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ABSTRACT: This paper reviews different methods for the calculation of soil damping for monopile structures
supporting +15 MW offshore wind turbines. Accurate damping calculation is essential for accurate calculation of fatigue
damage accumulation, and with up to 60% of the fatigue damage coming from the stand-still period where the soil
damping is the largest contributor to the inherent structural damping, accurate soil damping calculation is crucial for
monopile design. Using a publicly available soil profile and a generic yet realistic monopile design, this paper
demonstrates the range of soil damping obtained from different soil damping methods being between 0.13 to 7.69%. This
paper investigates why there are such significant variations in the soil damping values calculated using different methods,
considering the contribution of stored energy in the monopile, the applied strain-displacement relationships and other
modelling assumptions. Given the large variation in calculated soil damping values, it is crucial to have a reliable soil
damping method validated using full-scale measurements. Such measurements are, however, not available for the current
size of monopiles supporting the latest turbines, and the significantly varying soil damping results highlight the need for
such data.
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1 INTRODUCTION of the total damping and is thus important to estimate
precisely. Despite the stand-still period being only
approximately 5-8%, up to 60% of the total fatigue
damage can be accumulated during this period.

In fatigue calculations, damping plays a
significant role, particularly under resonant loading,
where it has a direct linear relationship with the
reduction of fatigue-induced damage. Reduced
damping can thus result in a substantial increase in
steel required in the MP or a reduced lifetime.

There is no common or standard method for
calculating soil damping for MPs, and available
methods yield significantly varying results. The most
commonly used methods for calculating the various
foundation damping contributions date back to the
early eighties (Cook and Vandiver, 1982), where they
were developed for slender piles supporting multi-
legged platforms rather than the large-diameter MPs
supporting the +15 MW WTGs being installed today.
Two recent papers by Zhang et al. (2021) and Stuyts
et al. (2022) suggest alternative soil damping
calculation methods, but both emphasise the lack of
field measurement data for validation of the methods.

As offshore wind turbine generators (WTGs) grow in
size, so do their foundations and the associated design
challenges. For WTGs supported on monopile (MP)
foundations, a key aspect is the calculation of soil
damping, as it has a direct effect on the fatigue
damage and, thus, the lifetime of the structure.
Damping of WTGs comes from various sources,
such as aerodynamic damping, inherent material
(steel) damping, hydrodynamic damping and soil
damping. Active damping devices may also be used.
Aerodynamic damping, which arises from the
interaction between the blades and the wind, provides
the largest contribution to overall damping.
Aerodynamic damping is most pronounced in the
fore-aft direction (perpendicular to the rotor plane),
while its impact in the side-side direction is relatively
limited. Furthermore, during the typical downtime of
5-8% of a WTG's operational lifetime, aerodynamic
damping is significantly reduced. In this stand-still
period as well as cases with loading in the side-side
direction, soil damping provides a significant fraction
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In particular, no data is available for +15 MW WTGs.
The importance of accurately calculating soil
damping has intensified with the increasing size of
WTGs, as a smaller proportion of the overall structure
is embedded in the soil, limiting the potential for
energy dissipation and, consequently, soil damping.
A comprehensive review of foundation damping can
be found in Malekjafarian et al. (2021), however, both
the WTG and MP size in focus are smaller than the
structures being designed today. Furthermore, the
methods and results pre-date the publication of PISA
soil reaction curves (Burd et al., 2020 and Byrne et
al., 2020) which causes the analysed piles to have a
larger penetration than current MPs.

This paper presents and compares results using
different soil damping methods from Cook &
Vandiver, Zhang and Stuyts and investigates and
explains the differences in the results.

2  MODELLING SOIL DAMPING

The methods presented by Cook & Vandiver, Zhang
and Stuyts all calculate soil damping, {sqi; (-), within
a 1D-Winkler spring model at a specified
displacement level, applying hysteresis damping and
calculating stored and dissipated energy components.
The soil damping investigated in this paper is thus the
hysteretic soil damping, i.e. material soil damping.
Another source of soil damping is from the radiation
of waves in the soil volume surrounding the MP. This
radiation damping is, however, neglected as the
frequency at which such damping occurs exceeds the
vibrational frequencies of MP-supported WTGs
during standard loading (Cook and Vandiver, 1982).

Damping is throughout this paper represented
as the ratio of critical damping, {.

2.1

To calculate the soil damping and model the structure,
the structure is discretised into elements with each
node denoted i (-) and with a total number of N (-)
nodes. The soil is modelled using 1D-Winkler
springs, e.g. p-y springs, at each pile node, as
illustrated in Figure 1, which also defines the vertical
coordinate, z (m).

Pile-soil model

2.2 Soil displacements

Specification of the MP displacement, u (m), to apply
in soil damping calculation is crucial, as the more the
MP moves, the greater the strains in the soil, and the
more soil damping will be obtained. However, this
choice is left to the MP designer as no clear guidelines
exist.

Figure 1. Pile model description.

Typically, a representative seafloor (SF)
displacement, usg (m), is defined, from which the
displacement down the pile is obtained by a static
displacement-controlled analysis or based on the
lateral modal displacements of the first bending mode
of the structure. The displacement at the hub-height
(HH) of the WTG can be obtained from the same
approach.

The dynamic response of an MP-supported WTG
subject to wind and wave loads is primarily
dominated by the first bending mode; consequently,
all soil damping is assumed to originate from this.
Higher modes do contribute to the response to
transient events such as turbine shutdowns, ship
impacts, ice, and seismic loading; however, these
cases are not considered further here.

To define the representative SF displacement, load
cases where soil damping has a significant impact are
most suitable. As mentioned, these are at WTG stand-
still and where the loading frequency, wjyaq (rad/s),
is close to the first natural frequency of the structure,
Wnat (rad/s), i.e. at resonance. Figure 2 shows how the
influence of damping on the dynamic amplification
factor (DAF) increases close to resonance.

2.3 Soil material damping curves

Soil material damping curves relate shear strain in the
soil, ¥ (), to soil material damping, S5 (-), and are a
key input to damping calculations. A soil material
damping curve comes in pair with a shear modulus
degradation curve, describing the decrease in shear
modulus, G (Pa), as a function of y. The necessary lab
tests to obtain such curves are most often resonant
column tests, cyclic direct simple shear tests or a
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Figure 2. The influence of damping on the dynamic
amplification factor (DAF).
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combination of the two as they represent different
shear strain levels. Where insufficient laboratory data
is available to derive these curves, the curves found
in DNV-RP-C212 (2021) may be applied.

2.4  Hysteresis damping

All methods presented in this paper calculate soil
damping based on hysteresis damping, where the
damping ratio, {yys (-), is equal to the ratio between
the dissipated energy of a single load cycle, AE (J),
and the total energy stored in the system during that
load cycle, E (J), see e.g. Malekjafarian et al. (2021),
illustrated in Figure 3 in terms of force, F (N), and
displacement, x (m), and defined as:

1 AE
41 E

)]

qHys =

Figure 3. Definition of hysteresis damping
Malekjafarian et al. (2021).

For a discretised model with N nodes, damping can
be calculated as:

eoil = 1 3L AEiZiwiy) )
sot am ¥V Ei(ziuyi)

where AE; is calculated as follows, see e.g. Cook and
Vandiver (1982):

AE;(z,u;, ) =
am Bsi(zi,vi) Eson i (zi, i, vi) (3)

where Egq;j; (J) is the stored elastic energy in the i
soil spring. The different soil damping methods are
differentiated by the approach for the calculation of
Esoi1,i and E;.

2.5 Soil damping methods

2.5.1 Cook & Vandiver

This method (Cook and Vandiver, 1982) (CV)
derives the soil damping from each bending mode of
the structure and was developed for long and slender
piles supporting offshore platforms and validated
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using data from a pile with diameter, D (m), of
D = 2.13m in the Gulf of Mexico. This method
calculates Egyj ; from the p-y curves:

Esonev,i(ziucy;) =

2
%ks,i(zi,ucv,i) (ucv,i (Zi)) 4

where kg; (N/m) is the soil spring secant stiffness at
the mobilised point of the p-y curve at the i soil
spring and ucy; (m) is calculated assuming that mode
1 is the only contributing mode to the soil damping
utilising:

ucy,i(z;) = ugy P1,i(z;) Q)

where @, ; (-) is the lateral modal displacement for
mode 1 at the i node normalised to 1 at HH and
uyy (m) is the displacement at HH obtained as
described in Section 2.2.

The method calculates E for the whole structure,
rather than summing over N nodes:

_1 2.2
Ecy = 5my 1 ujiy (6)

where the modal stiffness is represented by m; (kg)
and w; (rad/s) being the modal mass and natural
frequency associated with mode 1, respectively.
Inserting (3), (4) and (6) into (1) yields the following
expression for the soil damping:

1
{soilcy = —

Nige Bsi 2 v) ks i(zi,u) @14(2)* (D)

The original paper assumes that the material soil
damping is constant and in the range of 3-10%.
However, this soil damping method has been adopted
by industry and refined to use strain-dependent
material soil damping, f;. In this paper, the shear
strain relationship presented in the Stuyts method and
described in Section 2.5.3 is applied in combination
with the Cook & Vandiver soil damping method.

2.5.2 Zhang et al.

This method (Zhang et al., 2021) (Z) is validated by a
3D finite element (FE) model with a pile with
D =214 m. Clay conditions with an over-
consolidation ratio of 1 and a plasticity index of 60%
are applied. The soil damping method described here
is approach 2 presented in the paper, which models
the soil-pile interaction as lumped springs and
dashpots at the SF. The method uses (2) to obtain
{soil,z and Egq;) ; is calculated from the p-y curves:
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Esoinz,i(zi,u;) = % pi(ziu) ui(z)  (8)
where p; (N) is the mobilised soil reaction from the i
p-y curve at u;, hence Egyj7; = Esoicv,; When the
same p-y curves are applied. The method calculates
E; as the sum of the stored elastic energy in the soil
springs, Esoi1 z,i» and the pile elements, Epje7,; (J):

Ez,:(z;) = Esoiz,i + Epilez,i )

Epitez,i(2:) = %Mi(zi)Aei(Zi) (10)
where M; (Nm) is the bending moment and A8; (-) is
the change in pile rotation in the /™ pile element
generated from u;. The Zhang method indicates that
only the stored energy in the embedded part of the MP
should be considered. However, this neglects the
stored energy for the MP above the SF. In this paper,
the stored energy of the full structure, i.e. including
nodes above the SF, is considered. To obtain f; the
following shear strain relationship is applied:

an

1
Vz,i(ziwi) = Sopm i)

This relation is derived from 3D-FE analyses which
models plane-strain conditions, representative for a
flow-around failure mechanism.

2.5.3 Stuyts et al.

This method (Stuyts et al., 2022) applies a

relationship between strain and displacement

presented by Kagawa and Kraft (1980) and compares

results to damping measurements from piles with

D =7 to 8m in layered soil profiles with stiff

overconsolidated clays and dense sands. This method
D (m) Gy (MPa)
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also uses (2) to obtain {54 s and it calculates Egq;) ;
from shear modulus degradation curves as follows:

Esois,i(zi i, vi) =
1
> Gi(z,v) vi(zi, wp)? (12)
In the Stuyts method, Eg; s; is also used directly as
E; giving:
Esi(zi,ui,vi) = Esoisi (i ui vi) (13)
The Stuyts method uses the following relation to
obtain y for calculation of S ; and G;:

1+v;

s,i(Ziw) = c———

2.5D;(z) (14)

u;(z;)
where v; (-) is Poisson’s ratio of the soil at the i soil
spring. For undrained conditions, thus v = 0.5, the
Stuyts shear strain relation (14) yields shear strains
that are 2.16 times larger than the Zhang shear strain
relation (11).

3 EXAMPLE APPLICATION

To illustrate the results of the different soil damping
methods, both a soil profile and an MP design are
required. The soil profile is taken from the publicly
available geotechnical interpretative report from the
wind farm Ijmuiden Ver in the Dutch part of the North
Sea (Fugro, 2023). The design profile denoted 1IJV001
has been selected, and the so-called ‘k/’ values have
been applied. Figure 4 illustrates the geotechnical
parameter values and shows that the applied water
depth is 30 m. Poisson’s ratio for the soil is set to 0.5
as it is assumed that for dynamic cyclic loading,
which is the source of the soil damping, the soil
cu (kPa)
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Figure 4. Input parameters for the soil damping calculations: Wall thickness, t (m), and pile diameter, D (m),
for the MP. The effective unit weight, Yess (N/m?®), the initial shear modulus, G, (Pa), the friction angle, @ (°),
and the undrained shear strength, ¢, (Pa), for the soil profile. Displacement, u (m), for the embedded MP.
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behaves to undrained continuum
mechanics.

The applied soil reaction curves are the PISA
curves both for sand (Burd et al., 2020) and clay
(Byrne et al., 2020) without any additional adjustment
or calibration. Zhang et al. describe several different
p-y curves, including scaled, unscaled, cyclic, and
FE-derived p-y curves, however, it is ambiguous
which to apply. In this paper, the same p-y curves are
applied for all damping methods. The soil material
damping curves applied in the soil damping
calculations are the relevant curves from
DNV-RP-C212 (2021) here being the middle curve
for sands and the curve with a plasticity index of 30%
for clays.

The example MP supports a 15 MW turbine with
a HH of 136 m above sea level. The MP design is
illustrated in Figure 4 both in terms of wall thickness,
t (m), and D. The design is a simplified version of the
design generated by Wood Thilsted’s internal MP
design tool, Morpheus. Morpheus is an MP design
software that solves the structural model consisting of
2D Timoshenko beam elements supported by
Winkler springs as described in Nielsen et al. (2022).

Finally, u is also illustrated in Figure 4 where
ugr = 5 mm has been adopted based on experience
gained from several North Sea offshore wind

projects.

according

4 RESULTS & DISCUSSION

Table 1 presents soil damping values calculated with
the described methods, while Figure 5 shows
intermediate results. The soil damping results are
seen to vary greatly with the different methods.
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Figure 5. Intermediate results applying the soil damping methods.
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Table 1. Soil damping from the different methods in percent
of critical damping.

(soil,S
7.69%

{soil,Z
0.17%

(soil,CV
0.13%

The main differences in the methods leading to this
large variation are the inclusion of the energy stored
in the pile and the y-relation. This is proved by
modifying the Zhang method using the assumptions
of the Stuyts method. First, the pile energy is omitted
in the Zhang method to derive {s4j7p- Then, the
y-relation from the Zhang method, derived from an
FE-model, is replaced by the one in the Stuyts
method, being a widely used formulation included in
the p-y curves for clay (DNV-RP-C212, 2021). This
derives {oi1z,- Lastly, both modifications are
applied deriving (soi1,7,p,- All three alternative soil
damping values are presented in Table 2.

Table 2. Soil damping from the Zhang method with
modifications. Soil damping from the Zhang and Stuyts
method from Table 1 is added for comparison.

{soil,s
7.69%

(soil,Z
0.17%

(soil,Z,p,y
7.43%

(soil,Z,y
0.24%

(soil,Z,p
5.18%

—Cook & Vandiver, 1982 - --Zhang et al., 2021 —--Stuyts et al., 2022

Table 2 shows how crucial both the pile energy and
the y-relation are. Omitting the pile energy from the
Zhang method yields a soil damping more than 29
times larger than the original soil damping, while
changing the y-relation leads to a 41% increase.

When deriving the soil damping that will be
applied in the global model, containing both WTG
and MP, it is necessary to relate the dissipated energy
in the soil to the energy stored in the global system.
This is only done by including all the energy stored in
the global model, which includes the pile energy in
the full structure. This is the case in the Cook &
Vandiver method and is also ensured in the Zhang
method presented in this paper.

Eaoil,g (P8
({ 1 2

400

AE (J)

0.7 21 0

E])ile.Z

0 200
E

soil (

400 0 14

(kJ)

200
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Another crucial design aspect is the choice of p-y
curves to apply. This is not only crucial for the
general MP response, and thus for ugg and @1, but is
especially important in the Cook & Vandiver and
Zhang method, where the curves are applied directly
in the soil damping calculation. The softer the curves,
the more the MP displaces, and the more soil damping
is obtained. However, stiffer curves are beneficial for
many other aspects of MP design, and designers

turbines by offshore wind turbine operators would
thus be of high value and contribute to avoiding both
under- and over-estimation of damping, which in both
cases have significant consequences for the structural
design.
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capture the full soil-structure interaction and thus not

be limited to modelling only the lateral p-y curve
reactions as in the presented methods. This approach
is thus likely to provide higher soil damping as the
model can inherently account for more dissipation in
the soil, e.g. due to shear at the pile-soil interface. The
REDWIN foundation model (Page et al., 2019) takes
this type of approach, where the hysteretic response,
and therefore damping, is modelled using a suitably
calibrated multi-surface kinematic hardening model,
formulated as a macro-element, which aligns with the
Masing rules (Masing, 1926).

All presented soil damping methods have
limitations regarding application in MP design for
+15 MW WTGs, which also highlights the need for
full-scale measurements for validation. In short, the
Cook & Vandiver method is derived for piles with
significantly different geometries; the Zhang method
assumes soil failure in a plane strain flow-around
mechanism, which is not applicable to large-diameter
MP; and the Stuyts method is validated for a
displacement level significantly smaller than the one
applied in the paper and it does not include the energy
stored in the pile.

5 CONCLUSIONS

From calculating the soil damping from the different
presented methods, it can be concluded that the range
of results is significant. Several limitations and
differences between the methods are the cause of this,
with the most significant ones being discrepancies in
which and how the energy contributions are
calculated. This is demonstrated by the similarity of
the results using different methods when the key
assumptions on pile energy and y-relationship are
aligned. The results highlight how crucial full-scale
measurements are to obtain reliable damping
estimates, which is a challenge across the whole
offshore wind industry. Sharing of data for +15 MW
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