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Lumped-parameter models for wind-

turbine footings on layered ground

L. Andersen’ and M.A. Liingard *

"Department of Civil Engineering, Aalborg University, Denmark
'DONG Energy A/S, Fredericia, Denmark

Abstract

The design of modern wind turbines is typically based ortitife analyses using
aeroelastic codes. In this regard, the impedance of thedfiions must be described
accurately without increasing the overall size of the cotafonal model significantly.
This may be obtained by the fitting of a lumped-parameter rnimdéhe results of a
rigorous model or experimental results. In this paper, giinés are given for the
formulation of such lumped-parameter models and exampkegigen in which the
models are utilised for the analysis of a wind turbine sufgzbby a surface footing on
alayered ground. The importance of including an accuratgataf the dynamic soil-
structure interaction in an aeroelastic code is discussadhermore, the sensibility
of the response to changes in the soil properties is examined

Keywords: Wind turbines; foundations; impedance; dynamics; laysad

1 Introduction

Over the last decades, wind turbines have increased sigmifyan size. Optimisation
of the turbine blades and towers has led to slender and trerektremely flexible
structures. Consequently, the first modes of resonanceedbthl structure, includ-
ing the foundation (or substructure), the tower, the hub,rtacelle and the blades,
are close to the excitation frequencies related to envientai loads from wind and
waves. Hence, a modern wind turbine undergoes large defiamsanot only during
extreme weather conditions but also during power prodactio

Aeroelastic codes have been developed that may be employadifetime analy-
sis of the structural response. Existing codes, e.g. FLEX{HAWC [2], have about
30 degrees of freedom for the entire structure includinddier, the nacelle, the hub
and the rotor. However, the current models do not accourtyfpamic soil-structure



interaction and, as a result of this, the forces on the stragnhay be over- or under-
estimated. For example, Andersen and Clausen [3] concltiggdsoil stratification

has a significant impact on the impedance of surface foctireyen at the very low
frequencies relevant to the first few modes of vibration ofiadturbine.

In this paper, the influence of the subsoil on the responsenofd turbine is dis-
cussed with focus on horizontal excitation of the structarg. from wind and waves.
Here, a determination of the coupled rocking and horizaitding impedances of the
foundation is necessary and, as reported by Bu and Lin [4ipwa methods can be
applied for this purpose. However, since computation speefl paramount impor-
tance, the model of the foundation should only add a few d=goé freedom to the
model of the structure. This may be achieved by fitting a ludrparameter model [5]
to the results of a rigorous analysis.

Firstly, a general and very stable fitting algorithm for tle@struction of consistent
lumped-parameter models is presented, and a brief outiithe @omputational model
for a wind turbine on a layered ground is given. Secondlyjrtiaence of the subsoill
on the response of the structure is examined. Two diffeiiezg are considered—one
with a soft top layer of sand and one with a soft clay deposihtrmediate depth.
The emphasis is put on the geometrical damping in the sall aggparameter study is
performed with respect to the layer depths and the matemglgsties of the soil. To
ensure realistic results, the dynamic properties of the@kmodel are based on field
measurements on a 3 MW wind turbine in Frederikshavn, Dek6r

2 Model of the turbine, the footing and the subsaill

The computational model consists of two parts: a simplegfislement model of the
wind turbine and a lumped-parameter model (LPM) of a rigidtifeg on a layered
half-space, see Fig. 1. The formulation of the model hasthteps:

1. Arigorous frequency-domain model is applied for the iflogion a soil stratum
and the frequency response is evaluated at a number of i@di$Equencies.

2. Arationalfilter is fitted to the frequency-domain soluteind an LPM providing
approximately the same frequency response is calibrated.

3. The wind-turbine structure is represented by a simpleefi@iement model and
soil-structure interaction is accounted for by a coupliniipthe LPM.

Figure 1 and items 1 to 3 are discussed in the subsections/,batm examples of
application are given in Section 3.
2.1 Rigorous model of the footing and the subsaoil

The rigid footing is hexagonal with the side length the heighth; and the mass
densityp, see Fig. 2. This geometry is typical for offshore-windeine foundations
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Figure 1: From prototype to computational model: Wind todoon soil stratum (left);
rigorous model of the layered half-space (centre); lumpadmeter model of the soil
coupled with finite-element model of the structure (right).

and has been applied, for example, at the Nysted Offshorel Wamm in Denmark.
The centre of the soil-foundation interface coincides wh#horigin of the coordinate
system. Hence, the mass of the foundatiuf, and the corresponding mass moments
of inertia with respect to the three coordinate axgs, J;. andJ;3, become:

1
My = pshgAy,  Tp = Tp2 = prhyly + gﬂfhffAfa Tps = 2ppheZy. (1)
Here A, is the area of the horizontal cross-section d@pds the corresponding geo-
metrical moment of inertia,

5V/3

It is noted thatZ; is invariant to rotation of the foundation around theaxis.

The subsoil consists of two horizontal layers over a homegas half-space (see
Fig. 2). Welded contact is assumed at all interfaces, ieedtbplacement is continu-
ous, and the soil within each layer and the underlying hadfeg is considered a linear
viscoelastic, homogeneous and isotropic material witmthss density,, the shear
modulusy; and Poisson’s ratio;, j = 1,2, 3. Hysteretic material damping with the
loss factom); is introduced via the complex Lamé constants

2u; (1 + isign(w)n’) .. 4

Af = I T 2) ;W= (L+isign(w)ny), 7=1,2,3.  (3)

Heresign(w) denotes the sign of the circular frequengy,and subscrips refers to
the half-space. The complex phase velocities of P- and S&svare found as

cpi = /(N +2u35) [y sy =15 pi 5=1,2,3. (4)

3
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Figure 2: Hexagonal footing on a stratum with three layeer ahalf-space.

The surface of the ground coincides with {he, =2 )-plane, see Fig. 2. In the time
domain and Cartesian coordinates, the components of tifecsudisplacement and
traction are denoted; (1, z2,t) andp;(z1, xo, t), respectively, wheré= 1,2, 3. The
total displacement at an observation point then becomes

t o0 )
wi(xy, 2, 1) I/ / / Gij (w1 — Y1, T2 — Y2, t — 7)p;j(y1, Y2, T) dyrdyodr, (5)

where summation is applied over repeated indicesggn@presents the fundamental
solution providing the displacement in directioat the observation poirtr;, 2, 0)
and timet due to a unit force applied in directignat the source pointy,, y»,0) and
timer. The spatial integral is carried out in discrete form, issagum of the influence
from L source points to a given observation point. In this proctssfundamental
solution to a load distributed over a small surface area niarstageously be ap-
plied. In particular, Andersen and Clausen [7] suggesteduge of a “bell-shaped”
surface load in the form of a double Gaussian distributiartreel at a given source
point and with the standard deviatien= r;/+/4L in both horizontal coordinate di-
rections. Only points at the soil-foundation interfacech&ebe considered, since the
the traction on the remaining part of the ground surface ssimed to be zero. The
discretization is illustrated in Fig. 3.

T3

Figure 3: Discretization of the soil-foundation interfacehe vertical component of
the “bell-shaped” load at point is illustrated.



In Eqg. (5) it has been utilised that the response is linearthadall interfaces are
horizontal. This involves that the Green’s function is inaat to spatial and temporal
translation and, in addition to this, a triple Fourier tfamsation may be carried out
with regard to time and the two horizontal coordinates. Taduces the convolution
provided by Eq. (5) to a set of algebraic equations,

ﬁz‘(lﬁ,kb,w) = Gij(k17k2aw)Pj(klak2>w)a (6)

that must be solved for each combination of the circulardesgpyw and the horizon-
tal wavenumberg,; andk,. Whereas the Green’s functigr; cannot be established
analytically for the stratified half-space, a closed-fomiuson for its triple Fourier
transformG;; (k1, k2, w) has been presented by, for example, Sheng et al. [8]. The st
face displacements;(z;, z2,w) in the frequency domain and spatial coordinates are
established by inverse Fourier transformatio/gf;, k-, w) with respect to the hori-
zontal wavenumbers. This operation becomes particularlple when performed in
polar coordinates [9, 7], which is possible with the “bdiaped” load.

The footing has six degrees of freedom as illustrated in #igln the frequency
domain, the translations and rotations are related to theptex amplitudes of the
corresponding forces and moments:

CZ=F, (7a)
[ Cy 0 0 0 Cps 0 ] [ V] [ Q1 ]
0 022 O 024 0 0 VQ Q2
- 0 0 Css 0 0 0 - Vs - Q3
C= 0 Cy 0 Cu 0 0|’ Z= O |’ F= M, |’ (75)
Cis 0 0 0 Css 0 O M,
i 0 0 0 0 0 Cee | i O3 | i M; ]

whereC = C(w) is the impedance matrix. Due to the invarianc&pfwith respect
to a rotation of the footing around theg-axis, it follows thatC; = Co, Cyy =
Css andCy5 = —Cyy for the hexagonal footing. Furthermore, coupling only &xis
between horizontal sliding in the -direction and rocking about the-axis and vice
versa. Each non-zero component of the impedance matriuisdfy prescribing a

AT

- = §= = T - L |
V1 \A Ql K“
V2 V3 o1 Q2 yQs My

To @2 @3 T2 M, M3

€3 T3

(@) (b)

Figure 4: Degrees of freedom for a rigid surface footing:diaplacements and rota-
tions, and (b) forces and moments.



rigid-body motion of the footing and then solving for the mokvn magnitudes of the
“pbell-shaped” loads. For examplé; = Q3/Vs, whereVj is a prescribed vertical
displacement amplitude and the corresponding f6}¢é&s determined by summation
of the load magnitudeB;*, m = 1,2, ..., L, provided by the forced displacement.

2.2 Lumped-parameter model of the footing

The components of the impedance matrix may be expresseg @s) = £;;5;;(ao)

(no sum on, j). Here,K;; = C;;(0) denotes the static stiffness related to the inter-
action of the two degrees of freedomandj, andag = wry/co is @ non-dimensional
frequency withry andc, denoting a characteristic length and wave velocity, respec
tively. In the present analyses, = r; andc, = cg; Will be applied.

For simplicity, the subscriptsand j are omitted, i.eC(ay) ~ Cj;(ap). Then, as
suggested by Wolf [5], the frequency-dependent stiffnes$ficientS(a,) for a single
component of the impedance matrix is decomposed into alsingart,S;(ag), and a
regular partS,(ap),

C(ap) = KS(ap), S(ap) = Ss(ao) + Sr(ap)- (8)

K is the static stiffness component, and the singular parefstiffness coefficient
has the form
Ss(ag) = k> + iagc™. 9)

The two real constants> andc> are selected so thdt S;(ag) provides the entire
stiffness in the high-frequency limit, — oo. For the rigid surface footing the term
KE* vanishes, i.ek>* = 0, and the complex stiffness in the high-frequency range
becomes a pure mechanical impedance with

00 00 P1CS1A 00 p1CP1A
Ci1 = Cypp = K f7 C33 = K f’ (10a)
00 .. pP1Cp 7 00 2p Cs A

Cq4 = Cp5 = 1 K—l f> €66 — 71[(1 f> (10b)

whereA; andZ; are given by Eq. (2). The coupling terras; = —C4 vanish in the
high-frequency limit, i.e. there is no interaction betweecking and sliding.

The regular partS,(ag) of the non-dimensional impedance is approximated by
least-squares fitting of a rational filter to the resuit$ay) = C(ag)/K — Ss(ap)
obtained by the rigorous model described in the precedibgesttion, i.e.

A . P(lao)
Sy(ag) = S, (iag) = ——=, 11a
( 0) ( 0) Q(ICLO) ( )
where the numerator and denominator polynomials are gisen a
P(ia) = 1 — k> + pi(iag) + pa(iao)® + . .. + par—1(iag)™ 1, (11b)



N M—-N

Qiag) = [ ] (ao — sn) (iag — s3) - [ (iao — sn), (11c)

n=1 n=N+1

respectively. The coefficients &f(iay), i.e.p1, p2, ..., ppr—1, are all real. Furtheg N
roots of Q(iay) appear as complex conjugate paiks:= s* +is> ands* = s¥ —is?,
n=1,2,...,N,wheres® ands’ are the real and imaginary partsf, respectively.
The remainingV/ — 2N roots of Q(ia,) are real.

In the present analyses, only pairs of complex conjugatésradl be utilised,
i.e. the order of the rational approximation must be evendeksen [3] argued that
this provides the lumped-parameter model with the fewessipte internal degrees
of freedom for a given ordef//. The optimisation algorithm is given in Table 1. The
coefficients ofP(iay) are applied as optimisation variables along with the redl an
imaginary parts of the complex roots f(iay), i.e. sX = R(s,,) ands> = S(s,),
m=1,2,...,M/2. Constraints of the kind® < 0 ands> > 0 are included to ensure
a physically valid lumped-parameter model and poles thatatually complex. Due
to finite computer precision, the zeros have been replaced $iyall number;te.
Additional constraints which prevent the imaginary parftshe complex poles from
being much greater than the real parts are suggested. légheart of the complex
pole s,, vanishes, i.es® = 0, this results in a second order polg;> }2, which is
real and positive. Evidently, this will lead to instabiliy the time domain. Since
computer precision is finite, a real part of a certain sizatiely to the imaginary part
of the pole is necessary to ensure a stable solution.

Finally, as suggested by Wolf [5] a weight functian(a,), has been introduced to
improve the quality of the fit in the low-frequency range. e present analyses,

1
1+ (§1a0)§2)§3 )

w(ag) = ( (12)

whereg; = ¢; = ¢3 = 2. All the above-mentioned constraints have been implendente
into a Fortran code based on the NLPQL optimisation algorithO].

The total approximation of(ao) is found by an addition of Egs. (9) and (11) as
stated in Eq. (8). The approximation §fa,) has two important characteristics:

e Itis exact in the static limit, sincé(ag) ~ Ss(a) + S, (iag) — 1 for ag — 0.

e Itis exact in the high-frequency limit. Her&(ag) — Ss(ao) for ap — oo,
becauses, (iag) — 0 for ag — oo.

Hence, the approximation is double-asymptotic, and atnmeeliate frequencies the
guality depends on the order of the rational filter. For thesidered footing on a
stratum, orders from/ = 6 to 10 have been found to provide results of an acceptabl
accuracy in the low-frequency range- 6 Hz. Typically, the rocking impedance may
be fitted by a rational filter of lower order than the slidinglaooupling impedances,
especially in the case of undrained soil as indicated byehelts in Section 3.



Table 1: Weighted least-squares fitting of rational filteopyimisation of the poles.

Definition: A rational filter for the regular part of the dynamic stiffiseS, (ao ), is defined in the form:

Sy(ag) ~ S,,A(iao) =

_ 1 — koo +p1(ia0) —|—p2(ia0)2 + e

+ pan—1(iag)M~1

2 (iag —

I

Sm) (iao - S:n)

Find the optimal polynomial coefficients, and poless,,, which minimise the object function

subject to the constraint@ (pn, Sm ), G1(Pn, Sm), - - -

aGM/Q(pnv Sm)-

( (iao;) — Sr(a<)j))2

Input: M :

0
pn b
5)‘E()
m )

30

va

agyj,

Sr(aoy),

w(aoj),

Variables: DPns
R

m?

S

Ry

m?

S

Constraints: Go(pn, Sm)

Gk (p'ru sm)

Output: Pn,
R

mo

&

)
m?

S

S

Here, s® = R(s

m

m) ands>

m

:\y(

order of the filter

=(sp+ s <0,

Y

n=12,...,
m=1,2,...
m=1,2,...
7=12 ...
j=1,2,...
j=1,2,...
n=12...
m=1,2,...
m=1,2,...
k=1,2,...
n=12...
m=1,2,...

m=1,2,...,

(must be an even number)

M1,

,M)2.
M -1
, M/2,
M/2,

) )

sm), and superscripd indicates initial values of the respective

variables, whereas$, (ao;) are the “exact” values of the dynamic stiffness evaluatatiey discrete
dimensionless frequencies;, obtained by the rigorous model. Furthé;:,(iaoj) are the values of the
rational filter at the same discrete frequencies, @) is a weight function. Finally; ande are two
real parameters chosen@s: 10 ~ 100 ande ~ 0.01. Note that the initial values of the poles must
conform with the equality constraidy (py,, Sm )-

The next step in the calibration of a lumped-parameter maxéd recast the
polynomial-fraction form (11) of the rational approximatiinto partial-fraction form:

HereA,,, m = 1,2,...,

M

Sp(iag) = ) -

— a9 — 5

Am

(13)

M, are the residues corresponding to the poles,¢fa,),



Py | Uy POIUO

LLJV%

r |:ﬂ Te *“1+l; |:J 7 § lo tu
L—2 \:‘:ﬁ%

(a) Z (b) Z

Figure 5: Discrete-element models: (a) Constant/linean tend (b) second-order
term with one internal degree of freedom.

i.e. the rootss,, of Q(iag). When all poles appear as complex conjugate pairs, th
total approximation of the dynamic stiffness coefficiéiit,,) may be written as

M/2 .
S(iag) = k> +iaec™ + m221 — iozl‘;flt)mia&ao)Q_ (14)
The real coefficients,,, a1, Bon @andsy,, are given by
= {s?ii}Q + {sm}*, i = —25,,. (15a)
50 —2AR N 1 24853 Bim = 2A% . (15b)

whereA® = R(A,,) andA> = (A,,) are the real and imaginary parts of the residues
which appear as complex conjugate pairs.

Referring to Eq. (14), the total approximation of the rigegsolution consists of
a constant/linear term providing the singular part of the@eaance, i.e. the high-
frequency solution, and a number of second-order termsigiraythe regular part.
Each of these terms may be interpreted as the frequencgsrespgunction for a so-
called discrete-element model, see Fig. 5. The spring antpitey coefficients as
well as the point masses in these models are uniquely definedms oft>°, ¢ and
the coefficients listed in Eq. (15) where, in the present ca%e= 0. A detailed
explanation may be found, for example, in the work by Wolf [5]

It is noted that the lumped-parameter model provides av&alked impedance in
the low-frequency limit, i.e. fow — 0, since it is based on viscous dashpots. How-
ever, the hysteretic damping model defined by Eq. (3) leadsctmmplex impedance
in the frequency domain, even in the static limit. This degpancy leads to numerical
difficulties in the fitting procedure and to overcome thig liysteretic damping model
for the soil is replaced by a linear viscous one at frequeniocgtow 1 Hz.

2.3 Soil-structure interaction for a wind turbine on a rigid footing

As indicated by Fig. 1, the final step in the formulation of shaplified computational
model of the wind turbine is to couple the LPM of the soil witfirate-element (FE)



model of the turbine structure. The aim of the present amslgto quantify the im-
pact of geometrical damping in the soil on the structurgboese and furthermore to
determine the influence of the soll stiffness on the dynamopexrties of the structure.
Hence, the mass and the resonance frequencies of the FE mosldde representative
of real wind turbines.

Liingard [11] investigated the natural frequencies of at&es3.0 MW offshore
wind turbine located at Aalborg University’s offshore téstility in Frederikshavn,
Denmark. This turbine has a hub height of 80 m, a rotor dianwt®0 m and an
operational interval of 8.6 to 18.4 rounds per minute. Thegimeof the nacelle, the
rotor and the tower are 70 t, 41 t and 160 t, respectively.Hendetails can be found
in [12]. The structure is supported by a suction caisson wittiameter of 12 m
and a skirt length of 6 m. The weight of the suction caissorp@aximately 140 t.
The foundation and the structure were equipped with an entwenitoring system,
consisting of 15 accelerometers and a real-time data-gitigui system. This system
has been used for “output-only modal identification” of tlaunal frequencies of the
wind turbine, employing the software package ARTeMIS [13].

In Fig. 6, the output of the modal analysis is shown, basedata cecorded on
February 15, 2005 over a one-hour period and with the sagfieguency 200 Hz.
The analysis has been carried out for idle conditions todavtterference caused
by rotating components of the wind turbine. More specificathe plot shows the
frequency-dependent singular values of the spectral yemsitrix (SVSDM) for one
of the accelerometers, determined by the Frequency-DoBedomposition method
[14, 15]. The peaks corresponding to the first and secondrtaveele have been
identified at 0.30 Hz and 2.13 Hz, respectively. The peaksdet the first and second
mode of the wind turbine correspond to the resonance freze®of the blades, i.e. the
first modes of flap-wise and edgewise vibrations. The peakd® @z appears to be
a torsional mode of the structure. No significant excitatiappear above 5 Hz at idle
conditions, and for that reason the frequency range ofastes between 0 and 5 Hz
for the structural analyses.

< 40 | | | |

L .

Sy — First tower mode

R — Second tower mode

S
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o

=

=

=)
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0 -40 | | | |
0 1 2 3 4 5
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Figure 6: Singular values of the spectral density matrix$8¥W1) for an accelerome-
ter determined by the Frequency-Domain Decomposition ateét idle conditions.
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In the present analysis, a wind turbine with similar projgsrts considered. The
tower (including the substructure from the base of the tayosvn to the foundation)
is modelled as a circular steel tube with an outer diametémofa material thickness
of 20 mm, a Young’s modulus of, = 200 GPa and mass density &00 kg/m®. The
high mass density reflects the fact that not all the mateoialrdutes to the stiffness.
The height of the tower i, = 120 m, and six Euler-Bernoulli beam elements are
applied for the discretization of the flexural behavioug §&3. 1. The mass per unit
length,m;, and the bending stiffnesg;,;/;, are readily obtained from the geometry
and the material properties of the tower. The vertical andidoal vibrations are
disregarded and, with reference to Fig. 1, only the in-plaoezontal displacements
and rotations are considered. At the base of the tower, theseoupled via rigid
massless beam elements to the lumped-parameter modéie feliding and rocking
motion of the the footing. The mass and the mass moments afara# the footing
are defined by Egs. (1)—(2) wighy = 2000 kg/m?, hy = 5 m andr; = 10 m.

Finally, the nacelle, the hub and the rotor blades are simmulded as a rigid
body with the masg/,, = 150.000 kg and the corresponding in-plane mass momen
of inertia 7,, = 4.500.000 kg-m* measured about the axes through the top node c
the FE model of the turbine tower. In reality, the blades of @ern wind turbine
are extremely flexible, as indicated by the relatively lowamance frequencies of
about 1-1.5 Hz (the three spikes between the 1st and 2nd mdsg.i6). However,
according to Fig. 6 and the explanation given above, thegmmesponse at the base
of the turbine is related to the first and second tower modenEke simple model
will provide an acceptable accuracy of the frequengieand f> related to these modes
of resonance. In particular, for a turbine fixed at the baeeFth model provides the
frequenciesf; = 0.30 Hz andf, = 2.3 Hz. Lower values are obtained when soil-
structure interaction is taken into account as furtherudised in the next section.

Finally it is noted that the finite-element model of the winddine does not account
for any damping—neither structural damping nor aerodycafaimping. In addition
to this, the parametric excitation of the system stemmiogfrotating parts of the
turbine (primarily the rotor) are not included in the simph@del. A slightly more
realistic model may be obtained by the inclusion of aerodyinand structural damp-
ing, e.g. by means of a Rayleigh-damping model; but an a&stielcode is required
for the design and analysis of turbines. However, the ptemealysis focuses on a
determination of the geometrical damping in the soil withphiassis on the two first
tower modes, and for this purpose the simple FE model wiflaf

3 Influence of soil properties on the dynamic response

The computational model is applied for the analysis of a viimtdine on layered soil
at two different sites, one site with a top layer of loose sand another site with a
soft clay deposit at intermediate depth. The soil profilestased on actual data from
planned offshore wind farms in the British territorial wiate However, the specific
position of the sites is confidential.
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3.1 Atop layer of soft sand on an over-consolidated clay depd

The solil at the first site consists of a top layer of loose saitidl avdepth of 6 to 12 m
overlying a 20 m deep layer of pre-consolidated clay. A shghktiffer clay deposit
constitutes the half-space underneath. As indicated iteTalthe sand in the top layer
is assumed to be fully drained (D) or undrained (U), wherbasctay is considered
undrained in all the analyses.

Figure 7 shows the frequency response related to the heoaizdisplacement ()
and the corresponding rotatié(¢) at the hub for; = 6 m andu; = 5 MPa (drained
sand).H,,'(f) andH,,'(f) are the diagonal terms of the frequency-response matrix

H'(f) = (K +27ifC — 47 f*M) ", (16)
whereK, C andM are the stiffness, damping and mass matrices obtained bynass
bly of the finite-element and lumped-parameter models. Agammson with the results
achieved for a structure fixed at the base (the dashed liné€gites that the first res-
onance frequency is lowered from 0.30 Hz to 0.23 Hz, whefeasé¢cond resonance
frequency has changed from 2.27 Hz to 1.70 Hz after the iraiusf the soll.

Table 2: Material properties for the layered half-spaceitat[$o. 1.

Layerno.  Soil type h (m) u (MPa) v p (kg/m?) n

Layer 1a Softsand (D) 6/12 5/10 0.250 1500 0.03

Layer 1b Softsand (U) 6/12 5/10 0.497 2000 0.03

Layer 2 Stiff clay 28 25 0.497 2000 0.02

Half-space  Hard clay s 50 0.497 2100 0.01
0

Site No. 1:h; = 6 m, u; = 5 MPa, drained sand

Frequencyf [Hz]

Figure 7: Frequency response at the hub. The full lines atdicesults for the soil—
structure-interaction problenti,' (f) (—); H,y'(f) (— ). The dashed lines show
the results for a turbine fixed at the ba$; ! (f) (- - ); Hyy' (f) (— ).
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Figure 8: Dynamic stiffness coefficient obtained by lumpedameter modelsS;;
(—), Ss5 (— ) and S5 (— ). The dots depict the corresponding target results o
the rigorous model and the dashed lines show the high-freyugolution. Finally,
the black dashed line<{ - ) indicates the weight functiom (not in radians).

The frequency response of the wind turbine on the hexagoonéhfy over the lay-
ered half-space indicated by the full lines in Fig. 7 has beletained with lumped-
parameter models of the ord&f = 10 for the horizontal sliding and coupling terms,
i.e..S1; andS 5. However, the rocking impedance has been fitted by a 6thrditthe.
As shown in Fig. 8, this provides an accurate match to thetaegults forh, = 12 m
andyu; = 5 MPa (drained sand), and a similar conclusion can be madeHer prop-
erties of the layered ground. However, additional studmsi\sthat the behaviour of
the layered half-space is not correctly described by lodepmodels, i.e. second or
fourth order models. It is noted that additional points hiagen included in the least-
squares optimisation beyond the maximum frequency in th@aous solution. The
regular part of the normalised impedance at these pointbd®s put equal to zero in
order to obtain a lumped-parameter model that rapidly aggires the high-frequency
solution. For some combinations of the material propedisslayer depths, this has
been useful in order to avoid unstable solutions in the tioraain.

Next, a concentrated horizontal force is applied at the hakxhvis placed two
metres above the top of the tower. The force is a narrow-lhpdise of the kind

[ sin(2nfot)sin(nft/3) for 0<t<3/f,
q(t) = { 0 otherwise. (17)

A centre frequency of. = 3 Hz is selected so that both the first and the second towe
mode are excited. Newmark integration [16] is applied owmet and the results
obtained forh; = 6 m and different material properties of the sand are shown i
Fig. 9. Similarly, the results foi; = 12 m are given in Fig. 10.
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Figure 9: Horizontal displacement(t), at the hub (— ) due to a concentrated hori-
zontal forcey(t), applied at the same position-(-).
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Figure 10: Horizontal displacement(t), at the hub (—) due to a concentrated
horizontal forceg(t), applied at the same position-{-).
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Inspection of Figs. 9 and 10 leads to the conclusion that tbpesties of the soill
have a strong influence on the structural response. As eghelobth the first and
the second mode of resonance are excited, and the resomaquericies depend on
the stiffness and the depth of the sand layer. This can belsethre variation of the
vibration periods during the free response after the pualad has ended. In the case
of hy = 5 m, u; = 5 MPa and drained conditions in the sand, vibrations occunen t
third mode of resonance. In this case, Fig. 7 indicatesfthiatabout 3.5 Hz, i.e. close
to the centre frequencf. = 3 Hz of the pulse load.

In all the sub-figures of Figs. 9 and 10 it is observed that #wsd (and third)
mode of the tower is damped. Since no material or aerodyndamiping is present in
the structure, and almost no material damping exists indhgtkis is due to geomet-
rical dissipation in the layered ground. The damping of #esd mode is particulary
strong forh; = 12 m andp; = 5 MPa (both drained and undrained conditions). This
may be explained by the fact that the cut-on frequerigy,for wave propagation in
the layered half-space is much lower thann this case, whereag, is only slightly
lower thanf, for h; = 6 m andp; = 10 MPa and drained sand. In any case, the
cut-on frequency is higher than the first resonance frequeviuch explains that first
vibration mode of the tower is practically undamped.

Finally, a significant difference between the response@tuibine on drained and
undrained sand is observed—especially when the sand ksyi€r i deep. Hence, it
may be necessary to examine carefully whether the matsrdxbined or undrained,
and eventually a poroelastic model may be required as peapog Biot [17].

3.2 A normally consolidated clay deposit at intermediate deth

The soil at the second site consists of a top layer of mediumalsand with a depth
of 5 to 20 m overlaying a 20 m deep layer of soft normally coitstéd clay and a
half-space of hard clay. Detailed information is providedable 3.

Figure 11 shows the frequency response at the top of theneifbr2; = 5 m and
1o = 16 MPa. Again, lumped-parameter models of the orders 10 and/é been
applied. In this case the first resonance frequency is laifeoen 0.30 Hz to 0.27 Hz,
whereasf; has changed from 2.3 Hz to 1.9 Hz after the introduction oL{R®.

The pulse load defined by Eq. (17) is now applied to the turbimethe transient
response is plotted in Fig. 12 far;, = 5 m and three different values of the shear
modulusy,. Similarly, the results foh; = 20 m are given in Fig. 13.

Table 3: Material properties for the layered half-spaceitat [$o. 2.

Layerno.  Soil type h (m) u (MPa) v p (kg/m?) n

Layer 1 Mediumsand 5/20 20 0.250 1600 0.03
Layer 2 Soft clay 20 1/16 0.497 1900 0.02
Half-space  Hard clay s 100 0.497 2200 0.01
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Figure 11: Frequency response at the hub. The full linesatdiresults for the soil-
structure-interaction problenti ' (f) (—); H,,'(f) (— ). The dashed lines show
the results for a turbine fixed at the ba$&; ! (f) (- - ); Hyy' (f) (— ).

Analogously to the previous case with the wind turbine a¢ 8ib. 1, the second
mode is strongly damped whereas the free vibrations at therfatural frequency
of the turbine are nearly undamped. However, figpr= 5 m andu, = 1 MPa,
geometrical dissipation occurs in the first mode, indigativat the cut-on frequency of
wave propagation in the stratum is very low in this caseclase to the first resonance
frequency of the structure.

As expectedf; decreases when the stiffness of the clay layer becomesssnidtie
change is significant when the sand layer is only 5 m deep.idrctse, the sand layer
acts like a plate on the much softer clay deposit. Howeverdtfierence between the
resonance frequencies is much less significantfor 20 m, see Fig. 13. Actually,
the transient response is almost identical for all simatatiwith the deep sand layer,
independently of the stiffness of the clay. This indicatest & soil layer situated at
a depth greater than the characteristic length of the faioraas very little impact
on the impedance. In other words, the structure cannot™teel clay layer at the
relatively great depth of 20 m below the ground surface. Thadisadvantage with
respect to the geometrical dissipation of energy in thersg¢é¢tower mode. Thus, a
comparison of Figs. 12 and 13 shows that the vibrations afrdtpiencyf, decay
more rapidly forh; = 5 m than forh; = 20 m, regardless of the clay stiffness.
However, the maximum response is approximately the samallfeaombinations of
hi andu,. Based on this, a small depth of the top layer may actuallyreeped.

Finally, comparing Figs. 9, 10, 12 and 13 it is observer thatrhagnitude of the
response at Site No. 1 and Site No. 2 is the almost identil situations. The most
significant geometrical damping occurs at Site No. 2 viith= 5 m. However, the
weaker geometrical dissipation also occurs at Site No. 2fdoth; = 20 m.
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Figure 12: Horizontal displacement(t), at the hub (—) due to a concentrated
horizontal forceg(t), applied at the same position(-).

4 Conclusion

The purpose of the analyses in the present paper is to aksesfiience of the subsoil
on the response of an offshore wind turbine. The aim of thekwas been to quan-
tify the impact of geometrical damping in the soil on the stanal response and to
determine the influence of the soil stiffness on the dynamoperties of the structure.

The computational model employed in the analyses consfséssimple finite-
element model of the wind turbine coupled with a lumped-peter model (LPM) of
a rigid hexagonal footing on a layered half-space. The LPbt&i#brated by weighted
least-squares fitting of the frequency response obtaired & rigorous frequency-
domain model of the footing on a soil stratum. Lumped-patamaodels of the order
6 to 10 have been found to provide accurate results, whaveasrder models are not
useful for the layered half-space. To ensure realisticlt@stihe dynamic properties
of the simple finite-element model are based on field measemtnon a 3 MW wind
turbine in Frederikshavn, Denmark.

The transient structural response due to a narrow-banded [mad is examined.
The load is applied horizontally at hub height and with a eefitequency of 3 Hz.
Two different soil profiles are included in the study. Caseothicerns a top layer of
loose sand above stiff clay, and it has been found that thgepties of the topsoil have
a strong influence on the structural response, given by thétfat the first and second
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Figure 13: Horizontal displacement(t), at the hub (—) due to a concentrated
horizontal forceg(t), applied at the same position(-).

resonance frequencies are lowered significantly, i.e. @8 Hz to 0.23 Hz and from
2.27 Hz to 1.70 Hz, respectively. The resonance frequemigpsnd on the stiffness
as well as the layer depth of the sand. The second mode ofres te damped by
geometrical dissipation in the ground, in particular wittvIstiffness and large depth
of the sand layer. However, no such damping is observed eghrd to the first tower
mode, since the first resonance frequency is lower than therctrequency of wave
propagation in the stratum. Finally, a significant diffeverbetween the response of
the turbine on drained and undrained sand is observed. kr todassess whether
the general loading of an offshore wind turbine excites thiessil under drained or
undrained conditions, eventually a poroelastic model neaselguired.

Case 2 concerns a soft normally consolidated clay below datggy of medium
dense sand. By inclusion of the subsoil in the computatiomadel, the first reso-
nance frequency is lowered from 0.30 Hz to 0.27 Hz, whereaséicond resonance
frequency has changed from 2.3 Hz to 1.9 Hz. Again, the seowdk is strongly
damped, whereas the free vibrations at the first naturau@&ecy of the turbine are
nearly undamped. Therefore, the inclusion of an LPM in aoelastic code is par-
ticularly important with regard to an assessment of therrasoe frequencies and the
geometrical damping of the structural vibrations exceptlie first tower mode.

In the case of a relatively thin sand layer (5 m) above thedait, the sand layer
acts like a plate on the much softer clay deposit. For a deegp sgyer (20 m) the
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transient response is almost independent of the stiffnedgeclay, i.e. the structure
cannot “feel” the clay layer. However, this results in veswlgeometrical dissipation
of energy through the soft clay deposit. This observatiadseto the conclusion that
a small depth of the top layer may actually be preferred wagpect to reducing the
oscillations related to the second mode of vibration.
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