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ABSTRACT:   
As a result of a growing demand for higher power output, offshore wind turbines are continuously growing in size (bigger 
rotor and monopile diameters) and mass (heavier rotor-nacelle assembly and support structure). Moreover, offshore wind 
farms are being installed in deeper waters, where the preferred type of supporting structure is still the monopile, which are 
expected to increase in length. As a result, the natural frequency of offshore wind turbines is expected to decrease towards 
the forcing wave frequency, raising concerns about dynamic amplification. On the other hand, monitoring data on offshore 
wind turbines shows a stiffer behaviour than expected, which was linked to the possible stiffening effects of scour protection 
systems, which could possibly be taken into account during design to justify a higher natural frequency of offshore wind 
turbines. 

In this paper, the effect of the scour protection on the stiffness of a monitored wind turbine monopile subjected to lateral 
monotonic loading is investigated using 3D FEM analyses in ABAQUS. The scour protection’s geometry is first established 
using bathymetric measurements around the studied wind turbine, and the properties such as the scour protection’s unit 
weight and modulus are estimated. The scour protection is modelled using a simple Mohr-Coulomb law, while the soil 
medium is modelled using the hypoplastic models for sand and clay, which were calibrated in previous works. The wind 
turbine’s FEM model is subjected to lateral loading, and the effect of the scour protection is quantified on the bending 
moment profiles along the monopile, as well as on the wind turbine’s lateral stiffness. 
Keywords: Offshore; geotechnics; wind energy; scour protection; stiffness. 
 

 
1 INTRODUCTION 

Offshore wind turbines are getting more attention, as 
the need for cleaner energy is being echoed worldwide. 
Monopiles; which are big-diameter hollow steel piles; 
are one of the main support structures for offshore 
wind turbines, as they form not less than 60% of the 
total installed foundations. 

Previous works (Kheffache et al., 2024) high-
lighted a mismatch between the as-designed and as-
built dynamics of offshore wind turbines. The mis-
match was linked to the reduced stiffness of the simu-
lated wind turbines when compared to the monitored 
ones. The missing stiffening contribution of the scour 
protection in the numerical models was suggested as 
one of the possible reasons. 

In this work, the mismatch between the simulated 
and the monitored behaviour of offshore wind turbines 
is investigated, by using 3D FEM models which take 
into account the scour protection system. 

2 SCOUR PROTECTION LITERATURE 
REVIEW 

Scour consists of the global or local lowering of the 
seabed level. Scour is generally caused by the complex 
water flow at the seabed level, which is obstructed by 
the monopile structure. 

Several authors have investigated the effect of 
scour and scour protection on the response of laterally 
loaded piles. Winkler et al. (2023) presented a case 
study where the 1st side-side natural frequency (bend-
ing mode) of a monitored wind turbine was tracked be-
fore, during, and after the installation of the scour pro-
tection system around a monopile-supported offshore 
high voltage station (OHVS) located in the Belgian 
North Sea. A clear increase in the wind turbine’s nat-
ural frequency is observed post-installation, highlight-
ing the increase in the lateral stiffness. More recently, 
Mayall et al. (2025) investigated the effect of scour 
protection based on previously carried reduced-scale 
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tests (Mayall et al., 2020). Similarly, it was found that 
the rock fill-type scour protection could contribute to 
the overall stiffness of offshore wind turbines, as it was 
possible to partially recover some of the lost resonance 
frequency due to scouring. 

It has been identified that the scour protection sys-
tem could increase the stiffness of offshore wind tur-
bines through two mechanisms, the scour protection 
has a weight effect; which increases the effective stress 
of the supporting soil below, which in turn increases 
the stiffness of the soil (soil stiffness being stress de-
pendant). The scour protection can also provide extra 
fixity for the wind turbine at the mudline level, through 
its modulus, shortening the free length of the mono-
pile. The modulus effect is harder to quantify and more 
uncertain compared to the weight effect. The shear 
stiffness of the scour protection is expressed using the 
following equation: 

 𝐺𝑚𝑎𝑥 = 𝐵𝑠𝑝𝑝𝑟𝑒𝑓 ( 𝑝′𝑝𝑟𝑒𝑓)0.5
 (1) 

 
Where 𝑝𝑟𝑒𝑓 is a reference pressure set to 101 kPa, 𝑝′ 
is the mean effective pressure and 𝐵𝑠𝑝 is a nondimen-

sional factor. Mayall et al. (2025) used flume test ex-
periments to determine the value of the 𝐵𝑠𝑝 factor, in 

order to numerically match the change in frequency of 
the instrumented pile. Two values of 𝐵𝑠𝑝 were derived, 

259 and 500 that corresponds to an “as installed” and 
“post flow” scour protection states, the latter being the 
result of “sand accretion” inside the scour protection 
system. In an attempt to back-calculate the natural fre-
quency on a real wind turbine (Mayall et al., 2025), 
which experienced scour, which was mitigated with a 
scour protection, it was noticed that the previously cal-
ibrated 𝐵𝑠𝑝 values from the flume experiments were 

not enough to restore all the lost stiffness, possibly im-
plicating that higher values of 𝐵𝑠𝑝 could be applicable 

in-situ. 

3 SITE CONDITIONS 

3.1 Monopile 

The studied wind turbine monopile is located in the 
Belgian North Sea. The monopile is monitored using 
different monitoring devices such as fibre Bragg Grat-
ings (FBGs) that record the strains along the monopile 
at predefined depths. The wind turbine is also 
equipped with SCADA system that records the perfor-
mance of the wind turbine. The monopile’s geometry 
is given in the following table: 

 

Table 1.Geometry of the monopile 

h (m) L (m) t (mm) Water depth 
(m) 

D (m) 

37 29.9 57-95 32 5 

 
Where h is the stick-up length the, L is the embedded 
length ,t is the monopile’s wall thickness and D is the 
monopile’s diameter. 

3.2 Soil 

The monopile is embedded in a multilayered soil me-
dium in which the top consists of an 8m thick medium-
dense sand layer, and the bottom consists of a >40m 
thick clay layer that is heavily overconsolidated at the 
top. The cone tip resistance measured during cone pen-
etration test at the exact wind turbine location is shown 
in  Figure 1. 

 
Figure 1. CPT, FBGs position, and soil layering at the 

wind turbine location. 

3.3 Scour protection 

The wind turbine that is being investigated in this work 
is surrounded by a scour protection system that was 
placed right after the monopile installation. The geom-
etry of the scour protection (thickness and length) was 
extracted from the bathymetric surveys that were car-
ried out before and after the installation of the scour 
protection system. The best-estimate scour protection 
geometrical characteristics are given in the following 
table: 
 
Table 2. Geometry of the scour protection 

h (m) 𝑅𝑡𝑜𝑝 (m) 𝑅𝑏𝑜𝑡 (m) 

1.5 13.375 17 
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Where h is the scour protection’s thickness, 𝑅𝑡𝑜𝑝 is the 

top radius and 𝑅𝑏𝑜𝑡is the bottom radius. 

4 MODELLING 

The 3D FEM ABAQUS model is shown in Figure 2. 
Only half of the model is simulated, taking advantage 
of the symmetry in the y direction. 

4.1 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). A total of 
26 load cases were considered for this work. 

4.2 Soil modelling 

The sand and clay layers were modelled using the hy-
poplastic constitutive models for sand and clay 
(Mašín, 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). 

4.3 Scour protection modelling 

The scour protection layer was modelled using a sim-
ple Mohr-Coulomb model. Opting for a more ad-
vanced constitutive law would require more data 
which is not available. The “best-estimate” character-
istics of the scour protection are given in the following 
table: 

 
Table 3. Scour protection system's best estimate character-

istics 𝜑′(°) 𝜈 𝐵𝑠𝑝  𝛾′𝑠𝑝(𝑘𝑁/𝑚3)  

40 0.3 500  11  

 
Where 𝜑′ is the friction angle, 𝜈 is the Poisson’s ratio, 𝐵𝑠𝑝 is a nondimensional parameter used to calculate 

the shear modulus 𝐺𝑚𝑎𝑥 using Equation 1, selected ac-
cording to Mayall et al. (2025) and 𝛾′𝑠𝑝 is the effective 

unit weight, estimated using some scour protection pa-
rameters. 

4.4 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.  

Similarly, the pile-scour protection and soil-scour 
protection contact were modelled using the same strat-
egy, a friction coefficient of 0.5 was also assigned 
(corresponding to a friction angle of 40 time a reduc-
tion coefficient of 0.66). 

4.5 Parametric studies 

Several parametric studies were carried out in this 
work, regarding the scour protection characteristics 
and geometry. Parametric analyses are first done on 
the weight effect then on the modulus effect. The best-
estimate geometry and characteristics are given in Ta-
bles 2 and 3, the analyses that are performed are sum-
marized in the following table: 

 
Table 4. Summary of the parametric studies on scour pro-

tection 

Parametric 
study 

𝛾′𝑠𝑝(kN/m3) Shear modu-
lus (𝐵𝑠𝑝) 

Thick-
ness (m) 𝛾′𝑠𝑝 (kN/m3) 8, 11, 15 500 1.5 

Thickness (m) 11 500 1, 1.5, 2 
Shear Modulus 
(𝐵𝑠𝑝) 

11 260, 500, 
750, 1000, 
2200, 3000, 
5000 

1.5 

 

 
Figure 2. 3D FEM ABAQUS model of the monopile, soil 

and scour protection system. 

5 RESULTS AND DISCUSSIONS 

5.1 Increase of the soil’s stiffness 

The increase of the soil’s stiffness in the top sand re-
gion under the weight of the scour protection (weight 
effect) is first quantified. The initial soil’s stiffness 
profile 𝐺𝑚𝑎𝑥 was interpreted from the CPT test shown 
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in Figure 1 using the Robertson & Cabal (2015) corre-
lation (blue line in Figure 3). The interpreted stiffness 
profile is interpolated at several depths, taken at the 
centre of each mesh element using the following equa-
tion: 

 𝐺𝑚𝑎𝑥 = 𝐴𝑝𝑟𝑒𝑓𝑓(𝑒) ( 𝑝′𝑝𝑟𝑒𝑓)0.5
 (2) 

 
Where 𝑝𝑟𝑒𝑓 is a reference pressure set to 101 kPa, 𝑝′ 
is the mean effective pressure and 𝐴 is a scaling factor. 
The void ratio function 𝑓(𝑒) is given by: 
 𝑓(𝑒) = (2.97−𝑒)21+𝑒  (3) 

 
Where 𝑒 is the void ratio. The 𝐴 parameter value is 
calculated in order to match the stiffness profile (blue 
line) using Equation 2, the resulting interpolated stiff-
ness profile is shown in circular black lines, the corre-
sponding 𝐴 parameter at each depth is also shown on 
the same figure. The stresses induced by the scour pro-
tection 𝑝′𝑠𝑜𝑖𝑙+𝑠𝑝 are extracted from the 3D FEM model 

and are used to calculate a new stiffness profile using 
the previously calculated 𝐴 parameter. The new 𝐺𝑚𝑎𝑥 
profile is shown in Figure 3 (pink crosses). The previ-
ously calibrated constitutive models are recalibrated to 
take into account the increased stiffness. All the com-
ing analyses are by extracting a stress profile induced 
by scour protection, computing the increase in soil 
stiffness, and using it in a new analysis. It should be 
pointed out that no changes in void ratio were consid-
ered, and the increase of stiffness in the clay layer was 
not taken into account (minimal). 
 

5.2 Bending moments 

The monitored and simulated bending moment pro-
files corresponding to the highest monitored load case 
are shown in Figure 4, considering different scenarios. 
The bending moments are normalized by the same 
highest moment value, which is found on the moment 
profile corresponding to the “no sp” scenario (purple 
curve in Figure 4). It can be seen that in all the consid-
ered scenarios, the simulated bending moments are 
higher than the monitored ones. Taking the scour pro-
tection into account shifts the bending moment profiles 
to the left (decrease) towards the monitored values, 
with a more pronounced shift when considering the 
scour protection modulus effect (𝐵𝑠𝑝 of 500) on top of 

the weight effect (𝛾′𝑠𝑝 of 11 kN/m3). 

 

 
Figure 3. Quantification of the increase in soil stiffness 

caused by the scour protection's best-estimate weight and 

thickness. 

 

 
Figure 4.Monitored and simulated bending moments, con-

sidering different scour protection scenarios 

 
The mismatch between the monitored and computed 
bending moments at each sensor depth (Figure 1) is 
quantified using the mean relative error (MRE), which 
is defined using the following equation: 

 𝑀𝑅𝐸𝑀 = 1𝑛 ∑ 𝑀𝑚𝑧,𝑖−𝑀𝑠𝑧,𝑖𝑀𝑚𝑧,𝑖𝑛−1𝑖=0  (4) 
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where 𝑀𝑚𝑧,𝑖 and 𝑀𝑠𝑧,𝑖 are the monitored and simulated 
moments at sensor depth z for the i-th load case, and n 
is the total number of load case (26 in this work). Neg-
ative and positive values of MRE translate into an over 
estimation and underestimation of the simulated bend-
ing moments compared to the monitored ones respec-
tively. The MRE values are shown in Figure 5. The 
initial MRE values (without scour protection effects) 
are of -7.04, -17.8, and -12.19% at normalized depths 
of 0.2, 0.6 and 1.2 respectively. The MRE values drop 
to -6.7, -16.22 and -8.2% at the same normalized 
depths, when considering the weight effect of the scour 
protection only (unit weight and thickness). The MRE 
values drop even further to -6.13, -14.94 and -6% 
when including a scour protection modulus that corre-
sponds to 𝐵𝑠𝑝 of 500 (Equation 1).  

 

 
Figure 5. MRE at each normalized sensor depth, consider-

ing multiple scour protection scenarios. 

 
The GMRE value; which is defined as the mean of the 
MRE values that were calculated at each sensor depth; 
is used to obtain a single value to quantify the mis-
match between the simulated and monitored bending 
moments. The GMRE is used to investigate the com-
bined effect of scour protection unit weight 𝛾′𝑠𝑝 and 

thickness, without the modulus effect. The scour pro-
tection’s pressure that is applied on the soil is calcu-
lated as 𝛾′𝑠𝑝 ∗ 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠. It can be seen from Figure 6 

that GMRE decreases with an increasing scour protec-
tion pressure. This is indeed expected as an increase in 
pressure would lead to an increased effective stress 
profile and thus an increased soil stiffness. The GMRE 
that corresponds to the best-estimate 𝛾′𝑠𝑝 and thick-

ness of 11 kN/m3 and 1.5m respectively, is shown with 
a red circle in Figure 6 and has a value of -10.4%, 
which is a reduction of 1.93% from the GMRE value 
without scour protection of -12.34% (applied pressure 
of 0). 

 
Figure 6. GMRE values considering different scour protec-

tion applied pressures on the soil. 

 
The effect of scour protection’s modulus is then inves-
tigated. Since the weight effect is more probable than 
the modulus effect, it was decided to include their con-
tribution when studying the modulus effect. The re-
sults are shown in Figure 7. It can be seen that an in-
crease of modulus decreases the GMRE values, which 
seem to plateau at higher scour protection 𝐺𝑚𝑎𝑥 val-
ues. The GMRE value that corresponds to the best es-
timate scour protection characteristics (𝛾′𝑠𝑝 = 11 𝑘𝑁/𝑚3, thickness 1.5m and 𝐵𝑠𝑝 = 500) is of -9.02%, 

which is a reduction of 3.32% compared to the case 
without scour protection and 1.39% compared to the 
best-estimate weight effect. The contribution from the 
best-estimate scour protection characteristics without 
modulus is shown in red dashed lines, which allows 
the visualisation of the “pure” modulus contribution 
shown in blue.  
 

 
Figure 7. GMRE values considering a best estimate 𝛾′𝑠𝑝 =11 𝑘𝑁/𝑚3 and a thickness of 1.5m, in combination with 

different scour protection modulus values. 

 
It can be seen that although the scour protection re-

duces the mismatch, a fairly significant amount of 
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GMRE is still present, which indicates that the mis-
match is due to multiple concurrent reasons, such as 
installation effects, cyclic effects on soil stiffness and 
the uncertainty on the initial soil stiffness correlation 
from CPT tests. 

5.3 Stiffness 

The effect of the scour protection system on the lateral 
rotational stiffness of the wind turbine monopile is fur-
ther investigated. 

The rotational stiffness is defined according to the 
following equation: 
 𝐾𝜃 = 𝑀𝜃  (5) 

 
where 𝑀 is the moment at mudline level that corre-
sponds to a very small pile rotation at mudline level 𝜃. 
Similarly to Figure 6, Figure 8 shows the effect of 
scour protection applied pressure on the lateral stiff-
ness of the studied wind turbine. The rotational stiff-
ness increases with an increase of applied pressure 
which gives rise to an increase in soil stiffness. The 
increase in rotational stiffness that corresponds to the 
best estimate scour protection 𝛾′𝑠𝑝 and thickness is of 

6.6% when compared to a rotational stiffness without 
scour protection. 

When investigating the effect of scour protection 
modulus on 𝐾𝜃 combined with the best estimate 𝛾′𝑠𝑝 

and thickness, it can be seen from Figure 9 that the in-
crease of 𝐾𝜃 seems to have a similar plateau as the de-
crease of GMRE in Figure 7. The increase that corre-
sponds to the best estimate scour protection character-
istics (𝛾′𝑠𝑝 = 11 𝑘𝑁/𝑚3, thickness 1.5m and 𝐵𝑠𝑝 =500) compared to the 𝐾𝜃𝑁𝑜 𝑆𝑃 (0 applied pressure) is of 
11.2%, the increase compared to the best estimate 𝛾′𝑠𝑝 

and thickness (without modulus) is of  4.6%. The pure 
scour protection modulus contribution is also shown in 
blue. The reduction in GMRE (which is essentially a 
reduction in the simulated bending moment) is in fact 
caused by the increase in the lateral stiffness of the 
wind turbine, which was already established in previ-
ous works (Kheffache et al., 2024). 

 

 
Figure 8. Normalized rotational stiffness values consider-

ing different scour protection applied pressures on the soil. 

 
Figure 9. Normalized rotational stiffness values consider-

ing a best estimate 𝛾′𝑠𝑝 = 11 𝑘𝑁/𝑚3 and a thickness of 

1.5m, in combination with different scour protection modu-

lus values. 

6 CONCLUSIONS, RECOMMENDATIONS 
AND FUTURE WORK 

In this work, the effect of scour protection on bend-
ing moments and the lateral rotational stiffness of a 
monitored wind turbine monopile was investigated. 
Two mechanisms that can lead to an increase of the 
wind turbine’s stiffness were studied: the weight effect 
and the modulus effect. The findings can be summa-
rized as follows: 

• The scour protection can increase the stiffness 
of laterally loaded wind turbines through two 
mechanisms, it increases the stiffness of the 
supporting soil by increasing the stress level, it 
also adds extra fixity at the mudline level, re-
ducing the free length of the monopile. 

• The weight effect of scour protection reduces 
the mismatch between the simulated and mon-
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itored bending moments, as it increases the lat-
eral stiffness. The decrease in the mismatch is 
further enhanced when taking into account the 
modulus effect. 

The mismatch decrease seems to plateau, leaving 
the room for further possible reasons to it, such as in-
stallation effects, which might contribute to an in-
crease in stiffness. 
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