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Summary

The periodic forces due to wind, surface waves and swells on offshore installations
such as offshore wind turbines lead to cyclic motion of the soil foundation. The
damping properties of soils account for a part of the energy dissipation of the
Offshore Wind Turbine (OWT) system. Understanding damping is therefore
important with respect to the structural response and the cost-effective design of
structures. Unfortunately, OWT foundation damping is sparsely studied, and the
understanding of this parameter is therefore limited. The present results provide a
step forwards towards a better understanding and interpretation of stiffness and
damping parameters of soils, and focuses on basic concepts and on the effect of
permanent strain accumulation in particular. Analyses of laboratory data have
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accumulation contributes to hysteretic loss in addition to the material damping. The

current study is a first step towards a better understanding and interpretation of

damping parameters for soils, and focuses on basic concepts. A crucial next step

would include methods for interpreting the damping correctly in models soil-

structure interaction for realistic loads and structures, to clarify the importance of

soil damping for offshore wind turbine foundations. Due to the industry’s need for

simple and efficient models used for large scale, it is essential that the damping

formulation is kept simple.
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1 Introduction

The periodic forces due to wind, surface waves and swells on offshore installations
such as offshore wind turbines lead to cyclic motion of the soil foundation. The
damping properties of soils account for energy dissipation. Understanding damping
is therefore important with respect to the structural response and the cost-effective
design of such structures. Unfortunately, offshore wind turbine foundation damping
is sparsely studied, and the understanding of this parameter is therefore somewhat
limited. The current study is a first step towards a better understanding and
interpretation of damping parameters for soils and focuses on basic concepts. There
exist also various damping parameters defined in different ways, which may be
confusing to engineers and practitioners in soil science. This report reviews some
basic aspects with respect to soil damping, and provides some correction to existing
methods for estimating damping parameters from processing of laboratory data.
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Figure 1.1 Left panel: Sketch of a single degree of freedom spring-dashpot
system subject to periodic loading (both force and stress). Right
panel: Definition sketch showing the interpretation of potential
energy and energy loss in a hysteretic loop.

1.1 Basic definitions

Here, we review some basic properties soil damping. It is noted that a more detailed
mathematical description of derivations etc is found in Appendix A. The damping
parameters includes the hysteretic loss factor denoted n, the damping factor D
which is simply the half of the loss factor, and the quality factor Q which it’s
inverse. Formally, the loss factor is proportional to the ratio of the energy
dissipation pr. cycle Aw divided by the maximum potential energy wp, in the same
cycle

n=2D=+=_-2 (Eq.1.1)

Q 21 wyp

A sketch showing the interpretation of the energy loss and potential energy in a
stress-strain loop is depicted in the right panel of Figure 1.1. The energy loss Aw is

p:\2011\00\20110087\leveransedokumenter\rapport\final\20110087-01-r_main_final.docx

<2
NGI

Document No.: 20110087-01-R
Date: 2014-05-12

Revision: 0

Page: 6



interpreted as the area under the load displacement curve, whereas the potential
energy Wy is the area under the triangle. We may also interpret the loss factor as the
imaginary part of a complex modulus, as here exemplified for the shear modulus
G’ le.

G' =G(1+in) (Eq.1.2)

Here, G is the shear modulus of the soil. For a single degree of freedom spring
dashpot system (Figure 1.1), the loss factor relates to the viscous damping constant
c at a given angular frequency » = 2=f (where f is the frequency) for a spring-
dashpot system according to:

n="% (Eq.L13)

Next, we denote the natural frequency wn, the critical damping constant ccr and the
fraction of critical damping ¢ as:

Wy, = =, CH=2Vk-m, &=— (Eq.1.4)

m Cer

It may be shown that the loss factor equals twice the degree of critical damping at
the natural frequency, i.e.

n =208 (Eq.1.5)

It is noted that the concept of Rayleigh damping Cr is frequently encountered in
dynamic structural analysis. It consists of a mass matrix term associated with a
parameter o and a stiffness matrix term associated with a parameter (3. The
frequency dependence of the Rayleigh damping usually makes it inconvenient for
soils.

1.2 Examples of damping dependence of soil parameters from the literature

Soil damping depends on various parameters such as the cyclic strain amplitude,
and is therefore an inherently non-linear property of the soil. At small loads, the
cyclic strains in the ground are very low and in a range where ground materials have
a nearly ideal linear elastic behaviour. However, even at these small strains the
materials have a small amount of internal loss. Towards higher strains, ground
materials exert an increasing hysteretic non-linear behaviour, which leads to
additional hysteretic loss. The lower left panel in Figure 1.2 (Menq, 2003) plots the
hysteretic damping factor versus the cyclic strain level divided into three strain level
regimes. For completeness, the reduction of the normalized stiffness G/Gmax is also
depicted in the upper panels. This curve also turns out to fit reasonably well for all
granular, non-cohesive and even low plasticity cohesive materials, non-degraded as
well as degraded. For more plastic cohesive soils (clays), the degree of plasticity
turns out to have an effect on the shear modulus and the damping factor versus the
cyclic shear strain. The right panels of Figure 1.2 (Mucetic and Dobry, 1988) plots
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the normalized shear modulus and damping curves for cohesive soils like clay with
different plasticity indexes. The curves for 1,=0 are identical to those for non-
cohesive soil materials. For plastic clays also the threshold strains and thus the
cyclic behaviour regions depend on the plasticity index.
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Figure 1.2 Left panels; Typical non-linear modulus reduction and damping

variation curves for cohesionless soil materials (Meng, 2003). Right
panels; Typical non-linear modulus reduction and damping
variation curves for undrained plastic soils - versus plasticity index
(Vucetic and Dobry, 1988).
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Figure 1.3  Example of a spatial variability of the displacement field for a
monopile foundation subject to cyclic loading
1.3 Interpretation of soil damping in practical applications

OWTs are lightly damped structures often with fatigue governing the design.
Therefore a thorough understanding of different damping sources, such as
aerodynamic, hydrodynamic, structural, and foundation is essential for a cost
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effective design. Foundation stiffness and damping depends not only of the soil
properties but also foundation geometry, load intensity and frequency. As the
damping is load dependent, the problem becomes non-linear and must be evaluated
using realistic soil models in numerical models where the strain varies over the
foundation (see Figure 1.3). The foundation nonlinearity gives a contribution to
global damping in addition to tower oscillation dampers. Above a certain cut-off
frequency, the tower oscillation may set up surface waves in the ground that
propagate radially, which is defined as the radial foundation damping. For OWTs,
the cut-off frequency is generally higher than the fundamental mode and the
governing load frequencies. The radial damping does therefore not contribute much
to the global dynamic response of OWTs. However, the material soil damping as
well as the effect of added mass do affect the overall response, which may be
utilized in OWT design. Example of an integration of a global soil damping using
Finite Elements is found in Appendix C. Evaluation of sensitivity studies of the
global structural response of a monopile subject to different damping factors are
given in Appendix D. Based on the method outlined in Appendix D, we have
calculated time histories of the mudline moment in from an extreme storm load.
Figure 1.4 show that the monopile foundation damping due to such extreme loads
under parked conditions differ considerably from the case of an undamped
foundation.

(A) Full 1-Hour Time History Example (B) Magnification of Time History
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Figure 1.4  Example of a mudline moment time history for a monopole
foundation due to a stochastic storm load (from Carswell et al.,
manuscript in final preparation). Cases with and without foundation
damping are compared.

2 A new method for interpreting soil damping from laboratory data

Previous methodology for interpreting the damping from laboratory data does not
currently take into account permanent strain accumulation. However, it is desirable
to account for strain accumulation as tests combining cyclic and static loads are
commonly applied. Therefore, we have developed an improved method that correct
for the strain accumulation. In the present examples, all tests are stress controlled.
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Figure2.1  An example of a stress-strain path for a DSS test superimposing
static and cyclic stress. Left panel, cyclic behaviour showing both
the cyclic and the permanent accumulated strain. Right panel,
filtered stress-strain loops (the permanent stress term is removed
here).
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e Each cycle is identified through a zero crossing method. This takes the stress
or strain time series and finds every instance of a zero crossing, by first
subtracting the mean value (an example of a cyclic stress strain curve with
strain accumulation is given Figure 2.1). In this procedure, care is taken to
avoid artificial crossings due to noisy data. A cycle is defined as the period
between each up crossing or down crossing.

e  Strain accumulation terms are filtered from the stress and strain histories. We
apply a polynomial curve fit for the accumulation, and then subtract the fitted
function. An example of the stress-strain relations before and after filtering is
shown in Figure 2.1.

e For each individual filtered cycle, the energy loss is computed by integrating
the cyclic components, Aw = $1.dy, = fOTrC (dy./dt)dt, where the
subscript ¢ accounts for the periodic (cyclic) component. The maximum
potential energy may either be computed by the expression Wy =1/2-G-ymax°.
Here, we use two different definitions for the shear stiffness G (see Figure 2.2
for a definition). An approximate value of Gi = Tmax/ymax Which is most
practically convenient to extract from lab-data, and the theoretically correct G
= 1(ymax)/ymax. These yield the following expressions for the potential energy,
Wp2:1/2"Ymax"Cmax and Wp2:1/2"Ymax'T('Ymax).

e The time dependent loss and damping factors are found by inserting the
expressions for the energy loss Aw and potential energy wp in the expression
above for every cycle.

The damping may also be interpreted as the phase ¢,: between the stress and strain
histories. A measure of the phase may be found in the frequency domain by means
of a Fast Fourier Transform (FFT). The FFT provides a more stable measure of the
damping, as the effects of fluctuations from the time series in the measurements are
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automatically smoothed in this method. This alternative method was implemented
in the frequency domain. In this method, we extract the stress and strain time
histories from each cycle. We also including tapered signals one cycle ahead and
after the cycle in question using a cosine square function. In the frequency domain,
the phase between the stress and strain is extracted at the load frequency to provide

a direct measure of the loss factor, i.e. n=@y-.

Figure 2.2  The two different definitions of the stiffness used in the damping
calculations for an ideal stress-strain cycle. G is defined by the
ratio of the peak stress and strain, whereas G is defined using the
stress value at the maximum strain. The width of the loop is
exaggerated to demonstrate the difference in the definitions.

Below we compare each of the three methods for estimating damping from the
laboratory tests.

2.1 Interpretation of damping factors from laboratory measurements

In the following, we provide some examples of damping interpretation using the
improved algorithm that corrects for permanent strain accumulation. A more
detailed set of cyclic stress-strain curves with related damping factors are found in
Appendix B.

The results are compared to an existing method that does not take this effect into
account. Data examples are taken from Direct Simple Shear (DSS) tests on clay
(NGI, 2008), and the damping factor D is interpreted from shear stress and shear
strain histories obtained from the test. The tests consist of pure cyclic shear loading
with pure cyclic strain (e.g. Figure 2.3), as well as superimposed static and cyclic
loads resulting in both cyclic and accumulated strain (e.g. Figure 2.4 and Figure
2.5). As shown by comparing the damping values for the various methods, the old
and new method provide more or less identical results when there is no strain
accumulation (Figure 2.3). For small strains deviations are hardly visible. We see
that by using the approximate expression for the stiffness (blue circles) a slightly
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too low damping is obtained compared to the damping obtained from using the
correct stiffness (blue crosses) at large strain. However, this error is by no means
dramatic. Furthermore, we see that the frequency-phase method provide the lowest
damping estimates, but still with small deviations from the other methods.

When the strain accumulation is introduced, the new methods result in lower
damping values than the old method (Figure 2.4), meaning that an artificially high
damping is reported when not correcting for the strain accumulation (displayed by
the red markers). This artificial effect becomes more prominent when the strain
accumulation is large, as exemplified in Figure 2.5. Here we see that the reported
damping factor is twice as high as it should be when not correcting for the strain
accumulation. The relative importance of the strain accumulation may also be
interpreted visually, i.e. it is important when the stress-strain cycles are clearly
distinguishable and far from being closed. The latter observation is found for
instance by comparing the stress-strain relations and corresponding damping factors
in Figure 2.4 and Figure 2.5. All the three new methods taking into account the
strain accumulation provide quite coherent results. The most stable measure of
these three is clearly the frequency domain method. As for the pure cyclic tests
discussed above, the results using the two time-domain methods yield only small
errors in the damping for using the approximate expression for the stiffness.

Figure 2.6 shows a comparison of the damping curves as a function of the maximum
cyclic strain during a load cycle for clay and sand respectively. It is noted however,
that the sand sample is loaded purely cyclic, whereas the clay test is unsymmetric
with a stress offset. Keeping this in mind, we see that the damping is diametrically
opposite at high strains. Whereas the damping increases with strain for the clay
sample, the damping is decreasing as a function of the strain for the sand sample.
The damping behavior for the sand sample at high strain is most likely related to
the increased stiffness that occur during dilatation. This is observed for the single
stress strain loops. At small cyclic strain, the stress-strain loop is more elliptic. At
high strain, the stress-strain loop loses the ellipticity and have large tangential
stiffnesses near the peak strain. At the same time, the area under the stress strain
loop is reduced compared to the maximum potential strain energy, leading to
reduced damping.
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Figure 2.3

Maximum cyclic strain y
c.max

DSS test with pure cyclic loading for a load period 10s. Upper panel,
stress-strain curves for all cycles. Lower panel, damping factors as
functions of the maximum cyclic strain. Red markers refer to the old
method where strain accumulation is not accounted for, blue
markers to the new method in the time domain (using two different
stiffness definitions), and green markers correspond to the
frequency domain approach.
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Figure 2.4  DSS test with a constant shear stress of z=20.9kPa, and a load

period 10s. Upper panel, stress-strain curves for last 10 cycles.
Lower panel, damping factors as functions of the maximum cyclic
strain. Red markers refer to the old method where strain
accumulation is not accounted for, blue markers to the new method
in the time domain (using two different stiffness definitions), and
green markers correspond to the frequency domain approach.
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Red markers refer to the old method where strain accumulation is
not accounted for, blue markers to the new method in the time
domain (using two different stiffness definitions), and green markers
correspond to the frequency domain approach.
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Figure 2.6 Upper panel, damping ratios and examples of cyclic curves for a
clay sample. Lower panel, damping ratios and examples of cyclic
curves for a sand sample. The insets show examples of single load
cycles at a given strain level.
3 Analytical correction for strain accumulation in the damping term

In this section, we analyse the correction factors for the damping or loss factors
obtained from integration of cyclic stress-strain loops due to strain accumulation.
In Appendix A we derive a simple model capturing the basic physics of a soil
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subject to both cyclic and permanent strain accumulation. Here, we demonstrate
that despite its simplicity, the model follows the measured load cycle closely.

(t)= 15 + 1p€'t

V(t)=

ﬂ{s(t) + ﬂ{oeiﬁ)t

AL
“strain accumulation term”

Figure 3.1 Sketch of a single degree of a mass-spring-dashpot coupled to a
single damper and system subject to periodic loading. The
subscripts ““s represents static load and displacement terms.

Figure 3.1 shows a sketch of the simple soil model, that is, a damped single degree
of freedom system attached to an additional damping component. An external force
composed of a static and a harmonic load component is acting on the system. This
coupled spring-damper system represents a more realistic, yet simplified
representation of the soil behaviour with strain accumulation obtained from
laboratory measurements. The additional damping term labelled c: represents the
permanent strain accumulation. As shown in Appendix A, we obtain the following
(corrected) loss factor for this system:

n= WIIJ, (Eq.3.1)

Where the following help factors are defined as:

Y = 1,:k1 +k;, k= %; kjy = %;k): =k tk (Eq.3.2)

I1

The original expression for the loss factor without strain accumulation reads
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Correction due to strain accumulation is contained in the kj; term, which again
enters the y and ks terms. A large value c: (and consequently ki) is interpreted
as large resistance to strain accumulation and close to pure cyclic behavior. For
large values of ki1 the strain accumulation becomes negligible and Equation 3.2 is
retained. Comparing Equation 1.5 and 3.2, it is possible to deduce that the strain
accumulation increases the loss and damping factors. l.e. the correction terms
introduced (kiz, v, and k) adds to the viscous terms. Generally, the permanent strain
accumulation becomes large (and important) when c1 and correspondingly ki are
small. Correspondingly, the terms become negligible when large. As demonstrated
below, the effect becomes noticeable for say ci/c < 1000, and is clearly important
for ca/c < 100.

Figure 3.2 shows an example of a stress strain curve simulated using the simple
system proposed in Figure 3.1 (details of the governing equations for strain and
stress are given in Appendix A). We insert the cyclic and constant stress
components 1o = 18.7 kPa and ts = 20.8, and find the following best fit parameters
for the damping and stiffness by visual inspection; G=11.56 MPa; ¢ = 4.6-10°; ¢1 =
250-c, providing a loss factor of 0.27. As shown in Figure 3.2, we obtain a fairly
good agreement between the model and the laboratory tests by comparing the
results. An even better agreement may be obtained by fine tuning the stiffness and
damping parameters more. However, the present fit is sufficient for the
demonstration purpose which is the aim of the present computation.

Figure 3.3 shows two different simulations with the same load situation and
stiffness as above, but for two different strain accumulation rates, i.e. ci/c = 250 and
c1/c =50. We see that for relatively large ratios ci/c (small strain accumulation), the
correction (relative error) due to strain accumulation is about 3% of the total
damping value and almost negligible. In the case of smaller ratios ci/c (large strain
accumulation) however, the correction (relative error) due to the strain
accumulation is more than a fraction of 30% of the total damping value which
certainly needs to be accounted for in interpretation of laboratory measurements.
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Creep to damping ratio c1f'c=250, 1n=0.27088, k|=0.25002, error=6.2034%
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Figure 3.2  Comparison between laboratory measurement and a simulated

stress strain curve. Upper panel, single cycle with the strain
accumulation is filtered out. Lower panel, five cycles with
permanent strain accumulation retained. The errors given in the
figure headers are relative.
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c1lc=500, n=0.26299, k|=0.25002, error=3.1151%

4
4)(10

92 -1 0 1 2 3
Y x 107
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Figure 3.3  Example of the error in damping for two synthetic stress strain

loops. Upper panel, ci/c = 500, lower panel ci/c = 50. Both

examples are may represent realistic ranges in terms of strain

accumulation to cyclic strain ratios. The errors given in the figure

headers are relative.

4 Final remarks

Analyses of laboratory data have shown that the interpreted hysteretic soil damping
becomes too large unless the permanent strain accumulation is filtered out. On the
other hand, the strain accumulation contributes to hysteretic loss in addition to the
material damping. The effect of strain accumulation should be accounted for at least
for high strains. In practice, this effect becomes important when the stress-strain
loops are clearly not closed in experiments with combined static and cyclic loads.
A pure filtering of the strain accumulation from the strain history leads to a reduced
damping. However, the strain accumulation accounts for some of the hysteretic
damping, and this effect gives a counterbalance.
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In this report, three different methods for processing laboratory data for estimating
the damping is established, tested, and compared to a previous method that did not
take into account the strain accumulation. A new method is necessary in order to
provide correct damping estimates. The three new methods (two time domain
methods and a frequency domain method) all provide relatively coherent results.
The frequency domain method provided the most stable results, and should if
feasible be implemented in new laboratory routines. The simplest alternative is to
use the time domain method based on the peak-to-peak stiffness.

The current study is a first step towards a better understanding and interpretation of
damping parameters for soils and focuses on basic concepts. A crucial next step
would include methods for interpreting the damping correctly in models soil-
structure interaction for realistic loads and structures, to clarify the importance of
soil damping for windmill foundations. To this end, the examples in Appendices C
and D provides a good starting point. Due to the industry’s need for simple and
efficient models used for large scale, it is essential that the damping formulation is
kept simple.
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Appendix A - Derivations
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A2 Damped single degree of freedom system coupled serially with an
additional damper 5
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Al  Single degree of freedom system with damper

Z=Zoelﬁ)t W,

A — i(ﬂt
(=Yo€ - ?

/777777

Figure A1.1 Left panel: Sketch of a single degree of freedom spring-dashpot
system subject to periodic loading. Right panel: Definition
sketch showing the interpretation of potential energy and energy
loss in a hysteretic loop.

We consider a single degree of system with a spring and damper defined in
Figure Al.1, and first investigate the massless behavior. The load and the
displacements are defined as:

P = Pye'®t, z = zye'vt,

Here, z the time dependent displacement, and zo and Po are complex
displacement and force amplitudes respectively. For the massless system with a
complex stiffness k(1+iki), this gives the equation of motion:

z=z,el0t
k(1+ik)z =P —=— k(1 + ik,) = Py/z,.

We next consider a spring with stiffness k [N/m] and a viscous damper with a
viscous damping constant ¢ [N/m/s]. A harmonic load P is also acting on the
system. The equation of motion for this system is given by:

Zoeiwt

cZ+kz=P —X 5 k(1 +iwc/k) = Py/z,.

We see that for this expression with a viscous damper, we get a damping term
that is frequency dependent, which differs from the system with the hysteretic
damping terms. We now define ki according to

k_cw
'~k
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Using this definition, the force may be written

P = kz, /1 + k7 - ell@tte)

Here, the phase angle ¢ is defined as g=atan(ki)=asin(ki/(1+ki?)*?). The latter
expression is useful as it simplifies the derivations below. Formally, the loss
factor n is proportional to the ratio of the energy dissipation pr. cycle
Aw divided by the potential energy wp, that is

1 1 Aw

n:ZD:

Q 21wy

Here, we have also defined the damping factor D which is simply the half of
the loss factor, and the quality factor Q which is the inverse of the loss factor.
A visual interpretation of the loss factor in a load displacement diagram is
sketched in Figure Al.1. The energy loss Aw is interpreted as the area under
the load displacement curve, whereas the potential energy wp is the area under
the triangle. The potential energy may be approximated as

z2k

wp = 2=
P 2

and the energy loss by mean of the integral

T
Aw = 3€sz =f Pzdt
0

T
=f —Zy k- ’1+k,2-cos(a)t+qo)-zo-a)-sin(a)t)dt
0

= kzé sin(p) |1+ k?
Giving

cw
n = sin(p) [1+k? =0

Next, we investigate dynamic systems with a non-zero mass, and denote the
natural frequency wn, the critical damping constant ccr and the fraction of
critical damping € as:
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By applying the equality between the loss factor and the viscous damping
above, the derivation below show that the damping factor D equals the degree
of critical damping at the natural frequency n, but that they deviate otherwise:

lcw cw cC w w
p=1=>2= —= =
2 2 k 2k k Cer Wn Wn

Hence, a frequency independent damping or loss factor implies that & is
inversely proportional to the frequency. On the other hand, a purely viscous
damping, keeping & constant, gives a damping or loss factor increasing linearly
with frequency. Figure Al.2 shows a sketch of the damping factors in the
respective systems.

Hysteretic system

WV

O ®

Figure A1.2 Sketch showing the damping factor for a frequency independent
hysteretic and a frequency dependent viscous system as a
function of the angular frequency

Based on the above definitions and using a viscous damper, we may define
amplification factors for a viscous and a hysteretic system that arises from the
force balance according to

Zok

Py

po(w) = X ‘ k

w2\, = [2) w5
(-G )il Ja-ghorresy?

and
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1

(1-(0%)2)“77

1

(A-GoyDy2+n?.

Zok

Py

pr(w) =

Figure A1.3 shows the amplification factors for different values of c, and
comparing the responses with a pure viscous (frequency dependent damping)
and a hysteretic damper. A unitary mass and a spring stiffness k = 100 N/m was
applied. pv and pn corresponds to a pure viscous and hysteretic damper,
correspondingly.

10
9.944,

p y(o(freq). 1)

p n(o(freq). 1)

p y(o(freq),3)

p p(w(freq),3) = — —

p (o (freq) , 10)

p (o(freq), 10)

0.1
0.1
0.1 1 10
0.1 wo(freq) 3
(0]

.n

Figure A1.3 Examples of amplification factors as function of the normalized
load frequency. ov and pn corresponds to pure viscous and
hysteretic dampers, correspondingly. The values of ¢ are 1, 3,
and 10. We see that whereas the peak amplification factors all
appear for the same frequency for the hysteretic damper, a
frequency shift appears for the viscous damper.

A2 Damped single degree of freedom system coupled serially with an
additional damper

We consider the system with two dampers and one spring defined in Figure
A2.1, and first investigates the massless behavior. The system represents a case
where the displacement (or strain) may accumulate. The damping constant for
the new additional damper is denoted c1, and the terms associated with c1 are
subsequently referred to as strain accumulation terms. The load acting on this
system is a superposition of a constant and a harmonic load. Correspondingly,
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we obtain the solution for the displacement by adding the static and harmonic
displacement. We derive the following static response.

The dynamic displacement may again be derived from the force balance giving

Py 1 1+iky 1w
Zpg=———"—— K= k4= ks =k + k
07 k (1-K)+ik;(1-k)’ 1+ikg’ 11 Kk TE n I

(with strain accumulation)

P, 1
- = 1—ik
K 1+ik; K 1+k2( )

(without strain accumulatlon)

Z():

Hence, we see that the strain accumulation term represents a correction to the
soil response, represented with the terms x and k. By transforming the
equation above, we obtain alternative forms for the displacement:

Pp 1 _
ikkllk k(1+k

1+k1

Zy = + k; (with strain accumulation)

2) (1 ll/)) l/) -
From this equation it is evident that the strain accumulation term only adds
correction to the imaginary part of the displacement. Furthermore, we see that
the correction is large if c1 is small (large strain accumulation), but that it
vanishes if c1 is large (negligible strain accumulation). For computing the loss

factor, it is convenient to invert the above expression to yield the force as a
function of the displacement, i.e.

7y - k - k? k'k2 )
Po= =g A+ ) = S T e

Here, the phase angle ¢ is defined as p=atan(y)=asin(w/(1+ y?)"?)Integrating

the real part of the load and displacement yields the following result of the
energy dissipation Aw:

T
Aw = ngdz =f Pzdt
0

J‘T—zg-k-k,zl-,/1+1/)2-cos(wt+<p)-w-sin(wt)dt
0 1+ kg

_ mkkfyz§
1+ Kk
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The estimate for the energy loss from the SDOF system above is retained, so
we get the following expression for the loss factor, corrected for accumulated

displacement:

1 Aw 1 z¢mkkf 2y kEYp €XC1 cw

21 wp 21 (1+kg) kzZ  1+k2 k'’

I.e., we obtain the original SDOF expression for the loss factor when ci is
large.

77

“strain accumulation term”

Figure A2.1 Sketch of a single degree of a mass-spring-dashpot coupled to a
single viscous damper and system subject to periodic loading.
The subscripts ““s™ represents static load and displacement

terms.

Next, we consider the coupled system with a nonzero mass. The force balance
for the harmonic components of the load and displacement yields the following
amplification factor:

1
(@) el

applies to the stiffness and damping terms as for the massless system. Figure
A2.2 depicts the amplification factor as a function of frequency for different

_ Zok
Py
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unitary mass and a spring stiffness k = 100 N/m was applied,

and a value of ¢ = 4 was used. The smallest values of c1 correspond to a system
with large displacement accumulation, providing much larger amplification for
the lowest frequencies. For large values of c1 the amplification factor becomes
almost identical to the SDOF system with a damper.

.83.78,

p(o(freq), ¢, 50)
p(w(freq),c, 1000)

p(w(freq),c, 1)

0.01

Figure A2.2

100

10

1 e

N

0.01
0.01 0.1 1 10

.0.063, o(freq) 6.283,

(0]

N

.n

Examples of amplification factors as function of the normalized
load frequency for the coupled system. The values of c1 are 1,
50, and 1000.
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Appendix B - Examples of damping
curves from cyclic DSS
tests

Contents

B1 A very brief description of the investigated soil samples
B2 Results
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B1  Avery brief description of the investigated soil samples

The present Appendix depicts outcomes of a range of cyclic DSS tests with respect
to damping. Figures B2.1-B2.13 display results for clay samples, whereas
Figures B2.14-B2.17 display results of tests conducted for sand.

The clay samples had a water content of about w=39%, a clay content of about 38%,
unit weight of solid particles of ys=27.74 kN/m?, a plasticity index of about 1,=11%,
liquid and plastic limits of about wi=31% and wp=20%, a sensitivity of more than
St=70, and an apparent overconsolidation ratio (OCR) due to secondary consolidation
less than 1.5. The preconsolidation stress was obtained from constant rate of strain
oedometer tests. Grain size distribution curves are presented in Figure B1.1. Further
details of the samples are given in NGI (2008). Average shear stresses of about
0.17-0vc’, 0.22-6v¢” and 0.3-cvc” were used respectively, where ovc’ denotes vertical
consolidation stress.

The sand samples are clean sand with D10=0.09 mm. Test 1131 and 1104 have
relative densities of 100%, ov.’ = 200 kPa, and Overconsolidation Ratio (OCR)=1.
Test 1199 has a relative density of 80%, ov.’ = 200 kPa, and OCR=4. Test 1150 has
a relative density of 100%, ov.’ = 40 kPa, and OCR=L1.

c
L SILT SAND GRAVEL
A
Y | Fine | Medium | Coarse | Fine |Medium | Coarse | Fine | Medium | Coarse
US Standand Sieves e . L L . s . L S
150 Standard Sieves 1;75 .125] ,25] 5‘ 1 ' 21 4 ' 8 I 161.:3 3‘|.5I 63
100 -
20 ,/
Vi
80 £
£
70
/2
+
g &0 o
7 7
2 50 o
o ~
X 40 A ad
A
30 -
-=-=-B
20 — - c I
— —D
10
0002 0006 0.02 0.06 0.2 06 2 3 20 0
Grain size, mm
Curve Boring Sample Depth Do Dg |Clay cont|Sal Description Method
No. No. m mim mm %o dry/wet-sievi
A 200 316 10.62 0006 | 403 [ciay Falling drop
B 200 317 1067 0007 | 370 [clay Falling drop
c 200 319 1067 0007 | 377 |[clay Falling drop

Figure B1.1 Grain size distribution curves for clay samples
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B2 Results

4 DSS test no2, T=10s
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Figure B2.1 Results from cyclic DSS test for DSS2 (clay sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different methods.
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104 DSS test no3, T=10s
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Figure B2.2 Results from cyclic DSS test for DSS3 (clay sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different methods.
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DSS test no5, T=10s
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Figure B2.3 Results from cyclic DSS test for DSS5 (clay sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different methods.
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4 DSS test no8, T=10s

JxlO

Shear stress [Pa]

N )
/ //////

=
I —

»0%05 0 0.005 0.01 0.015 0.02 0.025
Shear strain

——0Id method
60[{— New method, time - peak t, peak y

New method, time, peak y
New method, frequency

50

N
[}

30

i

!\

Damping ratio [%]

N
o

/\/‘/\/

10/
0

0 10 20 30 40 50 60 70 80 90 100
Cycle number
> Old method
60[] °© New method, time - peak t, peak y
+ New method, time, peak y
New method, frequency

50
40
§=}
©
2
£ 30
€
©
o

20 oo []

LSRRGS B pes
10
0
0 0.5 1 15 2 25 3 3.5
Maximum cyclic strain Yemax x10°
Figure B2.4 Results from cyclic DSS test for DSS8 (clay sample). Upper panel,

stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different methods.
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X 104 DSS test no9, T=10s
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Figure B2.5 Results from cyclic DSS test for DSS9 (clay sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different methods.
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M 104 DSS test nol0, T=10s
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Figure B2.6  Results from cyclic DSS test for DSS10 (clay sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different methods.
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Figure B2.7 Results from cyclic DSS test for DSS11 (clay sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different methods.
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~x10* DSS test no13, T=1s
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Figure 2.8  Results from cyclic DSS test for DSS13 (clay sample). Upper panel,

stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different methods.
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Figure 2.9  Results from cyclic DSS test for DSS15 (clay sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different methods.
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Figure B2.11 Results from cyclic DSS test for DSS17 (clay sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different methods.
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DSS test nol8, T=1s
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Results from cyclic DSS test for DSS18 (clay sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different method.
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x10* DSS test n0o1104, T=10s
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Figure B2.13 Results from cyclic DSS test for DSS1104 (sand sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping

parameter as a function of the maximum cyclic strain using three
different methods.
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DSS test no1131, T=10s
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Figure B2.14 Results from cyclic DSS test for DSS1131 (sand sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different methods.
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DSS test no1150, T=10s
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Results from cyclic DSS test for DSS1150 (sand sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three
different methods.
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DSS test 01199, T=10s
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Figure B2.16 Results from cyclic DSS test for DSS1199 (sand sample). Upper panel,
stress-strain loop. Mid panel, the damping parameter as a function of
the cycle number using three different methods. Lower panel, damping
parameter as a function of the maximum cyclic strain using three

different methods.
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Figure B2.17 The damping parameter as a function of the maximum cyclic strain.

Upper panel, all the clay tests compiled using the frequency phase
method. Lower panel, all the sand tests compiled using the integral
method and the secant stiffness at maximum shear stress.
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C1 Introduction

A procedure for obtaining Global foundation stiffness and damping values with help
of an FE analysis has been developed. Horizontal and rotational load displacement
curves and damping values for a mono-pile have been established intended to be used
for an integrated structural analysis of an 5SMW NREL offshore wind turbine. A
typical monopile foundation and soil profile from a wind farm in the North Sea was
used.

C2 Methodology

Mudline loads to be applied to the foundation were computed with the software
FAST /7/ with a fixed base turbine model. In an NGI in house nonlinear finite
element code the loads from FAST were applied to model of the mono-pile and
surrounding soil.

Available information on the structural components of the mono-pile were used to
establish a simplified foundation model. Information in references /1/, such as initial
stiffness and strength parameters, were used to establish necessary input parameters
for the FE-analysis of the foundation and soil.

To establish foundation stiffness and damping values to be used in a structural
dynamic analysis, consistent stress-strain and damping-strain curves, covering a
large range of shear strain from 1e-4% to 10%, has been established for the different
soil layers, based on the geotechnical information in /1/ together with so called
modulus reduction and damping curves from reference /3/.

The stress-strain and damping-strain curves are used in the FE-analysis to compute
load displacement curves for the foundation. The applied loads and computed
foundation displacements and rotations are used to establish uncoupled horizontal
and rotational spring stiffness values and corresponding damping values.

C2.1 Description of the NGI foundation FE-tool (Infidel)

The in-house FE-software, Infidel is used in the analysis. It is a non-linear, 3-D Finite
Element program and it is primarily intended for soil-structure interaction analysis
during design of offshore structures. Incompressible or near-incompressible soils can
be modelled. The soil volume in the computational model may extend to infinity in
all horizontal directions. Special skirt and shell elements allow a simplified
modelling of structure flexibility.

It is a static analysis tool with non-linear stress-strain constitutive models for the soil.

In addition it uses curves for damping factor-strain to compute hysteretic energy loss
as described in the next section.
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C2.1.1 Damping computations

The NGI in-house code Infidel software computes a global hysteretic damping ratio
for the system analysed. This is accomplished by means of numerical integration of
the hysteresis energy (area of loop) over the entire soil volume.

The damping factor, D, in a soil element is defined as

 4mA;

Here A_is the strain energy at maximum strain during a cycle. A, is the area of the

hysteresis loop, i.e. it represents the energy absorbed by the sample in the course of
one load cycle.

Infidel computes a corresponding global foundation damping factor, Df,yn4, as

Ep
Dfound = FES

Where Ej,, is the hysteretic energy summed up for all elements and E is the elastic
strain energy summed up for all elements.

C2.1.2 Modelling assumptions

For the purpose of the FE-analysis of the loads below, the mono-pile foundation was
modelled with solid elements with an equivalent Youngs modulus as to give the same
bending stiffness as the monopile. The poisson’'s ratio of the steel in the mono pile
was kept at 0.3.

For large ratio between cross section dimension and the active pile length, shear
deformations need to be accounted for. This has not been considered in the performed
analysis and the resulting bending stiffness of the equivalent pile may be higher than
the bending stiffness of the prototype mono-pile.

The pile was assumed to be in full contact with the soil, effects of gapping due to
non-linear compression of the soil on the side of the pile and/or erosion has not been
considered.

The foundation loads computed with FAST was applied to the Infidel model over 20

steps with 2 iterations per step. The loads were increased proportionally assuming
that the mudline horizontal load and moment are in phase.
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C3 Wind and wave loads on 5MW NREL wind turbine

Loads used to establish foundation stiffness and damping were computed with FAST
/8/. The FAST software has a built-in model of the 5MW NREL wind turbine.

The horizontal force and moment load at the mudline were established for
environmental conditions corresponding to 18 m/s turbulent winds, a significant
wave height of 5 m, and peak spectral wave period of 12.4 seconds.

Time histories of mudline moment and horizontal load are shown in Figure C3.1 and
Figure C3.2 and their Fourier spectra are shown in Figure C3.3 and Figure C3.4.

The time histories indicated that the mudline moment is dominated by the wind
loading, resulting in a mudline moment, M, approximately proportional to the
horizontal load, H. Multiplying the average horizontal force with the height of the
OWT (90 m) results in a value similar to the average moment.

The dominant frequency of the loading is used both in computing soil material
damping wich is an in the Infidel analysis, and also for establishing viscous dashpot
coefficients representing the foundation hysteretic energy loss.

The foundation analysis below were based on a maximum mudline shear force of
2210 kN and an overturning moment of 88680 kNm taken from the time histories.

Vertical loading has not been considered in this study.

In the load computations with FAST the bottom of the OWT is clamped, i.e. the
foundation stiffness is infinite. Preliminary results not presented within here indicate
that using foundation with realistic stiffness in FAST may increase the loads and also
reduce the dominant loading frequency.

Mudline Moment
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40000
20000
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Figure C3.1 Mudline moment time history
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Mudline Horizontal Load
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Figure C3.2 Horizontal load time history

Mudline Shear
300 . . :
2501 S SRR SR SRR SR
° ‘ ‘ ‘ ‘ ‘
3 200 - e
=
& 150 )
=
|_
I 100 FBH- - - - - - -
[T
‘ ‘ R
0 0.5 1 1.5 2 25 3
Frequency (Hz)

Figure C3.3 Mudline shear spectra

p:\2011\00\20110087\leveransedokumenter\rapport\fina\20110087-01-r_appc_final.docx

600

F»
NGI

Document No.: 20110087-01-R
Date: 2014-05-12

Revision: 0

Appendix C, Page 5



e
NGI

Document No.: 20110087-01-R
Date: 2014-05-12

Revision: 0

Appendix C, Page 6

Mudline Moment
6000 f f f f f

5000

4000

3000

FFT Magnitude

2000

1000

0 ‘ ‘ ‘
0 0.5 1 1.5 2 25 3

Frequency (Hz)
Figure C3.4 Mudline moment spectra

C4 Geometry and material parameters

A monopile with 5.2 m diameter have been used to develop a procedure for
establishing stiffness and damping curves for foundation.

Finite element analysis to establish load displacement curves were performed with a
geometry, described in detail /1/. The input geometries to the Infidel software is
shown in Figure C4.1 and input parameters given in Table C4.1.

A 32 m long pile is embedded in 48m deep soil deposit divided in 3 soil units
described in section C4.1.

To the right of the mesh shown in Figure C4.1 the model has infinite elements to
account for infinite extent of the soil.
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Information for preparing

Infidel input file for Sheringham Shole monopile

Element | Layer Number in

number

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29
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34

35

36

37

Figure C4.1

Table C4.1

firstcolumn  Layer thickness material
0
1 2 3001
2 2 3001
3 2 3001
4 2 3001
5 2 3001
6 4 3001
7 4 3002
8 4 3002
9 2 3002
10 2 3003
11 2 3003
12 2 3003
13 2 3003
14 2 3003
15 2 3003
16 2 3003
17 4 3003
18 6 3003

Each ring and layer is diveded in 2, resulting in 4 elements in each cell below
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17| 54 | 91| 128| 1690 202 | 239| 276 | 313| 350 387 | 424 461 | 498 | 535 | 572 | 609 | 646 | 63| 720 | 757 | 704 | ez | ses | o5 | o2 | o790 | 1016
22 18 | 55 | 92 | 129 | 166 203 | 240| 277 | 314 | 351| 388 | 425| 462 | 499 | 536 | 573 | 610 | 647 | 684 | 721 | 758 | 795 832 869 906 943 980 1017
10 | 56 | 93 | 130 1670 204 261 278 | 315 | 352 380 426 463 | 500 | 537 | 574 | 611 | 648 | 685 | 722 | 750 | 796 | 33 | s | o7 | oas | em | 1018
2 20| 57 | 94 | 131| 160 205 | 242| 270 | 316| 353 | 30| 427 | 464 | 501 | 538 | 575 | 612 | 649 | 686 | 723 | 760 | 707 | @34 | e | oo8 | ous | os2 | 1019
21| 58 | 95 | 132| 1690 206 | 243| 260 | 317| 354 | 301 | 428| 465 | 502 | 539 | 576 | 613 | 650 | 687 | 724 | 761 | 798| w5 | ez | o0 | os6 | o83 | 1020
26 22 | 59 | 96 | 133 | 170 207 | 244| 281 | 318 | 355| 392| 429| 466 | 503 | 540 | 577 | 614 | 651 | 688 | 725 | 762 | 799 836 873 910 947 984 1021
23| 60 | 97 | 134| 1710 208 | 245| 262 | 319| 356 | 303| 430| 467 | 504 | 541 | 578 | 615 | 652 | 680 | 726 | 763 | 800 | &3 | e74 | o; | o8 | oss | 1022
28 24 | 61 | 98 | 135| 1770 200 | 246| 263 | 320| 357 | 204 | 431| 468 | 505 | 542 | 570 | 616 | 653 | 690 | 727 | 764 | 801 | &3 | 875 | o12 | es9 | os6 | 1023
25 | 62 | 99 | 136 | 1730 210| 247| 284 | 321| 358 | 395| 432| 469 | 506 | 543 | 580 | 617 | 654 | 691 | 728 | 765 | 802 839 876 913 950 987 1024
30 % 100 17| 1744 211 | 248 | 285 | 322 | 350 | 396 | 433| 470 | 507 | 504 | 561 | 618 | 655 | 692 | 720 | 766 803 | 80 | &7 | 914 | s | 88 | 1025
27 101|138 | 170 212 | 249 286 | 323| 360 | 307 | 434| 471 | 508 | 545 | 52 | 619 | 656 | 693 | 730 | 767 | 804 | ear | e78 | o15 | os2 | o8y | 1026
32 28| 65 [ 102] 130 | 176| 213| 250| 267 | 324 | 361 | 298| 435 | 472 | 509 | 546 | 563 | 620 | 657 | 694 | 731 | 768 | 805 | eaz | e79 | o6 | os3 | oe0 | 1027
29 | 66 | 103| 140 | 177| 214| 251| 288 | 325| 362| 399| 436 | 473 | 510 | 547 | 584 | 621 | 658 | 695 | 732 | 769 | 806 843 880 917 954 991 1028
34 30 | 67 | 104 141| 178| 215 | 252 280 | 326| 363 | 400 437 | 474 | 511 | 548 | 585 | 622 | 659 | 696 | 733 | 770 | 807 | 844 | ser | o8 | o5 | 9w | 1020
31| 68 [ 105| 142| 179| 216 253| 200 | 327 | 364 | 401 | 438| 475 | 512 | 540 | 586 | 623 | 660 | 697 | 734 | 771 | 808 | eas | es2 | o190 | es6 | 9w | 1020
36 32 | 69 | 106| 143 | 180| 217| 254| 291 | 328 | 365| 402| 439| 476 | 513 | 550 | 587 | 624 | 661 | 698 | 735 | 772 | 809 846 883 920 957 994 1031
33| 70 | 107|144 | 181| 218 255 202 | 329 | 366 | 403| 40| 477 | 514 | 551 | 588 | 625 | 662 | 699 | 736 | 773 | &r0 | ear | se4 | o2 | os8 | 9v5 | 1032
38 34| 71 | 108|145 | 182| 21| 256 203 | 330| 367 | 404 | 441| 478 | 515 | 552 | 59 | 626 | 663 | 700 | 737 | 774 | 811 | eas | ess | o2 | os0 | ov6 | 103
35| 72 | 10| 146 | 183| 220 257| 204 | 331 | 368 | 405 | aa2| 479 | 516 | 553 | 500 | 627 | 664 | 701 | 738 | 775 | 812 | ea9 | ess | o2 | o0 | 907 | 1084
42 36 | 73| 110| 147 | 184 221 | 258 295 | 332 | 36 406 443 40 | 517 | 54 | 501 | 628 | 665 | 702 | 739 | 776 [ 813 | s | ssv | 4 | oer | 9w | 103
37| 74 | 111|148 185| 222 250 206 | 233| 370 407 | 444 | 481 | 518 | 555 | 502 | 629 | 666 | 703 | 740 | 777 | gra| es1 | ess | o5 | o2 | ov9 | 103

Diameter (D)

52m

Thickness

0.07m

Embedment Depth

32m

Young’s Modulus

210 GPa

p:\2011100\20110087\leveransedokumenter\rapport\final\20110087-01-r_appc_final.docx

Monopile parameters

Input of geometry to Infidel of 32 m long 5.2 m diameter pile
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C4.1 Soil profile and input parameters

The soil profile is described in /1/. Below is given the idealized profile used in the
analysis.

Input parameters were based on a specific North Sea offshore site. The input
parameters for analysis are shown Table C4.2.

The initial shear modulus, Gmax, IS necessary as input for establishing stress-strain
curves. The initial shear moduli were computed from shear wave velocities, shown
in Figure C4.2. The Poisson's ratios were determined from the shear wave and
pressure wave velocities. Undrained shear strengths, plasticity indices, and over
consolidation ratios were taken from the specific North Sea offshore site.

Velocity (Vs, Vp)

0 500 1000 1500 2000 2500
0

5

o L\ N\
25 \ \\

30 \ \
35 \ \

40

Depth beneath mudline

45

50

Figure C4.2 Shear and pressure wave velocity profiles used in analysis

Table C4.2  Input-profile for mono-pile for infidel

2 2

8 =5 & £sg =) e

'z - S, x= .2 S
e 8§ 2t E_ 3T fE£EE gy g
5 s S2 FE 58X 62 2£ 6 &£¢
1 | Clay 3001 14 33 20 20 10 498
2 | Clay | 3002 | 10 125 | 100 20 @ 10 490
3 | Clay | 3003 | 24 500 | 600 20 | 10 470
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C4.2  Clay stiffness, stress and damping vs. shear strain

Based on the established soil profile given in Table C4.2 and a loading frequency of
0.3 Hz, curves for shear modulus reduction and damping versus shear strain were
established based on equations given in /3/. The modulus reduction and damping
curves are slightly pressure dependent. At 0.03% shear strain for a confining pressure
varying from 30 kPa to 300 kPa, the variation in modulus reduction is of the order of
20%. Since this variation is small compared to the variation in shear modulus and
strength of the materials, the same modulus reduction curves (see Figure C4.3) were
used for the three different materials in the model. At 0.1% shear strain for a
confining pressure varying from 30 kPa to 300 kPa, the damping ratio varies from
8% to 12%. For simplicity the same damping curve (shown in Figure C4.4) were
used for the three different materials. The resulting stress-strain curves are shown in
Figure C4.5.

Modulus reduction with shear strain
1.200

\
G/Gmax for
sigma'=1 atm

1.000

0.800

0.600

G/Gmax

0.400

0.200

0.000
0.0001 0.001 0.01 0.1 1 10

Shear strain (%)

Figure C4.3 Modulus reduction curves for all materials
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Modulus reduction and Damping Ratio, D
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Figure C4.4 Damping vs. shear strain for used for all material layers
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Figure C4.5 Shear stress vs. shear strain for all materials
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C5 Infidel Analysis Results

Stiffness and damping for the monopile foundation results from the Infidel analysis
are presented below.

Figure C5.1 shows a distribution of shear stress mobilization , i.e. ratio between
maximum shear stress and shear strength, at maximum load level.

Figure C5.2 and Figure C5.3 show mudline moment and horizontal loads versus
computed mudline horizontal cyclic displacement.

The computed damping factor (defined in section C2.1.1) increases with
displacement as seen Figure C5.4. The increase is reduces as displacement increases
and reaches 4% at a displacement of 2.6 cm which is about 0.5% of the diameter of
the monopile.

The damping do not increase as quickly with displacement as the moment and
horizontal load. This is due to the increase in elastic energy is larger than the increase
in hysteretic energy as can be seen in Figure C5.5.

Figure C5.6 shows the horizontal and vertical cyclic displacement along a vertical
section in the soil directly to the right of the monopile.

I gece-y

S41E-1
1 4zeE-1
: 2148-1

Figure C5.1 Distribution of shear stress mobilization, i.e. ratio between maximum
shear stress and shear strength
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Figure C5.2 Mudline horizontal cyclic load versus horizontal cyclic displacement
amplitude
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Figure C5.3 Mudline cyclic moment versus horizontal cyclic displacement
amplitude
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Figure C5.4 Foundation hysteretic damping ratio versus horizontal cyclic
displacement amplitude
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Figure C5.5 Elastic and Hysteretic energy versus cyclic displacement amplitude
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: /
/

20

25

30

35

Horisontal disp along outside of pile vs. depth
Verticall disp along outside of pile vs. depth

40
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-0.02 -0.015 -0.01  -0.005 0 0.005 0.01 0.015 0.02 0.025

Figure C5.6 Horizontal axis showing horizontal and vertical displacements in soil
just outside of pile. Vertical axis the depth beneath mudline. Positive
displacement values means displacement downward and to the right.
Units in meters.

C6 Computation of 2x2 stiffness matrix

Establishing a 2x2 stiffness matrix for coupling between horizontal and moment
stiffness for a nonlinear foundation response is not strictly unique. However, an
approximation has been made to establish this for comparison with rigorous elastic
solutions computed with the software Piles /5/.

C6.1  Uncoupled stiffness

The global foundation stiffness in 2D can often be represented a 2 by 2 stiffness
matrix at the mudline given as

k k

K = [ xx xe]

kox koo

where k., is the horizontal stiffness, k,g, IS the coupling term between horizontal
translationa and rotiation, and kg is the rotational stiffness around the horizontal y-
axis. A right handed coordinate system with z-axis positive in the downward vertical
direction is used.
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For easier implementation in some structural engineering software, such a 2 by 2
stiffness matrix can also be represented by an uncoupled horizontal and rotational
stiffness. The main results of the derivation is summarized below.

By defining a decoupling point for a rigid connection to the mudline with a bar of
length, [, given by

[ = kxo
kxx ’
the uncoupled stiffness, K’ become,
k, 0
KI — XX , ]

where the horizontal translational stiffness is
kix = Kyx,
and the rotational stiffness at the decoupling point is
koo = koo — kxol.
By applying a horizontal load, H, and a moment, M, to the foundation at the mudline

and obtaining the corresponding displacement, u, and rotation, 8, at the mudline, the
horizontal stiffness is computed as

) H
Fox = ke = 7770
and the rotational stiffness as
o M—H

The decoupled horizontal and rotational stiffness, representing the foundation and
soil stiffness, can be used directly as a translational and a rotational spring attached
to a rigid element of length, I, connected to the superstructure.

One difficulty in using the above procedure is due to the nonlinear response the

decoupling length varies with loading. An approximate procedure, while not
documented here, is available.
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C6.2 Dashpot values

For use in structural analysis models, equivalent viscous dashpot coefficients, c, can
be established from the damping ratios shown in Figure C5.4 by using equations
below.

It is assumed that moment and horizontal load is in correspondence such the total
hysteretic energy loss can be modelled with a dashpot at the mudline. For a rotation
at the mudline (or at the decoupling point) 6 = 6, sin wt, the energy loss in the
dashpot is

— 2
E; = cwbim

Where w = 2rf and 6, is the rotation amplitude, and f is the loading frequency,
which can be estimated from the Fourier spectra of the loads.

Setting the energy loss in the dashpot equal to the hysteretic energy loss, Ej,
computed in the Infidel analysis gives
En

“= 208m2f

The resulting foundation dashpot coefficient is then dependent on the 1) load level
(since hysteretic energy, Ej,, varies with load level, 2) the cyclic rotation amplitude
and 3) the vibration frequency. A few runs/iterations of the structural dynamic
analysis may be needed to determine an appropriate dashpot value for a specific load
level, rotation amplitude and frequency.

C7 Summary and recommendations

Foundation load dependent damping values were computed for wave and wind
induced loads on an offshore wind turbine monopile foundation. The computed
damping values are valid for the specific combination of loads (moment and
horizontal) and load level used in the analysis above. Vertical loading has not been
considered in this study. Using the computed stiffness and damping values outside
of the give load range may not be correct. The obtained damping ratios can be
converted to dashpot coefficients, ¢, with equations given in Section C6.2, for a
horizontal dashpot at the seabed level to be included in a time history analysis. This
is valid as long as moment and horizontal loading are in phase. The resulting
foundation dashpot coefficient is dependent on the load level (since hysteretic energy
varies with load level), the cyclic rotation amplitude and the vibration frequency.

Site specific laboratory- or in-situ determined material parameters such shear

modulus and damping for the soils can reduce the uncertainties in the estimated
stiffness and damping values.
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It is important to gain more the understanding of how the nonlinear behaviour of
foundation response affects the overall response of the structure. Further studies with
simple models accounting for soil nonlinearity is recommended. It is important to
find out whether mudline rotational stiffness and damping are more important than
horizontal stiffness and damping for controlling the overall behaviour of the
structure. The coupling between moment and horizontal stiffness are likely an
important parameter.

A number of parameters affecting the computed (mono-pile) global foundation
stiffness and damping. A sensitivity study can improve the understanding influence
of parameters such as load-levels, frequency of loading, variations in the material
stiffness and damping curves with depth, element-size in the soil in and around the
foundation, installation effects, cyclic degradation due to multiple load cycles, and
erosion (scour) at mudline.
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1 Introduction

The purpose of this study was to determine the effects of soil damping on offshore wind turbines (OWTS)
support structures. Due to the tight financial margins of most offshore wind projects, state-of-the-art
research trends toward large (e.g. 5-10MW) offshore wind turbines (OWTS). Fatigue is often a design driver
for these large OWTSs, necessitating a thorough examination of damping sources: aerodynamic,
hydrodynamic, structural, and soil. Of these sources, soil damping has been least considered by researchers
with respect to OWTSs.

Two-dimensional structural models of the NREL 5SMW Reference Turbine and SWT-3.6-107 offshore wind
turbines were created in ADINA using Euler-Bernoulli beam elements and a concentrated tower top mass
to represent the rotor-nacelle assembly. In order to mitigate computational expense, a linear, reduced-order
foundation model was used to represent monopile foundations. Springs and dashpots were used to represent
soil-pile stiffness and damping.

Using free vibration analysis, it was determined here that soil damping can contribute 0.4-0.7% to global
structural damping (an updated model, Carswell et al., submitted, indicates as much as 1.5%). Stochastic
time history analysis demonstrated a reduction in some frequency content.

2 Literature

Several researchers have back-calculated soil damping contributions for OWTs using instrumented “rotor-
stop” free vibration data [1, 2]. In these cases, a structural model of the OWT was produced to match natural
frequency and the identified sources of damping (structural, hydrodynamic, aerodynamic) were added to
the model, and the remaining amount of global damping (&) was assumed to be from soil. Tarp-Johansen et
al. (2009) used a three-dimensional finite element model to determine soil strain levels and corresponding
amounts of damping [3]. The results of these studies can be seen in Table 1.

Table 1 Offshore Wind Turbine Damping Contributions

Damgaard et al. Versteijlen et al. Tarp-Johansen et al.
(2012) (2011) (2009)
ésteel 0.19% 0.19%
éhydro 0.12% 1.5% 0.23%
Eaero 0.062% 0.08-0.23%
Esoll 0.58% 1.5% 0.49-0.62%

3 Description of ADINA Structural Model

ADINA [4] is a commercially available finite element program which was used in this study for structural
analysis. The two-dimensional structural models were comprised of beam elements, with the eneral
properties of the NREL 5MW Reference Tower [5] and the SWT-3.6-107 [6, 2] in Table 2.

Table 2. Offshore Wind Turbine Structural Models

Property NREL 5MW SWT-3.6-107

Rating 5 MW 3.6MW
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Cut-in, Rated, Cut-out Wind Speed 3m/s, 11.4m/s, 25 m/s 3-5m/s, 13-14 m/s, 25 m/s
Hub Height 90 m 81.75 m
Rotor Diameter 126 m 107 m
Tower Base Diameter, Wall Thickness 6 m, 0.035 m 5m, 0.030 m
Tower Top Diameter, Wall Thickness 3.87 m, 0.025 m 3.12m, 0.021 m
Nacelle & Rotor Mass 350 t 142 t
Tower Mass 347.460 t 92,5t
Mean Sea Level 20 m 20 m
Pile Diameter, Wall Thickness 6 m, 0.070 m 5.2m, 0.065 m
Pile Embedment Depth 389 m 29.25m
Soil Type Medium dense to dense sand Stiff to hard clay
Steel Modulus (E) 210 GPa
Density of Steel (p) 8500 kg/m?3

The NREL 5MW tower tapers linearly from mean sea level (MSL) to tower top, with a constant substructure
diameter and thickness (6 m and 0.07 m). The SWT-3.6-107 (SWT) tower was informed by an example
tower specification from Siemens [2] and the substructure was specified according to the monopile
foundation model information for Sheringham Shoal (2011-0186).

4 Reduced-Order Foundation Model
Reduced-order foundation models for OWTs are often used to mitigate computation cost in time history
analysis. The mudline stiffness matrix Kmuq is the simplest of these reduced-order models, with

k k
Kmud — [ p o xm

kmx kmm

where the subscript x refers to the horizontal translation and the m refers to the rotational degree of freedom
(torsion was neglected).

It was not possible to define a mudline stiffness matrix at a node in ADINA, so an equivalent pile model
derived by Kristoffer Skau was used to produce Kmya (Figure 1).
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Figure 1 Equivalent Foundation Model

The equivalent pile model is defined by an equivalent rigid length

kyxm
Leq =- Ko @

And is supported by a translation and rotation spring, where translation spring stiffness k, = kx and rotation
spring stiffness

kcp = Kinm — kxmLeq @)
Material soil damping was modeled using mudline dashpots cxand c,, in the translation and rotation degrees
of freedom (DOFs), respectively. Radiation damping is typically considered negligible for load frequencies
below 1 Hz; a Fast Fourier Transform (FFT) of the mudline moment time history from the aeroelastic code
FAST [7] indicates that the majority of the loading for the NREL 5MW (and most OWTS) is below 1 Hz

(Figure 2).

Figure 2 Fourier Transform of NREL 5MW Mudline Moment under Wind and Wave Loading in
Operating Conditions (18 m/s wind, 5 m wave, 7.2 wave period)

FFT of Mudline Moment

FFT Magnitude

0 1 2 3 4 5
Frequency (Hz)
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4.1 Mudline Stiffness Matrix from Piles

Kmua for the SWT was taken from the Sheringham Shoal results of the NGI elastodynamic in-house program
Piles, which computes stiffness and damping of piles based on discrete Green functions [8].

The dashpot damping value c is defined by the complex dynamic mudline stiffness K* for the pile,
K* = Kjua(1 + iwC) 3
where i is imaginary, w is the loading frequency in rad/sec, and C is the viscous damping matrix

C = [Cxx me] )

me Cmm

4.2 Mudline Stiffness Matrix from P-y Method in Sand

Kmua for the NREL 5MW was determined using a Winkler-type distributed spring foundation in medium
dense to dense sand (Table 3, [9]). The soil springs were defined using the API p-y method [10].

Table 3 Distributed Spring Model Input

Symbol Property Value

v Submerged Unit Weight 10 kN/m?
Dr Relative Density 0.55

£ Initial Modulus of Subgrade Reaction 20,800 kKN/m?
@’ Friction Angle 40°

b Pile Diameter 6m

d Pile Depth 38.9m

¢ Wall Thickness 0.07m

Kmud can be calculated using the inverse of the mudline flexibility matrix fmu which was found from the
displacement matrix created by applying unit loads to the pile head at the mudline (

Table 4).

Table 4 Distributed Spring Flexibility Test Results

Horizontal Moment Translation, u Rotation, ¢
Force (Nm) (m) (rad)
(N)
1 0 1.449e-009 -1.077e-010
0 1 -1.077e-010 1.300e-011

Mudline dashpot values were assumed to be proportional to stiffness, so the ratio between Knyg and C found
in the Piles method was used to determine dashpot values (i.e., C = %Kmua).

4.3 Added Hydrodynamic Mass
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Added hydrodynamic mass was incorporated in the OWT substructures as a way to represent hydrodynamic
interaction effects. A simplified method for calculating added hydrodynamic mass for cylindrical towers
was derived per Goyal & Chopra (1989) where

my = Mgy + My + MYy ©)

where m is the total mass, mg is the mass contributed directly by the structural cross-section, m, is the
added mass from the water surrounding the substructure, and m;jis the mass from the water inside the
substructure. These latter two masses are further defined by:

@ = pymrz |18y CD (@77)
meo\zZ) = py T, - icos|a; —
o witlo T[ZTO & (2] _ 1)2 ] ] Ho

©)

where z is the distance above the mudline, H, is the depth of the water surrounding the substructure (MSL),
pw IS the mass density of water, r, is the outside of radius of the tower,

2j—Dm
o = (2) . ) (7)
and E; is a function of ojro/Ho, where
T
K ()
E; 0 ®)

A 1)+ ko (o 72)

where K, is the modified Bessel function of order n of the second kind. Similarly, for the added
hydrodynamic mass inside the substructure,

0) = py? ||y CD («37)
m;(zZ) = py1tr; - i COS| A —
' Y = (2j—1)2" 7 H;

)

Hiis the depth of the surrounding water (sea water level), ri is the outside of radius of the tower, and D; is
a function of a;ri/H; where

h(e )

= T T

1 L +1 L

0 (a, HL-) 2 (a, HL-)
Where I, is the modified Bessel function of order n of the first kind.

D;

(10)

The equations given for m, and m; assume a uniform circular cylinder and were obtained from an analytical
solution of the Laplace equation.

Added hydrodynamic mass per substructure element was calculated at the mean elevation of each element
measured from the mudline, then divided by substructure cross-sectional area and included in the definition
of material density for substructure elements (which were unique per element to take into account the
change in added hydrodynamic mass with depth).
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4.4 Rayleigh Damping

Structural damping is often assumed to be in the range of 1-2%. Rayleigh structural damping of 1.00% was
assumed in this case to align with the general 1.0% damping assumption made in FAST. Rayleigh structural
damping is defined by the terms ¢ and S as

a  Pwn

$rayl = 20, T 2 (12)

where &y i the global damping ratio due to Rayleigh structural damping, wn, is the natural frequency in
rad/s, and a and [ are selected to provide the desired level of global damping for the first and second modes
of vibration.

The tower and substructure of the OWT were assumed to have the same &q.y; however, the substructure
would likely have a slightly higher damping ratio assuming a grouted transition piece.

For small amounts of damping, it is permissible to model each source separately and sum the resulting
values to determine total global damping. For a fatigue analysis, all sources of damping would need to be
guantified; however, the goal of this study was to determine the impact of soil damping in particular on
OWT behavior, so aerodynamic and hydrodynamic damping were neglected.

5 Methods of Analysis
In order to assess the effects of soil damping on OWTSs, the approach was as follows:

e Quantify the portion of global damping attributed to soil using the decay of a free vibration analysis
o Determine the decrease in maximum mudline moment from stochastic time history analysis

Quantifying the global damping attributed to soil allows for the for comparison to other sources of damping,
while the stochastic time history analysis gives an indication of potential savings due to soil damping.

5.1 Free Vibration Analysis

The free vibration analysis of the OWTs was conducted in ADINA. The tower top of the OWT was slowly
displaced 0.1 m over the course of 10 seconds (more than two structural periods), held at 0.1 m for 5 seconds
to reduce transient vibration, then released to allow the OWT to vibrate freely (Figure 3).



Page: 8
Carswell (2013)

Figure 3 Example Free Vibration Analysis
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The log decrement method was used to determine the global damping ratio, where the log decrement § is
calculated by

5= Csz) 12

where A; and A; are two successive amplitudes n periods apart. A log fit using least squares regression was
used for multiple successive amplitudes in order to best estimate 6. From §, the global damping ratio (&)
can then be estimated by

1
§=— (13)

J1+ Gnjoy
5.2  Stochastic Time History Analysis
A preliminary stochastic time history analysis in ADINA was performed using only wind loads. A tower
top time history of 120 seconds of 55 m/s winds was generated for the NREL 5MW reference turbine using
FAST (10 m/s above cut-out wind speed). The tower top shear and moment history due to 55 m/s winds
was then applied to the tower top node of the SWT model in ADINA, despite the fact that the same wind

speed would generate different loads on the smaller SWT. Wave loads were not included in the stochastic
ADINA analysis.

The objective of the stochastic time history analysis was to identify either

¢ Maximum mudline moment reduction (corresponding generally to lower design moments)
o Damping of higher frequency loading

6 Results
The results of the free vibration analysis for the NREL 5SMW and SWT vary by a factor of 2 (Table 5).
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Table 5 Free Vibration Analysis Results

Offshore Wind Turbine Model

NREL 5MW SWT

ki (GN/m) 1.798 2.346

Kmm (GNm/rad) 200.4 154.5

Cxx (MN-s/m) 29.88 38.99

Cmm (MNm-s/rad) 931.6 718.3
Eigenfrequency (f1) 0.2499 Hz 0.2826 Hz
Frequency from Time History (f;) 0.2500 Hz 0.2826 Hz

&soil 0.73% 0.41%

The NREL 5MW dashpot values c,x and cmm Were selected as a proportion of K, which was determined
by the initial stiffness of p-y curves. If Knu had been calculated more accurately (such as the method which
was used for the SWT), the NREL 5MW would likely be less stiff and have lower dashpot damping values.

7  Conclusions and Recommendations

Free vibration analysis yielded a range of &sii = 0.41-0.73%, which is approximately in the range of results
from literature [1, 3, 11]. It should be noted that the value of &si IS very sensitive to analysis assumptions
and further research is required to identify the sources of sensitivity (e.g., length of displacement loading
time, length of displacement hold to reduce transience, reduced-order foundation model choice, dashpot
values, etc.). In non-operating OWT conditions, this amount of damping may be significant when compared
to the small amounts of aero- and hydrodynamic damping available when the OWT is parked.

Stochastic time history analysis could be much improved by appropriate wind loading (the NREL 5MW
wind loads were used for the smaller SWT), the inclusion of wave loading, and consideration of multiple
load cases. The stochastic analysis performed indicated that the magnitude of the frequency content around
the natural period of the structure was reduced, but no further conclusions could be made in terms of OWT
fatigue life. A more sophisticated assessment of soil damping impact could be performed using FAST, in
which the mudline stiffness and damping matrix (6x6) can be input directly into the program (though a
recompile is necessary once these changes are made). Various load cases could be examined in FAST, and
the net effect of soil damping under stochastic conditions could be better determined.

To make definitive comments on the importance of soil damping, a full fatigue analysis would be necessary
in order to assess whether soil damping makes a significant impact on the fatigue life of the OWT; however,
the results of this study indicate that soil damping may have meaningful contribution to OWT design.
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