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ABSTRACT: Wind turbines are dynamically sensitive structures, with excitation forces arising from the rotor spinning at a 

specific angular velocity and the blade passing the turbine tower at a set frequency. It is critical that the structural design of the 

turbine is undertaken in such a way that the system natural frequency resides away from the resonant excitation bands. This will 

become increasingly important over the next decade as turbines evolve and the operational frequency bands change. The system 

natural frequency is governed by the structural properties of the turbine tower and the nacelle weight, combined with the 

stiffness of the soil-foundation elements. An accurate estimate of the soil stiffness is crucial to ensure a realistic model of the 

overall turbine behaviour. Over 75% of offshore wind turbines currently have monopile foundations, which are designed as a 

soft-stiff system, with the functional design frequency of the turbine structure falling between the upper and lower excitation 

frequency bands.  The dynamic stability of the foundation is provided by the interaction between the monopile shaft and the 

adjacent soil strata. In this paper, the effect of scour on the frequency response of an offshore wind turbine is investigated 

numerically for a range of different soil densities. The turbine system is modelled using simple numerical modelling techniques. 

Euler-Bernoulli beam elements are used to model the tower. Altered versions of these elements are used to model the monopile, 

with an extra node and degree of freedom to allow the input of lateral soil stiffness into the model. The nacelle and rotor system 

is modelled as a lumped mass at the top of the turbine tower. In-situ CPT-based approaches are used for modelling the soil 

stiffness. The effect of scour is investigated for each design case. 
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1 INTRODUCTION 

Wind turbines are dynamically sensitive structures, with 

excitation forces arising from the rotor spinning at a specific 

angular velocity and the blade passing the turbine tower at a 

set frequency, known as the 1P and 3P frequencies 

respectively for a three-bladed turbine system. LeBlanc et al. 

[1] give details that state typical turbine 1P frequencies tend to 

be between 0.17 to 0.33 Hz and 3P frequencies tend to be 

between 0.5 to 1 Hz. It is critical that the structural design of 

the turbine is undertaken in such a way that the system natural 

frequency resides away from the resonant excitation bands. 

The system frequency is governed by a combination of the 

wind turbine structural properties and the stiffness of the 

foundation soil strata. Over 75% of offshore wind turbines 

currently have monopile foundations, which are designed as a 

soft-stiff system, with the functional design frequency of the 

turbine structure falling between the upper and lower 

excitation frequency bands [2]. In conventional design of 

offshore structures such as oil and gas platforms, an over-

estimation of the soil stiffness leads to a conservative design 

but has no major implications for safety. In the case of 

offshore wind turbines, however, due to the upper and lower-

bound resonant frequency bands, an over or underestimation 

of foundation stiffness can be detrimental to the safety and 

integrity of these structures in operation. The dynamic 

stability of the foundation is provided by the interaction 

between the monopile shaft and the adjacent soil strata. Any 

changes in the interaction process will lead to changes in the 

dynamic stability of the structure. 

Scour can be defined as the excavation and removal of 

material from around foundation elements as a result of the 

erosive action of flowing water (Hamill, 1999). This 

phenomenon has been widely studied with respect to bridges 

spanning rivers, where the magnitude of the scour affecting 

the structure is limited to the flow properties of the channel at 

the location of the bridge and the boundary conditions of the 

cross-sectional flow area. In the case of coastal environments, 

the lack of a fixed boundary condition in respect of a 

riverbank means that equilibrium flow conditions may not 

manifest themselves and scour could be very detrimental to 

structures at mobile sand sites. Scour has the effect of rapidly 

reducing the system stiffness of foundation elements and can 

lead to structural failure. The scour process of reducing the 

soil support and hence increasing the free length can result in 

larger losses in stiffness than an equivalent loss of stiffness 

arising from soil stiffness degradation or other mechanisms. In 

the case of offshore wind turbines, changes in the design 

frequency caused by losses in foundation stiffness as would 

occur with scour can lead to the generation of resonant effects, 

which can be very detrimental to the design life of these 

structures in operation and lead to the generation of fatigue 

effects in the structural members. The design scour depth is 

usually taken as 1.3 pile diameters, which in the case of large 

diameter monopiles can add significant costs to foundations if 

this design is deemed too conservative. For example, for a 6 m 
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diameter monopile, the design scour depth is 7.8 m, which 

means that the monopile has to have this extra length to 

account for the scour process. 

In this paper, a parametric study on the effect of scour on 

the frequency response of an offshore wind turbine is detailed. 

The parametric study involves varying soil stiffness profiles 

and depths of scour to assess the effect of each on the 

frequency response of a simple turbine model. Realistic 

turbine properties and offshore soil stiffness is hypothesised 

for the purpose of this analysis. Offshore site conditions 

corresponding to loose, medium dense and dense sand are 

generated for the purpose of the analysis and scour to a design 

depth of 1.3 pile diameters is applied to ascertain realistic 

frequency shifts to be expected for this magnitude of scour.  

2 SOIL-STRUCTURAL MODELLING 

2.1 Turbine Structure 

 
The structural model employs a 2D beam-type modelling 

procedure to ascertain the frequency response of a standard 

3.6 MW turbine for a range of different soil stiffness regimes. 

The properties of a 3.6 MW turbine are modelled because this 

is currently one of the most common systems being installed 

offshore; hence it is of interest in this study. The modelling is 

undertaken in the MATLAB programming environment. 

Standard geometric properties are used to model the wind 

turbine superstructure, which consists of a tubular steel tower 

tapered from its base to the top with a lumped mass to 

represent the combined mass of the rotor and nacelle 

elements. The sub-structure consists of a monopile embedded 

30 m into “soil”, with a free cantilevered length of 45 m above 

the ground line. The depth of water surrounding the turbine 

foundation may have a small effect on the natural frequency 

through added mass, but its influence is not modelled in this 

study. The interface power system is represented as a lumped 

mass at the transition between the monopile and the tower. 

The tower elements are modelled as standard 4-DOF Euler-

Bernoulli beam elements with mass and stiffness matrices as 

defined in [3]. These are shown in Equation (1). 
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where KBEAM = standard beam element stiffness matrix, 

MBEAM = standard beam element mass matrix, E = Young’s 

modulus of steel (kN m
-2

), I = moment of inertia (m
4
), ρ = 

density of steel (kg m
-3

), A = cross-sectional area (m
2
) and L = 

length of element (m).  

 

The discretisation of each element is set at 0.5 m, which 

means that each beam element has a length of 0.5 m. This is 

deemed adequate to represent effectively changes in the 

global dynamic response (overall frequency changes) of the 

structure to changes in boundary conditions (scour). The 

monopile is modelled using modified Euler-Bernoulli beam 

elements, where the 4-DOF beam elements are combined with 

2-DOF spring elements to create a 5-DOF spring-beam 

element. The stiffness contribution from the soil is modelled 

using this linear spring contribution (2-DOF element) as 

shown in Equation (2). 
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where ks is the small-strain stiffness coefficient of the 

combined soil-structure system at that depth. A schematic of 

the numerical model is shown in Figure 1. The individual 

elemental mass and stiffness matrices are assembled together 

to create global mass and stiffness matrices representing the 

entire system. The frequency response of the structure can be 

obtained by manipulating these matrices. 

 

       Figure 1. Numerical schematic of turbine system. 

 

 

 

The main turbine structural properties are outlined in Table 1. 
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Table 1. Turbine Properties. 

Property Value 

Tower length (m) 

 

70 m 

Tower diameter (m) 3.5 – 5 m 

Nacelle mass (kg) 230,000 kg 

Monopile diameter (m) 6 m 

Pile wall thickness (m) 0.09 m 

Monopile length (m) 75 m 

Embedded depth (m) 30 m 

 

 

2.2 Soil Properties 

Three different soil stiffness profiles are created for the 

purpose of the analysis within this paper. Profiles correspond 

to loose, medium dense and dense sand, typical of those found 

at offshore sites where wind farms are often constructed. In 

the first instance, soil stiffness values were assigned using soil 

classifications based on the American Petroleum Institute 

design code [4], which describes sand behaviour based on 

relative density (Dr). From the API code, to consider the range 

of sands typically encountered in the offshore environment, 

uniform soil deposits 30 m deep with Dr values of 30%, 50% 

and 80% were considered, corresponding to loose, medium 

dense and dense sand. The relative density values were 

assumed constant over the entire penetration depth. Synthetic 

Cone Penetration Test (CPT) profiles were generated 

corresponding to these Dr values and linearly increasing 

effective stress profiles using the empirical relation available 

in [5]. A plot of these CPT qc profiles is shown in Figure 2. 

 
                       Figure 2. Synthetic CPT Profiles 

 

These CPT qc profiles were converted to profiles of the small-

strain shear modulus G0, for the given relative density value 

considered. The purpose behind converting to G0 is due to the 

fact that very small strains are imparted into the soil mass 

during operational dynamic conditions; hence the small strain 

shear modulus of the soil is a particularly useful parameter in 

terms of dynamic modelling of soil-structure interaction. The 

G0 profiles can be converted to profiles of the modulus of 

subgrade reaction, K for the soil-structure system using the 

procedure outlined in [6], [7]. The K formulation is modified 

from Vesic [8] who derived an expression coupling the beam 

and soil properties in the elastic continuum. This K value 

represents the system stiffness and depends on the structural 

properties of the monopile and the stiffness properties of the 

foundation soil. This K value is converted into individual 

lateral spring stiffness moduli by multiplying the value at each 

spring depth (depth into the ground) by the soil spring spacing 

(spacing between springs in the model, in this case 0.5 m). 
 

3 ANALYSIS & RESULTS 

The design depth of scour around a monopile is 1.3 times the 

pile diameter. For a 6 m diameter monopile, this corresponds 

to a depth of scour of 7.8 m. The frequency response of the 

numerical model is obtained by performing an eigenvalue 

analysis on the structural system matrix [D]. An eigenvalue 

analysis involves obtaining the eigenvalues and eigenvectors 

of this [D] matrix, which is a function of the mass and 

stiffness of the entire system. The eigenvalues correspond to 

the natural frequencies and the eigenvectors correspond to the 

mode shapes. The system matrix is defined in Equation (3). 

 

 

 
 
[M]

K
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where [K] is the global stiffness matrix, created by 

assembling together the tower beams and monopile spring-

beam elements and [M] is the global mass matrix, obtained in 

the same way. The eigenvalues are obtained by using 

MATLAB’s in-built ‘eig’ function. Eigenvalue analyses are 

undertaken for the case of zero scour and full design scour, 

where scour is modelled as the removal of springs from the 

numerical model. 

 

The results are obtained for each different soil stiffness profile 

(loose, medium dense and dense sand). These are presented in 

Table 2. The change in frequency for the loose sand profile 

over the design depth and beyond is shown in Figure 3. The 

1P nominal frequency at 0.22 Hz is the frequency associated 

with the rotation of a rotor for a 3.6 MW turbine.  

 

 

 

 

 

 

 

 

0 5 10 15 20 25 30 35

-30

-25

-20

-15

-10

-5

0

Cone Tip Resistance q
c
 (MPa)

D
ep

th
 (

m
)

 

 

Loose Sand

Medium Dense Sand

Very Dense Sand



Published in Proceedings of the Civil Engineering Research in Ireland Conference, Belfast, UK, 2014 

Table 2. Analysis Results. 

Case Freq zero 

scour 

(Hz) 

Freq 7.8 m 

scour (Hz) 

% Change 

Loose 0.295 0.2705 8.4 % 

 

Medium Dense 0.301 0.278 7.7 % 

 

Dense 0.306 0.285 6.96 % 

 

 

 

Figure 3. Frequency change in loose sand 

 

4 DISCUSSION & CONCLUSION 

 

The loose sand profile exhibits the largest relative changes 

in frequency due to scour with changes of 8.4% over 7.8 m as 

compared to changes of 6.96 % for the dense sand case. From 

the results, it is evident that significant changes in frequency 

can occur due to scour and this should be explicitly accounted 

for in the design process of large scale offshore wind turbine 

foundations. These changes are higher than those predicted 

using conventional design codes (such as API) to model the 

soil stiffness, which consider the soil stiffness profile as 

linearly varying with depth. The profiles considered in this 

paper are non-linearly varying with depth and are arguably 

more realistic. As a result of the non-linear nature of the 

profiles considered within this paper, higher stiffness is 

encountered at shallower depths relative to a linearly 

increasing stiffness profile with other design methods such as 

API. Due to this higher relative stiffness at shallower depths 

as hypothesised in this paper, larger variations in frequency 

result from scour.  
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