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1 Introduction 
The importance of soil damping on the fatigue as-
sessment of the support structures of offshore wind 
turbines (OWTs) is acknowledged by current design 
standards (DNV, 2019; 2021). This is particularly 
true for the monopile-founded OWTs due to the 
“monolithic” nature of the system, which creates a 
strong interaction between the response of the foun-
dation and the superstructure. Under typical envi-
ronmental loading conditions related to the action of 
wind and waves, the frequency content of interest 
lies below approximately 0.3Hz. Therefore, it is the 
fundamental eigenfrequency of the system, in the 
range of 0.1-0.25Hz for large OWTs, that plays a 
critical role on the system’s dynamic response. 

Damping is crucial for both the extreme loads 
under the Ultimate Limit State (ULS) conditions and 
the fatigue loads under the Fatigue Limit State (FLS) 
conditions. Safe and optimised design of the fatigue-
driven parts of the support structure highly depends 
on the damping associated to the fundamental 
eigenfrequency. 

Various sources of damping are acting upon 
OWTs, most commonly consisting of passive me-
chanical systems, e.g., tuned-mass or slosh dampers, 
and physical sources. The latter includes what is 
known as “baseline damping” (or “background 
damping”) and includes the aerodynamic damping 
(arising from the presence of the rotor), structural 
damping, hydrodynamic damping (viscous and radi-
ation), and soil damping (material/hysteretic, geo-

metric/radiation and hydro-mechanical) (IEC, 2019). 
The present paper only focuses on soil damping, 
with emphasis on the material/hysteretic component. 
The contribution of the radiation component be-
comes significant only if the system’s vibrating fre-
quency is higher than the cut-off frequency of the 
soil medium, typically around 1Hz (Damgaard et al., 
2013; Carswell et al., 2015). Given the low frequen-
cy of the first mode of the oscillating support struc-
ture, the contribution of the geometric damping to 
the total soil damping is considered negligible in the 
present study, assuming quasi-static soil response 
(Chen and Duffour, 2018). 

Malekjafarian et al. (2021) present a review of 
damping for monopile-supported OWT, with special 
attention to soil damping, summarizing a big number 
of numerical and experimental studies on the topic. 
The reported values of soil damping widely vary on 
average from 0.15% to 1.5% of critical (about 1%-
9% logarithmic decrement (LD)), depending on the 
soil material type (sand-only, clay-only, layered), the 
properties of the structure and the loading character-
istics. The dependency of soil damping on the load-
ing amplitude is also highlighted by Kementzetzidis 
et al. (2019). Stuyts et al. (2022) presented a com-
parison between derived soil damping values from 
measured data and numerical models for a Belgian 
offshore wind project, highlighting the need for ad-
vanced soil reaction models for sound evaluation. 

The impact of soil damping to the fatigue damage 
of OWTs is also widely acknowledged. Depending 
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on the assumed turbine characteristics, support struc-
ture configuration, operational conditions, and the 
employed soil-structure interaction model, increased 
soil material damping could lead to considerable re-
duction of fatigue damage (Damgaard et al., 2015; 
Schafhirt et al. 2016). 

This paper presents a comparison between an 
analytical and a numerical method for the evaluation 
of soil hysteretic damping. A case-study of a state-
of-the-art large OWT is considered, under typical 
environmental conditions offshore North Sea. Sec-
tion 2 provides an overview of the input soil condi-
tions and the properties of the analysed system. Sec-
tion 3 presents the adopted methodologies to 
evaluate soil damping, while the obtained results are 
discussed in Section 4. Conclusions are summarized 
in Section 5. 

2 Input conditions 

2.1 Soil properties overview 
The offshore wind farm under consideration is locat-
ed in the North Sea. The soil conditions are domi-
nated by medium dense to dense sands, with inclu-
sions of silty or slightly clayey material in thin soil 
layers. Consequently, the encountered soil profiles 
are quite stiff and of high strength. While such com-
petent soil conditions allow for optimised foundation 
designs in terms of dimensions and steel mass, they 
might also lead to a limited amount of soil damping 
being activated, which has negative impact on fa-
tigue. 

Soil characterisation is based on data from in-situ 
cone penetration tests (CPTs), supplemented with 
laboratory test data, both static and cyclic, conducted 
on specimens from a big number of boreholes across 
the entire wind farm. 

Geotechnical interpretation of the soil conditions 
is conducted by making use of the CPT data, using 
industry-standard empirical correlations. The strati-
fication is based on the Normalised Soil Behaviour 
Type (SBTn) according to Robertson and Cabal 
(2015). The effective internal angle of friction for 
sand (φ') is derived using the procedure described by 
Schmertmann (1978), in combination with the rela-
tive density assessment presented by Baldi et al. 
(1986). The undrained shear strength of the clay lay-
ers (su) is calibrated using geotechnical-unit (geo-
unit) specific parameters based on the available la-
boratory triaxial tests. The small strain shear modu-
lus (G0) is derived from the CPT data using the pro-
cedure described by Rix and Stokoe (1991). 
Furthermore, seismic CPTs (SCPTs) have been used 
to correlate stiffness parameters with in-situ data for 
the sand layers. For clay layers, the correlation pub-
lished by Mayne and Rix (1993) is applied. Table 1 

presents the results of the geotechnical interpretation 
for the location selected for this study.  

 

 
Figure 1 CPT data for the selected design location 

 
Table 1. Main soil parameters of the selected location. zlayer = 
depth of the soil layer below ground level (top to bottom), γ' = 
submerged unit weight, G0 = small-strain shear modulus, φ' = 
internal friction angle, su = undrained shear strength; PI = plas-
ticity index 

zlayer Geo-
unit γ' K0 G0 φ' su PI 

(m) (-) (kN/m³) (-) (MPa) (°) (kPa) (%) 
0.0-1.0 A 7 0.4 40 40 - - 
1.0-1.8 B 9 0.3 58 43 - - 
1.8-3.6 B 10 0.3 84 44 - - 
3.6-6.0 C1 8 1.2 87 32 - - 
6.0-7.3 C1 8 1.2 94 - 133 12 
7.3-8.4 C2 11 0.9 109 44 - - 
8.4-12.5 F 10 1.1 137 38 - - 
12.5-20.4 F 11 1.0 181 38 - - 
20.4-22.7 F 9 0.9 164 - 152 15 
22.7-25.9 F 12 0.8 240 40 - - 
25.9-28.7 G 11 0.8 321 - 576 18 
28.7-30.0 G 11 0.8 267 39 - - 
 

2.2 Support structure geometry 
The support structure consists of a tower founded on 
a monopile, without a transition piece. The tower 
has a bottom outer diameter of 7.5m, which is equal 
to the monopile’s top diameter. At mudline, below 
the conical section, the monopile’s outer diameter 
equals 9.5m. The penetration depth below ground 
level is 26m, resulting in an embedment ratio of 
2.74. The water-depth with respect to the Lowest 
Astronomical Tide (LAT) equals 32m. 
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2.3 Soil reaction curves 
The analytical method used in the present study to 
evaluate soil damping (see Section 3.1) makes use of 
a one-dimensional (1D) Finite Element (FE) model 
in which soil reaction is formulated via a set of lat-
eral-only nonlinear soil reaction curves, in the form 
of distributed force-displacement springs (p-y 
springs).  

The employed formulation constitutes an en-
hanced version of the API (2014) codified equations 
for the sand layers and the Jeanjean (2009) equations 
for the clay layers. The p-y springs are calibrated to 
fit the results of a static push-over analysis in a 
three-dimensional (3D) FE model in terms of lateral 
deflection, rotation and curvature of the embedded 
part of the monopile. Further information about the 
employed methodology is given by Panagoulias et 
al. (2023). Cyclic degradation is applied to the cali-
brated soil springs following API (2014). Scour-
related effects are not considered in this study. 

It is acknowledged that recent studies indicate 
advantage of including additional soil reaction com-
ponents in the 1D FE model, related to the distribut-
ed and based moment reactions, for the modelling of 
soil-monopile interaction (Byrne et al., 2019). How-
ever, the applied calibration method of the lateral-
only soil reaction curves, in general, but also in this 
study in particular, results in sufficiently accurate 
match between the 1D and the 3D FE models. Be-
sides, the employed analytical method for the soil 
damping assessment is originally based on lateral-
only soil reactions (see Section 3.1)  

2.4 Damping laboratory test data 
Relevant laboratory test data from all geo-units pre-
sent at the selected location (see Table 1) are used 
the damping assessment. Indicatively, Figure 2 pre-
sents data for the cohesionless geo-unit B of soil 
layer 2, in terms of stiffness degradation (Figure 2a) 
and soil material damping (Figure 2b). Geo-unit B is 
located at a shallow depth (see Table 1) and, there-
fore, it is expected to have a considerable impact on 
the resulting soil damping. Resonant Column (RC) 
tests and Cyclic Direct Simple Shear (CSS) tests 
have been used to calibrate the stiffness degradation 
and the soil material damping curves. Sections 2.5 
and 3.2.2 further discuss the calibration process of 
the soil material damping curves. 

2.5 Soil material damping assessment 
Geo-unit specific soil material damping curves are 
calibrated using Equation 1. The derived fitting pa-
rameters a, b, c and d are reported in Table 2 per 
geo-unit. 
 

𝛽𝛽𝛽𝛽𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑎𝑎𝑎𝑎
1+𝑔𝑔𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒[𝑏𝑏𝑏𝑏∙(𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝛾𝛾𝛾𝛾)+𝑐𝑐𝑐𝑐)] + 𝑑𝑑𝑑𝑑 (1) 

where βgeo-unit = shear strain-dependent soil material 
damping (-), a, b, c, d = fitting parameters to the 
geo-unit specific data (see Table 2) and γ = shear 
strain (-). 
 

 
(a) 

 
(b) 

 
(c) 

Figure 2 Stiffness degradation (a) and soil material damping 
(b) laboratory test data and curves for the cohesionless geo-unit 
B of the soil layer 2. Qualitative cyclic stress-strain response of 
a soil element (c), corresponding to the HSsmall data points 
(PLAXIS soil test) for five different (cyclic) shear strain levels 
 
Table 2. Overview of the fitting parameters to Equation 1 for 
the geo-units of the selected location (see Table 1) 

Geo unit Parameter 
a (-) 

Parameter 
b (-) 

Parameter 
c (-) 

Parameter 
d (-) 

A 23 -2.5 1.2 1 
B 23 -2.5 1.2 1 
C1 - Sand 22 -2.5 0.9 1 
C1 - Clay 26 -2 1.1 0.7 
C2 22 -2.5 0.9 1 
F - Sand 22 -2.5 0.9 1 
F - Clay 21 -2 0.8 2.5 
G - Clay 21 -2 0.8 2.5 
 

To provide a comparison with empirical correla-
tions well-established in literature, two additional 
scenarios are assessed for the soil material damping 
curves (Figure 2). First, a case using the formulation 

γ = 0.001% γ = 0.01% γ = 0.02% γ = 0.05% γ = 0.1%
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according to Seed et. al (1986) for cohesionless and 
Vucetic and Dobry (1991) for cohesive soil types. 
Second, a case using Rollins et al. (1998) for cohe-
sionless and Vucetic and Dobry (1991) for cohesive 
soil types. Due to the limited presence of cohesive 
layers in the selected profile (see Table 1), no further 
variation of the clay formulation is considered. Oth-
er more recent formulations suggested by literature 
(e.g., Darendeli, 2001) could be investigated addi-
tionally, but the combinations above are considered 
sufficient to draw meaningful conclusions.  

Figure 2b presents a comparison between the la-
boratory test data available for geo-unit B against 
the geo-unit calibrated soil material damping curve 
(Equation 1 and Table 2) and the two literature-
based correlations described above for cohesionless 
material. The geo-unit calibrated curve follows very 
well the laboratory test data. The damping curve 
given by Rollins et al. (1998) is close to the labora-
tory data (and therefore the geo-unit calibrated 
curve) only at the medium strains range, while the 
curve by Seed et al. (1986) overestimates soil mate-
rial damping. This difference has a direct effect on 
the soil damping (see Section 4). Is it noted that sim-
ilar trends were also found in all other geo-units. 

2.6 Loading conditions 
The assessment of soil damping at different loading 
conditions is done indirectly. A range of mudline de-
flections is considered which can result from envi-
ronmental loading of different amplitude and fre-
quency. Based on the current design experience, a 
range from about 1mm to about 30mm is examined. 
Typically, mudline deflections at the lower part of 
this span are associated with the FLS loading condi-
tions, while the ULS loads lead to higher displace-
ment levels, towards the upper part of the span. 

3 Methodology 

3.1 Analytical damping evaluation method 
The analytical method reported by Cook & Vandiver 
(1982), is used to estimate the soil damping in the 
first vibration mode. Under the assumption that 
damping can be modelled using equivalent linear 
dashpots, the soil damping is given by Equation 2. 

 

ξ𝑠𝑠𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 = Ξ𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
2𝜔𝜔𝜔𝜔1𝑀𝑀𝑀𝑀

 (2) 

where Ξsoil = the modal soil damping (-), ω1 = the 
undamped modal natural angular frequency of the 
first mode (rad/s), M is the system’s total modal 
mass including all added masses (kg) and ξi is the 
modal soil damping ratio (-).  

The hysteretic part of the soil damping in Equa-
tion 2 is given by Equation 3. 

 

ξ𝑠𝑠𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔,ℎ𝑦𝑦𝑦𝑦𝑠𝑠𝑠𝑠 = 𝑊𝑊𝑊𝑊𝐷𝐷𝐷𝐷
4𝜋𝜋𝜋𝜋𝑊𝑊𝑊𝑊𝑆𝑆𝑆𝑆

= 1
𝑀𝑀𝑀𝑀𝜔𝜔𝜔𝜔1

2 ∑ 𝛽𝛽𝛽𝛽(𝑧𝑧𝑧𝑧𝑠𝑠𝑠𝑠)𝐾𝐾𝐾𝐾𝑠𝑠𝑠𝑠(𝑧𝑧𝑧𝑧𝑠𝑠𝑠𝑠)𝜓𝜓𝜓𝜓(𝑧𝑧𝑧𝑧𝑠𝑠𝑠𝑠)
2𝑢𝑢𝑢𝑢

𝑔𝑔𝑔𝑔=1  (3) 

where WD = strain energy dissipated in the soil per 
cycle (J), WS = peak elastic energy stored in the soil 
during a cycle (J), β = soil material damping (-), KS 
= initial stiffness of the soil reaction (N/m), ψ = 
mode shape value (m), z = depth below ground level 
(m) and i = 1st to nth level below ground level (-). 

The soil material damping β denotes the fraction 
of the strain energy that is dissipated per loading cy-
cle in the soil medium. In practice, β is obtained via 
the soil material damping curves and is soil layer 
specific. Section 2.5 provides an overview of the 
employed curves based on project-specific calibra-
tion and correlations from literature. 

To compute soil damping at various mudline de-
flection levels (see Section 2.6) using Equation 3, 
the fundamental mode shape is linearly scaled based 
on the target displacement at mudline. A correlation 
between the spatially averaged shear strains γ of the 
soil elements around the pile and the lateral pile dis-
placement y is required. For that purpose, the formu-
lation proposed by Kagawa & Kraft (1980) is used, 
given by Equation 4. This formulation has been orig-
inally developed for long and slender piles, but it has 
been adopted as a reasonable approximation in other 
monopile-related damping studies (Ishihara and 
Wang, 2019; Stuyts et al., 2022). The authors 
acknowledge the potential inaccuracy introduced by 
Equation 4 to the hysteretic soil damping derived by 
Equation 3. This is further discussed in Section 4. 
 

𝛾𝛾𝛾𝛾 𝛾 1+𝑣𝑣𝑣𝑣
2.5𝐷𝐷𝐷𝐷

𝑦𝑦𝑦𝑦 (4) 

where v = the Poisson’s ratio of the soil layer (-) and 
D = the outer pile diameter (m).  

3.2 Numerical damping evaluation method  

3.2.1 The finite element modelling 
The Free Vibration (FV) method is used to evaluate 
soil damping numerically. The method requires an 
accurate model representation of the support struc-
ture, with accurate mass and stiffness distribution. 
Furthermore, a suitable constitutive relationship is 
needed to model the cyclic soil response, and there-
fore, energy dissipation through soil. The FV anal-
yses presented in this study are carried out in the FE 
software PLAXIS 3D (Brinkgreve et al, 2021). The 
FV is used to derive the system’s damping attributed 
solely to soil damping. This is achieved by exclud-
ing all other sources of baseline damping in the 
modelling configuration, i.e., structural and hydro-
dynamic. 

2.3 Soil reaction curves 
The analytical method used in the present study to 
evaluate soil damping (see Section 3.1) makes use of 
a one-dimensional (1D) Finite Element (FE) model 
in which soil reaction is formulated via a set of lat-
eral-only nonlinear soil reaction curves, in the form 
of distributed force-displacement springs (p-y 
springs).  

The employed formulation constitutes an en-
hanced version of the API (2014) codified equations 
for the sand layers and the Jeanjean (2009) equations 
for the clay layers. The p-y springs are calibrated to 
fit the results of a static push-over analysis in a 
three-dimensional (3D) FE model in terms of lateral 
deflection, rotation and curvature of the embedded 
part of the monopile. Further information about the 
employed methodology is given by Panagoulias et 
al. (2023). Cyclic degradation is applied to the cali-
brated soil springs following API (2014). Scour-
related effects are not considered in this study. 

It is acknowledged that recent studies indicate 
advantage of including additional soil reaction com-
ponents in the 1D FE model, related to the distribut-
ed and based moment reactions, for the modelling of 
soil-monopile interaction (Byrne et al., 2019). How-
ever, the applied calibration method of the lateral-
only soil reaction curves, in general, but also in this 
study in particular, results in sufficiently accurate 
match between the 1D and the 3D FE models. Be-
sides, the employed analytical method for the soil 
damping assessment is originally based on lateral-
only soil reactions (see Section 3.1)  

2.4 Damping laboratory test data 
Relevant laboratory test data from all geo-units pre-
sent at the selected location (see Table 1) are used 
the damping assessment. Indicatively, Figure 2 pre-
sents data for the cohesionless geo-unit B of soil 
layer 2, in terms of stiffness degradation (Figure 2a) 
and soil material damping (Figure 2b). Geo-unit B is 
located at a shallow depth (see Table 1) and, there-
fore, it is expected to have a considerable impact on 
the resulting soil damping. Resonant Column (RC) 
tests and Cyclic Direct Simple Shear (CSS) tests 
have been used to calibrate the stiffness degradation 
and the soil material damping curves. Sections 2.5 
and 3.2.2 further discuss the calibration process of 
the soil material damping curves. 

2.5 Soil material damping assessment 
Geo-unit specific soil material damping curves are 
calibrated using Equation 1. The derived fitting pa-
rameters a, b, c and d are reported in Table 2 per 
geo-unit. 
 

𝛽𝛽𝛽𝛽𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 = 𝑎𝑎𝑎𝑎
1+𝑔𝑔𝑔𝑔𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒[𝑏𝑏𝑏𝑏∙(𝑙𝑙𝑙𝑙𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝛾𝛾𝛾𝛾)+𝑐𝑐𝑐𝑐)] + 𝑑𝑑𝑑𝑑 (1) 

where βgeo-unit = shear strain-dependent soil material 
damping (-), a, b, c, d = fitting parameters to the 
geo-unit specific data (see Table 2) and γ = shear 
strain (-). 
 

 
(a) 

 
(b) 

 
(c) 

Figure 2 Stiffness degradation (a) and soil material damping 
(b) laboratory test data and curves for the cohesionless geo-unit 
B of the soil layer 2. Qualitative cyclic stress-strain response of 
a soil element (c), corresponding to the HSsmall data points 
(PLAXIS soil test) for five different (cyclic) shear strain levels 
 
Table 2. Overview of the fitting parameters to Equation 1 for 
the geo-units of the selected location (see Table 1) 

Geo unit Parameter 
a (-) 

Parameter 
b (-) 

Parameter 
c (-) 

Parameter 
d (-) 

A 23 -2.5 1.2 1 
B 23 -2.5 1.2 1 
C1 - Sand 22 -2.5 0.9 1 
C1 - Clay 26 -2 1.1 0.7 
C2 22 -2.5 0.9 1 
F - Sand 22 -2.5 0.9 1 
F - Clay 21 -2 0.8 2.5 
G - Clay 21 -2 0.8 2.5 
 

To provide a comparison with empirical correla-
tions well-established in literature, two additional 
scenarios are assessed for the soil material damping 
curves (Figure 2). First, a case using the formulation 

γ = 0.001% γ = 0.01% γ = 0.02% γ = 0.05% γ = 0.1%
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Figure 3. The FE model used for the FV analyses in PLAXIS 

 
Figure 3 depicts the 3D FE model used for the 

numerical analyses. Dynamic boundary conditions 
are applied at the model boundaries. Viscous dash-
pots are assigned to “side” model boundaries in 
normal and tangential directions (Lysmer and 
Kuhlemeyer, 1969). A fully reflective dynamic 
boundary is assigned at the plane of symmetry (ymin). 
The boundaries are also placed further away from 
the vibrating structure to minimize interaction with 
potentially reflected waves. 

To properly capture the mass and stiffness distri-
bution of the support structure different plate materi-
als are used to simulate different structural proper-
ties, as illustrated in Figure 3. Point masses 
representing flanges and other local mass compo-
nents (e.g., internals, platforms, passive damping 
systems) are modelled with additional plate elements 
of representative density and geometry.  

The soil stress state is initiated according to the 
soil material properties summarised in Table 1. The 
structure is wished in place and loaded laterally at 
the rotor-nacelle assembly (RNA) level. Afterwards, 
the structure is let to vibrate freely in a dynamic nu-
merical analysis. 

The FE mesh is adjusted to satisfy space discreti-
sation and computation accuracy criteria. The shear 
wave velocity (Vs) increases with depth (according 
to the G0 profile in Table 1). Assuming a maximum 
frequency of interest equal to approximately 0.5Hz 
(see Section 1), the minimum designated wavelength 
is calculated at the top and bottom of the model. Ac-
counting for approximately 10 nodes per wavelength 
(Watanabe et al., 2017), the theoretically suitable 
maximum grid/nodal spacing is 50m at the top and 
100m at the bottom. Furthermore, to accurately cap-
ture the response of the system, mesh refinement is 
applied at the vicinity of the structure. To maintain 
as low computation time as possible, mesh is proper-
ly adjusted to satisfy the criteria above without the 
presence of heavily distorted elements. The resulting 
mesh consists of about 95 000 10-noded tetrahedral 

elements, with minimum, average and maximum el-
ement size of 0.3m, 5.5m, and 38m (at the bottom of 
the model) respectively. 

Constant time-stepping size is automatically de-
termined by the PLAXIS kernel (Brinkgreve et al, 
2021) to ensure numerical accuracy and stability. 
The Newmark Average Acceleration time integra-
tion scheme is applied with γN = 0.5 and βN = 0.25. 
Therefore, zero numerical damping is introduced to 
the analysis. 

Applying the load at the RNA level before releas-
ing triggers mainly the first vibration mode. The 
time series of the displacement at the RNA level is 
analysed to derive the system’s damping based on 
the logarithmic decrement method (Chopra, 1995). 
The corresponding mudline pile deflection is ap-
proximated as peak-to-peak average value over a 
certain number of cycles. 

The vibration frequency and deflection shape are 
found to be very close to the fundamental eigen fre-
quency and first mode shape of the system derived 
by modal analysis. Due to the low frequency content 
of the dynamic response (see Section 1) the contri-
bution of radiation damping is assumed to be negli-
gible. As there is no other source of damping than 
soil, the peak-to-peak soil hysteretic damping is de-
rived via Equation 5.  
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where ξsoil,hys = soil hysteretic damping (LD); ζsoil,hys 
= soil hysteretic damping (% of critical); uk and uk+1 
= the peak displacement at the peaks/troughs k and 
k+1 respectively. 

3.2.2 Calibration of the constitutive model  
The Hardening Soil with small-strain stiffness 
(HSsmall) constitutive model of PLAXIS is used to 
simulate the cyclic soil response and estimate the as-
sociated soil hysteretic damping (Brinkgreve et al., 
2021). Sandy and clayey soil layers are modelled as 
drained and undrained respectively (Table 1). Note 
that the soil damping formulation in HSsmall is in-
dependent of the loading frequency since it is based 
on a time-independent stress-strain constitutive rela-
tionship. However, this is deemed an acceptable 
simplification for the low-frequency quasi-static cy-
clic loading of the problem at hand. 

Under cyclic loading, the HSsmall model follows 
the Masing’s rules. Stiffness decreases from the ini-
tial small-strain shear stiffness (G0) with increasing 
shear strain γ. Under load reversal (unloading) the 
stiffness re-initiates from G0. If upon stiffness deg-
radation the unloading-reloading stiffness Gur is 
reached, the associated damping does not increase 
any further. However, the soil material damping as 
given by the constitutive relations of the HSsmall 
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model only applies while the material behaviour re-
mains elastic. Damping further increases once (hard-
ening) plasticity takes place (Brinkgreve et al., 
2007). This effect is illustrated in Figure 2b where 
the HSsmall elastic formulation results are presented 
together with the results from the PLAXIS Soil Test 
application (at five different shear strain levels). The 
elastic formulation is in good agreement with Soil 
Test up to a strain approximately equal to 0.02-
0.05%. In this range hardening plasticity starts oc-
curring as it is qualitatively depicted in Figure 2c. 

The calibration process suggested by Brinkgreve 
et al. (2021) is followed to estimate the HSsmall 
model stiffness parameters (assuming E50,ref = Eoed,ref 
= Eur,ref/3, with stress-level dependency, m = 0.5), 
and the values of Gur, based on the empirical correla-
tion of Alpan (1970). As shown in Figure 2 for the 
geo-unit B (soil layer 2) in particular, the selected 
Gur value imposes a lower “cap” to the shear stiff-
ness and an upper “cap” to the soil material damp-
ing, under elastic soil behaviour. The unloading-
reloading stiffness could be selected such that the 
observed “cap” is better adjusted to fit the lab data at 
higher strains, however that would lead to greater 
overestimation of the soil material damping in the 
medium strain regime. For the sake of conservatism 
and transparency on the calibration process the au-
thors have chosen not to deviate from the calibration 
process suggested by Brinkgreve et al. (2021). Stiff-
ness degradation and soil material damping also de-
pend on the threshold shear strain γ0.7 at which the 
shear modulus reduces to about 70% of G0. This pa-
rameter has been calculated by Equation 6 
(Brinkgreve et al., 2021). The adopted calibration 
process results in very good fitting of the stiffness 
degradation curve to the laboratory test data (Figure 
2a). However, the soil material damping is overesti-
mated overall (Figure 2b). 

 

𝛾𝛾𝛾𝛾0.7 = 1
9𝐺𝐺𝐺𝐺0

[2𝑐𝑐𝑐𝑐𝑐(1 + cos(2𝜙𝜙𝜙𝜙𝑐)) − 𝜎𝜎𝜎𝜎𝑐1(1 +
𝐾𝐾𝐾𝐾0) sin(2𝜙𝜙𝜙𝜙𝑐)] (6) 
where c' = effective cohesion, φ' = internal friction 
angle, σ'1 = effective vertical stress (compression is 
negative) and K0 = earth pressure coefficient at rest. 

4 Results 

Figure 4 illustrates the fitting of the exponential 
function to the lateral displacement obtained at the 
RNA level from one of the 3D FE analyses. Both top 
(max/xpositive displacement) and bottom (min/xnegative 
displacement) peaks are considered. Soil damping 
equal to 1.9%LD corresponds to the presented case, 
related to a mudline deflection of about 12mm. Time 
is normalised by multiplying with the system’s vi-
bration frequency f1. 

Figure 5 presents a comparison of the computed 
soil damping between the analytical method, consid-
ering the three variations in the soil material damp-
ing curves discussed in Section 2.5, and the FV 
method. The values are presented in %LD, which is 
commonly used in the offshore wind industry. The 
two combinations of the literature-based soil materi-
al damping correlations lead to higher soil damping 
results. This outcome is reasonable considering the 
results presented in Figure 2b. A very good agree-
ment is observed between the project-specific (i.e., 
geo-unit calibrated) analytical results and the FV re-
sults for mudline deflections up to approximately 
5mm. This is a range of displacements usually en-
countered at FLS loading conditions. For higher dis-
placements, FV leads to almost linearly increasing 
values of soil damping, while the project-specific 
analytical method indicates a parabolic trend.  

 

 
Figure 4. Fitting of exponential functions to the lateral dis-
placement at RNA level for an indicative FV analysis 

 

 
Figure 5. Comparison of the obtained values (%LD) for the soil 
damping between the analytical and the numerical (FV) meth-
ods 

 
To gain better understanding about this mismatch 

at higher displacements, Figure 6 illustrates a com-
parison between the shear strains extracted from the 
3D FE model and the values obtained with Equation 
4 (which are used in the analytical method – see 
Section 3.1), for three different mudline deflections, 
2mm, 6mm and 12mm. The maximum shear strain 
of the soil elements in the 3D FE model, is calculat-
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Figure 3. The FE model used for the FV analyses in PLAXIS 

 
Figure 3 depicts the 3D FE model used for the 

numerical analyses. Dynamic boundary conditions 
are applied at the model boundaries. Viscous dash-
pots are assigned to “side” model boundaries in 
normal and tangential directions (Lysmer and 
Kuhlemeyer, 1969). A fully reflective dynamic 
boundary is assigned at the plane of symmetry (ymin). 
The boundaries are also placed further away from 
the vibrating structure to minimize interaction with 
potentially reflected waves. 

To properly capture the mass and stiffness distri-
bution of the support structure different plate materi-
als are used to simulate different structural proper-
ties, as illustrated in Figure 3. Point masses 
representing flanges and other local mass compo-
nents (e.g., internals, platforms, passive damping 
systems) are modelled with additional plate elements 
of representative density and geometry.  

The soil stress state is initiated according to the 
soil material properties summarised in Table 1. The 
structure is wished in place and loaded laterally at 
the rotor-nacelle assembly (RNA) level. Afterwards, 
the structure is let to vibrate freely in a dynamic nu-
merical analysis. 

The FE mesh is adjusted to satisfy space discreti-
sation and computation accuracy criteria. The shear 
wave velocity (Vs) increases with depth (according 
to the G0 profile in Table 1). Assuming a maximum 
frequency of interest equal to approximately 0.5Hz 
(see Section 1), the minimum designated wavelength 
is calculated at the top and bottom of the model. Ac-
counting for approximately 10 nodes per wavelength 
(Watanabe et al., 2017), the theoretically suitable 
maximum grid/nodal spacing is 50m at the top and 
100m at the bottom. Furthermore, to accurately cap-
ture the response of the system, mesh refinement is 
applied at the vicinity of the structure. To maintain 
as low computation time as possible, mesh is proper-
ly adjusted to satisfy the criteria above without the 
presence of heavily distorted elements. The resulting 
mesh consists of about 95 000 10-noded tetrahedral 

elements, with minimum, average and maximum el-
ement size of 0.3m, 5.5m, and 38m (at the bottom of 
the model) respectively. 

Constant time-stepping size is automatically de-
termined by the PLAXIS kernel (Brinkgreve et al, 
2021) to ensure numerical accuracy and stability. 
The Newmark Average Acceleration time integra-
tion scheme is applied with γN = 0.5 and βN = 0.25. 
Therefore, zero numerical damping is introduced to 
the analysis. 

Applying the load at the RNA level before releas-
ing triggers mainly the first vibration mode. The 
time series of the displacement at the RNA level is 
analysed to derive the system’s damping based on 
the logarithmic decrement method (Chopra, 1995). 
The corresponding mudline pile deflection is ap-
proximated as peak-to-peak average value over a 
certain number of cycles. 

The vibration frequency and deflection shape are 
found to be very close to the fundamental eigen fre-
quency and first mode shape of the system derived 
by modal analysis. Due to the low frequency content 
of the dynamic response (see Section 1) the contri-
bution of radiation damping is assumed to be negli-
gible. As there is no other source of damping than 
soil, the peak-to-peak soil hysteretic damping is de-
rived via Equation 5.  
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where ξsoil,hys = soil hysteretic damping (LD); ζsoil,hys 
= soil hysteretic damping (% of critical); uk and uk+1 
= the peak displacement at the peaks/troughs k and 
k+1 respectively. 

3.2.2 Calibration of the constitutive model  
The Hardening Soil with small-strain stiffness 
(HSsmall) constitutive model of PLAXIS is used to 
simulate the cyclic soil response and estimate the as-
sociated soil hysteretic damping (Brinkgreve et al., 
2021). Sandy and clayey soil layers are modelled as 
drained and undrained respectively (Table 1). Note 
that the soil damping formulation in HSsmall is in-
dependent of the loading frequency since it is based 
on a time-independent stress-strain constitutive rela-
tionship. However, this is deemed an acceptable 
simplification for the low-frequency quasi-static cy-
clic loading of the problem at hand. 

Under cyclic loading, the HSsmall model follows 
the Masing’s rules. Stiffness decreases from the ini-
tial small-strain shear stiffness (G0) with increasing 
shear strain γ. Under load reversal (unloading) the 
stiffness re-initiates from G0. If upon stiffness deg-
radation the unloading-reloading stiffness Gur is 
reached, the associated damping does not increase 
any further. However, the soil material damping as 
given by the constitutive relations of the HSsmall 
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ed as γ = ε1-ε3, where ε1 and ε3 = major and minor 
principal strains. The 3D-derived shear strains are 
presented in three groups in relation to the distance 
of the stress points from the outer pile diameter (D); 
less than 0.1D (i.e., almost 1m), between 0.1D and 
0.5D and beyond 0.5D. 

As discussed in Section 3.2.1 the soil material 
damping values resulting from the HSsmall model 
formulation (including plasticity) are considered re-
alistic if shear strains remain lower than a threshold 
of approximately 0.02-0.05%. In addition, Equation 
4 indicates that shear strains of 0.02-0.05% at mud-
line would correspond to displacements of about 3-
7mm. These observations indicate the FV results 
could be treated as sound for the mudline displace-
ment of 2mm (Figure 5 and Figure 6a) but become 
questionable for the mudline displacement of 5mm 
(Figure 5 and Figure 6b) and beyond (Figure 5 and 
Figure 6c). 

 

 
(a) 

 
(b) 

 
(c) 

Figure 6. Comparison between shear strains extracted from the 
3D FE model and calculated via Equation 4 for mudline deflec-
tions equal to (a) 2mm, (b) 6mm and (c) 12mm. Vertical 
dashed lines indicate the 0.02-0.05% shear strains range 
 

5 Conclusions 

Two different methods have been studied in this pa-
per for the soil damping assessments of OWTs, an 
analytical and a numerical method. Based on the se-
lected input conditions and author’s assumptions, the 
following main conclusions are drawn: 

• The obtained soil damping for the examined 
mudline deflections range (Figure 5), which 
is typically of interest for the design of 
OWTs under environmental loading, are in 
good agreement with values reported in liter-
ature (see Section 1), but largely depend on 
the analysed system and input conditions.  

• The applied damping correlations from lit-
erature lead to higher soil material damping 
in comparison with the project-specific cali-
brated damping curves. This has a direct ef-
fect on the obtained values of soil damping. 
Correlations from literature should be used 
with caution when results cannot be substan-
tiated with project-specific data. Undoubted-
ly, the importance of high-quality laboratory 
test data with as limited disturbance as possi-
ble is paramount. 

• The results of the analytical method as pro-
posed by Cook & Vandiver (1982) are in 
very good agreement with the numerical FV 
results for mudline displacements up to ap-
proximately 5mm. Such mudline displace-
ment is typically encountered at FLS condi-
tions. This finding gives confidence that the 
employed analytical method can be a power-
ful tool for the fatigue-oriented damping as-
sessment of support structures for large 
OWTs at the early phases of the design. Ad-
ditional case studies and validation on a pro-
ject-specific basis is required to gain better 
understanding about the method’s limitations 
and confidence in its application. 

• For mudline displacement higher than ap-
proximately 5mm the results of the FV 
method should be treated with caution as 
they become progressively questionable. 
This is due to the constitutive formulation of 
the HSsmall model which leads to unrealisti-
cally high soil material damping (see Section 
3.2.2). A constitutive model with more ad-
vanced damping formulation should be used 
to draw conclusions regarding soil damping 
at higher displacement levels. 

• Scour-related effects, in the form of either 
local/global scour or presence of a scour pro-
tection system, are not accounted for in this 
study. Nonetheless, it is highlighted that both 
situations may have a considerable impact on 
the soil damping results. It is therefore im-
portant to consider scour-related effects in 
the detailed phase of the design or when at-
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tempting validation of numerical models 
against data measured in the field. 
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ed as γ = ε1-ε3, where ε1 and ε3 = major and minor 
principal strains. The 3D-derived shear strains are 
presented in three groups in relation to the distance 
of the stress points from the outer pile diameter (D); 
less than 0.1D (i.e., almost 1m), between 0.1D and 
0.5D and beyond 0.5D. 

As discussed in Section 3.2.1 the soil material 
damping values resulting from the HSsmall model 
formulation (including plasticity) are considered re-
alistic if shear strains remain lower than a threshold 
of approximately 0.02-0.05%. In addition, Equation 
4 indicates that shear strains of 0.02-0.05% at mud-
line would correspond to displacements of about 3-
7mm. These observations indicate the FV results 
could be treated as sound for the mudline displace-
ment of 2mm (Figure 5 and Figure 6a) but become 
questionable for the mudline displacement of 5mm 
(Figure 5 and Figure 6b) and beyond (Figure 5 and 
Figure 6c). 
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Figure 6. Comparison between shear strains extracted from the 
3D FE model and calculated via Equation 4 for mudline deflec-
tions equal to (a) 2mm, (b) 6mm and (c) 12mm. Vertical 
dashed lines indicate the 0.02-0.05% shear strains range 
 

5 Conclusions 

Two different methods have been studied in this pa-
per for the soil damping assessments of OWTs, an 
analytical and a numerical method. Based on the se-
lected input conditions and author’s assumptions, the 
following main conclusions are drawn: 

• The obtained soil damping for the examined 
mudline deflections range (Figure 5), which 
is typically of interest for the design of 
OWTs under environmental loading, are in 
good agreement with values reported in liter-
ature (see Section 1), but largely depend on 
the analysed system and input conditions.  

• The applied damping correlations from lit-
erature lead to higher soil material damping 
in comparison with the project-specific cali-
brated damping curves. This has a direct ef-
fect on the obtained values of soil damping. 
Correlations from literature should be used 
with caution when results cannot be substan-
tiated with project-specific data. Undoubted-
ly, the importance of high-quality laboratory 
test data with as limited disturbance as possi-
ble is paramount. 

• The results of the analytical method as pro-
posed by Cook & Vandiver (1982) are in 
very good agreement with the numerical FV 
results for mudline displacements up to ap-
proximately 5mm. Such mudline displace-
ment is typically encountered at FLS condi-
tions. This finding gives confidence that the 
employed analytical method can be a power-
ful tool for the fatigue-oriented damping as-
sessment of support structures for large 
OWTs at the early phases of the design. Ad-
ditional case studies and validation on a pro-
ject-specific basis is required to gain better 
understanding about the method’s limitations 
and confidence in its application. 

• For mudline displacement higher than ap-
proximately 5mm the results of the FV 
method should be treated with caution as 
they become progressively questionable. 
This is due to the constitutive formulation of 
the HSsmall model which leads to unrealisti-
cally high soil material damping (see Section 
3.2.2). A constitutive model with more ad-
vanced damping formulation should be used 
to draw conclusions regarding soil damping 
at higher displacement levels. 

• Scour-related effects, in the form of either 
local/global scour or presence of a scour pro-
tection system, are not accounted for in this 
study. Nonetheless, it is highlighted that both 
situations may have a considerable impact on 
the soil damping results. It is therefore im-
portant to consider scour-related effects in 
the detailed phase of the design or when at-


