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ABSTRACT:
The offshore wind energy sector is experiencing rapid growth, as most of the countries are aiming for a decarbonization of
their economy by 2050. Wind turbines located in the Belgian North Sea have been monitored for several years and can serve
as a basis for deeper investigation of their in-situ behaviour compared to design expectations.

This paper presents the results of bending moments back analyses on two monitored wind turbine monopiles located in
the Belgian North Sea. Two site-specific ground models are established for each wind turbine location. A 3D FEM ABAQUS
model is established for each wind turbine, in which the soil is modelled using the hypoplastic constitutive models for sand
and clay, which were calibrated using advanced laboratory testing results as well as in-situ test data. The monopiles are
subjected to quasi-static operational loads that were derived from the monitoring data. First, the bending moments are com-
puted and compared to the monitored ones for each wind turbine. The bending moments are then linked to the lateral stiffness

of each wind turbine. Results are discussed and the possible effect of scour protection is highlighted.
Keywords: Offshore geotechnics; monitoring; wind energy; bending moment; stiffness.

1 INTRODUCTION

Monopiles represented 81% of the total installed foun-
dations for offshore wind turbines (OWTs) in 2019
(WindEurope, 2020). The number of monopile-sup-
ported OWTs is expected to have slightly dropped ac-
cording to newly published reports (Musial et al.,
2023). Nonetheless, despite the fast innovation in the
OWT sector, monopiles are still expected to be the pre-
ferred support structures for OWTs, even in deep wa-
ters (up to 60 m depth), mainly due to an already es-
tablished and robust supply chain.

Monitoring of offshore wind turbines can provide
useful insight, which can be used by designers to chal-
lenge design assumptions. Kallehave et al. (2015) pre-
sented two use cases of monitoring data on OWTs to
extend their lifetime by 88% by re-evaluating the fun-
damental frequency f,. A total of 20 to 25% reduction
of the total steel tonnage was achieved in another wind
farm.

In this work, two wind turbine monopiles located
in the Belgian North Sea are studied. The monitored
bending moments on both monopiles are back-calcu-
lated using 3D FEM models. The effect of soil stiff-

ness G4y 1S then established on both the bending mo-
ments and the lateral rotational stiffness of both mono-
piles. The link between lateral stiffness, bending mo-
ments and the possible scour protection effects is high-
lighted.

2 OFFSHORE WIND INDUSTRIAL
TRENDS

Offshore wind turbines are dynamic structures for
which the fatigue lifetime is an important design fac-
tor. OWTs are designed following the soft-stiff ap-
proach, where their natural frequency f, should fall
within a range of forcing frequencies, namely the 3P
frequency range and the 1P/wave frequency range at
the upper and lower side of the frequency spectrum re-
spectively, P being the rotor’s frequency.
Measurements of the natural frequency of OWTs
across multiple wind farms reveal a global shift of f
towards the wave frequency range (Figure 1). This
shift is associated with the ever-increasing structural
mass associated with the increase in wind turbines
rated power. Moreover, future wind farms will be de-
veloped in deeper waters, resulting in longer mono-
piles, which will enhance the shift even further. In light
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of these observations, the accurate stiffness prediction
of OWTs is more critical than ever. In design, the soil
is generally the main source of uncertainty, which
makes an accurate prediction of OWTs stiffness a ra-
ther difficult task, thus the need for numerical models

Freguency Diagram of OWTs

that are accurately tuned to capture the overall OWTs
stiffness.
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Figure 1. Evolution of the natural frequency of OWTs across multiple wind farms (Bhattacharya, 2019)

3 SITE CONDITIONS

3.1 Monopiles

The studied wind turbine monopiles are located in two
different wind farms across the Belgian North Sea. The
monopiles are monitored using different monitoring
devices such as fibre Bragg Gratings (FBGs) that rec-
ord the strains along the monopile at predefined
depths. The strain measurements can then be trans-
formed to stress and then to bending moments in the
fore-aft (FA) and side-side (SS) directions, knowing
the main wind direction. The wind turbines are also
equipped with SCADA system that records the perfor-
mance of each wind turbine. Both monopiles geome-
tries are given in the following table:

Table 1.Geometry of the monopiles WITG-A and WTG-B

h(m) L(@m) t(mm) Water D
depth (m) (m)
WTG- 37 29.9 57-95 32 5
A
WTG- 399 3295 5581 339 7.4
B

where h is the stick-up length (eccentricity from mud-
line), L is the embedded length, t is the monopile’s
wall thickness and D is the monopile’s diameter.

3.2 Soils

Both studied monopiles are embedded in multilayered
soil mediums. The top layers generally consist of me-
dium-dense to dense quaternary sand layers that over-
lay an over-consolidated tertiary clay layer.

The cone tip resistance measured during cone pen-
etration test at the exact wind turbines locations are
shown in Figure 2.

(WTG-A)
qc, [MPa]
20

(WTG-B)

qc, [MPa]
20

40 40

Figure 2. CPTu and soil layering at each wind turbine
monopile location.

The 3D FEM ABAQUS model is shown in Figure 3.
Only half of the model is simulated, taking advantage
of the symmetry in the y direction. Two different
model sizes have been used, due to the difference in
monopile diameter.
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Figure 3. Abaqus 3D numerical model of the soil and mono-
pile

3.3 Loads

The quasi-static wind-induced loads were derived
from the monitoring data during normal operational
conditions of the wind turbines and were reported di-
rectly at the head of the monopile. A more detailed ex-
planation is given in Kheffache et al. (2024).

3.4 Soil modelling

The sand and clay layers were modelled using the hy-
poplastic constitutive models for sand and clay
(Masin, 2013; von Wolffersdorff, 1996). These mod-
els were selected mainly due to the control that they
confer over soil stiffness and it’s degradation. The con-
stitutive models were previously calibrated in other
works (Kheffache et al., 2024).

3.5 Interface modelling

The soil-pile interface is modelled using the ABAQUS
general contact algorithm. The tangential contact was
assigned a Mohr-Coulomb friction coefficient of 0.5,
while the normal contact was assigned a “hard con-
tact” behaviour.

3.6 Parametric studies on soil stiffness Gy,qx

The parametric studies performed in this work are fo-
cused on the effect of soil stiffness on bending mo-
ments. The soil stiffness profile is established at each
wind turbine location using the CPTu test results at
each location, using the Robertson & Cabal (2015)
correlation. The upper and lower bound stiffness pro-
files have also been established on the upper sand
layer, in order to investigate their effect on the simu-
lated bending moment profiles (Stuyts, 2023). The
lower layers are always assigned the best-estimate
Gmax profiles, as shown in Figure 4.
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Figure 4. Adopted stiffness profiles at each wind turbines
location, as interpreted from CPTu tests. An upper and
lower bounds established on the top sand layers.

The Gqx,1p variable represents the average of Gpqy
over the upper one diameter depth, where most of the
stresses are transferred from the monopile to the soil
under lateral loading. It is introduced in order to nu-
merically investigate the effect of soil stiffness. The
different G4, 1p values at each wind turbine location
are given in the following table:

Table 2. Upper bound, best estimate and lower bound
Gax1p at each wind turbine location.

WTG-A WTG-B
UB BE LB UB BE LB
Gmaxap | 141 93 65 152 104 76
(MPa)

4 RESULTS AND DISCUSSIONS

4.1 Simulated and monitored bending moment
profiles

The bending moment profile corresponding to the
highest monitored load intensity for WTG-A is shown
in Figure 5, for different soil stiffness profiles. The
bending moments are normalized by the single highest
moment value out of the four curves, which corre-
sponds to the moment induced by a lower bound G, 4
profile, at a normalized depth z/D of 0.25 (green
curve in Figure 5). It can be seen that the monitored
bending moments are overestimated by all the simula-
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tions. An increase and a decrease of soil stiffness to-
wards the upper bound and lower bound values (in the
top one-pile diameter region) leads to a reduction and
augmentation of the bending moment respectively,
which allows to establish the effect of soil stiffness on
the bending moments under lateral loads (Note that
this observation may change under displacement con-
trolled analyses). The same trends were observed for
WTG-B, but are not shown here for brevity. It should
be pointed that although increasing soil stiffness leads
to the decrease in the mismatch, the bending moment
profile is still higher than what is monitored.

The mismatch between the monitored and com-
puted bending moments at each sensor depth is quan-
tified using the mean relative error (MRE), which is
defined using the following equation:

_ n— 1M M
MREM — 4i=0 Mzz

m

D

where M};" and MZ* are the monitored and simulated
moments at sensor depth z for the i-th load case, and n
is the total number of load cases for each wind turbine.
Negative and positive values of MRE translate into an
overestimation and underestimation of the monitored
bending moments by the simulated ones respectively.
The calculated MRE values are shown in Figure 6. It
can be seen that an increase of soil stiffness leads to
the decrease in the MRE, which is a decrease of the
mismatch between monitored and simulated bending
moments, at both WTG locations. It is however clear
that the MRE values are all negative, translating an
overestimation of the simulated bending moments
(simulated bending moments are higher than the mon-
itored ones).

The GMRE value; which is defined as the mean of
the MRE values that were calculated at each sensor
depth for each wind turbine; is used to obtain a single
value to quantify the mismatch between the simulated
and monitored bending moments. Similarly to the
MRE, a negative and positive value of GMRE trans-
lates an over-and-underestimation of the monitored
bending moments respectively. It can be seen from
Figure 7 that for both WTG, increasing soil stiffness
Gmax,1p from lower bound to upper bound, passing by
the best-estimate profile, decreases the GMRE values
from -14.2 to -9.8% and from -4.6 to -1.10% for WTG-
A and WTG-B respectively. The increase in soil stiff-
ness reduces the bending moments, getting them closer
to the monitored ones. Similarly to the MRE, the
GMRE values are also negative, translating an overes-
timation of simulated bending moments.

The wind turbine’s stiffness is controlled in a great part
by the inner characteristics (bending stiffness ET), but
also by the soil stiffness G4, which is often also the
main source of uncertainty. The link between soil stift-
ness and the lateral stiffness of both WTGs is investi-
gated next.
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Figure 5. Monitored and simulated bending moment pro-
files corresponding to the upper, best-estimate and lower
bound stiffness profiles for WI'G-A. Bending moments are

normalized by the moment at 7/D of 0.25 induced by a lower
bound G, profile.
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Figure 6. MRE values for WTG-A and WTG-B for different
sensor depths.
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Figure 7. GMRE for WTG-A and WTG-B, considering dif-

ferent s0il Gy gy 1p values (lower, best estimate and upper
bound)

4.2  Stiffness

The effect of soil stiffness on the lateral rotational stift-
ness of the wind turbine monopile is further investi-
gated.

The mudline lateral K; vertical K,,, rotational Ky,
and coupled Kjy, stiffnesses are useful to get a single-
value quantifier for the stiffness of offshore wind tur-
bines. The rotational stiffness has the most influence
on the natural frequency of wind turbines as it was
shown by Bhattacharya (2019), and it will be used in
what follows. The mudline rotational stiffness is de-
fined according to the following equation:

M
Ky =—
" g

@

where M is the moment at mudline level that corre-
sponds to a very small pile rotation at mudline level 0.
The Ky values are normalized by the highest simulated
value (corresponding to WTG-B with an upper bound
stiffness profile). It can be seen from Figure 8 that sim-
ilarly to the GMRE trends, increasing the soil stiffness
from a lower to an upper bound leads to the increase
of Kg°™™ from 0.43 to 0.5 and from 0.88 to 1 for
WTG-A and WTG-B respectively. The increase of soil
stiffness leads to the increase of the lateral stiffness of
both wind turbines, which in turn leads to the decrease
of the bending moments. The highest K;°"™ values
for WTG-B are the result of a higher bending stiffness
El.
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Figure 8. Normalized rotational stiffness values consider-
ing different soil stiffness profiles (Gpqx1p)-

4.3 Discussions

It can be seen from Figures 6 and 7 that the MRE and
GMRE values are higher for WTG-A compared to
those computed for WTG-B, translating a more pro-
nounced mismatch. Having established the effect of
soil stiffness on the lateral stiffness, Figure 9 links both
the lateral stiffness and the GMRE, where it can be
seen that an increase in K5'°"™ automatically leads to
a decrease of GMRE in absolute value, which is essen-
tially a decrease of the mismatch between the simu-
lated and monitored bending moments.

This leads to deduce that the in-situ wind turbines
WTG-A and B are laterally stiffer than what is mod-
elled in this work, and the reason for the mismatch in
bending moments is most likely a result of mismatch
in lateral stiffness. WTG-A was surrounded by a 1.5 m
thick scour protection system that was around two
times thicker than that of WTG-B (0.7 m). In the liter-
ature, scour protection systems were seen to increase
the natural frequency of offshore wind turbines (Ma-
yall et al., 2025; Winkler et al., 2023). The effect of
scour protection on the overall stiffness of offshore
wind turbines seems to be the missing contribution in
the numerical model.
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Figure 9. Relation between GMRE and the lateral rotational
stiffness of the wind turbines

5 CONCLUSIONS, RECOMMENDATIONS
AND FUTURE WORK

In this work, two offshore wind turbine monopiles lo-
cated in two different wind farms in the Belgian North
sea, were comparatively investigated and back calcu-
lated using 3D FEM models. Soil stiffness (Gy,q5) at
each monopile location were linked to the monitored
bending moment profiles and mudline rotational stiff-
ness by highlighting the effect of upper, best-estimate
and lower bound soil stiffness profiles. The main find-
ings can be summarized as follows:

e The numerical models over-estimate the bend-
ing moments on both monopiles. The lateral
stiffness of the studied monopiles is most-
likely higher than what is modelled.

e Although an increase in soil stiffness reduces
the mismatch, the uncertainty on the adopted
Gmax profile at both monopiles locations is not
enough to explain the observed mismatch in
bending moments (and natural frequency by
extension).

e The mismatch in bending moments for WTG-
B is lower than for WTG-A, which is most
likely related to a stronger stiffening effect at
WTG-A compared to WTG-B, possibly due to
a thicker scour protection system.

e The scour protection is most-likely contrib-
uting to an increase in the lateral stiffness of
OWTs, by increasing the soil stiffness (as a re-
sult of increased effective stress), and by low-
ering the free monopile length (additional fix-
ity at the mudline level). It should be taken into
account to reduce the mismatch between what

is modelled and what is measured in-situ (mon-
itored)

Scour protection systems are generally never taken
into account in the design. Future works are going to
be focused on including the scour protections and their
effect in the numerical models.
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