Numerical modelling of a monopile for estimating the
natural frequency of an offshore wind turbine
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Abstract. Monopiles are the most common foundation system for supporting
Offshore Wind Turbines (OWT’s), accounting for more than 80% of all OWT
substructures installed in Europe to date [1]. Significant reductions in the cost of
developing OWTs have been realized over the past few years, to the point where
offshore wind can now be developed subsidy free in favorable locations. Opti-
mizing the engineering design of these structures has played a key role in ensur-
ing these cost reductions are possible. The largest uncertainty with respect to
modelling the dynamic response of an OWT often relates to the geotechnical de-
sign. This paper examines the influence of soil-structure interaction on the dy-
namic response of an OWT structure. The below ground pile-soil behavior was
modelled using (i) a conventional DNV (De Norske Veritas) ‘p-y” approach and
(i) an advanced in-situ calibrated 3D FE geotechnical design approach. The re-
sults for the soil-structure interaction were inputted into a separate dynamic wind
turbine model and the dynamic response using the two separate SSI approaches
were compared.
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1 Introduction

Monopile foundations are single large diameter open-ended tubular steel piles, usually
driven into the sea bed, which rely on the stiffness and strength of the surrounding soil
to provide resistance against large environmental loads. In most practical situations,
considerations of the dynamic response and natural frequency of the OWT structure
will govern the monopile diameter.

The industry standard approach for the geotechnical design of monopiles in Europe
are those recommended by DNV-GL [2], which uses a decoupled Winkler beam ap-
proach [3] where the lateral soil reaction is described by non-linear ‘p-y’ springs. The
methods were calibrated using a limited number of pile tests performed on slender
jacket piles with diameters less than 1m, and are now recognized as being unsuitable
for predicting the response of large diameter monopiles [2]. Recent research ([4], [5],
[6] and [7]) has attempted to address some of the shortfalls of the DNV approach and
there is significant research effort in this area currently ongoing. This paper compares
the dynamic response of an OWT structure where the below ground pile-soil behavior



was modelled using (i) the conventional DNV ‘p-y’ approach and (ii) an advanced in-
situ calibrated 3D FE geotechnical design approach.

2 Modelling

2.1  Site Location, Pile Geometry and Loading Conditions

In order to model real-world offshore wind conditions, a soil profile from the Holland
Kust (zuid) offshore wind farm zone in the Netherlands was chosen due to the public
availability of the soil profile information and geotechnical testing reports. After a care-
ful review, the HKZ2 BHO03 location was selected as it was deemed to be representative
of a typical North Sea medium dense to dense sand site. All soil parameters required
for both the DNV approach and the 3D FE modelling were derived from the CPT pro-
files following the method defined by [4]. Based on the mean sea level at the location
a water depth of 30m was selected for analysis.

For the purposes of modelling the below mudline pile response, an initial approxi-
mate monopile geometry for the site was estimated as 7m in diameter, 28m embedment
with a constant 70mm wall thickness below mudline. Above the mudline, the monopile
and wind-turbine geometry were developed based on a SMW reference turbine as de-
fined by NREL [8]. For this initial study, a fatigue damage equivalent horizontal load,
H, of 4000kN was assumed to act at an eccentricity, e, of 40m above mudline.

2.2 Monopile Modelling

The 3D FE modelling was undertaken using a static analysis in Plaxis 3D 2017 soft-
ware. The pile was modelled in half space to reduce computation time. After a sensi-
tivity analysis to optimize the model geometry, the boundaries were set at £60m in the
y-axis (direction of loading), 0 to +30m in the x-axis and +40m to -50m in the z-axis
(with mudline defined at +0m). The soil elements were modelled as ten-node tetrahe-
dral elements. The pile wall was modelled using six-node plate elements with interface
elements added to allow a reduction in interface shear strength by a factor, Rinter, 0£ 0.7.
The pile plates were modelled as linear elastic elements with a Young’s Modulus, £ of
210 GPa, Poisson’s ratio, v of 0.3 and a unit weight, y of 77 kN/m?. The Hardening Soil
(HS) model as defined by Schanz [9] was used to define the soil response. All the re-
quired soil parameters for this model were derived from the CPT profile following the
procedure defined in [4], which has been validated against a suite of monopile field
tests. Once the 3D FE analysis was successfully completed, the soil reactions were ex-
tracted using the procedure described in [4] and defined in terms of linearized springs
for use in the dynamic turbine model using a Matlab code.

For comparison with the 3D FE, the DNV ‘p-)” approach was also considered (for
brevity, details of the formulation of DNV approach will not be discussed in this paper).
To summarize the approach taken, the DNV cyclic p-y curves were applied ina 1D FE
Winkler beam model using a static solver developed in Matlab (similar to the commer-
cial LPile software). Under the applied fatigue loading (H=4000kN), the secant



stiffness of each non-linear p-y soil spring was then output from the monopile model
for use as a linearized spring stiffness in a full dynamic coupled OWT model.

The dynamic wind turbine model used was similar to that described in detail in [10],
[11]. The monopile and tower elements were formulated using four-degree-of-freedom
(4-DOF) Euler-Bernoulli beam elements. Each element was 1m in length and the indi-
vidual elements are assembled to create global matrices for the full system. The soil
was modelled by means of linear Winkler springs [12] attached to each embedded node
of the monopile. The soil springs were linearized from the static monopile analyses as
described previously. The nacelle was incorporated by means of a lumped mass at-
tached do the final node of the tower-top beam. The undamped natural frequencies were
extracted by means of solution to the Eigenproblem [13], obtained by solving for the
eigenvalues of a system matrix, [D], defined as [M]'[K].

3 Results / Conclusions

The displacement and linearized stiffness profiles, output from the 3D FE and DNV p-
y static loading analyses are shown in Figure 1. It is evident that the 3D FE provides a
stiffer pile response, especially near the pile toe, albeit with a similar linear stiffness
over the top 10m. Calculations of the natural frequency of the OWT system from the
dynamic turbine model suggest a 1.03% increase in first natural frequency using line-
arized stiffness values from the 3D FE approach when compared with the DNV p-y
approach. Further research is ongoing to assess the accuracy of the dynamic modelling
approaches and to assess effects of using non-linear springs on the first natural fre-
quency of the OWT system.
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Fig. 1. (a) Displacement and (b) Linearized Stiffness Profiles from Static Monopile Models
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