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ABSTRACT: This paper presents the results of a comparative study between the monitored and
the simulated response of a monitored wind turbine monopile located in the Belgian North
Sea, subjected to operational lateral loading. A 3D Finite Element model of the monopile is de-
veloped in ABAQUS in which the soil is simulated using advanced constitutive models for sands
and clays that are calibrated to advanced laboratory test data. It is found that using a stiffness
profile that is calibrated from laboratory tests only induces the most mismatch when compared to
the monitoring data. The effect of CPT-based G,,,, correlations was also investigated, it was
concluded that it was not the main reason behind the observed mismatch between the numerical
models and the monitoring data.

1 INTRODUCTION

As most European countries are aiming to an increase of the total installed offshore wind capacity,
monopile-supported wind turbines are getting more attention, with an emphasis on lifetime ex-
tension of the currently installed ones, but also design optimization for next generation wind tur-
bines foundations. Monopile-supported offshore wind turbines represent more than 80% of the
total installed foundations.

The design recommendations from the Oil and Gas (O&G) industry (APL, 2011; DNV, 2014)
were used to design the first generation of wind turbine monopiles. The soil is modelled using
non linear springs; the so called p-y curves. Such approaches are particularly attractive, as they
are not computationally demanding, which makes them well adopted in the industry. The recom-
mendations have been proven to not be adapted for the design of high diameter piles (such as
monopiles), as they were initially formulated for more slender piles, typically used for offshore
0O&G structures (Doherty & Gavin, 2012). The PISA design methodology for laterally piles in
sands and clays (Burd et al., 2020; Byrne et al., 2020), is a new approach that is currently used
for the design of large diameter monopiles. It introduced new sets or reaction curves such as the
moment-rotation, base moment and base shear curves. 3D Finite Element (FE) modelling ap-
proaches are computationally more costly than the 1D ones, however they are better at modelling
the complex soil-monopile interactions, given that the soil constitutive model is properly cali-
brated and adapted for the problem at hand.

Offshore wind turbines are dynamic-sensitive structures, their natural frequency fj is generally
designed to fall in the soft-stiff range where it surrounded by forcing frequencies, such as the
higher blade (3P) and lower rotor (1P), wave and wind frequencies (Figure 1). Any shift of f,
towards one of the excitation frequencies could induce damage in the structural steel due to reso-
nance. The stiffness of offshore wind turbines is from this point of view capital. While the wind
turbine structure is a major contributor to it’s stiffness through its bending stiffness (contribution
of diameter, thickness and Young’s modulus), the soil is a non-negligible contributor to the over-
all lateral stiffness. The soil surrounding the monopile is also a major source of uncertainty, which
makes the exact design of wind turbines according to the soft-stiff range a difficult task. Future



wind turbines are going to be installed in deeper waters, bringing their natural frequency even
closers to the wave frequency range. Moreover, Figure 2 shows the evolution of the target fre-
quency range for several wind turbines from many wind farms in the UK and the Netherlands, a
clear shift towards the lower wave frequency is noticed, as the turbines keep increasing in size
(due to the increase in rotor diameter), which makes the exact determination of wind turbines
stiffness even more critical.

In this work, 3D FE modelling of a monitored wind turbine monopile is carried. A site-specific
ABAQUS model is developed, in which the hypoplastic constitutive models are assigned to the
soil. Two modelling approaches are followed, first, the models are calibrated using advanced la-
boratory test only. The calibration is then optimized using in-situ test data carried near the moni-
tored wind turbine location, taking into account the uncertainty. The effect of each approach on
the modelling outcomes are investigated using the monitoring data. Conclusions are drawn and
recommendations are formulated.
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Figure 1. Spectrum of wind, wave, 1P and 3P frequencies (Bhattacharya, 2019)
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Figure 2. Evolution of wind turbines frequencies across multiple wind farms (Bhattacharya, 2019)

2 SITE CONDITIONS

2.1 Monopile

The studied monopile is located in the Belgian North Sea. The monopile diameter D, stick-up
length h, penetration depth L, wall thickness h, water depth are given in Table 1. The monopile



was also equipped with Fiber Bragg Gratings (FBGs) that measure the strains on the monopile
part. The FBGs were positioned at depths of 1, 3 and 6m below the mudline level (Figure 3).

Table 1. Monopile geometry

h(m) L(@m) t(mm) Water depth (m) D (m)
37 29.9 57-95 32 5

2.2 Soil conditions

The monopile is embedded in a two-layered soil medium where the first 8m is a medium-dense
quaternary sand, the lower soil part is made of overconsolidated tertiary clay, that may include a
descent amount of sandy layers. This layering is typical in the Belgian North Sea, the top layer
sand tends to increase in thickness in the north-east, while the clay layer rises to the mudline level
towards the south-west direction. The piezocone penetration test (CPTu), soil profile at the wind
turbine’s location are shown in Figure 3.

2.3 Loads

Representative sets of loadings were extracted from the monitoring data (10-minutes strain meas-
urements) available on the upper structure (above mudline part of the wind turbine). The derived
loading consists of a point force and moment applied at the head of the monopile. A total of 26
load conditions are considered in this work. The loads are considered to be quasi-static; the loads
were extracted from episodes where the wind turbine was operating under normal conditions and
where the strain measurements were seen to have relatively small variations. The thickness of the
top sand is within the reported thicknesses reported in the wind turbine region by (Le Bot et al.,
2003)
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Figure 3. CPT, FBGs and soil layering at the wind turbine's location.



3 FE MODELLING

3.1 Soil

The soil sand and clay layers are modelled using the hypoplastic models (MasSin, 2013; von
Wolffersdorff, 1996). The constitutive models have been previously calibrated (Kheffache et al.,
2023), the calibration is not repeated here for brevity. The constitutive models are first calibrated
using the available laboratory test data, performed on soil samples that were extracted from bore-
holes close to the wind turbine location. The calibration is then optimized using in-situ test data
that consists of Seismic CPT (SPCTu) and CPT measurements around the wind turbine location.
The measured and calibrated Gy, , profiles are shown in Figure 4, the values below 30m (depth at
which the CPT data stops) were extrapolated from nearby borehole-CPT which can go up to 60m
depth. The CPT-based G, profile was calculated using the Robertson & Cabal (2015) correla-
tion, for which a 90% confidence interval was established according to the following equation
assuming that Gy, g5 y/Gmax g 1s normally distributed:

Gmax,M
GmaxR = 051 6a5.00v) (1
where Gy g and Gppgy  are the real and the measured stiffness values (interpreted from SCPT
shear wave velocity data), y is the mean of statistical distribution and COV is the coefficient of
variation. The G,,,, measured in laboratory using bender element (BE) and resonant column (RC)
tests usually fall on the lower end of the values measured in-situ (Gomez Bautista & Stuyts, 2022).
The effect of each G4, profile (laboratory, best estimate and 90% CI) on the numerical bending
moments will be investigated in what follows.
The soil stress was initialized using a KO initial stress state, where KO is the coefficient of earth
pressure at rest, calculated using the following equation:

Ky = (1 — sin¢,)OCRS™¢c )

Where ¢, is the critical state friction angle and OCR is the overconsolidation ratio, interpreted
using oedeometer tests. The sand initial void ratio was established using water content measure-
ments.
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Figure 4. Calibrated Gmax profiles

3.2 Monopile

The monopile is modelled using C3D8I mesh elements which are incompatible 3D continuum
8 noded fully integrated linear brick elements, recommended for solid elements subject to bending
(Abaqus, 2011). A comparative study was done by comparing C3DSI elements to S4R (shell)
bending moments, negligeable differences were observed.

3.3 Boundary conditions

Only half of the model is modelled, taking advantage of symmetry. The symmetry plane is fixed
in the normal direction (horizontal). The outer model is fixed in all directions except the vertical.
The model is fixed in all directions at the bottom.

3.4 Interface

The tangential interface behaviour is modelled using a Mohr-Coulomb friction coefficient u. The
calculated values for the sand and clay layers were between 0.3 and 0.5, a sensitivity analysis was
performed on u values which indicated that this parameter had no effect on the computed bending
moments. An uniform value of u=0.5 was adopted along the monopile. The normal contact be-
haviour was modelled using the ‘hard’ contact pressure overclosure relationship.

4 RESULTS AND DISCUSSION

The monitored and simulated bending moments are given in normalized form in Figure 5, only 3
out of the total moments are shown for clarity. For all the considered cases, all the computed
bending moments are positioned at the right of the monitored ones, expressing an overestimation.
The moment profiles corresponding to the best estimate of G, are surrounded by the 90% con-
fidence interval ones. The moments computed using laboratory G,,,, values are the highest. The
effect of soil stiffness (through the G,,,, profile) can directly be seen on the bending moments,
as the increase of G,,,, induced a decrease in the computed bending moments.



The mean relative error (MRE); which is the relative error between the monitored and simulated
bending moments; is expressed using the following equation:

_ 11 Mp-mZ
MRE = Ly i

m

3)

where n is the total number of considered load cases (26), Mz is the monitored bending moment
at the z-th sensor depth for the i-th load case and MZ" is the simulated moment at the same depth
and for the same load case. Negative and positive MRE values correspond to an over and under-
estimation respectively. It can be seen from Figure 6 that for all the modelling cases, the minimum
and maximum MRE values at each sensor depth correspond to the 90% CI and lab-only Gp,qy
profiles respectively. It can be seen that the MRE at the first sensor level is not influenced by any
of the adopted G4, profiles, since the bending moment near the mudline is mainly affected by
the load intensity. The effect of G4, is more visible on the deep sensors, especially at z/D of 6.

The general MRE (GMRE); which is defined at the mean of the MRE values; is shown for each
case in Figure 7. The GMRE allows for a direct comparison between the simulated cases. Here
again, the highest and lowest GMRE values correspond to the lab-only and stiffer 90% CI Gy, 45
profiles respectively.

Having established the effect of soil stiffness (G,,,4,) On the monopile bending moments, the
mismatch between the simulated and the monitored bending moments is certainly due to a mis-
match between the in-situ and modelled soil stiffness, meaning that the in-situ monopiles are
laterally stiffer than expected. This stiffness mismatch can be due to many reasons, one of them
being the CPT G4, correlations uncertainty. The uncertainty can be ruled out since the 90%
confidence interval on G,,,, Was not seen to drastically affect the bending moments, MRE and
GMRE values, adopting a best estimate Gy, , profile would led to comparable results. Interest-
ingly, the simulations based on a G, profile estimated from laboratory tests only (using BE and
RC tests) gave the worst results in terms of mismatch, highlighting the importance of a proper
soil investigation campaign.
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Figure 5. Simulated and monitored bending moment profiles
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5 CONCLUSIONS AND RECOMMENDATIONS

In this work, the bending moments have been computed for a monitored wind turbine monopile
that is located in the Belgian North Sea. Different soil stiffness profiles have been considered in
order to investigate the effect of G,,,,. The following conclusions are drawn:

e A clear mismatch is shown between the monitored and computed bending moments, the
wind turbine monopile is laterally stiffer than expected.

e The 90% confidence interval (CI) on the CPT-based Gy, 4, profile is not the main reason
for this mismatch.

e Using laboratory tests only for the characterization of soil stiffness would lead to unrealis-
tic values, that would impact the structural dynamics of wind turbines. A thorough soil
investigation campaign is needed.

Future works are going to focus on the reason for the observed mismatch. The in-situ wind

turbines are surrounded by a scour protection, which was not taken into account in the simula-

tions. The effect of scour protection will be further investigated.
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