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ABSTRACT8

Fragility estimates in wind turbine towers have been investigated but the the effect of damping9

on fragility has not been studied. While damping can often be small, it can come from different10

sources for a wind turbine. This paper demonstrates that even for small levels of equivalent viscous11

damping, a combination of sources can have a significant impact on the estimate of the fragility12

of a wind turbine in operational conditions. The widely studied 5MW reference wind turbine13

is considered for this study. The fragility analysis is performed considering the tower fore-aft14

displacement and acceleration responses. The impact of different sources of damping on fragility is15

estimated and ranked to qualitatively understand the impact of damping on the lifetime performance16

of the tower and develop approximate estimates of their quantitative changes.17

INTRODUCTION18

Wind turbines continue to grow in capacity and consequently in size [1, 2]. With this growth19

comes significant exposure to higher levels of lifetime wind loads [3]. Larger wind turbines are20

usually slender and flexible. Additionally, due to the increasing length of blades and towers in21

modern wind turbines, the fundamental frequencies of these structural components are low and22

usually below 0.5 Hz. This makes them dynamically wind sensitive and prone to wind-induced23
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vibrations [4] and directly linked to their safety and serviceability limits. New materials are often24

being proposed for use in turbines [5] for better performance and commercial competitiveness, and25

control aspects are also being investigated in detail. Most of these studies focus on vibration control26

of the structural components for novel power control strategies [6–9], auxiliary damping devices27

[10–15] or structural modifications [16, 17].28

On the other hand, existing wind turbines continue to degrade [18–20] and already generations29

of turbines and related wind farms are either coming to the end of their operational life [21] or have30

already been replaced [22]. Under such circumstances, remaining service life [23], degradation [24,31

25] and assessment of effects of natural hazards on them [26–28] are becoming more important.32

Re-use of existing farms are being linked to geotechnical fatigue performance [29], while re-use33

of blades after their service life in a sustainable manner is also popular [22, 27, 30]. Whether it34

is a new structure, an evolving design or an existing set of wind turbines with the possibility of35

repair or control being installed, there is a need to compare them for relative assessment in terms36

of certain performance indicators for the choice of design, decision making or mitigation options.37

Since wind excitation is random and there are inherent uncertainties in turbine materials, models38

or geotechnical aspects, such a comparison is not trivial and is inadequately represented by single39

point comparisons, or even deterministic comparisons. Under such circumstances and probabilistic40

demands, the use of fragility curves have become popular for these types of comparisons [31,41

32]. Fragility curves consider different limit states, variability of capacity and demand, and42

estimates probabilities of failures for such variabilities [33, 34]. It is thus also representative of43

the vulnerabilities of these structures and must be investigated in detail to understand what impacts44

lifetime safety and performance of wind turbines.45

Consequently, it is of critical importance to understand the impact of parameters that can46

significantly affect the estimation of fragility curves, along with the impact of their variabilities.47

To do so, extensive numerical analyses are required, even to approach this understanding from a48

qualitative point of view. Observed variations in fragility estimates not only allow in understanding49

the importance of these parameters, but also the need for their monitoring, the accuracy with which50
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they should be monitored and the consequences of uncertainties in their estimates on safety and51

performance of wind turbines over their operational life.52

A key issue in this regard is damping. Damping is generally a difficult parameter to estimate53

[35–38] and can often lead to significantly different results in dynamic responses [39]. While there54

exists some work on fragility estimates around wind turbines [40, 41], there is no work, to the55

best of the knowledge of the authors investigating the impact of damping. There has been little56

work reported to date on the inherent sources of damping in a wind turbine and their different57

contributions to the dynamic response. Damping is notoriously difficult to quantify and model.58

The challenge is not trivial since there are multiple sources of damping in a wind turbine[42–44]. In59

addition to structural damping, there is also aerodynamic damping, soil damping, and, for offshore60

wind turbines, hydrodynamic damping, which contributes to the overall damping in the system. In61

practice, it is difficult to assess the individual contribution from each damping source to the dynamic62

response of the structure. This has led to large uncertainties in the design process. Consequently,63

the question is not only whether and how much the damping affects fragility curves but also which64

source of damping contributes in what way. This apportionment further relates to what damping65

sources should be considered, estimated or monitored more carefully. It also provides information66

on how scaled testing of such turbines can be carried out better [43, 45]. Furthermore, understanding67

these sources would also provide the basis for developing and modifying geotechnical and structural68

testing in the laboratory [46] and on-site.69

Soil/foundation damping has been the least studied of all of the sources of damping in wind70

turbines and there exist large discrepancies between theoretical studies and field measurements71

[47]. It is generally assumed that the soil/foundation damping mechanism is hysteretic material72

damping [48]. In the field, this is usually quantified by the logarithmic decrement of the ambient73

vibration response of the turbine, however, more advanced output-only identification techniques74

have also been recommended in the literature [49]. A recent review of soil/foundation damping75

in wind turbines recommended that simple models be used in the early-stage design and that the76

foundation soil damping effects are heavily dependent on turbine geometry, ground conditions, and77
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loading effects [50].78

Aerodynamic damping is another large source of damping in wind turbines. Similar to79

soil/foundation damping, it is difficult to characterise. Aerodynamic damping is a function of80

the aerodynamic design of the blades and their structural dynamic response to the aerodynamic81

load [51]. Aerodynamic damping can be either estimated numerically based on an aeroelastic82

model of the wind turbine or obtained from data measurement campaigns on operational wind83

turbines. Numerically, many schemes have been devised to obtain aerodynamic damping. Co-84

ordinate transformations have been used to estimate damping ratios from time-invariant matrices85

representing the wind turbine system [52], blade element momentum theory has also been used86

[53], and in recent studies, wavelet analysis has been used to estimate aerodynamic damping from87

aeroelastic simulations [54, 55]. In the field, it is difficult to quantify the aerodynamic damping88

due to its dependence on the aerodynamic loading. [56] and later [57] presented schemes for89

determining the aerodynamic damping from output-only system identification techniques applied90

to blade responses in experiments. These are the most widely regarded approaches in the literature91

however, they both require control or at least knowledge of the excitation, rendering them difficult92

to perform practically for an operational wind turbine.93

Structural damping is a measure of energy dissipation in a vibrating structure and is another94

source of wind turbine damping. This is limited to the damping that is inherent in the structural95

materials and damping caused by relative motion between structural elements (e.g. at connections).96

This source of damping is relatively easier to estimate and model than soil/foundation damping97

and aerodynamic damping; however, it is still not straightforward. [58] studied the implications98

of the uncertainty of structural damping on a structure’s response. The authors have stated that in99

the design of large flexible structures, structural damping is difficult to predict closer than plus or100

minus 30% until the structure is completed and direct measurements can be taken.101

Irrespective of the variety of mechanisms through which damping sources manifest themselves,102

wind turbines in operational conditions are expected not to exhibit instability or extreme responses.103

For such situations, there are solutions related to design, control or operational shut-down to avoid104
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these situations. However, it is the equivalent viscous damping representation of these sources,105

indicative of average energy loss over cycles, which still govern the responses of the turbine under106

standard operational aspects, typically in a linear regime. Even under such a standard situation,107

there can be significant variation in fragility estimates based on the sources of damping and minor108

variations in these small values. Despite this interesting and important possibility around lifetime109

performance, this has not been addressed or investigated.110

This paper investigates how different sources of damping impact the fragility curves of wind111

turbines for different limit states. From the structural engineering perspective, the wind turbine112

tower is the single most important structural member, as the failure of the tower can lead to global113

failure. The impact of the damping properties of the structure on tower displacement is analysed.114

The safety and serviceability limit states of the wind turbine tower are expressed in terms of tower115

displacement and the probability of exceeding limit states is computed. A differential equation-116

driven model is chosen to model the wind turbine, which is representative of their behaviour in the117

reduced order [59] and a focus on the variability of fragility curves due to damping sources are118

investigated. The wind turbine tower and nacelle are the key areas of focus in this study since they119

often represent the more problematic aspects of wind turbine blades, which are easier to replace.120

The results not only provide the impacts of damping on design or assessment but is also useful121

in selecting materials, control aspects, soil-structure interaction considerations and monitoring122

strategies. The work can be transferred to other hazards like scour [60] and for offshore wind123

turbines [45, 61], where the older generation farms have already started to age. Finally, the results124

also have direct consequences for the assessment of other renewable energy devices (e.g. wave125

energy [62], floating solar [63]) and along the lines of the concept of modular energy islands [64].126

The damping parameters investigated in this study are selected to represent the most commonly127

observed sources of damping in wind turbine operations. Following [65], who analysed the damped128

response of a wind turbine using a general frequency adaptive framework, a total of seven parameters129

are chosen to describe the damping properties of a wind turbine. This study develops a numerical130

model of a wind turbine following the Euler-Lagrange approach. The closed form equation for131
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Mass, Stiffness and Damping matrices of the system are derived. The equation of motion is solved132

using the state-space method to obtain the wind turbine response under the action of aerodynamic133

loads under different damping conditions.134

This study can thus rank the relative importance of commonly observed damping sources in a135

wind turbine through a fragility approach. The impact of each damping parameter under the action136

of aerodynamic loads is investigated. Further, the damping parameters are grouped at the member137

level, and the impact of member level damping is analyzed through the fragility approach. Since138

damping is a complex phenomenon, and it is difficult to capture all myriad mechanisms involved in139

energy dissipation, the equivalent viscous damping approach is considered and modelled as random140

variables in this study to also address uncertainty in damping estimation. The results can provide141

insight into the effect of damping on lifetime performance, further influencing design, monitoring142

and control aspects.143

NUMERICAL MODEL OF WIND TURBINE144

Wind turbines are designed to harness the kinetic energy of wind and convert it into electricity.145

The Rotor Nacelle Assembly (RNA), which consists of blades, shaft, gearbox, and generator, along146

with auxiliary mechanical and electronic components, is responsible for power production. The147

RNA is supported on the top of a wind turbine tower, which serves to achieve higher heights to148

access higher wind speeds and support the system loads with adequate reliability. In this study,149

a numerical model of the wind turbine system is developed with a major emphasis on accurately150

modeling the damping present in the system while simultaneously representing a realistic system151

response when subjected to random inflow conditions. The model assumes the wind turbine system152

to be linear elastic and the tower to be modelled using the principles of Euler-Brenoulli’s beam,153

subjected to lumped mass and inertia at the top representing the RNA. The foundation flexibility is154

modelled using a spring and dashpot arrangement. The structure is assumed to be axially rigid and155

has only in-plane deformations. With these assumptions, the motion of the wind turbine model can156

be described entirely using four generalized coordinates, namely157
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1. Rotation at the base/foundation (𝑞𝜃,𝑏)158

2. Translation at the base/foundation (𝑞𝑥,𝑏)159

3. Rotation at the tower top (𝑞𝜃,𝑡)160

4. Translation at the tower top (𝑞𝑥,𝑡)161

Here, the tower top translation (𝑞𝑥,𝑡) and rotation (𝑞𝜃,𝑡) are defined as the relative movement of162

the tower top after considering the effect of flexible foundation such that, under a finite rigid body163

displacement at the foundation (𝑞𝜃,𝑏 = 𝛿𝜃, 𝑞𝑥,𝑏 = 𝛿𝑥), the tower top displacements are 𝑞𝑥,𝑡 = 0164

and 𝑞𝜃,𝑡 = 0. These generalized coordinates are independent, completely describe the system165

at all times and make the system holonomic. Therefore, the Euler-Lagrange approach can be166

implemented to derive the equations of motion for this system. The tower is assumed to have167

uniform geometric and material properties with a constant flexural rigidity 𝐸𝐼, a mass density168

𝜇, and a mass per unit length 𝑚𝑇 . The RNA is modelled using a lumped mass 𝑀 and lumped169

rotary inertia 𝐽 at the tower top to consider the effect of inertia and rotation of blades. The effect170

of foundation flexibility is modelled using linear springs with stiffness parameters 𝑘 𝑙 , 𝑘𝑟 , and171

𝑘 𝑙𝑟 , where 𝑘 𝑙 represent the resistance to lateral translation and 𝑘𝑟 is the measure of resistance to172

rotation. The term 𝑘 𝑙𝑟 models the coupling between translation and rotation at the foundation level.173

The damping in the system is contributed by the foundation, tower, and RNA. Damping offered174

by the soil at the foundation level is modelled using three damping parameters corresponding to175

damping in translation 𝑐𝑙 , rotation 𝑐𝑟 , and a coupling term 𝑐𝑙𝑟 . The damping parameters at the176

foundation level are assumed to follow viscous damping behavior. Structural damping in the tower177

is modelled as strain-rate dependent viscous damping 𝑐1 and velocity-dependent viscous damping178

𝑐2. Aerodynamic damping is modelled using the parameters 𝑐𝑀 and 𝑐𝐽 , such that 𝑐𝑀 is the measure179

of damping under linear motion at hub level and 𝑐𝐽 represents the damping under rotational motion.180

These damping parameters are normalized with respect to the system properties and are modelled181

using corresponding non-dimensional parameters such that they can be used to study the behaviour182

of any general wind turbine model. The damping parameter and the suggested range of values by183

[65] for each parameter are presented in Table 1. The detailed derivation of the equation of motion184

7 Baisthakur et al., February 2, 2024

ASCE-ASME Journal of Risk and Uncertainty in Engineering Systems Part B: Mechanical Engineering. Received June 01, 2023; 
Accepted manuscript posted February 19, 2024. doi:10.1115/1.4064766 
Copyright (c) 2024 by ASME

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/risk/article-pdf/doi/10.1115/1.4064766/7244606/risk-23-1048.pdf by U

niversity of D
ublin, Trinity C

ollege user on 22 February 2024



is presented in the next section.185

Derivation of Equations of Motion186

The equations of motion are a fundamental tool for modelling and analyzing the dynamic187

behavior of wind turbines. In this section, we present the detailed derivation of the equations of188

motion for a representative wind turbine model. The schematic details of the numerical model189

are elaborated in Fig. 1. The model is based on an Euler-Bernoulli beam with a flexible base190

and subjected to a concentrated point load and moment at the free end. The equation for lateral191

displacement of the tower is derived using mode shape equations accounting for the flexibility of the192

foundation. The total potential and kinetic energy of the system is then derived which is used in the193

Lagrangian formulation to obtain the equilibrium equations for the four generalized coordinates.194

These equations describe the dynamic behavior of the wind turbine and are essential for modelling195

and analyzing its response to external loads. The list of symbols used to describe the structural196

properties of the model is included in Appendix I.197

The tower is modelled as a cantilever beam, and the exact equation for lateral displacement of198

the tower with a flexible base and subjected to a concentrated point load and moment at the free199

end can be expressed as:200

𝑤(𝑥, 𝑡) = 𝑞𝑥,𝑏 (𝑡) + 𝑥𝑞𝜃,𝑏 (𝑡) +
𝑥2

2𝐿3 (3𝐿 − 𝑥)𝑞𝑥,𝑡 (𝑡) +
𝑥2

2𝐿
𝑞𝜃,𝑡 (𝑡) (1)201

where 𝑥 is the distance of a point on the tower from the tower base, such that 𝑥 = 0 at the foundation202

level and 𝑥 = 𝐿 at the free end where 𝐿 is the height of the tower. The term 𝑥2

2𝐿3 (3𝐿 − 𝑥) is the203

expression for the deformed shape of a cantilever subjected to a point load at its end, while the204

term 𝑥2

2𝐿 represent the deformed shape of the tower when subjected to a concentrated moment at205

its end. The effect of axial shortening of the tower due to lateral displacement is not considered.206

By removing the explicit time dependence for the convenience of representation, Eq.(1) can be207

represented as208

𝑤(𝑥, 𝑡) = 𝑞𝑥,𝑏 + 𝑥𝑞𝜃,𝑏 +
𝑥2

2𝐿3 (3𝐿 − 𝑥)𝑞𝑥,𝑡 +
𝑥2

2𝐿
𝑞𝜃,𝑡 (2)209
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The potential energy (PE) of a system is the energy stored in the system due to its deformation210

and rotations. For the wind turbine model, the total potential energy (PE) of this system can be211

expressed in terms of strain energy due to foundation deformation and work potential of the tower212

as:213

𝑉 =
1
2
𝑘 𝑙𝑞

2
𝑥,𝑏 +

1
2
𝑘𝑟𝑞

2
𝜃,𝑏 + 2𝑘 𝑙𝑟𝑞𝑥,𝑏𝑞𝜃,𝑏 +

∫ 𝐿

0

1
2
𝐸𝐼 (𝑥)

(
𝜕2𝑤(𝑥, 𝑡)
𝜕𝑥2

)2

𝑑𝑥 (3)214

Substituting the Eq.(2) in Eq.(3) and solving the integral gives the final expression for potential215

energy as216

𝑉 =
1
2
𝑘 𝑙𝑞

2
𝑥,𝑏 +

1
2
𝑘𝑟𝑞

2
𝜃,𝑏 + 2𝑘 𝑙𝑟𝑞𝑥,𝑏𝑞𝜃,𝑏 +

3𝐸𝐼
2𝐿3 𝑞

2
𝑥,𝑡 +

𝐸𝐼

2𝐿
𝑞2
𝜃,𝑡 +

3𝐸𝐼
2𝐿2 𝑞𝑥,𝑡𝑞𝜃,𝑡 (4)217

Similarly, the kinetic energy (KE) of the system can be calculated considering the inertial and218

rotational kinetic energy as:219

𝑇 =
1
2

∫ 𝐿

0
𝜇(𝑥)

(
𝜕𝑤(𝑥, 𝑡)
𝜕𝑡

)2
𝑑𝑥 + 1

2
𝑀

(
𝜕𝑤(𝑥, 𝑡)
𝜕𝑡

)2
+ 1

2
𝐽

(
𝜕2𝑤(𝑥, 𝑡)
𝜕𝑡𝜕𝑥

)2

(5)220

Substituting the definition of 𝑤(𝑥, 𝑡) from Eq.(2) in Eq.(5), and integrating along the tower height221

gives the final expression for kinetic energy as:222

𝑇 =

(
𝑚𝑇𝐿 + 𝑀

2

)
¤𝑞2
𝑥,𝑏 +

(
𝑀𝐿2

2
+ 𝑚𝑇𝐿

3

6
+ 𝐽

2

)
¤𝑞2
𝜃,𝑏 +

(
𝑀

2
+ 57𝑚𝑇𝐿

56
+ 9𝐽

8𝐿2

)
¤𝑞2
𝑥,𝑡+223 (

𝑀𝐿2

8
+ 𝑚𝑇𝐿

3

20
+ 𝐽

2

)
¤𝑞2
𝜃,𝑡+

(
𝑀𝐿 + 𝑚𝑇𝐿

2

2

)
¤𝑞𝑥,𝑏 ¤𝑞𝜃,𝑏+

(
𝑀 + 3𝑚𝑇𝐿

8

)
¤𝑞𝑥,𝑏 ¤𝑞𝑥,𝑡+

(
𝑀𝐿

2
+ 𝑚𝑇𝐿

2

6

)
¤𝑞𝑥,𝑏 ¤𝑞𝜃,𝑡+224 (

𝑀𝐿 + 11𝑚𝑇𝐿2

40
+ 3𝐽

2𝐿

)
¤𝑞𝜃,𝑏 ¤𝑞𝑥,𝑡 +

(
𝑀𝐿2

2
+ 𝑚𝑇𝐿

3

8
+ 𝐽

)
¤𝑞𝜃,𝑏 ¤𝑞𝜃,𝑡 +

(
𝑀𝐿

2
+ 13𝑚𝑇𝐿2

120
+ 𝐽

2𝐿

)
¤𝑞𝑥,𝑡 ¤𝑞𝜃,𝑡

(6)

225

Following the derived expressions of KE and PE, the equation of motion for this model can be226

obtained by applying the Euler-Lagrange equation for each generalized coordinate separately. The227
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governing equation of Euler-Lagrange method is given as:228

𝑑

𝑑𝑡

(
𝜕𝑇

𝜕 ¤𝑞𝑖

)
− 𝜕𝑇

𝜕𝑞𝑖
+ 𝜕𝑉

𝜕𝑞𝑖
= 𝑄𝑖 (7)229

where 𝑇 and𝑉 represent the KE and PE of the system, respectively, and𝑄𝑖 refers to the generalized230

forces acting along the generalized coordinate 𝑞𝑖. In this study, corresponding the four generalized231

coordinates 𝑞𝑖, 𝑄 represents a force vector such that 𝑄 = {𝐹𝑏, 𝑀𝑏, 𝐹𝑡 , 𝑀𝑡}, where 𝐹𝑏 and 𝑀𝑏 are232

the force and moment acting at the foundation level along the coordinate 𝑞𝑥,𝑏 and 𝑞𝜃,𝑏, respectively233

whereas 𝐹𝑡 and 𝑀𝑡 correspond to the force and moment acting at the tower top along the coordinates234

𝑞𝑥,𝑡 and 𝑞𝜃,𝑡 , respectively. For an offshore wind turbine, 𝐹𝑏 and 𝑀𝑏 represent the hydrodynamic235

force and moment acting at the tower base, while the terms 𝐹𝑡 and 𝑀𝑡 represent the aerodynamic236

force and moment acting on the rotor area. For an offshore wind turbine, the hydrodynamic forces237

can be calculated using Morison’s equation [66]. A submerged body with volume 𝑉𝑇 , reference238

area 𝐴𝑇 when subjected to the fluid flow with velocity 𝑣𝑤 and mass density 𝜌𝑤, the hydrodynamic239

force can be calculated as the sum of drag effect and inertia effect as presented in Eq.(8), where 𝐶𝑚240

and 𝐶𝑑 represent the inertia coefficient and the drag coefficient for the submerged body which are241

determined from experimental data.242

𝐹𝑏 = 𝜌𝑤𝐶𝑚𝑉𝑇 ¤𝑣𝑤 + 1
2
𝜌𝑤𝐶𝑑𝐴𝑇𝑣𝑤 |𝑣𝑤 | (8)243

The tower top loading mainly comes from aerodynamic forces. The aerodynamic forces at any244

aerodynamic section can be computed using Eq.(9) and Eq.(10), where 𝐹𝑙 represents the Lift force245

which acts perpendicular to the direction of the resultant wind velocity and 𝐹𝑑 represents the Drag246

force which acts along the direction of the resultant wind.247

𝐹𝑙 =
1
2
𝜌𝑉2

𝑟 𝐶𝑙 (9)248

249

𝐹𝑑 =
1
2
𝜌𝑉2

𝑟 𝐶𝑑 (10)250
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here 𝜌 is the mass density of the wind inflow and𝑉𝑟 is the resultant wind velocity. In these equations,251

𝐶𝑙 and𝐶𝑑 are the lift force coefficient and drag force coefficient, which are characteristic properties252

of an airfoil section and depend on Reynold’s number and angle of attack. In this study, we have253

used the blade element momentum (BEM) theory to calculate the angle of attack at an airfoil for254

different wind inflow conditions. BEM theory is widely used in wind turbine design and analysis255

applications for calculating aerodynamic forces. BEM theory combines the blade element theory256

and momentum theory to account for rotor geometry characteristics and flow states to compute the257

angle of attack at an airfoil section for any inflow conditions and operating parameters of the wind258

turbine. This angle of attack is then used to compute lift and drag coefficients and, subsequently, the259

aerodynamic forces. BEM equations are solved iteratively to find the feasible operating conditions260

at a blade section such that the local flow geometries and momentum conservation are valid. Here,261

the BEM equations are solved using the methodology proposed by [67] for faster convergence.262

Since computing these forces is not the focus of the current investigation, BEM theory is not263

presented in detail. Interested readers can refer to [68] for an in-depth discussion on BEM theory264

for wind turbines. To this end, the external force vector 𝑄 represents a conservative system of265

forces. By substituting the equations for KE (Eq.(6)) and PE (Eq.(4)), in the governing equation of266

Euler-Lagrange method (Eq.(7)), the equations of motion for the numerical model are obtained as:267

(𝑚𝑇𝐿 + 𝑀) ¥𝑞𝑥,𝑏+
(
𝑚𝑇𝐿

2

2
+ 𝑀𝐿

)
¥𝑞𝜃,𝑏+

(
3𝑚𝑇𝐿

8
+ 𝑀

)
¥𝑞𝑥,𝑡 +

(
𝑀𝐿

2
+ 𝑚𝑇𝐿

2

6

)
¥𝑞𝜃,𝑡 + (𝑐𝑙 +𝑐2𝐿) ¤𝑞𝑥,𝑏+268

(𝑐𝑙𝑟 +
𝑐2𝐿

2

2
) ¤𝑞𝜃,𝑏 + 𝑘 𝑙𝑞𝑥,𝑏 + 2𝑘 𝑙𝑟𝑞𝜃,𝑏 = 𝐹𝑏 (11)269

(
𝑚𝑇𝐿

2

2
+ 𝑀𝐿

)
¥𝑞𝑥,𝑏 +

(
𝑚𝑇𝐿

3

3
+ 𝑀𝐿2 + 𝐽

)
¥𝑞𝜃,𝑏 +

(
11𝑚𝑇𝐿2

40
+ 𝑀𝐿 + 3𝐽

2𝐿

)
¥𝑞𝑥,𝑡+270 (

𝑀𝐿2

2
+ 𝑚𝑇𝐿

3

8
+ 𝐽

)
¥𝑞𝜃,𝑡 + 𝑐𝑟 ¤𝑞𝜃,𝑏 + 𝑐𝑙𝑟 ¤𝑞𝑥,𝑏 + 𝑘𝑟𝑞𝜃,𝑏 + 2𝑘 𝑙𝑟𝑞𝑥,𝑏 = 𝑀𝑏 (12)271
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(
3𝑚𝑇𝐿

8
+ 𝑀

)
¥𝑞𝑥,𝑏 +

(
11𝑚𝑇𝐿2

40
+ 𝑀𝐿 + 3𝐽

2𝐿

)
¥𝑞𝜃,𝑏 +

(
57𝑚𝑇𝐿

28
+ 𝑀 + 9𝐽

4𝐿2

)
¥𝑞𝑥,𝑡+272 (

𝑀𝐿

2
+ 13𝑚𝑇𝐿2

120
+ 𝐽

2𝐿

)
¥𝑞𝜃,𝑡 +

(
3𝑐1𝑡𝑡

4𝐿
+ 3𝑐2𝐿

8
+ 𝑐𝑀

)
¤𝑞𝑥,𝑡 +

(
𝐶2𝐿

2

6

)
¤𝑞𝜃,𝑡 +

3𝐸𝐼
𝐿3 𝑞𝑥,𝑡 +

3𝐸𝐼
2𝐿2 𝑞𝜃,𝑡 = 𝐹𝑡

(13)

273

(
𝑀𝐿

2
+ 𝑚𝑇𝐿

2

6

)
¥𝑞𝑥,𝑏 +

(
𝑀𝐿2

2
+ 𝑚𝑇𝐿

3

8
+ 𝐽

)
¥𝑞𝜃,𝑏 +

(
𝑀𝐿

2
+ 13𝑚𝑇𝐿2

120
+ 𝐽

2𝐿

)
¥𝑞𝑥,𝑡+274 (

𝑀𝐿2

4
+ 𝑚𝑇𝐿

3

10
+ 𝐽

)
¥𝑞𝜃,𝑡 +

(𝑐1𝑡𝑡

2
+ 𝑐𝐽

)
¤𝑞𝜃,𝑡 +

3𝐸𝐼
2𝐿2 𝑞𝑥,𝑡 +

𝐸𝐼

𝐿
𝑞𝜃,𝑡 = 𝑀𝑡 (14)275

In these equations, 𝑡𝑡 stands for the thickness of the wind turbine tower. These equations can be276

expressed in matrix form as follows:277

©­­­­­­­­«

𝑚𝑇𝐿 + 𝑀 𝑚𝑇𝐿
2

2 + 𝑀𝐿 3𝑚𝑇𝐿
8 + 𝑀 𝑀𝐿

2 + 𝑚𝑇𝐿
2

6

𝑚𝑇𝐿
2

2 + 𝑀𝐿 𝑚𝑇𝐿
3

3 + 𝑀𝐿2 + 𝐽 11𝑚𝑇𝐿
2

40 + 𝑀𝐿 + 3𝐽
2𝐿

𝑀𝐿2

2 + 𝑚𝑇𝐿
3

8 + 𝐽
3𝑚𝑇𝐿

8 + 𝑀 11𝑚𝑇𝐿
2

40 + 𝑀𝐿 + 3𝐽
2𝐿

57𝑚𝑇𝐿
28 + 𝑀 + 9𝐽

4𝐿2
𝑀𝐿
2 + 13𝑚𝑇𝐿

2

120 + 𝐽
2𝐿

𝑀𝐿
2 + 𝑚𝑇𝐿

2

6
𝑀𝐿2

2 + 𝑚𝑇𝐿
3

8 + 𝐽 𝑀𝐿
2 + 13𝑚𝑇𝐿

2

120 + 𝐽
2𝐿

𝑀𝐿2

4 + 𝑚𝑇𝐿
3

10 + 𝐽

ª®®®®®®®®¬

©­­­­­­­­«

¥𝑞𝑥,𝑏

¥𝑞𝜃,𝑏

¥𝑞𝑥,𝑡

¥𝑞𝜃,𝑡

ª®®®®®®®®¬
278

+

©­­­­­­­­«

𝑐𝑙 + 𝑐2𝐿 𝑐𝑙𝑟 + 𝑐2𝐿
2

2 0 0

𝑐𝑙𝑟 𝑐𝑟 0 0

0 0 3𝑐1𝑡𝑡
4𝐿 + 3𝑐2𝐿

8 + 𝑐𝑀 𝑐2𝐿
2

6

0 0 0 𝑐1𝑡𝑡
2 + 𝑐𝐽

ª®®®®®®®®¬

©­­­­­­­­«

¤𝑞𝑥,𝑏

¤𝑞𝜃,𝑏

¤𝑞𝑥,𝑡

¤𝑞𝜃,𝑡

ª®®®®®®®®¬
279

+

©­­­­­­­­«

𝑘 𝑙 2𝑘 𝑙𝑟 0 0

2𝑘 𝑙𝑟 𝑘𝑟 0 0

0 0 3𝐸𝐼
𝐿3

3𝐸𝐼
2𝐿2

0 0 3𝐸𝐼
2𝐿2

𝐸𝐼
𝐿

ª®®®®®®®®¬

©­­­­­­­­«

𝑞𝑥,𝑏

𝑞𝜃,𝑏

𝑞𝑥,𝑡

𝑞𝜃,𝑡

ª®®®®®®®®¬
=

©­­­­­­­­«

𝐹𝑏

𝑀𝑏

𝐹𝑡

𝑀𝑡

ª®®®®®®®®¬
(15)280
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The matrix equation can be represented in a generalised form as281

[𝑀]{ ¥𝑞} + [𝐶]{ ¤𝑞} + [𝐾]{𝑞} = [𝑄(𝑡)] (16)282

Here, the matrices [𝑀], [𝐶] and [𝐾] represent the mass, damping and stiffness properties of the283

structure and the force vector 𝑄(𝑡) represents the external forces acting on the system, at any time284

𝑡. This numerical model is used to compute the response of a wind turbine to external dynamic285

loading. Since most wind turbine towers are axisymmetric, this model can be used to compute286

the response in both fore-aft and side-side directions. The system matrices should be modified287

accordingly to represent the system configuration in the concerning direction. This model can be288

used to study both onshore and offshore wind turbines by selecting appropriate spring stiffness289

values and force vector. This study focuses on onshore wind turbines, which are not subjected to290

hydrodynamic forces, but the methodology presented here can be applied to study offshore wind291

turbines as well.292

The damping matrix derived in this study represents a generalized damping form. The non-293

zero off-diagonal terms in the damping matrix represent the coupling between the generalized294

coordinates, commonly observed during operation. This damping matrix can not be cast as the295

conventional mass and stiffness proportional damping matrix; therefore, the governing equations296

can not be decoupled through modal analysis. Since the system matrices for the structure are297

time-independent, this system can be modelled as a Linear-Time-Invariant (LTI) system. In this298

study, these equations are solved using the state-space method. It is also important to note here299

that since the comparison between the contribution of different damping parameters is carried300

out for established design conditions and operations over a lifetime, instability from the form of301

damping (e.g. non-linearity related to it) is not relevant for this fragility comparison. Under302

such circumstances, the equivalent viscous damping coefficients are to be compared for a relative303

analysis within the fragility framework.304
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NUMERICAL SIMULATIONS AND INTERPRETATION305

This section presents the modelling of the NREL 5MW reference turbine using the system306

matrices presented in the previous section and the simulation strategy adopted to derive the fragility307

curves with reference to the uncertainty in the damping parameter values. The NREL 5MW wind308

turbine is widely used as a reference model due to its realistic design. The geometric and material309

properties of this wind turbine model are adopted from [69], and the relevant properties are provided310

in Table 2.311

The NREL 5MW wind turbine has three blades, each 63 m long, with different airfoil shapes312

optimally placed along the blade span. The airfoil characteristics are taken into account while313

calculating the aerodynamic forces using BEM theory to represent the realistic loading conditions.314

To simulate aerodynamic loads, a number of mean wind speed values ranging from cut-in to rated315

wind speeds are sampled. Since the effect of the pitch controller is not considered in this study, the316

wind speed values above the rated wind speed are not considered while computing the response.317

Nevertheless, the aim of this study is to quantify the relative impact of different damping sources so318

these results will be applicable for the entire range of operating wind speeds. For the sampled mean319

wind speed values, turbulent wind speed realisations are generated using TurbSim [70]. TurbSim320

is a stochastic, full-field, turbulent-wind simulator which uses a statistical model to numerically321

simulate time series of wind speed vectors. The wind speed time histories are generated for a322

turbulence intensity of 10%. Due to the stochastic nature of turbulent wind conditions, the random323

effects in wind speed generations play a major role in the uncertainty of wind turbine response to324

turbulent loading. To ensure that the uncertainty arising from the unpredictable nature of inflow325

wind does not impact the ranking of damping parameters, a total of six random wind speed time326

histories for each mean wind speed value are considered to capture a range of possible wind speed327

scenarios. For the generated random wind time series, the aerodynamic forces are computed using328

the BEM theory. For computing the aerodynamic forces it is assumed that the rotor speed varies329

linearly between the cut-in and rated wind speed. A constant rotor speed corresponding to the mean330

wind speed is assumed while analysing the structure. The aerodynamic forces are computed with331
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the time discretisation of 0.05 seconds. The governing equations of the system are solved using332

the ode45 method in Matlab, which is a six-stage, fifth-order, Runge-Kutta method [71, 72]. This333

method uses adaptive step size control such that it dynamically chooses the time steps based on the334

error estimation such that a balance between efficiency and accuracy is achieved. The aerodynamic335

forces acting on the system at a time step chosen by the ode45 algorithm are calculated using linear336

time interpolation of the force vector. The wind turbine response is evaluated for 600 seconds,337

of which the first 200 seconds are not considered in the analysis to remove the transient effects.338

The transience period of 200 seconds is a conservative estimate based on the system response339

corresponding to the lowest damping in the system. The response of the numerical model for a340

mean wind speed of 7 m/s at a turbulence intensity of 10% are shown in Fig. 2 to demonstrate341

the model’s capability to estimate the dynamic response. In Fig. 2, all the damping parameter342

values are set to their respective mean values. The properties of the rotor are presented in Table343

3. The aerodynamic forces computed using this approach represent the realistic loading acting344

on the wind turbine. The numerical model developed in this study intentionally excludes intricate345

controller dynamics and nuanced geometric details, aiming for a streamlined representation to346

isolate and assess the impact of damping. Consequently, direct quantitative comparisons with347

the more comprehensive 23-degree-of-freedom FAST model [73] are limited by the intentional348

simplifications introduced. Nevertheless, when comparing the tower top deformation for steady349

wind speeds in proximity to rated wind speeds, our simplified model exhibits good agreement with350

the more detailed FAST model, with a maximum error of 5%. This variance is attributable to351

the intentional simplifications introduced in our model, underscoring the trade-off between model352

complexity and the overarching research objective of studying the impact of generalized damping353

on wind turbine structural dynamics. These comparisons are presented in Table 4.354

Overall, the numerical model developed in this study provides a good approximation of a wind355

turbine system’s response to random inflow conditions while accurately modeling the damping356

present in the system. This model is subsequently used for studying the contribution of the357

damping sources on the fragility of the structure.358
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Fragility analysis to rank importance of damping sources359

The fragility analysis performed in this study provides insight into the relative importance of360

different damping sources on wind turbine tower response and can be used to inform design decisions361

and maintenance strategies. By quantifying the probability of exceeding limit states for different362

damping parameters, the fragility analysis can help identify critical damping sources and prioritize363

efforts to improve the reliability and performance of wind turbines. Overall, the fragility analysis is364

an important step towards developing a comprehensive understanding of wind turbine behavior and365

improving the sustainability and efficiency of wind energy systems. To study how damping affects366

wind turbine tower displacement, a large number of damping parameters are simulated considering367

the Gaussian uncertainty model for the damping parameters, with the parameter bounds governed368

by the values specified in Table 1. A 30% coefficient of variation is chosen to represent the369

uncertainty in the accurate estimation of damping values in operation. Further research is needed370

to better understand the nature of damping parameters and their uncertainty quantification, but371

the contribution effects are well represented by considering this wide envelope. The mean wind372

speed values (𝑈𝑚𝑒𝑎𝑛) are sampled from cut-in to rated wind speed, and turbulent wind fields are373

generated using TurbSim [70]. The wind turbine response is evaluated at the generated wind fields374

corresponding to the sampled damping values of each damping parameter. For the generated wind375

fields, the observed maximum tower top displacement at all the simulated damping parameters is376

recorded. In Fig. 3, the solid line represents the mean value of the maximum tower displacement377

(𝛿𝑚𝑎𝑥) for each random wind field under the influence of uncertainty introduced by the damping378

parameters, while the confidence bounds (represented by the shaded region around the solid line) is379

a measure of the variance observed in the maximum displacement due to the randomness introduced380

by simulated damping parameters. This analysis is performed for six different wind fields, while381

the results corresponding to only three seeds are presented for brevity. This Figure illustrates how382

variations in the damping parameter values impact the tower displacement response. Further, from383

Fig. 3 it is evident that the relative impact of the damping parameter is independent of the inflow384

wind, and a consistent ranking of damping parameters can be established based on the observations385
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of this study. For the results presented in Fig. 3, the numerical model is subjected to a random386

external dynamic loading envelope represented by the seed value, such that each seed represents a387

unique stochastic forcing vector corresponding to each mean wind speed acting on the wind turbine.388

For each seed value, the uncertainty is introduced by randomly sampled damping values therefore,389

the uncertainty in the observed maximum tower displacement is a function of the randomness390

introduced through the damping parameters. In this context, the spread of observed maximum391

displacement is only due to the uncertainty in the damping parameter values. To quantify the392

effect of various damping parameters, the parameters are varied one at a time. When uncertainty393

in a particular damping parameter is simulated, the other parameters are set to their respective394

mean values. Each damping parameter has a distinct effect on the displacement response. The395

extent of variations observed in tower displacement response is a measure of its sensitivity to the396

corresponding damping parameter. The dispersion of the tower displacement response is higher397

for the strain-rate dependent damping in tower (𝑐1) as compared to the other sources.398

To quantify the impact of uncertainty in damping estimation, fragility analysis is performed.399

For the fragility analysis, the uncertainty in damping parameters is modelled assuming a Gaussian400

distribution model. In the realm of fragility analysis, the variability introduced by the stochastic401

nature of inflow wind significantly surpasses the uncertainty arising from damping parameters in402

wind turbine performance. To prevent the intertwining of these uncertainties, the fragility analysis403

exclusively considers a singular random seed. This deliberate choice aims to isolate the influence404

of damping, ensuring that the impact of stochastic wind inflow does not contribute to the fragility405

estimates. Consequently, the presented fragility curves are inherently ad-hoc, serving the specific406

purpose of relative ranking for damping parameters. A fragility curve corresponding to each407

damping parameter is generated by recording the number of observations for which a particular408

limit state is exceeded for the number of simulated samples for the selected damping parameter.409

While generating fragility curve for a damping parameter, the other damping parameters are set410

to their respective mean values. Since only a limited number of samples can be simulated due411

to computational limitations, the entire variability over the operational wind speeds may not be412
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effectively captured. In this context, a maximum likelihood method to fit the fragility curve to the413

observed values proposed by [74] is used in this study. Here, a log-normal cumulative function is414

used to describe the fragility function, such that:415

𝑝( 𝑓 |𝑤𝑠 = 𝑢) = Φ

(
ln(𝑢/𝜃)
𝛽

)
(17)416

where, 𝑝( 𝑓 |𝑤𝑠 = 𝑢) is a probability that the limit state will be exceeded for a mean wind speed417

𝑢, and the terms 𝜃 and 𝛽 are parameters of the fragility function. These parameters are optimised418

to find a best fit fragility curve which has the highest probability of having produced the observed419

probability of failure under limited number of samples.The optimisation process is represented in420

Eq.(18) which maximises the likelihood function assuming a binomial functional form to find the421

actual probability of failure, where 𝑚 represents the total number of wind speeds considered while422

𝑁 and 𝑛 corresponds to the simulated number of damping parameters and the number of times the423

limit state has exceeded, respectively.424

{𝜃𝑜𝑝𝑡 , 𝛽𝑜𝑝𝑡} = argmax
𝜃,𝛽

𝑚∏
𝑗=1

(
𝑛 𝑗

𝑁 𝑗

)
×Φ

(
ln(𝑢 𝑗/𝜃)

𝛽

)𝑛 𝑗
×
[
1 −Φ

(
ln(𝑢 𝑗/𝜃)

𝛽

) (𝑛 𝑗−𝑁 𝑗 )
]

(18)425

The fragility curve for tower fore-aft displacement is presented in Fig. 4. In this Figure, the426

importance of the damping parameter can be assessed by the spread of the failure region or the427

slope of the fragility curve such that a higher slope corresponds to the lesser impact of the damping428

parameter. In this case, since the damping parameters are set to their mean values, the onset of429

failure should not be the criteria for ranking the damping parameters, as the damping contribution430

from other parameters leads to a reduction in the observed displacement. Using a similar approach,431

another set of fragility curves is generated such that when uncertainty in a particular is assumed,432

the other damping parameters are set to zero. These fragility curves are presented in Fig. 5. Here,433

it is evident that the onset of failure is the same for all the damping parameters. Both these figures434

show that at any chosen wind speed, the probability of exceeding the tower displacement limit435

state is minimum for the strain-rate dependent damping (𝑐1), followed by the linear aerodynamic436
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damping (𝑐𝑀), and the rotational aerodynamic damping (𝑐𝐽), respectively. The fragility analysis437

reveals that the fragility curves for the foundation damping parameters for translation and rotation438

have a step-like fragility curve. This suggests that these damping parameters do not significantly439

alter the tower fore-aft displacement response under operating conditions. Although these factors440

do reduce the displacement response, their impact can not be observed with the chosen limit state441

value and loading conditions. Specifically, since the magnitude of foundation level displacement is442

much smaller than the tower top displacement, the overall tower displacement is mainly governed443

by the displacement at the tower top. This behavior is demonstrated by the comparison of the444

lateral displacement response observed at the foundation level and the tower top for the generalized445

coordinates 𝑞𝑥,𝑏 and 𝑞𝑥,𝑡 , as shown in Fig. 6. The impact of foundation damping on the foundation446

response is demonstrated in Fig. 7 by comparing the response at the minimum and maximum447

damping values. Fig. 7 shows that lower displacement values are observed at higher damping448

levels; however, due to the small magnitude of displacement, their contribution is not reflected in449

the generated fragility curves.450

Further, the damping contributed by the foundation, tower and RNA are grouped together by451

clubbing the damping parameters corresponding to these members. Following a similar methodol-452

ogy, in the presence of the uncertainty coming from stochastic inflow wind, the spread of maximum453

tower top displacement with respect to the selected parameter group is used as the criteria to rank454

the importance of member-level damping. These results are presented in Fig. 8. Further, the455

resulting fragility curves are presented in Fig. 9. Here, a representative limit state value is used for456

every unique stochastic inflow to generate the fragility curves. In reference to Fig. 8 and Fig. 9, it457

can be concluded that the damping contribution from the tower has the highest impact on the tower458

displacement response, followed by RNA Damping and foundation damping, respectively.459

A similar analysis is performed to study the impact of damping on the tower top acceleration460

response. This analysis is of particular interest as the nacelle in wind turbines houses various461

acceleration-sensitive equipment, which could undergo damage if a certain acceleration threshold462

is exceeded. The result of the sensitivity of maximum tower acceleration (𝑎𝑚𝑎𝑥) to various damping463
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parameters for different stochastic wind fields is presented in Fig. 10. The damping parameters464

follow a similar ranking as observed for the tower displacement response. In addition, the foundation465

damping in the lateral direction is observed to have more influence on the acceleration response than466

it is observed in the displacement response. An another set of sensitivity analyses is performed467

by grouping the damping contributed by structural elements, and the corresponding results are468

presented in Figure 11. Since acceleration response does not have a linear trend with mean wind469

speed, the fragility curve based sensitivity analysis is not performed. In this context, mean wind470

speed can not be used as an intensity measure for fragility analysis of tower fore-aft acceleration.471

These limit states have been selected such that the fragility curves can demonstrate the effect472

of damping characteristics on displacement and acceleration response. In this context, the exact473

value of the limit state will not impact the ranking of damping parameters considered in this474

study. The fragility curves generated in this study are valid as long as the assumptions about475

the structural properties and numerical model are valid. Nevertheless, these fragility curves476

demonstrate how the uncertainty in various damping parameters can impact the performance of a477

wind turbine. Overall, the fragility analysis provides valuable insight into the relative importance478

of different damping sources on wind turbine tower response and can be used to inform design479

decisions and maintenance strategies. However, it is important to note that the fragility analysis480

has some limitations, and further research is needed to better understand the nature of damping481

parameters and their uncertainty quantification. Nonetheless, the fragility analysis is an important482

step towards developing a comprehensive understanding of wind turbine behavior and improving483

the sustainability and efficiency of wind energy systems.484

Conclusions485

In conclusion, this study highlights the importance of characterizing the impact of damping486

properties on wind turbine tower response for the safety and operation of wind turbines. The 2D487

numerical wind turbine model developed in this study, along with the closed-form equations for488

mass, stiffness, and damping matrices, can be used for preliminary analysis of any wind turbine.489

The fragility analysis performed in this study provides valuable insight into the relative importance490
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of different damping sources on wind turbine tower response and can be used to inform design491

decisions and maintenance strategies. The analysis shows that the damping at the foundation level492

does not considerably affect the nacelle displacement and acceleration response, while the strain-493

rate dependent damping (𝑐1) has the highest impact on the wind turbine response. This analysis494

suggests that it is possible to control the acceleration and displacement response of the structure495

by modifying damping characteristics of the structure through active or passive control and it will496

also depend on material properties. The aerodynamic damping in the nacelle also considerably497

impacts the wind turbine response. The foundation damping can play a significant role in idling498

wind turbines; however, this perspective is not addressed in this study.499

The analysis also shows that the structural properties can impact the electronic limit state500

concerning various sensors and equipment operations. Wind turbine manufacturers and operators501

should take this into account while designing the electronic systems in a wind turbine. In summary,502

this study provides valuable insights into the impact of damping properties on wind turbine tower503

response and highlights the need for further research in this area. It is important to note that the504

fragility analysis has some limitations, and further research is needed to better understand the nature505

of damping parameters and their uncertainty quantification. Additionally, the effect of foundation506

flexibility on wind turbine response can be studied using the model developed in this study. Future507

directions in this regard can also include the understanding of complex damping models, effects508

of model uncertainties and the propagation of such errors in fragility curves, along with coupling509

effects. It is expected that this work will encourage several studies in the direction of using damping510

as an important parameter to consider and compare within the context of fragility curves over the511

operational lives of wind turbines, impacting choice of design, control, sensor placement strategies.512

assessment and repowering decisions.513
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APPENDIX I. NOTATION522

The following symbols are used in this paper to describe the structural properties of numerical523

model:524

𝐸 = Young’s modulus of tower (N/m2);

𝐼 = mass moment of inertia of tower (kgm2);

𝐽 = rotational inertia of RNA (kgm2);

𝐿 = height of tower (m);

𝑀 = mass of RNA (kg);

𝑚𝑇 = mass per unit length of tower (kg/m); and

𝑡𝑡 = thickness of tower (m).

525
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TABLE 1. Damping parameters and non-dimensional definition

Source of damping Non-dimensional parameter Formula Suggested values
Lateral foundation damping 𝜉𝑙

𝑐𝑙𝐿

𝜂𝑙
√
𝑚𝑇𝐸𝐼

[10−1, 10−2]

Rotational foundation damping 𝜉𝑟
𝑐𝑟

𝜂𝑟𝐿
√
𝑚𝑇𝐸𝐼

[10−2, 10−3]

Cross foundation damping 𝜉𝑙𝑟
𝑐𝑙𝑟

𝜂𝑙𝑟
√
𝑚𝑇𝐸𝐼

[10−1, 10−4]

Strain-rate damping 𝜉1
𝑐1

𝐿2√𝑚𝑇𝐸𝐼
[10−3, 10−5]

Velocity dependent damping 𝜉2
𝑐2𝐿

2
√
𝑚𝑇𝐸𝐼

[10−2, 10−3]

Aerodynamic mass damping 𝜉𝑀
𝑐𝑀𝐿√
𝑚𝑇𝐸𝐼

[10−1, 10−3]

Aerodynamic rotary damping 𝜉𝐽
𝑐𝐽

𝐿
√
𝑚𝑇𝐸𝐼

[10−2, 10−4]
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TABLE 2. Properties of the NREL 5MW model

Structural Properties Numerical values
Tower height (L) 90m

Average tower diameter (D) 4.85m
Average tower thickness (𝑡𝑡) 0.023m

Number of blades 3
Blade length 63m

Young’s modulus (E) 2.1 × 1011 N/sqm
Mass density (𝜌) 7800kg/cum

Lumped mass (M) 296,780kg
Tower deformation limit state 0.42m

Acceleration limit state 0.001g m/s2
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TABLE 3. NREL 5MW Rotor Properties

Rotor properties Numerical value
Cut-in wind speed 3m/s
Rated wind speed 11.4m/s

Cut-out wind speed 25m/s
Minimum rotor speed 6.9rpm

Rated rotor speed 12.1rpm
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TABLE 4. Tower Fore-Aft Displacement Comparison between the Numerical model and FAST

Wind Speed (m/s) TFA Displacement
Numerical Model (m)

TFA Displacement
FAST (m)

Percentage Deviation

9 0.372 0.353 5.11%
10 0.437 0.418 4.34%
11 0.498 0.485 2.61%
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Fig. 1. Simplified mechanical model of a wind turbine
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Fig. 2. Aerodynamic force and response of numerical model
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Fig. 3. Maximum tower displacement with confidence bounds representing the effect of uncertainty
in damping parameters
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Fig. 4. Wind induced fragility curve for tower fore-aft displacement with mean damping as reference
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Fig. 5. Wind induced fragility curve for tower fore-aft displacement with undamped case as
reference
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Fig. 8. Impact of uncertainty in member level damping on maximum tower displacement
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Fig. 9. Fragility curves for member level damping states
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Fig. 10. Tower fore-aft acceleration with confidence bounds representing the effect of uncertainty
in damping parameters

46 Baisthakur et al., February 2, 2024

ASCE-ASME Journal of Risk and Uncertainty in Engineering Systems Part B: Mechanical Engineering. Received June 01, 2023; 
Accepted manuscript posted February 19, 2024. doi:10.1115/1.4064766 
Copyright (c) 2024 by ASME

Acc
ep

te
d 

Man
us

cr
ip

t N
ot

 C
op

ye
di

te
d

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/risk/article-pdf/doi/10.1115/1.4064766/7244606/risk-23-1048.pdf by U

niversity of D
ublin, Trinity C

ollege user on 22 February 2024



5 6 7 8 9 10

U
mean

-4

-2

0

2

a
m

a
x

10
-3 Seed1, Foundation Damping

5 6 7 8 9 10

U
mean

-6

-4

-2

0

2

4

a
m

a
x

10
-3 Seed1, Tower Damping

5 6 7 8 9 10

U
mean

-5

0

5

a
m

a
x

10
-3 Seed1, RNA Damping

5 6 7 8 9 10

U
mean

-4

-2

0

2

4

a
m

a
x

10
-3 Seed2, Foundation Damping

5 6 7 8 9 10

U
mean

-5

0

5

a
m

a
x

10
-3 Seed2, Tower Damping

5 6 7 8 9 10

U
mean

-5

0

5

a
m

a
x

10
-3 Seed2, RNA Damping

5 6 7 8 9 10

U
mean

-2

0

2

4

a
m

a
x

10
-3 Seed3, Foundation Damping

5 6 7 8 9 10

U
mean

-4

-2

0

2

4

6

a
m

a
x

10
-3 Seed3, Tower Damping

5 6 7 8 9 10

U
mean

-4

-2

0

2

4

6

a
m

a
x

10
-3 Seed3, RNA Damping

Fig. 11. Tower fore-aft acceleration with confidence bounds representing the effect of member
level damping
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