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ABSTRACT: The foundations of offshore wind power plants (OWPPs) are subjected to a high-cyclic
loading due to wind and waves. No suitable methods for the prediction of the long-term deformations
of these foundations do exist so far. The paper discusses the application of a high-cycle accumula-
tion (HCA) model for this purpose. Finite element calculations of OWPP monopile foundations are
presented and necessary modifications of the HCA model are discussed.

1 INTRODUCTION

A large number of offshore wind parks is
planned to be constructed in the vicinity of the
German coast of the North Sea during the next
years. Due to the large dimensions of these off-
shore wind power plants (OWPPs) and due to
the large horizontal cyclic loading the design of
the foundation of these OWPPs is not a trivial
problem.

Offshore wind power plants may be founded
shallow or on suction caissons. Alternatively, a
solution with one single large pile (monopile,
diameter usually > 5 m) and structures with
three or four smaller piles (tripod, jacket) can
be designed. The present paper concentrates on
monopiles. For shallow foundations the reader is
referred to Sturm et al. [15].

The loading of the foundation of an OWPP
is composed of an aerodynamic portion due to
wind and a hydromechanical portion due to cur-
rent and waves. During its lifetime an OWPP is
subjected to a few load cycles with large ampli-
tudes (due to strong storms) but also to many
(millions or billions of) cycles with small to in-

termediate amplitudes (so-called high-cyclic or
poly-cyclic loading).

Both the large and the small cycles may cause
permanent deformations. Even tiny deforma-
tions may accumulate if the number of cycles is
high. The serviceability of the structure may get
lost due to an excessive tilting of the tower. It
is also possible that extreme storm events cause
large deflections of the monopile accompanied
by a local dilatation in the soil. Subsequent small
cycles may lead to a recompaction of the soil
and in some cases even to a decrease of the lat-
eral deflections of the monopile (so-called ”self-
healing” effect).

The cyclic loading may also cause a change of
the lateral bedding of the pile due to a horizon-
tal stress relaxation. For a constant load ampli-
tude this would mean larger displacement am-
plitudes, which could also endanger the service-
ability of an OWPP. If the drainage is poor (low
permeability, large amplitudes) a temporary in-
crease of the pore water pressure during a cy-
cle or even an accumulation of the pore water
pressure may occur reducing the effective stress



and thus the stiffness of the soil. This could also
lead to larger displacement amplitudes. In the
extreme case a ”liquefaction” of the soil may
occur, i.e. the effective stress and thus the shear
strength almost vanishes. In that case the bearing
capacity of the OWPP foundation would dissa-
pear.

Engineers have little experience concerning
the long-term behaviour of OWPP monopile
foundations. Existing offshore wind parks lay
usually near the coast in relatively shallow wa-
ters (water depth < 10 m). The water depths
of the new parks planned in the vicinity of the
German coast of the North Sea will be up to 30
m, i.e. the lever arm of the horizontal loads and
thus the bending moments at the seabed level
will be much larger than for the existing struc-
tures. Furthermore, the new OWPPs will have
larger dimensions than the present ones due to
power generation requirements. This will fur-
ther increase the loads. Methods for estimating
the bearing capacity or the serviceability devel-
oped for smaller pile diameters and lower loads
cannot be directly adopted to the new OWPPs.
In comparison to conventional offshore foun-
dations (e.g. oil rigs) the water depths and the
loads of OWPPS are usually smaller but the ra-
tio of the horizontal to the vertical loads is sig-
nificantly larger. Thus, experiences gained from
existing offshore or onshore wind power plants
and other offshore structures cannot be directly
adapted.

During the past years the authors have devel-
oped a high-cycle accumulation (HCA) model
(Niemunis et al. [10]). The model predicts per-
manent deformations or excess pore water pres-
sures in non-cohesive soils due to many cycles
(N > 103) with small to intermediate ampli-
tudes (so-called high- or polycyclic loading). It
is based on an extensive laboratory testing pro-
gram on sand (Wichtmann et al. [19]). The ”ex-
plicit” strategy for FE calculations (in contrast
to the conventional ”implicit” one) consists in
treating packages of cycles in a single calcula-
tion step, cf. Niemunis et al. [10].

The present paper discusses only an applica-
tion of the HCA model to predict long-term de-
formations of OWPP monopile foundations. It
presents some first finite element calculations

(Section 3) and addresses necessary modifica-
tions / extensions of the HCA model (Section
4).

2 LITERATURE REVIEW

OWPPs may be designed using the general
geotechnical standard codes (e.g. DIN 1054 [3]),
special guidelines (e.g. Germanischer Lloyd [8],
DIBT [5]) or rules for conventional offshore
structures (e.g. API [4], DNV [17]). However,
recommendations on the serviceability of piles
under lateral cyclic loading are hardly to be
found in these documents.

For the estimation of deformations of piles
under lateral monotonous loading DIN 1054 [3]
recommends test loadings which are difficult
to perform offshore. Recommendations how to
consider a lateral cyclic loading are missing in
DIN 1054 [3]. An application of the ”obser-
vation method”, i.e. a combination of predic-
tions and in-situ measurements (at all OWPPs
of a wind park) would be technically and eco-
nomically laborious and the fast application of
counter-measures cannot be guaranteed (Rich-
wien [14]).

The guidelines of ”Germanischer Lloyd” [8]
demand an investigation of the effect of cyclic
loading. Both the short-term and the long-term
soil-structure interaction should be examined.
However, the methods and the extent of such in-
vestigations are not further specified. Concern-
ing the long-term behaviour, it is stated that
there exist neither a theory nor established inves-
tigation methods. It is recommended to utilize
the experience from similar projects in the past,
which is missing in the case of the new OWPPs.
As a possible approach the adherence of given
maximum deflections under a static equivalent
load is mentioned but judged as possibly non-
conservative. In the guidelines of [8] it is fur-
ther mentioned that no established method ex-
ists for an estimation if the soil around an OWPP
monopile will liquefy or not.

The recommendations of the American
Petroleum Institute (API) [4] use the model of
an elastically supported beam with non-linear
springs for the lateral load-deflection. The rela-
tionship between the lateral stress p and the lat-
eral displacement y is addressed as ”p-y-curve”.



In [4] functions p(y) are given in dependence on
depth, soil density, friction angle, pile diameter
and type of loading (static or cyclic). A cyclic
loading is considered by reducing p by a con-
stant factor 0.9 (according to Reese et al. [12]).
The applicability to the large diameters of the
new OWPPs is not confirmed yet. The consider-
ation of a cyclic loading by the factor 0.9, inde-
pendent of amplitude, number of cycles and soil
conditions, seems to be oversimplified.

The Offshore Standard DNV-OS-J101 (Det
Norske Veritas [17]) also proposes p-y-curves.
The cyclic loading should be considered by
”suitable” p-reduction factors, which are not
further specified. Concerning the serviceability
limit state a calculation of the cumulative defor-
mations in the soil in a ”suitable manner” is de-
manded. However, no such method is specified.

Some extensions of p-y-curves by the num-
ber of cycles N were proposed in the literature
(Swinianski & Sawicki [16], Welch & Reese
[18]). The latter ones e.g. recommended the re-
lationship y(N) = ys + y50 C log(N) for a dry,
stiff clay. Therein ys and y50 are the deformation
at 100 % or 50 % of the bearing capacity, re-
spectively, and the factor C considers the ampli-
tude. However, these modified p-y-curves were
not developed and are thus not suitable for the
large pile diameters and loading conditions of
the new OWPPs.

Little & Briaud [7] proposed an estimation of
the lateral deformations of piles in sand due to
cyclic lateral loading by means of p-y-curves de-
veloped on the basis of pressuremeter tests with
monotonous and cyclic loading. From a cyclic
test (Figure 1) the ”secant shear stiffness” G is
obtained as a function of the number of cycles.
The degradation of G with N is described by
G(N) = G(N = 1) N−a. The lateral deforma-
tions of the pile after N cycles can be estimated
by using a modification of the p-y-curve from
the monotonous test: y(N) = y(N = 1) N a. The
method could be approved by re-calculations of
model tests. However, its application to large
pile diameters is not confirmed yet and the ex-
trapolation of the pressuremeter data to large N -
values seems doubtful.

Grabe et al. [6] studied changes of the pore
water pressure in the soil near a monopile foun-
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Figure 1. Modified p-y-curve obtained from pres-
suremeter tests as proposed by Little & Briaud [7]

dation. In model tests (scale 1:100) with a fine to
medium coarse sand (medium dense to dense)
no accumulation of pore water pressure was
measured during 12 cycles with a relatively
large displacement amplitude applied with a fre-
quency of 1 Hz. However, since the coefficient
of permeability was not scaled, increased pore
pressures around the pile could be underesti-
mated. In 3-D coupled FE calculations (20 cy-
cles) using the hypoplastic constitutive model
with intergranular strain (Niemunis & Herle,
[9]), only for low permeabilities of the sand
(k = 10−5 m/s) an accumulation of pore water
pressure was observed. Grabe et al. [6] state that
their implicit calculations should not be extrap-
olated to larger numbers of cycles and that the
problem of the long-term deformations is not
solved yet.

Richwien et al. [13] propose a two-step con-
cept for the design of OWPPs. First, both
the bearing capacity and the serviceability are
proven for an extreme storm event (equivalent
static load). The use of p-y-curves for large pile
diameters based on elasto-plastic FE calcula-
tions is recommended. Next, a possible accumu-
lation of pore water pressure u during the opera-
tion or due to a storm has to be checked by calcu-
lating a small number of cycles implicitly using
a coupled FE analysis. If no accumulation of u
takes place the permanent deformations are the
main concern. It has to be proven that the ”cyclic
stress ratio” CLR = 2H ampl/Qs with the bear-
ing capacity Qs does not exceed a critical value
CLRcrit. It can be determined e.g. from cyclic
laboratory tests with a step-wise increased am-
plitude. In the case CLR < CLRcrit the defor-
mations during the lifetime of the OWPP have



to be determined. A suitable method for this pre-
diction has not been proposed by Richwien et
al. [13], however.

3 FE CALCULATION

For the numerical calculation the geometry,
loading and soil conditions of a real OWPP
project have been supplied by ”Germanischer
Lloyd Wind Energie GmbH”. The inner and
outer diameter of the steel pipe (pile) are di =
5.00 m and da = 5.09 m, respectively. The depth
of embedding is 32.65 m. An erosion of the up-
per 3 m of the soil is likely to occur, thus only
the lower 29.65 m were considered.

The FE calculations were performed with the
program ABAQUS. The 3D-FE discretisation is
shown in Figure 2. Changes of the polarization
of the loading have not been considered yet, i.e.
the symmetry could be utilized and only one
half of the problem was modelled. In order to
choose an appropriate type of elements for the
pile, preliminary comparative calculations of the
pure steel pipe subjected to a bending moment
were performed. Since calculations with contin-
uum elements C3D8 and shell elements CC8R
delivered similar deformations (no shear lock-
ing), continuum elements were used for mod-
elling the pile. Elements with reduced integra-
tion C3D8R were used for the whole model in
order to reduce the accumulation of uninten-
tional self-stresses in the elements (Niemunis et
al. [10]). Ten layers of elements were chosen
along the depth of embedding and two elements
were used for the thickness of the pipe. The soil
was modelled within the radius of 20 m around
the pile shaft and up to a depth of 20 m below
the pile tip. The pile was modelled up to 1 m
above the seabed. The Young’s modulus of the
steel pipe was E = 2.1 · 108 kPa except the up-
per 1 m where it was chosen as E = 1010 kPa
in order to distribute the concentrated loads ap-
plied to the head of the pile. A Mohr-Coulomb
frictional contact with µ = 0.3 was used at the
inner and outer side of the steel pipe.

Soil sampling at the location of the OWPP
shows that the sand layers reach up to a depth
of z = 27.6 m. It is a fine to medium coarse sand
with different fractions of coarse sand and fine
gravel. In the FE calculations the material con-
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Figure 2. FE discretization of the monopile founda-
tion

stants for a similar fine sand (sand ”CFS” in Ta-
bles 7.1 and 7.2 given by Wichtmann [19]) were
considered for the HCA model and for the hy-
poplastic model which is used for the implicit
calculation of the first two cycles. The sand lay-
ers are underlain by a stiff over-consolidated
clay layer. Since a HCA model for clay is still
under development, for the time being the clay
layer has been modelled with the constants for
the fine sand.

A cone penetration test provided the tip re-
sistance qc(z). Using the relationship ID =
−0.33+0.73 lg(qc[MPa]) from DIN 4094 [1, 2]
the profile ID(z) given in Figure 3a was obtained
(actually this correlation ID(qc) is only applica-
ble to sands above the ground water table; how-
ever, no correlations for saturated soils are given
in DIN 4094). ID increases approximately lin-
early from 0.5 at the seabed to 0.9 in a depth
z = 30 m. ID-values obtained from an analy-
sis of available SPT data using the correlation
ID = 0.18 + 0.370 lg(NSPT) (DIN 4094, appli-
cable also to sands below the ground water table)
were similar to the CPT-based values. For the FE
calculation the profile ID(z) was approximated
as shown in Figure 3b. Using emin = 0.575 and
emax = 0.908 as determined for the fine sand in
the laboratory, the profile of the initial void ra-
tio e0(z) given in Figure 3b was obtained. The
initial lateral stress σh0 was calculated from the
vertical one assuming σh0 = K0 σv0 with a coef-
ficient K0 = 0.5.

For the fatigue analysis of the tower the ir-
regular cyclic loading is grouped into packages
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tion test data

of cycles each with a constant amplitude and a
constant average value. Figure 4 presents such
a (simplified) loading scheme with 19 packages
ordered with increasing amplitudes. Figure 4
shows the bending moment M in the pile in the
height of the seabed. A similar loading scheme
is available for the shear force Q. The num-
ber of cycles usually decreases with increasing
amplitude of the packages. Due to its preload-
ing variable gA (Niemunis et al. [10]), the HCA
model can handle subsequent packages of cycles
with different amplitudes almost independently
of their sequence (Miner’s rule). Generally, it
has to be checked if the loading proposed for the
fatigue analysis of the tower is useful for stud-
ies of the long-term deformations of the OWPP
foundations.
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Figure 4. Loading scheme: Bending moment in the
monopile in the height of the seabed

For the present preliminary FE study an ap-
plication of the loading scheme in Figure 4 was
not thought to be meaningful due to two dif-
ferent reasons. First, the HCA model is based
on tests with N ≤ 2 · 106 cycles and has still to
be confirmed for larger numbers of cycles (Sec-
tion 4). For many of the packages in Figure 4,

N � 2 · 106 holds. Second, a numerical problem
related to very large numbers of cycles (unin-
tentional accumulation of self-stresses, Section
4) has still to be resolved. Thus, the calculations
were restricted to N ≤ 2 · 106 cycles and to a
constant amplitude.

In the FE model the bending moment was
applied as a pair of vertical forces, Figure 2.
The horizontal load acting on the pile was also
equally distributed to these two nodes.

In the FE calculation first the self weight of
the soil with the geostatic initial stress was ap-
plied (without generating deformations). In a
second step the vertical force V = 9247 kN due
to the weight of the tower was applied to the
head of the pile in form of a distributed load. In
the third step the average values of the moment
(M av) and the shear force (Qav) were applied. In
step four an implicit calculation of the first cycle
was performed. The loading was applied sinu-
soidal with the amplitudes M ampl and Qampl. The
fifth step consisted of the calculation of the sec-
ond cycle. It was equal to the fourth step except
for the strain path that was recorded in each inte-
gration point. At the beginning of the sixth step
the strain amplitude (an input parameter for the
HCA model) was calculated from the recorded
strain path followed by an explicit calculation of
the subsequent cycles of the package.

Figure 5 presents the results of calculations
with N = 106 cycles and different amplitudes
10 ≤ M ampl ≤ 20 MNm and different average
values 20 ≤ M av ≤ 40 MNm of the bending mo-
ment. The ratio Q/M = 0.027 1/m was kept con-
stant. Obviously, the lateral displacement and
thus the tilting of the pile increases with in-
creasing number of cycles. The accumulated dis-
placements increase with increasing amplitude
M ampl (compare Figure 5a-c) and with increas-
ing average value M av (compare Figure 5b,d,e).

A possible oscillation or accumulation of pore
water pressure has not been considered yet. A
coupled analysis with special consolidation ele-
ments should be performed for this purpose.

4 NECESSARY IMPROVEMENTS OF THE
HCA MODEL

The HCA model is based on tests with N ≤

2 · 106 cycles. OWPPS are subjected to much
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Figure 5. Results of the FE calculations: Horizontal displacement of the monopile as a function of depth below
seabed, for different amplitudes and average values of the bending moment

larger numbers of cycles (Figure 4). It is likely
that the constant portion of the function which
describes the influence of the cyclic preload-
ing in the HCA model (function ḟN ) overesti-
mates the accumulation for N > 2 · 106. Thus,
the HCA model, in particular its function ḟN or
its material constants have to be confirmed or
modified for very large numbers of cycles.

For a realistic prediction of the long-term de-
formations of OWPPs the changes of the po-
larization of the cycles due to the variation of
the direction of wind and wave loading has to
be considered. Results from multiaxial direct
shear tests (Wichtmann [19]) show that a sudden
change of the polarization leads to a temporary
increase of the accumulation rate. This effect is
captured by the function fπ of the HCA model.
However, it has still some deficiencies (Niemu-
nis et al. [11]). Based on the test results the func-
tion fπ of the HCA model will be further devel-
oped.

Significant changes of stress due to the cyclic

loading may be expected in the vicinity of the
monopile foundation. In the FE calculation the
stress relaxation depends on the elastic stiffness
E in the basic equation σ̇ = E : (ε̇ − ε̇

acc
− ε̇

pl)
of the HCA model. In the FE calculations pre-
sented in Section 3, E was chosen according
to the recommendations given by Wichtmann et
al. [20]. As outlined by Wichtmann et al. [20]
further tests on E are necessary.

For the purpose of scour protection stones or
ballast will be placed around the pile near the
seabed. In order to consider the scour protection
in the FE model the constants of the HCA model
for such coarse materials have to be determined
in large-scale cyclic triaxial tests.

5 SUMMARY, CONCLUSIONS AND OUT-
LOOK

The paper presents FE calculations of a
monopile foundation of an offshore wind power
plant. The permanent deformations after 106 cy-
cles are predicted using a high-cycle accumu-



lation (HCA) model. The lateral deflections of
the monopile increase with increasing amplitude
and with increasing average value of the cyclic
loading. Necessary modifications of the HCA
model are discussed in Section 4.

An open question is also the determination
of the cyclic preloading gA of the in-situ soil
(Wichtmann [19]).

Furthermore, a numerical problem has to be
solved. Due to an insufficient number of de-
grees of freedom per element in comparison
to the number of stress or strain components
prescribed in the integration points, unintended
self-stresses may accumulate. The problem may
be alleviated by using elements with reduced in-
tegration. However, methods for a more efficient
reduction of these self-stresses are desirable.

Having improved the HCA model, the FE pre-
dictions have to be confirmed by recalculation of
model tests and in-situ measurements. FE para-
metric studies will follow. Based on the para-
metric studies a simplified procedure for the es-
timation of the long-term deformations of OW-
PPs will be developed.
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[6] J. Grabe, J. Dührkop, and K.-P. Mahutka.
Monopilegründungen von Offshore-
Windenergieanlagen - Zur Bildung von
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