile support structures. To avoid such 489 

phenomena, first natural frequency stf1  of the support structure should be sufficiently separated from the turning rotor 490 

induced frequencies Pf1  and blade-passing frequency Pf3 . A soft-stiff structure design, i.e. with natural frequency lying 491 

between the rotor Pf1  and Pf3  frequencies (see Fig. 8), is currently the most common and economical design for a 492 

monopile [66]. 0f  in Fig. 8 denotes the fundamental frequency, i.e. first natural frequency stf1  in this study. According 493 

to GL standard [67], the first natural frequency should avoid rotor induced frequencies with a tolerance of  ±5%, which 494 

is expressed as :  495 

%531%51   PstP fff         (12) 496 

 497 

The cut-in and rated rotor speed of the NREL 5MW are equal to 6.9 rpm and 12.1 rpm, respectively. Thus, resonance 498 

constraints could be expressed by: 499 

   Hz328.0212.0 1  stf       (13) 500 

 501 

6.3.2. Stress constraint 502 

 503 

In terms of ULS (ultimate limit state), the maximum stress in the grouted connection 
max,T  (Tresca) and in the rest of 504 

the support structure 
max,VM  (von Mises) should stand below the allowable stresses limits 

allowT ,   and 
allowVM ,  , 505 

respectively. This is described by the following inequality: 506 

allowVMVM ,max,           (14) 507 

allowTT ,max,         (15) 508 

 509 

The allowable stress values 
allowT ,  and

allowVM ,   are given by: 510 

 511 

fm

steely

allowVM








,

,        (16) 512 
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m

ultic

allowT



 ,

,          (17) 513 

where 
steely,  is the yield strength of the steel component; 

ultic,  is the ultimate compressive strength of the grout; and  
m  514 

and 
f  are the partial safety factors for material and consequence of failure, respectively. According to DNV-OS-J101 515 

[49], capacity of structural elements in yielding should be checked in ultimate limit states. Therefore, the yield strength is 516 

used in Eq. (16) for steel components in this study.  517 

 518 

From Table 5, it appears that yield strength for S355 steel is 355 MPa. The partial safety factors for material 
m  and 519 

failure 
f  are 1.1 and 1.0 [47], respectively. Thus, the allowable stress 

allowVM ,  is 323 MPa. The ultimate compressive 520 

strength of the grout is 200 MPa (Table 5) and a partial safety factor for material 
m  of 3 should be applied for ULS [25]. 521 

Thus, 
allowT ,  is equal to 67 MPa. 522 

 523 

6.3.3. Deformation constraint 524 

 525 

In order to avoid the uncertainties introduced by large deformations and to ensure the overall structural stability, 526 

deflection and rotation constraints are defined, ensuring both the pile-head deflection 
piled  and the rotation 

seabed  at the 527 

mudline stay below the allowable values 
allowd  and 

allow  , respectively. This can be expressed by: 528 

allowpile dd          (18) 529 

incallowseabed          (19) 530 

where,
inc  is the rotation due to installation incertitude and is chosen empirically here at 0.1°. The values of 

allowd  and 531 

allow  are fixed  at 0.1 m and 0.5° respectively, according to DNV standard [25].  532 

 533 

6.3.4. Buckling constraint 534 

 535 

In addition to the large RNA mass at the tower top, the slenderness of a monopile support structure forces investigation 536 

of the risk of instability due to buckling. The results of the ULS static analysis are used as pre-stress loads. To avoid 537 

failures, the load multiplier 
mL , which is the ratio of the critical load to the current applied load, should be larger than the 538 

allowable load multiplier 
allowmL ,

 . This constraint can be expressed by: 539 

allowmm LL ,         (20) 540 

In this study, 1.4 is chosen as the value for 
allowmL ,

, according to DNV standard [25]. 541 

 542 

6.3.5. Fatigue constraint 543 

 544 
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Fatigue is particularly important in structures (such as OWT support structures) subject to significant cyclic loads. 545 

During the operation of the wind turbine, every rotor rotation causes stress changes in the support structure. 546 

Additionally, the availability of the turbine reflects if the rotor is operating. The design life number of cycles 
lifeN

 
can be 547 

then estimated based on rated rotor speed 
ratedn  and availability 

a  (98.5%) on the selected location [5]. Thus, 548 

considering a lifetime requirement of 20 years [48], the number of cycles is equal to: 549 

 ]/hour[min60]hour/day[24]day/year[365]year[20  ratedalife nN      (21) 550 

 551 

Based on the efficiency of the DEL method used in this study, computational cost is reduced to an equivalent load case 552 

where the number of cycles to failure 
DELN  can be derived from an equivalent S-N curve. An appropriate S-N curve of 553 

slope 𝑚 = 4 and 𝑙𝑜𝑔𝑎 = 13.93 was provided by [51] with the DEL loads defined in Section 3. The design life number 554 

of cycles 
lifeN  calculated from Eq. (21) can be used in the S-N curve to derive the design fatigue stress range 

designf , . The 555 

maximum fatigue stress range 
max,f  in the structure subjected to the fatigue loads is obtained from the FEA simulations. 556 

The minimum fatigue safety ratio 
min,srf

 
can then be derived from the ratio of the design fatigue stress range 

designf ,  over 557 

the maximum fatigue stress range 
max,f

 
in the structure. This safety ratio should stay above the allowable fatigue safety 558 

ratio allowsrf ,  which is equal to one times the material PSF 
fm,  for fatigue: 559 

allowsrsr ff ,min,          (22) 560 

 561 

Since the PSF of material for FLS is 1.15 [25] , allowsrf ,  
is equal to 1.15. 562 

 563 

6.3.6. Design variable constraint 564 

 565 

To ensure a feasible and realistic design, each design variable is constrained to vary within a range defined by upper and 566 

lower bound: 567 

132,1  ixxx U

ii

L

i
        (23) 568 

where L

ix  and U

ix
 
are the lower and upper bounds of the design variables respectively.  569 

 570 

The resultant loads on both the tower and monopile substructure generally increase from top to bottom, requiring larger 571 

diameter on the bottom of the tower and monopile substructure. Thus, the following constraint is defined: 572 

3,2,101   ixx ii        (24a) 573 

Additionally, the thicknesses of tower and monopile substructure generally decrease from the bottom to the top. This is 574 

ensured by the following constraint: 575 

7,6,501   ixx ii        (24b) 576 

901   ixx ii        (24c) 577 

The bounds of the design variables and constraints are presented in Tables 10 and 11, respectively.
 

578 
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Table 10. Upper and lower bounds of the design variables 579 

Design variable Lower 

bound 

Upper bound Variable definition 

1x  MonopBaseD  [m] 5 7 Diameter of monopile base 

2x  MonopTopD  [m] 5 7 Diameter of monopile top 

3x  TowerBaseD  [m] 5 7 Diameter of tower base 

4x  TowerTopD  [m] 3 4.5 Diameter of tower top 

5x TowerBaseTh [m] 0.020 0.040 Thickness of tower base 

6x  TowerInt1Th [m] 0.020 0.040 Thickness of tower Intermediate location 1 

7x  TowerInt2Th [m] 0.015 0.035 Thickness of tower Intermediate location 2 

8x  TowerTopTh [m] 0.010 0.030 Thickness of tower top 

9x  MonopSubBaseTh [m] 0.045 0.070 Thickness of monopile substructure base 

10x  MonopSubTopTh [m] 0.045 0.070 Thickness of monopile substructure top 

11x  MonopFoundBaseTh [m] 0.040 0.070 Thickness of monopile foundation base 

12x  MonopFoundTopTh [m] 0.045 0.070 Thickness of monopile foundation top 

13x  TransPieceTh [m] 0.025 0.040 Thickness of transition piece 

 580 

Table 11. Upper and lower bounds of the constraint conditions 581 

Constraints Lower bound Upper bound 

1
st
 Natural frequency 

stf1
 [Hz] 0.212 0.328 

Max Von Mises Stress 
max,VM  [MPa] - 323 

Max Tresca stress 
max,T  [MPa] - 67 

Pile head deflection 
piled  [m] - 0.1 

Pile head Rotation 
seabed  [°] - 0.4 

Buckling Load mult. 
mL  [-] 1.4 - 

Fatigue safety ratio 
min,srf  [-] 1.15 - 

 582 

6.4. Parameter settings of the genetic algorithm 583 

 584 

The GA algorithm presented in Section 5 is chosen to search for optimal solutions. Table 12 presents the main 585 

parameters of GA. 586 

 587 

 588 

 589 

 590 

 591 
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Table 12. Main parameters of GA 592 

Item Value 

Type of initial sampling Constrained sampling 

Number of initial samples 
IniN  200 

Number of samples per iteration 
PerIniN  55 

Convergence stability criteria 1.5 % 

Maximum number of iterations 
MaxIterN  25 

Crossover probability  0.01 

Mutation probability   0.9 

 593 

Each parameter in Table 12 is detailed below. 594 

 595 

6.4.1. Type of initial sampling 596 

 597 

Since design constraints have been formulated above, a constrained sampling algorithm is used, based on the satisfaction 598 

of Eqs. (23) and (24). 599 

 600 

6.4.2. Number of initial samples 601 

 602 

Minimum value of 10 times the number of design variables should be chosen for number of initial samples IniN . In this 603 

study this value is increased to 200 points in order to increase the chance of finding a better solution. 604 

 605 

6.4.3. Number of samples per iteration 606 

 607 

The number of samples per iteration PerIterN  has an influence on convergence speed. An empirical value of 55 is chosen 608 

in this study. 609 

 610 

6.4.4. Convergence stability percentage 611 

 612 

The convergence criterion is derived based on maximum spread, mean and standard variation of the output parameters. 613 

In this study, optimisation is assumed converged, i.e. population is homogeneous when the criterion value reached 1.5%. 614 

 615 

6.4.5. Maximum number of iterations 616 

 617 

The maximum number of iterations MaxIterN  (25 in this study) is the stopping criterion of the GA. It provides an 618 

estimation of the maximum number of evaluations MaxEvalN , which is defined from previous parameters: 619 
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)1(  MaxIterPerIterIniMaxEval NNNN       (25) 620 

 621 

6.4.6. Crossover probability 622 

 623 

Crossover probability must be defined between 0 and 1. A low value increases the exploitation of available design points 624 

(parents), while a high value promotes the exploration of new design though the generation of offspring. A typical value 625 

of crossover probability of 0.90 [68] is used here. 626 

 627 

6.4.7. Mutation probability 628 

 629 

Mutation probability must be defined between 0 and 1. A larger value increases the randomness of the algorithm until it 630 

becomes a basic random search for a value of 1. A typical value of mutation probability of 0.01 [68] is used here. 631 

 632 

6.5. Flowchart of the optimisation model 633 

 634 

Fig. 9 depicts the flowchart of the structural optimisation model of OWT support structures, which combines the 635 

parametric FEA model (presented in Section 4) and the GA model (presented in Section 5). Each step of the flowchart in 636 

Fig. 9 is detailed as follows. 637 

1) Define objectives, variables and constraints: The first step is to define the optimisation objectives, problem 638 

constraints and design variables. 639 

2) Initialise population: A first initial population of points is generated through a random sampling process. This step is 640 

of paramount importance to initially explore the design space, providing a large genetic diversity and orienting the 641 

rest of the process in the best area of design points. A larger initial population increases the chance of finding the 642 

design point closest to the best solution. 643 

3) Generate a new population: Based on the three evolution mechanisms described before, pools of parents are selected, 644 

children are formed from crossover, and mutation is applied to finally define the new generation. 645 

4) Design point update: In this step, the new population of design points is passed to the parametric FEA model to 646 

update the FEA results, and then the updated FEA results are feedback to GA to update the fitness of design points.  647 

5) Convergence validation: Since mutation continuously introduces new design points, a convergence criterion assesses 648 

when the population of design points is considered sufficiently homogeneous. 649 

6) Stopping criterion validation: in this step, an appropriate stopping criterion is defined to stop the optimisation 650 

process after a given number of iterations. 651 

The above Steps 3 to 6 are continuously repeated until the optimisation has converged or the stopping criterion has been 652 

met. 653 
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 654 

Figure 9. Flowchart of the structural optimisation model 655 

  656 

7. Results and discussions 657 

 658 

7.1. Objective function 659 

 660 

The evolution of the mass objective function, along with the initial population of points is presented in Fig. 10. Seeking a 661 

global optimum forces the GA to widely explore the search space, which explains why only 14.5% of the initial points 662 

are feasible and justifies the choice of a larger initial number of points. The very first steps of the optimisation are 663 

focussed on exploration during which a wide diversity of designs is assessed and the minimum mass quickly decreases. 664 

Then, a phase of exploitation follows, in which the entire population converges until it reaches a unique design. It takes 665 

21 generations to converge, and the best design with a mass of 742 Tonnes is obtained after 1,114 evaluations. The 666 

optimal support structure design is thus 19.8% lighter than initial design (924 Tonnes), which corresponds to an absolute 667 

mass saving of 182 Tonnes. 668 
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 669 

Figure 10. History of support structure mass 670 

 671 

Details of mass saving in Table 13 show that the largest contribution (84.9%) comes from the monopile with a global 672 

mass reduction of 27.0%, while mass reduction of the tower is 10.0%. Actually, this appears logical since the NREL 673 

5MW OWT is developed based on real machines that have been designed through years of experience, while the OC3 674 

monopile design is far less sophisticated. Influence and interest in an integrated approach has arisen by seeing that the 675 

optimal solution is not the one in which every component is optimised, i.e. here the transition piece increases its mass by 676 

1.0%. 677 

 678 

Table 13. Detailed mass savings between initial and optimised design 679 

Mass (Tonnes) Initial Optimised % Diff % of total savings 

Tower 240.0 215.9 -10.0 13.2 

Transition piece 61.6 62.2 1.0 -0.3 

Grout 45.4 41.2 -9.3 2.3 

Monopile - Sub-Structure 232.7 168.0 -27.8 35.4 

Monopile - Foundation 344.7 254.3 -26.2 49.5 

Whole support structure 924.4 741.6 -19.8  

 680 

7.2. Design constraints 681 

 682 

Evolutions of the design constraints are monitored and displayed in Fig. 11. It appears that the design is mainly driven by 683 

the first natural frequency and the fatigue, as being the most saturated constraints, which is in good agreement with 684 

design standards [25, 48]. Although buckling and especially maximum von Mises stress could have looked less 685 

contributory, they are highly activated during the selection of first generation points from the initial population, which is 686 

absolutely decisive for the rest of the optimisation, as observed in Fig. 12.  687 
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 688 

 689 

Figure 11. History of the optimisation constraint criteria: a first natural frequency, b maximum von Mises stress, c 690 

maximum Tresca stress, d monopile rotation, e maximum deformation, f buckling load multiplier, g fatigue safety ratio 691 

 692 

 693 

Figure 12. Contribution of each constraint in the initial design point rejection 694 
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7.3. Design variable 695 

 696 

The thickness and diameter profiles of the optimal design are compared with those of initial design, as depicted in Fig. 697 

13 and Table 14. From Fig. 13 and Table 14 we can see that the thickness plays a major role in the mass reduction of the 698 

monopile, especially for the foundation, while the outer diameter is slightly increased. The result of foundation thickness 699 

can be justified by considering the combined stiffness of the soil and pile. Thus, at deeper soil locations, stiffness 700 

provided by the soil is higher, which means that an identical equivalent stiffness is achieved for a thinner pile. For the 701 

rest of the structure, the material quantity is increased where the stress is known to be the highest (i.e. junction of tower 702 

and transition piece). The outer diameter is significantly reduced for the non-embedded part of the support structure. 703 

Thus, it appears that both types of design variable play an important role in optimisation result.  704 

 705 

Figure 13. Comparison of initial and optimised design 706 

 707 

Table 14.  Comparison of initial and optimised design 708 

Design variable Initial Optimised Variable definition 

1x  MonopBaseD  [m] 6.00 6.11 Diameter of monopile base 

2x  MonopTopD  [m] 6.00 5.34 Diameter of monopile top 

3x  TowerBaseD  [m] 6.00 5.29 Diameter of tower base 

4x  TowerTopD  [m] 3.87 3.35 Diameter of tower top 

5x TowerBaseTh [m] 0.027 0.030 Thickness of tower base 

6x  TowerInt1Th [m] 0.025 0.026 Thickness of tower Intermediate location 1 

7x  TowerInt2Th [m] 0.022 0.021 Thickness of tower Intermediate location 2 

8x  TowerTopTh [m] 0.019 0.017 Thickness of tower top 

9x  MonopSubBaseTh [m] 0.060 0.047 Thickness of monopile substructure base 

10x  MonopSubTopTh [m] 0.060 0.045 Thickness of monopile substructure top 

11x  MonopFoundBaseTh [m] 0.060 0.042 Thickness of monopile foundation base 

12x  MonopFoundTopTh [m] 0.060 0.046 Thickness of monopile foundation top 

13x  TransPieceTh [m] 0.030 0.034 Thickness of transition piece 
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7.4. Structural results of the optimised design 709 

 710 

The modal frequency, stress distribution, deformation, buckling and fatigue analysis results of the optimised solution are 711 

presented below. 712 

7.4.1. Modal frequencies and shapes 713 

 714 

Modal analysis provides the dynamics properties and resonance assessment of the structure. Fig. 14 depicts the modal 715 

shape of the first mode of the optimised support structure, and the value of first modal frequency is also presented in Fig. 716 

14. As can be seen from Fig. 14, the first modal frequency is about 0.2123Hz, which is within the desired range of 717 

0.212Hz and 0.328Hz. The first modal frequency of optimised support structure is close to the lower bound. This is due 718 

to the fact that 1) the thickness of the support structure is reduced during the optimisation process, which results in the 719 

lower value of modal frequency; 2) the modal frequency is one of the main design drivers for the support structure.       720 

 721 

Figure 14. Modal frequency and modal shape of the first mode of support structure 722 

        723 

7.4.2. Stress distribution 724 

 725 

Stress distributions of the support structure under ultimate load case are depicted in Fig. 15. As can be seen from Fig. 15, 726 

the most stressed components are the tower and the transition piece. The maximum equivalent (von Mises) stress is equal 727 

to 288 MPa, which is 10.8% lower than the allowable value of 323 MPa. Maximum Tresca stress (see Fig. 15d) in the 728 

grout is about 24 MPa, which is 64.2% lower than the allowable value of 67 MPa. This indicates that the present support 729 

structure design is safe in terms of ultimate limit state.   730 

 731 

As expected, the highest stress in the monopile is observed near the seabed level, with a value of 209 MPa at the 732 

transition between loose and medium sand, i.e. where the soil becomes sufficiently stiff to make the support structure 733 

behave similarly to a cantilever beam.  734 

 735 

 736 
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 737 

(a) 738 

 739 

(b)      (c) 740 

    741 

(d)       (e) 742 

Figure 15. Stress distribution: a entire support structure, b tower, c transition piece, d grout, e monopile 743 

 744 

7.4.3. Deformation 745 

 746 

Deformation fields are displayed in Fig. 16. As can be seen from Fig. 16a, the maximum deformation of the support 747 

structure is observed at the tower top, with a value of 2.87m. As can be seen from Fig. 16b, the maximum foundation 748 

head deflection is observed at mudline with a value of 0.078m, which is 22.0% lower than the allowable value of 0.1m. 749 
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The deformation of the foundation head and soil induce a 0.342° of rotation at the mudline, which is 14.5% lower than 750 

the allowable value of 0.4°. This indicates the present support structure design is unlikely to experience large deflections.  751 

 752 

(a)        (b) 753 

Figure 16. Deformation: a deformation of support structure, b section view of deformation of foundation and soil 754 

 755 

7.4.4. Buckling 756 

 757 

The buckling analysis results of the OWT support structure are depicted in Fig. 17. As can be seen from Fig. 17, the 758 

buckling load multiplier is about 1.7, which is 21.4% higher than the limit value of 1.4. This indicates the present OWT 759 

support structure design is not likely to suffer from buckling failure.  760 

 761 

Figure 17. Buckling load multiplier and buckling mode shape of OWT support structure under ultimate load case 762 

 763 

7.4.5. Fatigue 764 

 765 

The distribution of the fatigue safety ratio of the support structure is depicted in Fig. 18. As can be seen from Fig. 18, the 766 

minimum fatigue safety ratio is about 1.2, which is 4.3% above the criteria limit of 1.15. This indicates the present 767 

support structure design should survive its design lifetime under fatigue loading. 768 
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 769 

Figure 18. Fatigue safety ratio of the support structure under fatigue load case 770 

 771 

8. Conclusions 772 

 773 

In this work, an integrated structural optimisation model for OWT support structures has been developed by 774 

incorporating 1) a parametric FEA model, which describes the structural behaviour of the support structures; and 2) a 775 

GA, which searches for optimal solutions. The proposed model is an integrated optimisation model, which optimises the 776 

components of the support structure (i.e. tower, transition piece, grout and monopile) simultaneously and minimises the 777 

overall mass of the support structure with multiple design constraints. The external diameters and sectional thickness 778 

along the support structure are selected as design variables. The optimisation model takes account of six constraint 779 

conditions, i.e. vibration, stress, deformation, buckling, fatigue and design variable constraints. The model has been 780 

applied to the NREL 5MW OWT on an OC3 monopile to demonstrate its performance. The following conclusions can 781 

be drawn from the present study:  782 

 Good agreements with reference values for modal frequencies and deflection are achieved, confirming the validity of 783 

the present parametric FEA model.  784 

 By using the proposed optimisation model, the mass of the support structure is reduced by 19.8%, which 785 

corresponds to an absolute mass of 182.7 Tonnes. This indicates the mass of the support structure can be 786 

significantly reduced by using the proposed optimisation model. 787 

 The optimised geometry of the monopile is proved to be more sophisticated than the initial one. 788 

 Adopting an integrated optimisation approach is an efficient way to optimise the global mass of a structure. 789 

 Fatigue and natural frequency appeared to be the main design drivers, which is in good agreement with the 790 

recommendation from design standards. However, the remaining criteria also proved to be relevant and are activated 791 

several times during optimisation. 792 

 793 

Additionally, the proposed optimisation model can be used for any practice of structural optimisation of OWT support 794 

structures, minimising the mass of the support structure with multi-criteria constraint conditions. The proposed 795 

optimisation framework is generic in nature and can be applied to a series of related problems, such as the structural 796 

optimisation of support structure for floating wind turbines.   797 

 798 
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