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 19 

Abstract 20 

This paper considers the potential of using a Tuned Liquid Column Damper (TLCD) to reduce 21 

structural vibrations of a wind turbine tower. The effect of TLCD on wind turbine towers, 22 

including the soil-structure interactions for a monopile foundation was modelled theoretically 23 

and scaled laboratory experiments were carried out to validate these results. The tower of the 24 

turbine is represented as an Euler beam with a set of springs at the boundary to simulate the soil-25 

structure interaction. TLCD design was carried out using such a model and the reduction in 26 

tower vibrations due to the deployment of TLCD was then examined for various loading 27 

conditions in the frequency and the time domain. The efficiency of TLCDs for reducing 28 

structural vibrations was investigated for tuned and detuned conditions. The response of a small-29 

scale model was simulated along with that of a full-scale turbine and parametric studies around 30 

the variations of inputs related to uncertainties were performed. Experiments were carried out on 31 

a scaled model turbine to examine the effectiveness of the TLCD. The practicalities of installing 32 

a TLCD in a full-scale turbine were examined.  33 

Keywords: Wind Turbine, Soil-Structure Interaction, Tuned Liquid Column Damper, 34 

Experiments, Vibrations 35 

 36 
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Key Nomenclature 39 

Symbols 40 

𝐸  Young’s modulus of the turbine tower 

𝐼  Second moment of area of the cross-section of the turbine tower 

𝑥  Spatial coordinate along the length of the turbine tower, measured from the base 

𝑡  Time measured from when the excitation was applied, 

𝑦(𝑥, 𝑡)  Dynamic deflection of the turbine tower 

𝑚  Mass per unit length of the turbine tower 

𝑓(𝑥, 𝑡)  Time dependant distributed load applied to the turbine tower 

𝑃  Constant axial force applied to the turbine tower 

𝑟  Radius of gyration of the turbine tower 

J Moment of Inertia of the nacelle 

𝐿  Length of turbine tower 

𝑀𝑆  Mass of the primary system 

𝑊(𝜉)  Lateral displacement in terms of 𝜉 

Ω  Non-dimensional frequency parameter 

𝑣  Non-dimensional axial force  

𝜂𝑟  Non-dimensional rotational foundation stiffness 

𝜂𝑙   Non-dimensional lateral foundation stiffness 

𝛼𝑡  Mass ratio of nacelle to turbine tower 

𝛽𝑡  Non-dimensional rotary inertia 

𝜇𝑡  Non-dimensional radius of gyration 

𝑐0  Natural frequency scaling parameter 

𝜔𝑛  First natural frequency  

𝐶𝑠  Damping of the primary system 
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𝐾𝑠  Response of the primary system 

𝑥(𝑡)  Displacement of the primary system with respect to time 

�̇�(𝑡)  Velocity of the primary system with respect to time 

�̈�(𝑡)  Acceleration of the primary system with respect to time 

𝑓(𝑡)  Time dependant load applied to the primary system 

𝑋𝑠  Dynamic displacement response of the primary structure with respect to time 

𝑥𝑓  Dynamic displacement response of the liquid damper with respect to time 

g Acceleration due to gravity 

∆  Represent application of base excitation when equal to one and is zero otherwise.  

𝑚𝑑  Mass of liquid in the TLDC 

𝑘𝑓  Stiffness of the liquid column 

𝑐𝑒𝑞  Linearized damping coefficient replacing the nonlinear damping of the TLCD 

A Cross sectional area of TLCD 

l Total length of column of water 

𝜉̅ Head loss coefficinet 

𝛼  Length ratio of the TLCD 

𝜇𝑆 Mass ratio of TLCD to Primary System 

𝜁𝑠 Damping ratio of TLCD to primary system 

𝛾𝑠 Tuning ratio of TLCD to primary system 

𝜁𝑜𝑝𝑡 Optimum damping ratio 

 𝛾𝑜𝑝𝑡 Optimum tuning ratio 

𝐹(𝜔)  Forcing function in frequency domain 

𝐻(𝑖𝜔)  Transfer function describing the conversion from time to frequency domain 

𝜔𝑑  Natural frequency of the TLCD 
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𝜔𝑓 Natural frequency of oscillating liquid 

𝜁𝑑  Damping ratio of the TLCD 

𝜔  Frequency of the load applied to the structure 

𝑘  Equivalent modulus of the subgrade reaction 

𝐿𝑐  Critical pile length 

𝐺  Shear modulus of the soil 

𝐸𝑝 Youngs modulus of monopile 

𝐼𝑝 Moment of inertia of the pile 

𝑘𝑙  Lateral stiffness of the spring representing the soil-structure interaction 

𝑘𝑟  Rotational stiffness of the spring representing the soil-structure interaction 

k Equivalent modulus of the subgrade reaction 

𝑑50  Average grain size 

t Thickness of the tower 

Mn Mass of the nacelle 

 Density of fluid in TLCD 

 Density of the material used for the turbine tower 

 D Diameter of turbine tower 

t Average thickness of turbine tower 

𝐻(𝑖𝜔)_𝑀𝑎𝑥 Maximum response of transfer function 

Key Abbreviations 41 

TLCD Tuned Liquid Column Damper 

TMD Tuned Mass Damper 

  

 42 
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 43 

1 INTRODUCTION 44 

Wind turbines have evolved to be taller  and more slender over time to harness more energy and 45 

consequently the dynamic responses of wind turbines superstructure and related control of 46 

unwanted dynamic responses have become very important [1, 2]. Control of unwanted structural 47 

vibrations can lead to a longer life of wind turbines by decreasing stress and related fatigue [3]. 48 

A reduction in tower vibration is also related to the reduction of gearbox faults [4]. Additionally, 49 

control of tower vibrations can lead to a reduction of loads on the foundation, which are often a 50 

significant part of the project cost [5]. Overall, vibration control of wind turbine towers can lead 51 

to better built wind turbines with longer and healthy life span. 52 

Most literature in wind turbine vibration control concentrate on passive [6-8] or semi-active [9-53 

11] control systems and algorithms. Design choice of materials has also been studied for 54 

improved fragility of wind turbine towers [12]. Of these systems, the passive control systems, 55 

typically Tuned Mass Dampers (TMDs) and Tuned Liquid Column Dampers (TLCDs) are 56 

particularly popular as they do not require external power to operate. Practical implementation 57 

constraints like weight, geometry, connection with the primary structure, and the lifespan of the 58 

control system are present for these vibration control methods, but the fundamentals behind 59 

passive control through TMD and TLCD are mainly related to the tuning of the natural 60 

frequency of the spring mass system (for TMD) or the oscillating water column (for TLCD) to 61 

the natural frequency of the primary structure. As long as there is sufficient mass or in the case 62 

of TLCD, some additional friction loss due to oscillation of fluids against the tubular structure 63 

where the liquid is retained, control is achieved. Optimisation of control can then be carried out 64 
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by carefully choosing the design parameters [13]. Recently, a number of studies on single and 65 

multiple TLCDs applied to onshore wind turbine towers and floating wind turbine platforms [14, 66 

15] have indicated that TLCDs may be a reasonable way to reduce wind turbine tower 67 

vibrations.  68 

Despite the advantages of TLCDs, a drawback remains regarding the fact that the success of 69 

TLCDs strongly depends on the tuning of the oscillating liquid column with that of the primary 70 

structure to which it is attached. The natural frequency of a wind turbine tower can vary for the 71 

same manufactured tower, based on what soil it is embedded into and how it is embedded. Based 72 

on such situations, the boundary conditions of the wind turbine towers vary and so do their 73 

natural frequencies as function of soil-structure interaction [16, 17]. In fact, such variation is not 74 

necessarily a change from one site to another, but can take place over the lifespan of turbines at a 75 

single site [18]. Consequently, designing a TLCD for a factory manufactured wind turbine tower 76 

may not be sufficient since detuning can take place due to soil-structure interaction. Under such 77 

circumstances, it is important to assess the performance of TLCDs in the presence of soil-78 

structure interaction. This paper investigates the performance of TLCD for the vibration control 79 

of wind turbine towers considering soil-structure interaction. A well-known model is considered, 80 

based on first principles and a detailed numerical study is carried out for this purpose in the time 81 

and the frequency domains. Effects of detuning are investigated. A non-dimensional theoretical 82 

model is created for the system investigated and predicted dynamic responses are compared 83 

against a laboratory based small-scale experimental model to validate the numerical 84 

investigations. The importance of considering soil-structure interactions for vibration control of 85 

wind turbine towers using TLCD is emphasized through this study and aspects of practical 86 
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implementation are also discussed. A number of assumptions are related to this study.  These 87 

include the modelling of the tower as an Euler-Bernoulli cantilever monopile beam with the 88 

nacelle as a tip mass on the cantilever, the choice of soil properties in the form of a spring, 89 

consideration of the boundary conditions as a combination of a linear and a rotational spring 90 

representing the interaction between the structure and soil and dependent on shear modulus and 91 

bending rigidity of the pile, the achievement of scaling is through non-dimensionalisation of 92 

governing equations and limiting the diameter of the pile to average grain size ratio. Details 93 

around these assumptions are presented in each sub-section of the paper. 94 

It is noted that despite several studies around tuned liquid column dampers and soil-structure 95 

interaction, there is a gap in terms of integrating the two aspects and investigating this 96 

interrelation in detail. This work attempts to address this gap in a timely manner and presents a 97 

comprehensive study following a consistent formulation for both passive damping and soil-98 

structure interaction. The paper also provides clear guidance of scaling and development of 99 

experiments corresponding to such scaling for this purpose. The comprehensive investigation 100 

presented is expected to provide practical engineering guidance for the integrated design of such 101 

dampers and aid in making the sector more competitive. 102 

 103 

 104 

2 THEORETICAL MODELLING OF A WIND TURBINE WITH A TLCD 105 

CONSIDERING SOIL-STRUCTURE INTERACTION 106 
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The theoretical model presented here integrated two established and importance models in the 107 

field of soil-structure interaction of a wind turbine and passive control through TLCD 108 

respectively to create a unified numerical framework which can allow consistent non-109 

dimensionalization of both aspects and allow for a comprehensive numerical analysis. The 110 

models are referenced and are summarised in two sub-sections for the purpose of completeness, 111 

clarity and context of the simulations presented in the rest of the work. The models and the non-112 

dimensionalization presented in the next sections also for the basis of designing experimentation 113 

for this paper. 114 

2.1 Formulation of the soil-structure interaction model of wind turbine towers 115 

An idealised model of a wind turbine tower is considered in Figure 1 based on [19], where the 116 

tower is modelled as an Euler-Bernoulli beam, while the nacelle is represented as a tip mass at 117 

the free end of the beam. The soil-structure interaction is modeled as boundary conditions 118 

specified by spring whose characteristics are related to soil properties. It is assumed that 119 

properties such as Young’s modulus, moment of inertia, axial loading and mass per metre of 120 

tower are constant along the length of the tower, the tower is in a state of equilibrium and a 121 

harmonic solution for deflection with respect to time and distance exists. 122 

FIGURE 1 HERE 123 

The equation of motion of an Euler-Bernoulli beam can then be used to represent the dynamics 124 

of the turbine tower as 125 

𝜕2

𝜕𝑥2
(𝐸𝐼(𝑥)

𝜕2𝑦(𝑥,𝑡)

𝜕𝑥2
) +

𝜕

𝜕𝑥
(𝑃

𝜕𝑦(𝑥,𝑡)

𝜕𝑥
) −

𝜕

𝜕𝑥
(𝑚(𝑥)𝑟2 𝜕�̈�(𝑥,𝑡)

𝜕𝑥
) + 𝑚(𝑥)�̈�(𝑥, 𝑡) = 𝑓(𝑥, 𝑡)       (1) 126 
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where 𝑦(𝑥, 𝑡) is the dynamic deflection of the turbine tower as shown in Figure 1, 𝑓(𝑥, 𝑡) is a 127 

time-dependant distributed load applied to the turbine tower, 𝑥 is the spatial coordinate along the 128 

length of the turbine tower, measured from the base, 𝑡 is the time measured from when the 129 

excitation was applied, 𝐸 is the Young’s modulus of the turbine tower, 𝐼 is the second moment 130 

of area of the cross-section turbine tower about the neutral axis of bending, 𝑃 is a constant axial 131 

force applied to the turbine tower, 𝑚 is the mass per unit length of the turbine tower obtained by 132 

dividing density with cross-sectional area, 𝑟 is the radius of gyration of the turbine tower and an 133 

overdot is a derivative with respect to time. 134 

Assuming all properties are constant along the length of the tower, this equation can be 135 

simplified to 136 

𝐸𝐼
𝜕4𝑦(𝑥,𝑡)

𝜕𝑥4
+ 𝑃

𝜕2𝑦(𝑥,𝑡)

𝜕𝑥2
− 𝑚𝑟2 𝜕2�̈�(𝑥,𝑡)

𝜕𝑥2
+ 𝑚�̈�(𝑥, 𝑡) = 𝑓(𝑥, 𝑡)              (2) 137 

For equilibrium, the total sum of the bending moments and the total sum of the shear forces must 138 

equal to zeros at the end. Considering boundary conditions at x=0, there is some lateral and 139 

rotational freedom but no vertical movement is allowed. Considering the bending and shear 140 

equilibrium at the end of the tower respectively, we obtain 141 

𝐸𝐼
𝜕2𝑦(0,𝑡)

𝜕𝑥2
− 𝑘𝑟

𝜕(0,𝑡)

𝜕𝑥
= 0                (3) 142 

𝐸𝐼
𝜕3𝑦(0,𝑡)

𝜕𝑥3
+ 𝑃

𝜕𝑦(0,𝑡)

𝜕𝑥
+ 𝑘𝑙𝑤(𝑥, 𝑡) − 𝑚𝑟2 𝜕2�̈�(0,𝑡)

𝜕𝑥2
= 0            (4) 143 

where 𝑘𝑟 and 𝑘𝑙  are the rotational and lateral stiffness of the springs, respectively, which 144 

represent the soil-structure interaction. 145 
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The other boundary of the beam at x= L allows rotational and lateral freedom, assuming 146 

sufficient axial stiffness such that no vertical deflection takes place. Under such circumstances, 147 

the consideration moment and shear equilibrium respectively, gives 148 

𝐸𝐼
𝜕2𝑦(𝐿,𝑡)

𝜕𝑥2
+ 𝐽

𝜕�̈�(𝐿,𝑡)

𝜕𝑥
= 0                (5) 149 

and 150 

𝐸𝐼
𝜕3𝑦(𝐿,𝑡)

𝜕𝑥3
+ 𝑃

𝜕𝑦(𝐿,𝑡)

𝜕𝑥
− 𝑀�̈�(𝐿, 𝑡) − 𝑚𝑟2 𝜕2�̈�(𝐿,𝑡)

𝜕𝑥2
= 0            (6) 151 

Assuming a harmonic solution  𝑦(𝑥, 𝑡) = 𝑊(𝜉)𝑒𝑥𝑝{𝑖𝜔𝑡} , where 𝜉 =  𝑥 𝐿⁄ , and substituting into 152 

the previous equations gives 153 

𝐸𝐼

𝐿4

𝜕4𝑊( 𝜉)

𝜕𝜉4
+

𝑃

𝐿2

𝜕2𝑊( 𝜉)

𝜕𝜉2
− 𝑚𝜔2𝑊( 𝜉) +

𝑚𝑟2𝜔2

𝐿2

𝜕2𝑊( 𝜉)

𝜕𝜉2
= 𝑓(𝜉)           (7) 154 

𝐸𝐼

𝐿2
𝑊′′( 0) −

𝑘𝑟

𝐿
𝑊′( 0) = 0                (8) 155 

𝐸𝐼

𝐿3
𝑊′′′( 0) +

𝑃

𝐿
𝑊′( 0) + 𝑘𝑙𝑊( 0) +

𝑚𝑟2𝜔2

𝐿
𝑊′( 0) = 0            (9) 156 

𝐸𝐼

𝐿2
𝑊′′( 1) +

𝜔2𝐽

𝐿
𝑊′( 1) = 0                   (10) 157 

and  158 

𝐸𝐼

𝐿3
𝑊′′′( 1) +

𝑃

𝐿
𝑊′( 1) + 𝜔2𝑀𝑊( 1) +

𝑚𝑟2𝜔2

𝐿
𝑊′( 1) = 0               (11) 159 

 160 
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Rearranging in terms of non-dimensional parameters, these equations can be written as 161 

𝜕4𝑊( 𝜉)

𝜕𝜉4
+ �̃�

𝜕2𝑊( 𝜉)

𝜕𝜉2
− Ω2𝑊( 𝜉) = 𝐹(𝜉)

𝐿2

𝐸𝐼
            (12) 162 

𝑊′′( 0) − 𝜂𝑟𝑊′( 0) = 0              (13) 163 

𝑊′′′( 0) + �̃�𝑊′( 0) + 𝜂𝑙𝑊( 0) = 0              (14) 164 

𝑊′′( 1) − 𝛽Ω2𝑊′( 1) = 0               (15) 165 

and 166 

𝑊′′′( 1) + �̃�𝑊′( 1) + 𝛼Ω2𝑊( 1) = 0             (16) 167 

Where 168 

�̃� = 𝑣 + 𝜇𝑡
2𝛺2               (17) 169 

The definitions of the non-dimensional parameters defined in this derivation is shown in Table 1. 170 

Table 1. Non-dimensional parameters in wind turbine tower dynamics formulation with soil-171 

structure interaction. 172 

Non-dimensional axial force 
𝑣 =  

𝑃𝐿2

𝐸𝐼
 

Non-dimensional rotational foundation stiffness 
𝜂𝑟 = 

𝑘𝑟𝐿

𝐸𝐼
 

Non-dimensional lateral foundation stiffness 
𝜂𝑙 = 

𝑘𝑙𝐿
3

𝐸𝐼
 

Non-dimensional frequency parameter 

Ω = √𝜔2
𝑚𝐿4

𝐸𝐼
 

Mass ratio of nacelle to turbine tower 
𝛼𝑡 = 

𝑀

𝑚𝐿
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Non-dimensional rotary inertia 
𝛽𝑡 = 

𝐽

𝑚𝐿3
 

Non-dimensional radius of gyration 𝜇𝑡 = 
𝑟

𝐿
 

 173 

The natural frequency can then be described as  𝜔𝑗 = Ω𝑗𝑐0 where the natural frequency scaling 174 

parameter is defined as  𝑐0 = √
𝐸𝐼

𝑚𝐿4
 175 

Assuming a solution for the lateral displacement y with respect to x of the form 𝑊(𝜉) =176 

𝑒𝑥𝑝{𝜆𝜉} allows for the separation of the time and distance variables. Substituting into the Euler 177 

equation governing the behaviour of the tower gives 178 

𝜆4 + �̃�𝜆2 − Ω2 = 0               (18) 179 

A solution to this equation is 180 

𝜆 =  ±𝑖𝜆1, ±𝜆2               (19) 181 

where 182 

𝜆1 = (√(
�̃�

2
)
2

+ Ω2 +
�̃�

2
)

1
2⁄

              (20) 183 

𝜆2 = (√(
�̃�

2
)
2

+ Ω2 −
�̃�

2
)

1
2⁄

              (21) 184 

Using eigenvectors to re-write the solution for 𝑊(𝜉) as  185 

𝑊(𝜉) =  𝑎1 sin(𝜆1𝜉) + 𝑎2 cos(𝜆1𝜉) + 𝑎3 sinh(𝜆2𝜉) + 𝑎4cosh(𝜆2𝜉)        (22) 186 
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Rearranging this in matrix form gives 187 

𝑊(𝜉) = 𝒔𝑻(𝜉)𝒂               (23) 188 

where 𝒔(𝜉) =  {sin(𝜆1𝜉) , cos(𝜆1𝜉) , sinh(𝜆2𝜉) , cosh(𝜆2𝜉)}
𝑇 and 𝐚 =  {𝑎1, 𝑎2, 𝑎3, 𝑎4}

𝑻 189 

Applying this solution to the boundary condition equations obtained previously gives the 190 

following equations 191 

𝑑2

𝑑𝜉2
(𝒔𝑇(0)𝒂) − 𝜂𝑟

𝑑

𝑑𝜉
(𝒔𝑇(0)𝒂) = 0             (24) 192 

𝑑3

𝑑𝜉3
(𝒔𝑇(0)𝒂) + �̃�

𝑑

𝑑𝜉
(𝒔𝑇(0)𝒂) + 𝜂𝑙𝒔

𝑇(0)𝒂 = 0           (25) 193 

𝑑2

𝑑𝜉2
(𝒔𝑇(1)𝒂) − 𝛽Ω2 𝑑

𝑑𝜉
(𝒔𝑇(1)𝒂) = 0            (26) 194 

𝑑3

𝑑𝜉3
(𝒔𝑇(1)𝒂) + �̃�

𝑑

𝑑𝜉
(𝒔𝑇(1)𝒂) + 𝛼Ω2𝒔𝑇(1)𝒂 = 0           (27) 195 

which becomes 196 

−𝜂𝑟𝜆1𝑎1 − 𝜆1
2𝑎2−𝜂𝑟𝜆2𝑎3 + 𝜆2

2𝑎4 = 0            (28) 197 

(−𝜆1
3 + �̃�𝜆1)𝑎1 + 𝜂𝑙𝑎2 + (𝜆2

3 + �̃�𝜆1)𝑎3 + 𝜂𝑙𝑎4 = 0           (29) 198 

(−𝜆1
2 sin(𝜆1) − 𝛽Ω2𝜆1 cos(𝜆1))𝑎1 + (−𝜆1

2 cos(𝜆1) + 𝛽Ω2𝜆1 sin(𝜆1))𝑎2 + (𝜆2
2 sinh(𝜆2) −199 

𝛽Ω2𝜆2 cosh(𝜆2))𝑎3 + (𝜆2
2 cosh(𝜆2) − 𝛽Ω2𝜆2 sinh(𝜆2))𝑎4 = 0         (30) 200 
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(−𝜆1
3 cos(𝜆1) + �̃�𝜆1 cos(𝜆1) + 𝛼Ω2 sin(𝜆1))𝑎1 + (𝜆1

3 sin(𝜆1) − �̃�𝜆1 sin(𝜆1) +201 

𝛼Ω2 cos(𝜆1))𝑎2 + (𝜆2
3 cosh(𝜆2) + �̃�𝜆2 cosh(𝜆2) + 𝛼Ω2 sinh(𝜆2))𝑎3 + (𝜆2

3 sinh(𝜆2) +202 

�̃�𝜆2 sinh(𝜆2) + 𝛼Ω2 cosh(𝜆2))𝑎4 = 0            (31) 203 

Compiling the results into a matrix gives 𝐑𝐚 = 0, where 204 

𝑅 =

[
 
 
 
 −𝜆1𝜂𝑟 −𝜆1

2

𝜆1
3 + 𝑣𝜆1 𝜂𝑙

−sin(𝜆1) 𝜆1
2 − Ω2𝛽 cos(𝜆1) 𝜆1 −cos(𝜆1) 𝜆1

2 + Ω2𝛽 sin(𝜆1) 𝜆1

−cos(𝜆1) 𝜆1
3 + �̃� cos(𝜆1) 𝜆1 + Ω2𝛼 sin(𝜆1) sin(𝜆1) 𝜆1

3 − �̃� sin(𝜆1) 𝜆1 + Ω2𝛼 cos(𝜆1)

 205 

−𝜆2𝜂𝑟 −𝜆2
2

𝜆2
3 + 𝑣𝜆2 𝜂𝑙

sinh(𝜆2) 𝜆2
2 − Ω2𝛽 cosh(𝜆2) 𝜆2 cosh(𝜆2) 𝜆2

2 − Ω2𝛽 sinh(𝜆2) 𝜆2

cosh(𝜆2) 𝜆2
3 + �̃� cosh(𝜆2) 𝜆2 + Ω2𝛼 sinh(𝜆2) sinh(𝜆2) 𝜆2

3 − �̃� sinh(𝜆2) 𝜆2 + Ω2𝛼 cosh(𝜆2)]
 
 
 
 

     (32) 206 

For a non-trivial solution, the 𝐚 matrix cannot be equal to zero, therefore the equation governing 207 

the natural frequencies is given by |𝐑| = 0. This was solved numerically for 𝛺, where the initial 208 

guess or starting point for search in this function was taken as the natural frequency of an 209 

equivalent beam with an end mass. The first fundamental frequency of a cantilever beam with 210 

fixed supports and an end mass is given by the expression 𝜔𝑐𝑎𝑛𝑡𝑖𝑙𝑒𝑣𝑒𝑟 = 
1

2𝜋
√

3𝐸𝐼

0.2235𝑚𝐿+𝑀
  [20]. 211 

 212 

2.2 Formulation of the TLCD 213 

TLCDs mitigate structural vibrations through an oscillating liquid column in a typically U-214 

shaped container, and through the energy dissipation caused by the oscillating liquid passing 215 

through an orifice situated midway on the horizontal section. Den Hartog’s [21] method for 216 



16 

 

determining the vibration absorber parameters for an un-damped system has proved successful in 217 

developing the equations of motion for a TLCD [13]. Using Den Hartog’s [21] methods, 218 

analytical formulas for determining the equations of motion for a uniform cross-sectional area 219 

TLCD have been long derived by Sakai and Takaeda  [22]. When the wind turbine is subjected 220 

to a dynamic load, movement will result in the liquid contained within the attached TLCD. From 221 

D’Alembert’s principle, the inertia force of water is 222 

 223 

𝐼𝑀 = −[𝜌𝐴𝑙𝑥�̈�(𝑡) + 𝜌𝐴𝑏𝑋�̈�(𝑡)]             (33) 224 

Where ρ is the density of the fluid, A is the cross sectional area of TLCD, l is the total length of 225 

column of water, b is the length of horizontal section of TLCD, 𝑥𝑓 is the response of the liquid 226 

damper and 𝑋𝑠 is the response of the primary system. 227 

The difference of height of water in the vertical columns provides the differential spring force of 228 

the TLCD. The restoring force of the water is 229 

𝐼𝑅 = 𝜌𝐴. 2𝑥𝑓(𝑡). 𝑔               (34) 230 

𝑥𝑓(𝑡) being the response of the liquid damper (TLCD) and 𝑔 the acceleration due to gravity 231 

The damping force is 232 

𝐼𝐷 = −𝜌𝐴𝜉̅
|𝑥�̇�(𝑡)|

2
               (35) 233 

with 𝜉̅ as the head loss coefficient, influenced primarily by the diameter of the orifice and by 234 

Darcy’s friction factor between the liquid and the inner surface of the TLCD walls, the corners 235 

of the TLCD etc.  236 
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From the condition of equilibrium, the equation of motion is given by 237 

𝜌𝐴𝑙𝑥�̈�(𝑡) +
1

2
𝜌𝐴𝜉̅|𝑥�̇�(𝑡)| + 2𝜌𝐴𝑔𝑥𝑓(𝑡) =  −𝜌𝐴𝑏𝑋�̈�(𝑡)          (36) 238 

where the natural frequency of the oscillating liquid is given by 𝜔𝑓 = √2𝑔/𝑙 .  239 

The equation of motion for a single degree of freedom structure is 240 

𝑀𝑆�̈�(𝑡) + 𝐶𝑠�̇�(𝑡) + 𝐾𝑠𝑥(𝑡) = 𝑓(𝑡)             (37) 241 

Where 𝑀𝑆  is the mass of the primary system,  𝐶𝑠 is the damping of the primary system, 𝐾𝑠 is the 242 

stiffness of the primary system, (𝑡) is the time dependant load applied to the primary system. 243 

𝑥(𝑡) is the displacement,  �̇�(𝑡) is the velocity and �̈�(𝑡) is the acceleration of the primary system 244 

with respect to time and 𝑓. 245 

From this, the equation of motion for the wind turbine system is obtained as 246 

(𝑀𝑠 + 𝜌𝐴𝑙)𝑋�̈�(𝑡) +  𝜌𝐴𝑏𝑥�̈�(𝑡) + 𝐶𝑠�̇�𝑠(𝑡) + 𝐾𝑠𝑋𝑠(𝑡) =  𝑓(𝑡)            (38) 247 

where 𝐶𝑠 = 2𝑀𝑆 𝜁𝑠𝜔𝑠,  𝜁𝑠 is the damping ratio of the primary system and 𝜔𝑠 is the natural 248 

frequency of the primary system. 249 

Coupling the dynamics of the TLCD with that of the wind turbine tower [13] results in 250 

[
𝑀𝑠 + 𝑚𝑑 𝛼𝑚𝑑

𝛼𝑚𝑑 𝑚𝑑
] [

�̈�𝑠

�̈�𝑓
] + [

𝐶𝑠 0
0 𝑐𝑒𝑞

] [
�̇�𝑠

�̇�𝑓
] + [

𝐾𝑠 0
0 𝑘𝑓

] [
𝑋𝑠

𝑥𝑓
] = [

𝑓(𝑡)
∆𝑚𝑑𝑓(𝑡)

𝑀𝑠

]             (39)       251 

and 252 

|𝑥𝑓| ≤
(𝑙−𝑏)

2
                     (40)       253 
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where 𝛼 is the length ratio of the TLCD and equal to l/b, 𝑚𝑑 is the mass of liquid in the TLDC, 254 

𝑐𝑒𝑞 is a linearized damping coefficient replacing the nonlinear damping 𝑐𝑛𝑜𝑛𝑙𝑖𝑛𝑒𝑎𝑟 of the TLCD 255 

equal to 2𝑚𝑑𝜁
𝑑
𝜔𝑑,  𝜁𝑑  is the damping ratio of the TLCD,  𝜔𝑑 is the natural frequency of the 256 

TLC,  𝑘𝑓 is the stiffness of the liquid column equal to 2𝜌𝐴𝑔, and 𝑓(𝑡) is the external excitation. 257 

The constraint in equation 40 is to ensure that the liquid does not spill out of the TLCD when 258 

sloshing. The time 𝑡 is measured from when the load is first applied, 𝑋𝑠 is the dynamic 259 

displacement response of the primary structure with respect to time. This is a relative 260 

displacement when ∆ = 1 and absolute displacement when ∆ = 0. The consideration of ∆ = 1 is 261 

representative of the application of a base excitation, while ∆ = 0 represents a force applied to 262 

the structure only. The coupled set of equations can be converted to a state space form and 263 

solved using numerical integration methods like the Runge-Kutta approach. 264 

The transfer function for the coupled TLCD-tower equation can be obtained by following Yalla 265 

and Kareem [13] as 266 

𝐻(𝑖𝜔) =
−Δ𝜇𝛼(𝑖𝜔)2+(𝑖𝜔)2+2𝜁𝑑𝜔𝑑(𝑖𝜔)+𝜔𝑑

2

[(𝑖𝜔)2(1+𝜇)+2𝜁𝑠𝜔𝑠(𝑖𝜔)+𝜔𝑠
2][(𝑖𝜔)2+2𝜁𝑑𝜔𝑑(𝑖𝜔)+𝜔𝑑

2]−(𝑖𝜔)4𝛼2𝜇
                   (41) 267 

where  𝛼 is the tuning ratio of the TLCD, representing the horizontal column width to the full 268 

length of the column of water, horizontal and vertical combined. The mass ratio, 𝜇, is the mass 269 

of the TLCD over the mass of the structure. The natural frequency of the tower is dependent of 270 

soil parameters and so is the transfer function. 271 

 272 

 273 
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2.3 Formulation of soil parameters 274 

The strength of the soil and the bending resistance of the pile are combined to two springs for 275 

lateral and rotational resistance, with stiffness kl and kr respectively. These values, as derived by 276 

Adhikari & Bhattacharya [19], depend on the shear modulus and bending rigidity of the pile and 277 

can be expressed by  278 

𝑘𝑙 =
𝑘

√2
(

4

𝐿𝑐
)
−1

                       (42) 279 

𝑘𝑟 =
𝑘

√2
(

4

𝐿𝑐
)
−3

                     (43) 280 

where 𝑘 is the equivalent modulus of the subgrade reaction and 𝐿𝑐 is the critical pile length, 281 

beyond which the pile behaves as is it were infinitely long.  282 

An approximation for 𝑘 is given by 283 

𝑘

𝐺
≈ 10 (

𝐸𝑝 

𝐺
)
−0.14

                     (44) 284 

Where 𝐸𝑝 is the Young’s modulus of the pile and  𝐺 is the shear modulus of the soil. The critical 285 

length of the pile can then be found using the expression 286 

𝐿𝑐 = 4(
𝐸𝑝𝐼𝑝

4𝑘
)
1

4⁄

               (45) 287 

where 𝐼𝑝 is the moment of inertia of the pile. 288 

The soil parameters for numerical studies are taken from data provided by Adhikari & 289 

Bhattacharya [19] for the shear modulus of dry sand, saturated sand and clay.  290 
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It should also be noted that soil properties change with high cyclic loading, thereby increasing 291 

the complexity in understanding the long term behaviour of the turbine and thereby introducing 292 

the risk that the natural frequency may change gradually over time [23]. The soil-structure 293 

interaction was modelled using the two springs to describe lateral and torsional restraint of the 294 

pile in this paper, as has been described earlier. This method, proposed by Adhikari & 295 

Bhattacharya [19], has been well documented and validated by experiments, giving reasonably 296 

high degree of confidence in the method used.  297 

The importance of scaling cannot be underestimated when drawing conclusions between a small-298 

scale model and full-scale prototype. For this reason, the small-scale theoretical model was 299 

designed to be able to scale up to represent some behaviour of a full-scale turbine. The use of 300 

non-dimensional parameters in the soil-structure interaction model helped facilitate this. The 301 

geometry of the structure for a scaled model was considered at a 1:100 ratio. The soil-structure 302 

interaction, as represented by springs representing the lateral and rotational stiffness of the 303 

foundations, scale automatically since kl and kr are calculated depending on both soil 304 

characteristics and bending rigidity of the pile. Care was also taken to ensure that the diameter of 305 

the pile to average grain size ratio did not exceed a recommended limit of 𝐷 𝑑50
⁄ = 88, where D 306 

is the diameter of the pile, in this case equal to that of the turbine tower,  and 𝑑50 is the average 307 

grain size [24]. 308 

 309 

3 NUMERICAL STUDIES ON A WIND TURBINE WITH A TLCD CONSIDERING 310 

SOIL-STRUCTURE INTERACTION 311 
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3.1 Numerical values for input variables  312 

Initial simulations were done first for a full-scale turbine, with using data from Tempel and 313 

Molenaar [20] to test the numerical model against established results as a benchmark. Numerical 314 

simulations were then run for the small-scale model turbine to suggest parameters for the 315 

experimentation section, based on model testing carried out by [23]. The input data for the 316 

simulations are given in Table 2. 317 

Table 2. Input data for numerical simulations on wind turbine rower – TLCD interaction for full-318 

scale and model.  319 

Property Symbol Full-scale Turbine Small-scale Model Unit 

Height L 81 1.2 m 

Diameter D 3.5 0.03 m 

Thickness T 0.075 0.003 m 

Moment of Inertia I 1.1839 5.123×10-8 m4 

Radius of Gyration R 1.2112 0.0109 m 

Weight of Nacelle Ms 130000 0.3 kg 

Damping Ratio of Tower 𝜁𝑠 0.01 0.01  

Inertia of Nacelle J 0 0 m4 

 320 

The small-scale model was designed in such a way that the results can be scaled up to predict 321 

results for a full-scale turbine. The formulas used for the second moment of area (I) and the 322 

radius of gyration (r) for the cross-section of the tower with thickness t were 𝐼 =  
𝜋

64
(𝐷4 −323 

(𝐷 − 𝑡)4) and 𝑟 =  
√𝐷2−(𝐷−𝑡)2

4
  respectively. The material properties used for the two models are 324 

given in Table 3. The full-scale turbine had a steel tower, while the small-scale model was made 325 

of aluminium. 326 
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Table 3. Material properties of the full-scale and the model wind turbine tower. 327 

Property Symbol Steel Aluminium Units 

Young’s Modulus E 210 69 GPa 

Density  7800 2700 kg/m3 

 328 

The values for kr and kl were calculated as described in the previous section and given in Table 4 329 

for the full-scale wind turbine tower. 330 

Table 4. Boundary conditions of the full-scale wind turbine tower as a function of soil properties. 331 

Property 
Bulk Density 

[kN/m3] 

Shear Modulus 

[MPa] 
kr  [MNm/rad] kl  [MN/m] 

Dry sand 15.73 12.72 152.5 6654.1 

Saturated Sand 19.6 8.2 102.6 5830.3 

Clay 16.6 2 313.6 3927.4 

 332 

The spring constants representing the lateral and rotational stiffness provided by the soil depend 333 

on the Young’s modulus and moment of inertia of the monopole as well as the soil parameters, 334 

so these values were recalculated for the small-scale model as well (Table 5). 335 

 336 

Table 5. Boundary conditions of the small-scale wind turbine tower as a function of soil 337 

properties. 338 

Property 
Shear Modulus 

[MPa] 

kr 

[kNm/rad] 

kl 

[N/m] 

Sand 12.72 1042.2 1554.7 

Top Soil 8 701.1 1362.2 

Clay 2 214.3 917.6 

 339 
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The lateral and rotational stiffness of the springs representing the soil-structure interaction is 340 

considerably smaller for the model turbine due to the dependence of this parameter on the 341 

moment of inertia of the monopile foundation. The top soil is a typical garden soil with a shear 342 

modulus between that of clay and gravel. 343 

The main parameters that govern the effectiveness of a TLCD are the tuning of the natural 344 

frequency of the liquid column to that of the host structure and the mass ratio between the TLCD 345 

and the host structure. Table 6 presents the baseline values used for the TLCD when considering 346 

a full-scale structure and the small-scale experiment. Some of these parameters, such as the 347 

damping ratio, mass ratio and length ratio, were varied in the numerical simulations to 348 

understand the effect of poor optimisation of the TLCD once a natural frequency match between 349 

the oscillating liquid column and the host structure is achieved. The oscillating fluid was 350 

considered to be water for all cases. 351 

Table 6. TLCD parameters for simulation considering the full-scale structure and the 352 

experiment.  353 

Property Symbol 
Full-scale 

Turbine 

Small-scale 

Model 

Weight of TLCD with water 

(kg) 

  Md 2889 0.059 

Damping Ratio of TLCD 𝜁𝑑 0.063 0.0986 

Length to column width ratio  0.7 0.3 

Mass ratio  0.02 0.05 

 354 

The variation of natural frequency of the full-scale wind turbine tower for different soil-structure 355 

interaction scenarios are presented in Table 7. 356 
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Table 7. Natural frequency (Hz) of the full-scale wind turbine tower for a range of soil types. 357 

Soil Type 
Dry 

Sand 

Saturated 

Sand 
Clay 

Natural frequency of fixed cantilever without mass of 

TLCD (Hz) 
0.435 0.435 0.435 

Natural frequency tower in soil without TLCD (Hz) 0.230 0.228 0.222 

Natural frequency of fixed cantilever with added mass 

equivalent to that of the TLCD (Hz) 
0.431 0.431 0.431 

Natural frequency of tower in soil with added mass 

equivalent to that of the TLCD (Hz) 
0.232 0.231 0.224 

Since the natural frequency for a soft-soft type of this structure is suggested to be 0.25Hz, it 358 

seems reasonable to conclude that this method of calculating the natural frequency is reasonably 359 

accurate. The estimates for a small-scale model testing for different soil conditions are presented 360 

is Table 8. 361 

Table 8. Natural frequency of the small-scale wind turbine tower for a range of soil types. 362 

Soil Type Sand Top Soil Clay 

Natural frequency of fixed cantilever without mass 

of TLCD (Hz) 
18.6 18.6 18.6 

Natural frequency equivalent tower in soil without 

TLCD (Hz) 
1.652 1.651 1.657 

Natural frequency of fixed cantilever with added 

mass equivalent to that of the TLCD (Hz) 
17.61 17.61 17.61 

Natural frequency of equivalent tower in soil with 

added mass equivalent to that of the TLCD (Hz) 
1.799 1.798 1.792 

 363 

3.2 Parameter studies in the frequency domain 364 

Parameter studies for the combined tower-soil-TLCD system was carried out in the frequency 365 

domain by plotting the transfer functions for different input scenarios. The transfer function of 366 
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the turbine without the TLCD is for an end mass equivalent to that of the TLCD without water 367 

and the nacelle combined, thus the natural frequency of the turbine changes as water is added. 368 

The TLCD is optimised for this new natural frequency. Different damping ratios have been used 369 

for the TLCD to examine the effects of damping once the natural frequency of the TLCD is 370 

tuned to that tower. 371 

The effect of a tuned TLCD on the full-scale wind turbine is shown in Figure 2 for the three 372 

different soil conditions considered in this paper.  373 

FIGURE 2 HERE 374 

The results presented in Figure 2 demonstrate that a significant reduction in the magnitude of the 375 

structural response is achievable when an optimised TLCD is coupled with the structure for all 376 

these soil types. These graphs are for a structural damping ratio of 1%.  377 

FIGURE 3 HERE 378 

The variation in the percentage damping achieved by a TLCD is shown in Figure 3 for different 379 

structural and TLCD damping ratios, where 𝜁𝑠 is the structural damping ratio and 𝜁𝑑 is the 380 

damping ratio associated with the TLCD. This shows that even for a structural damping of 10% 381 

and TLCD damping ratio of 1%, there is still a small reduction in the magnitude of the structural 382 

response. However, unless vibrations are applied exactly at the natural frequency, it is unlikely 383 

that this small amount of damping will be worth the extra effort of installing a reasonably well-384 

performing TLCD, so care should be taken when installing a TLCD to ensure that is properly 385 

optimised to the natural frequency of the tower and that it has a reasonable level of damping.  386 
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The effect of a TLCD is also investigated for the experimental model and the results for 387 

individual soils are presented in Figure 4. 388 

Similar to the results for the full-scale model, Figure 4 shows that considerable damping effect is 389 

possible to achieve with an optimised TLCD. It should be noted that the position of the double 390 

peak has moved slightly, due to the change in the mass ratio, which will be discussed later. As 391 

with the full-scale turbine, the effect of the TLCD on the structure is similar for all three soil 392 

types. 393 

FIGURE 4 HERE 394 

Figure 5 presents the effects of different structural and TLCD damping ratios, where 𝜁𝑠 is the 395 

structural damping ratio and 𝜁𝑑 is the damping ratio associated with the TLCD for the small-396 

scale model. 397 

FIGURE 5 HERE 398 

The results  demonstrates that a TLCD can reasonably reduce the magnitude of the structural 399 

response even when all parameters are not optimal as long as it  is tuned, has some mass, and 400 

there is a reasonable amount of damping (Figure 5). Such reduction may be observed through 401 

small-scale experimentation. The effect of the changing length ratio becomes more significant as 402 

the damping ratio increases, indicating that the importance of ensuring a high length ratio 403 

increases as the damping of the TLCD is increased. 404 

The investigation into the efficiency of TLCD for a small-scale experiment based on changes in 405 

mass ratio and length ratio is shown in Figure 6. 406 
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FIGURE 6 HERE 407 

It is observed that the damping effect of the TLCD increases as the mass ratio increases. The 408 

improvement in damping achieved by increasing  remains similar for the different mass ratios, 409 

highlighting the importance of optimising both parameters. It should be noted that while a mass 410 

ratio of 10% is shown, a mass ratio of 5% is taken as optimal [13]. A mass ratio above 5% may 411 

lead to an excessive amount of mass to the top of the structure and therefore introduces the need 412 

for larger foundations. Similar to the effect of changing the damping ratio, the effect of 413 

increasing the length ratio becomes more pronounced as the mass ratio increases. 414 

The effect of detuning of the TLCD is investigated in Figure 7. 415 

FIGURE 7 HERE 416 

 It is observed that while the TLCD is most effective for a tuning ratio of 1, for a natural 417 

frequency of the TCLD less than that of the structure, the TLCD continues to reduce the 418 

response of the structure to a certain extent. When the tuning ratio is greater than one, the 419 

reduction in the effectiveness of the TLCD becomes more significant for a small change. As 420 

with the changes in the damping and frequency ratio, the effect of optimising the length is 421 

evident. Consequently, if the natural frequency of the wind turbine is expected to decrease over 422 

time due to damage to the structure or reduction in soil strength under cyclic loading conditions, 423 

starting with a tuning ratio slightly less than one may ensure that the TLCD continues to achieve 424 

a significant amount of damping over time. Alternatively, the TLCD could be re-tuned to the 425 

new natural frequency to ensure that it is performing as effectively as possible. One advantage of 426 

the TLCD is that recalibration is a relatively simple process for small changes in the natural 427 
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frequency, only requiring a change in the amount of water in the damper to change its natural 428 

frequency and improve its performance.  429 

Considering the risk of damage to the structure, variations in soil characteristics under high 430 

cyclic loading conditions, discrepancies between calculations and on-site condition and the 431 

difficulties with fitting a installing a fully optimised TLCD, there is a possibility that a designed 432 

TLCD will not be fully optimised for the entire lifespan of the wind turbine. The numerical 433 

studies indicate that even under such circumstances, for a considerable range of non-optimised 434 

conditions and some amount of detuning, the TLCD can still effectively mitigate vibrations to a 435 

reasonable extent. This increases the viability of TLCDs for possible use even when there might 436 

be considerable uncertainty. 437 

 438 

3.3 Demonstration of TLCDs in time domain 439 

The response of the full-scale tower with and without a TLCD was numerically simulated in the 440 

time domain for a sinusoidal load (Figure 8), an impulse load (Figure 9), and for a broadband 441 

excitation in the form of Gaussian white noise (Figure 10). The sinusoidal load is applied at the 442 

natural frequency. The aim was to visualise the effectiveness of TLCDs for some fundamental 443 

signals which can be combined to create responses to any broadband time domain signal with 444 

random broadband and sinusoidal components, which is typical for wind loading. Both 445 

displacement and velocity are controlled due to TLCD.  446 

FIGURE 8 HERE 447 

FIGURE 9 HERE 448 
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FIGURE 10 HERE 449 

 450 

3.4 Sensitivity to variations in input parameters 451 

Sensitivity of some of the obtained results to variations in some relevant input parameters are 452 

investigated next for both full-scale and scaled conditions. Shear modulus of soils may vary 453 

depending on the scaling for a full-scale turbine or a small-scale experiment. The mass ratio (µ) 454 

and the length ratio (α) of the TLCD are critical since for practical applications these are the two 455 

factors that we have more control over and can vary. Sometimes, variation can also come from 456 

geometric constraints during application. The optimum damping ratio  𝜁𝑜𝑝𝑡 =457 

𝛼

2
√

2𝜇(𝛼2𝜇

4
−𝜇−1)

(𝛼2𝜇2+𝛼2𝜇−4𝜇−2𝜇2−2
 and optimum tuning ratio 𝛾𝑜𝑝𝑡 =

√1+𝜇(1−
𝛼2

2
)

1+𝜇
 can also thus see variation. 458 

The tower properties are usually fixed values dependent on the particular turbine for both full-459 

scale or a scaled model.  For a full-scale model, this section considers data from [25] and this is 460 

summarised in Table 9. The estimated damping of the primary system was 𝜁𝑠 = 0.05 keeping in 461 

mind that recommended values are usually between 0.02-0.08 [25] for operational wind turbines. 462 

The match of frequencies can be made closer by choosing and changing the damping ratios in 463 

this range. However, that leads to an ad-hoc reduction of error and the difference in estimated 464 

and measured frequencies for a mid-range damping ratio is presented here to highlight and 465 

establish typical levels of discrepancies that can be expected from such modelling. Additionally, 466 

the measured natural frequencies tend to vary over time, even due to thermal effects and as such 467 

an artificial matching of the two values by choosing the damping ratio conveniently does not 468 

serve any significant purpose. 469 
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Table 9. Comparison of Measured natural frequencies to those calculated by theoretical model 470 

using available tower properties from [25]. 471 

Wind Farm Name Country Soil Conditions Measured 

Natural 

Frequency 

(Hz) 

Natural  

Frequency from 

Theoretical 

Model (Hz) 

Lely Offshore Wind 

Farm 

UK Soft clay in the 

uppermost layer to dense 

 and very dense sand 

layers below 

0.634 0.475 

Irene Vorrink 

Offshore Wind Farm 

Netherlands Soft layers of silt and 

clay in the upper seabed 

 to dense sand and very 

dense sand below 

0.546 0.465 

Kentish Flats 

Offshore Wind Farm 

UK Layers of dense sand and 

firm clay 

0.339 0.23 

 472 

To better understand the sensitivity of input parameters to final results for full-scale examples, 473 

tower properties from Lely Offshore Windfarm, as reported in [25] is used (Table 10). Small 474 

variations in soil properties do not change the results too much but the fundamental change in 475 

the type of soil does. Under these circumstances, a further choice of some varied soil properties 476 

are considered (Table 11) with description of the soils provided as a justification of their choice 477 

and to investigate their effects in the computed results. The changes in peaks of response 478 

functions (H(w)max) due to variations of parameters considered in this section is presented in 479 

Table 12 while the optimum tuning values for varying mass and length ratios are provided in 480 

Table 13. 481 

 482 

Table 10. Lely offshore windfarm, tower properties from [25] 483 
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Turbine Dimension 

Lely A2 

Structure height 

(m) 

50 

Tower top 

Diameter (m) 

1.9 

Tower bottom 

Diameter 

3.2 

Tower Wall 

Thickness (m) 

13.0 

Monopile Wall 

Thickness (m) 

35 

Nacelle Mass 

(m) 

32 

Young’s 

Modulus Tower 

(Steel)(GPa) 

210 

Monopile Depth 

(m) 

13.5 

Shear Modulus 

of Soil G (MPa) 

140 

Measured 

Natural 

Frequency (Hz) 

0.634 

 484 

 485 

 486 

Table 11. Shear Moduli used in investigating sensitivity computed peak value of frequency 487 

response of the tower structure in relation to soil properties and in the absence of TLCD 488 

Shear 

Modulus of 

Soil (MPa) 

H(w)max No 

TLCD 

Soil Description 

G=140 183.5 Soft clay in top layer. Dense to very dense sand layers below. 

G=60 184.2 Layers of dense sand and firm clay 

G=2150.5 181.9 Rocky seabed (weathered bedrock) 

 489 
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Table 12. Peak value of frequency response with varying shear moduli, length ratios and mass 490 

ratios in percentage (µ ) 491 

µ  

(%) 

H(w)max 

α = 0.1 α = 0.5 α = 0.9 

G=140  

Mpa 

G=60 

Mpa 

G=2150.5 

Mpa 

G=140 

Mpa 

G=60 

Mpa 

G=2150.5 

Mpa 

G=140  

Mpa 

G=60 

Mpa 

G=2150.5  

Mpa 

0.5 46.28 43.03 43.10 38.45 38.46 38.42 34.74 34.76 34.70 

1 42.90 42.94 42.81 35.82 35.85 35.76 31.43 31.45 31.39 

5 44.04 44.05 44.04 30.12 30.14 30.09 24.01 24.01 24.00 

10 46.34 46.38 46.27 28.77 28.77 28.75 22.00 22.01 21.99 

 492 

Table 13. Optimum damping and tuning ratios with varying length and mass ratios in percentage 493 

(µ ). 494 

µ % 
α = 0.1 α = 0.5 α = 0.9 

𝜻𝒐𝒑𝒕 𝜸𝒐𝒑𝒕 𝜻𝒐𝒑𝒕 𝜸𝒐𝒑𝒕 𝜻𝒐𝒑𝒕 𝜸𝒐𝒑𝒕 

0.5% 0.004 0.997 0.018 0.997 0.032 0.997 

1% 0.005 0.995 0.025 0.994 0.045 0.993 

5% 0.011 0.976 0.055 0.973 0.099 0.966 

10% 0.015 0.953 0.076 0.948 0.137 0.936 

 495 

The variations in frequency response functions for the base-case but with changing length ratios 496 

are presented in Figure 11, the effects of changing mass ratios in Figure 12 and for different soil 497 

types in Figure 13. 498 

FIGURE 11 HERE. 499 

FIGURE 12 HERE. 500 

FIGURE 13 HERE.  501 
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A similar study was carried out for the small-scale model as well. Table 14 provides the 502 

variations considered in shear moduli and the corresponding changes in the peak frequency 503 

response magnitude, without TLCD and with an assumed damping ratio 𝜁𝑠  = 0.01 while Table 504 

15 provides the properties of the corresponding scaled-down tower. The maximum frequency 505 

response magnitudes for variations in shear moduli of soil with length and mass ratios are 506 

presented in Table 16 while the optimum damping and tuning ratios for varying length and mass 507 

ratios for TLCD is presented in Table 17.  508 

Table 14 Shear Moduli from small-scale experiment for sensitivity analysis of soil properties 509 

Shear Modulus of 

Soil G  

(MPa) 

H(w)max Soil Description 

12.72 3.672 Dry Sand 

8 3.672 Soil (assumed) 

2 3.672 Kaolin Clay 

 510 

 511 

Table 15. Scaled-down tower properties for analysing sensitivity to inputs for small-scale 512 

experiments. 513 

Turbine Dimension Small-scale 

Turbine 

Structure height (𝑚) 1.2 

Tower Diameter (𝑚) 0.04 

Tower Wall Thickness (𝑚) 0.002 

Monopile Wall Thickness (𝑚) 35 

Nacelle Mass (𝑘𝑔) 0.9 

Young’s Modulus Tower 

(Aluminium) (𝐺𝑝𝑎) 

69 

Monopile Depth (𝑚) 0.3 

 514 
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Table 16. peak value of frequency response with varying shear moduli, length ratios and mass 515 

ratios in percentage (µ ) for scaled experiments. 516 

µ  

(%) 

H(w)max 

α = 0.1 α = 0.5 α = 0.9 

Sand Soil Clay Sand Soil Clay Sand Soil Clay 

0.5 2.69 2.64 2.38 1.55 1.54 1.49 1.23 1.23 1.23 

1 2.40 2.43 2.54 1.35 1.35 1.34 0.96 0.96 0.94 

5 1.93 2.00 2.18 0.86 0.85 0.84 0.59 0.59 0.58 

10 2.06 2.13 2.17 0.78 0.78 0.77 0.52 0.52 0.52 

 517 

Table 17. Optimum damping and tuning ratios with varying length and mass ratios in percentage 518 

(µ ) 519 

µ % 
α = 0.1 α = 0.5 α = 0.9 

ξ_opt γ_opt ξ_opt γ_opt ξ_opt γ_opt 

0.5 0.004 0.997 0.018 0.997 0.032 0.997 

1 0.005 0.995 0.025 0.994 0.045 0.993 

5 0.011 0.976 0.055 0.973 0.099 0.966 

10 0.015 0.953 0.076 0.948 0.137 0.936 

 520 

The variations in frequency response functions for the small-scale models with changing length 521 

ratios are presented in Figure 14, the effects of changing mass ratios in Figure 15 and for 522 

different soil types in Figure 16. 523 

FIGURE 14 HERE. 524 

FIGURE 15 HERE. 525 

FIGURE 16 HERE.  526 
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Parameter studies around other secondary effects have been observed recently to be of 527 

importance in terms of design efficient performance during operational lifetime [26, 27]. 528 

 529 

5 EXPERIMENTAL SET-UP FOR SMALL-SCALE LABORATORY 530 

EXPERIMENTATION 531 

A small-scale experimental study was subsequently carried out in a laboratory to investigate and 532 

demonstrate the use of TLCD for vibration control of a wind turbine tower considering soil-533 

structure interaction. 534 

5.1 Experimental considerations for alignment with numerical investigation 535 

The tuning ratio 𝛾 =
𝜔𝑑

𝜔𝑠
 changes with the change in the length of liquid in the column in a TLCD 536 

and provides the best vibration mitigation when equal to 1. This can be controlled in the 537 

laboratory by changing the water levels in the TLCD. The optimum length of liquid column for 538 

maximum damping of the system is related to the natural frequency of the primary system and 539 

relationship is expressed as √2𝑔/𝐿𝑑.  As the liquid is added however, the natural frequency of 540 

the system will decrease slightly due to the change of the mass of the entire system, therefore 541 

affecting the optimum length of column of liquid to a certain extent. With a pipe diameter 542 

chosen for the TLCD, it is also possible to determine the amount of water in ml (10-3l), 543 

corresponding to the length of column of water. Yalla and Kareem [13] determined that the 544 

greatest damping was achieved for a mass ratio of approximately 5% of the primary structure, 545 

but also showed that the TLCD is still effective for a mass ratio as low as 0.5%. Another 546 

important parameter is the ratio of horizontal length to liquid column (. If the ratio is 1.0 then 547 
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the control system effectively acts as a TMD. The optimum head-loss coefficient, determined by 548 

size of orifice was investigated by Yalla and Kareem [13] and it was found that for lower 549 

amplitudes of excitation, higher vibration mitigation was achieved by constricting the liquid flow 550 

through the orifice and at higher amplitudes, opening of the orifice and higher liquid velocity 551 

contributed to the appropriate level of damping.  The soil-structure interaction acts as a set of 552 

lateral springs at the base of the turbine and it is important to model the effect the soil has on the 553 

natural frequency of the system and on the dynamics of the excited beam [19]. To simplify the 554 

model, it will be assumed that the bearing capacity of the soil is sufficient to prevent any axial 555 

displacement, hence only rotational and lateral displacement need be considered. In order to 556 

eliminate grain size effect in scaling, it is necessary for the ratio between the average grain size 557 

and the pile diameter, to be larger than 88 [24]. In line with experiments performed for offshore 558 

wind turbines by Bhattacharya and Adhikari [19] and Bhattacharya et al. [23], the model 559 

dimensions will be at a 1:100 scale.  560 

5.2 Experimental parameters and boundary conditions 561 

To establish the optimum length of column of liquid in the TLCD, experiments started without 562 

any liquid in the TLCD, so that the original natural frequency of the beam-soil system can be 563 

estimated experimentally. Next, an amount of liquid, well below what is required for the TLCD 564 

to be tuned, was added. This procedure was then repeated, gradually increasing at 0.015l 565 

amounts until nearing the optimum level where the incremented amounts should be reduced to 566 

0.005l and 0.002l amounts until the optimum has been passed and then return to 0.015l 567 

additions. Two orifices of 0.012m and 0.008m were chosen for the experiment to observe the 568 

effect on the damping of the TLCD by varying the head-loss coefficient. 569 
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The varying length of column of water will affect the length ratio since the horizontal length is 570 

not variable for this specific application due to geometric constraints. A pipe diameter of 0.020m 571 

(0.016m inside diameter) was chosen and this choice was guided by the mass ratio of TLCD to 572 

primary system where the primary system had a mass of ~750g (above the surface of the soil) 573 

and the mass ratio sought being 5%,[13]. 574 

The geometry of the turbine was kept constant while the material used for the beam was 575 

aluminium. The TLCD was attached to the structure using two clamps. Accelerometers were 576 

secured to the test turbine using a number of cable ties.  577 

The soils chosen for this experiment are: kaolin (fine grained clay), top soil, and sand. Each of 578 

these has their unique properties and will have an effect on the damping of the scaled tower and 579 

the natural frequency of the combined soil-structure-TLCD system. 580 

5.3 Experimental Set-up 581 

The TLCD and primary system were set up connected to a permanent magnet shaker where the 582 

excitation was transferred to the turbine through a probe. White noise was applied to the test 583 

structure for using this setup.  Additionally, an impulse excitation was applied to the structure 584 

using a pendulum with the mass of the pendulum swinging from a height and impacting the 585 

turbine. The height of the falling mass and the location was kept the same each time to obtain 586 

control over the repeatability of input impulse force for each experiment. The weight used as a 587 

pendulum was a stainless-steel eye bolt with a mass of 0.068kg. The pendulum string was 588 

0.345m in length and the angle to the turbine from which it was released being 44o. The 589 

pendulum was caught after each hit, ensuring that it did not interfere with the response of the 590 
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system after the initial impact. In order to obtain consistent values for the response and 591 

acceleration of the system, each test included a sequence of 10 hits with a 10 second break (to 592 

allow the system to return to equilibrium). The soil was repacked after every sequence of hits to 593 

ensure consistence of the soil conditions. 594 

An X-Bee Waspmote 3D accelerometer, consisting of a Waspmote board, an X-Bee Series 2 595 

radio, an SD card and a battery pack was connected near the top of the model turbine tower 596 

(Figure 17). The co-ordinator had an X-bee PRO radio. The accelerometer was attached to the 597 

turbine with cable ties. Sensor deployment [28] and the effective energy demand management of 598 

sensors [29] remain a challenging communications problem in this field for full scale 599 

deployment, but small-scale experiments can be helpful in providing insights for such 600 

implementation and act as a test-bed for assessing methods and algorithms. 601 

FIGURE 17 HERE 602 

The model TLCD was designed to accommodate some changes in its natural frequency with a 603 

water column. The two critical parameters in the design were the mass-ratio and the length ratio, 604 

which has also recently been observed to be key in preliminary tests reported on floating 605 

platforms with TLCD [30]. A 0.02m pipe was chosen for the TLCD with an inside diameter of 606 

0.016m with corner connections so that different vertical lengths and orifice sizes could be 607 

interchanged (Figure 18). 608 

FIGURE 18 HERE 609 

A diameter of 0.030m was chosen for the model tower made of an aluminium beam. Holes were 610 

made in the beam for the attachment to the actuator (later used to attach the pendulum) and for 611 
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clamps to keep the TLCD fixed to the beam. The Beam was also designed to facilitate the 612 

inclusion of a mass on top, for the possibility of a modelled nacelle. A schematic diagram of the 613 

wind turbine supported on a monopole is shown in Figure 19.  614 

FIGURE 19 HERE 615 

Table 18 provides the dimensions of the apparatus required for experimentation. At the optimal 616 

length of column of water with the above dimensions equate to a length ratio of 0.287. The soil 617 

was placed in a 7l tub of 0.45m height and 0.480m diameter. 618 

Table 18. Experimental dimensions for small-scale testing performed in laboratory. 619 

Unit Element 
Mass 

(kg) 
System Element 

Dimension 

(m) 

Full Assembly 1.281 

Turbine Beam 

Height 1.500 

Accelerometer 0.173 Diameter 0.035 

TLCD + Clamps 0.103 Thickness 0.0045 

Turbine Beam 1.005 

TLCD 

Horizontal Length (b) 0.08 

Beam above soil 0.804 Vertical Height 0.2 

Beam Below soil 0.201 Full Length of Column (l) 0.48 

System Above Soil 1.080 Diameter 0.02 

Pendulum 0.068 Internal Diameter 0.016 

  
Orifices 

Small 0.008 

  Large 0.012 

 620 

The data was recorded at a sampling rate of 50Hz to reasonably accommodate frequencies as 621 

high as 15Hz while the estimated natural frequency was around 10Hz. The accelerometer writes 622 

data to its own SD card, which was subsequently written to a csv file. Time was allowed 623 

between each impulse to allow the system to return to rest. To have a better confidence on 624 

testing, two different orifice diameters and two different accelerometers were used and it was 625 
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ensured that there was no significant change in the variability of data and the observed 626 

phenomena. 627 

 628 

6 EXPERIMENTAL RESULTS 629 

Frequency domain graphs of the system under impulse excitation are presented for both 0.012m 630 

orifice and 0.008m orifice. Figure 20 presents a frequency domain representation of how the 631 

response amplitudes change as the water column in TLCD approaches the natural frequency of 632 

the structure. The top soil is chosen as the experimental soil as it is representative of a state 633 

between sand and clay (kaolin). 634 

FIGURE 20 HERE  635 

With no water in the TLCD, the optimum length of column of water in the TLCD for a natural 636 

frequency of 8.4Hz is 0.278m which for a 0.016m internal diameter of pipe equates to an 637 

optimum volume of 0.056l of water, which is approximately 5.2% of the mass of the primary 638 

structure above the level of the soil. The experimentation matched this calculated figure, as the 639 

lowest response observed was with 0.056l of water in the TLCD. For tuned condition, this 640 

reduction of tower vibration is presented in the frequency domain in Figure 20. 641 

FIGURE 20 HERE 642 

As the volume of liquid is increased, the amplitude of the frequency response of the structure to 643 

the applied loading decreases 6.8 to a minimum of 3.5, which is a 48.5% reduction. However, as 644 

the volume of liquid was increased past the optimum, the response amplitude in the frequency 645 
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domain increased again to a maximum of 6.2 at 0.07l  of water, something that might be 646 

expected when the TLCD is tuned significantly away from the natural frequency of the tower. 647 

The level of response is significantly sensitive to the change in length of column/volume of 648 

water around the optimum value. With an increase of 0.001l, from 0.055l to 0.056l, the response 649 

amplitude in the frequency domain dropped significantly from 4.5 to 3.5. When this optimum 650 

volume of 0.056l was surpassed, the response quickly returned to 4.3 after an addition of 0.001l. 651 

Consequently, the best reduction in vibration for a TLCD is valid for a relatively short domain of 652 

frequency range and TLCDs must be retuned over the life span of such structures. The increase 653 

in response after passing the optimum was far quicker, in terms of volume of liquid added, than 654 

that of the increase towards the optimum. By the time 0.061l was added in the column, the 655 

amplitude of the frequency response had returned to 6.  656 

An interesting observation was that when the volume of water was increased to 0.085l, the 657 

response function returned from 6.1 to 5. This is due to the fact that 0.085l of water equates to 658 

around 8% of the mass of the tower structure and some additional damping could be leveraged 659 

from this significantly higher volume of water leading to a longer column length. However, for 660 

practical design purposes, it is not advisable to load the tower with significantly high mass and 661 

this mass ratio is not a feasible value for deployment. 662 

For actual deployment, the constrained tower dimensions can prove problematic for TLCDs. 663 

Issues arise when optimising the length ratio. Providing a sufficient length of column, so that the 664 

TLCD can be tuned to the natural frequency of the wind turbine, can sometimes be difficult. 665 

While this paper has focused on a uniform, U-shaped TLCD other effective shapes can also be 666 

investigated, including alternatives like S-shaped TLCD [31], which is mainly designed for a 667 
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primary system with restricted horizontal length. Ideally, TLCD could be located within the 668 

turbine nacelle. However, there can be space issue in the nacelle for an effective TLCD, even 669 

when considering a mass ratio as low as 2%. On the other hand, a TLCD located outside the 670 

nacelle can complicate the dynamics of the combined system by itself vibrating due to wind 671 

effects. A TLCD located within the nacelle, near to the boundaries may be of interest in this 672 

regard, which would address these problems. A study found that that increasing the cross-673 

sectional area ratio of the TLCD could greatly reduce the length requirement, compared to that 674 

of a TLCD with a uniform cross-section in suppressing the same level of structural vibration 675 

[32]. Yalla and Kareem [13] investigated the use of multiple TLCDs and demonstrated the 676 

performance of MTLCDs in controlling multiple modes under wind excitation and this has also 677 

been recently observed for floating platforms. This can be another option to investigate. For the 678 

nacelle, the majority of the primary mechanisms are the located at the centre of the nacelle, with 679 

the rest being additions, whose specific location is not generally as critical. These could be 680 

reorganised to make geometrical space for practical deployments of TLCDs. Locating two 681 

TLCDs in the nacelle, one on each side of the generator and the shaft can be useful in this 682 

regard. Both will be integrated into the nacelle and have a reduced horizontal cross-sectional 683 

area, which will reduce the required tuning length and not require the same amount of vertical 684 

space as a uniform TLCD would. One more option is on the side of monitoring of renewable 685 

energy devices and platforms, the need for which is being increasingly felt [33]. With diverse 686 

and novel output-only real-time methods [34] and markers [35] available for structural health 687 

monitoring, it is expected that these methods can eventually help tracking and identifying 688 

changes and impacts of implementation of passive control options and possible variations in 689 

tuning [1]. Finally, recent works on extreme value analyses for structural health monitoring [36] 690 
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indicate that such aspects can be relevant and applicable to tracking and marking performance of 691 

deployed TLCDs. 692 

 693 

7 CONCLUSIONS 694 

This paper presents a study on TLCDs deployed to control vibrations of wind turbine towers 695 

while considering the interaction of the tower and the foundation soil. A theoretical framework is 696 

created first to integrate the soil-structure interaction of the tower with the aspect of passive 697 

control via TLCDs. Subsequently, numerical investigation is carried out to understand the effect 698 

of soil-structure interaction on the control of wind turbine towers using TLCD. Quantitative 699 

estimates of the key governing parameters on such design are obtained. The theoretical 700 

framework, along with some scaling consideration is used to design a small-scale experiment to 701 

validate the theoretical observations qualitatively. Experiments are carried out to illustrate the 702 

numerical findings. It was found that soil-structure interaction play a key role is designing TLCD 703 

for wind turbine tower vibration control and the optimal tuning of the TLCD may need re-704 

adjustment over the life-span of the turbines. TLCDs were observed to be a viable method of 705 

wind turbine tower vibration control. The optimal mass and the tuning of the TLCD with the 706 

natural frequency of the tower after considering soil-structure interaction were observed to be the 707 

main factors for design of TLCD to obtain a reasonably good performance. Variations in other 708 

parameters can take place to a certain extent without affecting the performance of TLCD 709 

significantly. Even when detuned, TLCDs can reasonably work but the peak performance is 710 

easily affected by small amounts of detuning. Consequently, re-adjustment of TLCD liquid 711 

length is suggested if maximised performance of TLCDs is expected at all levels. An 712 
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experimental framework was devised and successfully applied to observe such theoretical 713 

predictions within a laboratory framework. The integrated numerical framework and numerical 714 

experimentation may be extended to assess TLCD control in future with variations in TLCD 715 

design and for other soil or structural conditions. The framework is useful for assessing 716 

variations in design of wind turbines and in choosing and understanding other control strategies 717 

as well, where soil-structure interaction can play an important role. 718 
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