
Towards the FE prediction of permanent deformations of offshore wind
power plant foundations using a high-cycle accumulation model

T. Wichtmann, A. Niemunis & Th. Triantafyllidis
Institute of Soil Mechanics and Rock Mechanics, Karlsruhe Institute of Technology, Germany

ABSTRACT: The paper discusses a possible application of the authors’ high-cycle accumulation (HCA) model
for the prediction of long-term deformations of offshore wind power plant (OWPP) foundations. The calibration
of the HCA model parameters for a typical North Sea fine sand is presented. These parameters have been used
for exemplary finite element calculations of a monopile foundation, with variation of soil density, average load
and cyclic load amplitude.

1 INTRODUCTION

Numerous offshore wind parks will be installed in the
North Sea and in the Baltic Sea during the next years.
The foundations of offshore wind power plants (OW-
PPs) are subjected to a multiaxial high-cyclic loading
due to wind and waves, which may cause an accumu-
lation of permanent deformations. The serviceability
of the OWPPs may get lost due to an excessive tilting
of the tower. No established methods for a prediction
of the long-term deformations exist so far.

Experience from conventional offshore foundations
(e.g. oil rigs) cannot be easily adapted since the ratio
of the horizontal cyclic load and the own weight of
the structure is significantly larger for the new OW-
PPs. While existing offshore wind parks lay in rela-
tively shallow water, the water depths will be up to
40 m at the locations of the new offshore wind parks.
Therefore, the bending moments at the seabed level
will be much larger for the new OWPPs. Furthermore,
the new OWPPs will have larger dimensions than the
existing ones due to increased power generation re-
quirements. For example, monopiles with diameters
between 5 and 8 m will be installed. Practical ex-
perience with such large pile diameters in combina-
tion with high ratios of cyclic horizontal load and self
weight of the structure is missing. Existing methods
for the prediction of long-term deformations were de-
veloped and proven for much smaller pile diameters
and for lower cyclic loads. The applicability of these
methods to the new OWPPs is questionable (Section
2).

The present paper discusses a possible applica-
tion of the authors’ high-cycle accumulation (HCA)

model (Niemunis et al., 2005) for finite element (FE)
predictions of the permanent deformations of OWPP
foundations.

2 LITERATURE REVIEW

The guidelines for the design of OWPP foundations
published by the certifier Germanischer Lloyd (2005)
demand an investigation of both, the short-term and
the long-term soil-structure interaction under cyclic
loading. However, the methods and the extent of such
investigations are not further specified. It is stated that
neither a theory nor established investigation meth-
ods exist with respect to the long-term behaviour. It
is recommended to utilize experience from similar
projects in the past, which are missing in the case
of the new OWPPs. As a possible approach the ad-
herence of given maximum deflections under a static
equivalent load is mentioned but judged as possibly
non-conservative.

Both, the recommendations of the American
Petroleum Institute (1993) and the Offshore Standard
DNV-OS-J101 (Det Norske Veritas, 2004) utilize p-y-
curves in order to predict lateral deformations of piles
subjected to horizontal loads. In the case of cyclic
loading p is reduced. Based on tests of Reese et al.
(1974), the API standard proposes a constant reduc-
tion factor 0.9. Since the load amplitude, the num-
ber of cycles and the soil conditions are not consid-
ered, such reduction seems to oversimplify the prob-
lem according to the authors’ opinion. The DNV stan-
dard recommends to use ”suitable” p-reduction fac-
tors, which are not further specified. A calculation
of the cumulative deformations in the soil in a ”suit-
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able manner” is demanded by DNV, but no respective
method has been specified or recommended.

Some more sophisticated modifications of p-y-
curves considering the influence of a cyclic load-
ing have been proposed in the literature (Welch and
Reese, 1972; Swinianski and Sawicki, 1991; Long
and Vanneste, 1994; Little and Briaud, 1988). For
example, Little and Briaud (1988) proposed to in-
crease y with N according to y(N) = y(N = 1) N a,
where the parameter a can be obtained from cyclic
pressuremeter tests. However, an extrapolation of the
pressuremeter data obtained for small numbers of cy-
cles to large N -values seems doubtful.

It should be kept in mind that all these methods and
equations recommended in the standard codes or pro-
posed in the literature were developed for smaller pile
diameters, lower ratios of cyclic horizontal load and
self weight of the structure, and smaller number of
cycles. The applicability to the large pile diameters of
the new OWPPs in combination with the large cyclic
horizontal loading has not been confirmed yet.

This lack of knowledge served as a motivation for
ongoing research on the long-term behaviour of the
new OWPP foundations. Different approaches are fol-
lowed. Achmus et al. (2008) calculated the lateral dis-
placements with an elastoplastic constitutive model,
reducing the constrained elastic modulus M in depen-
dence of the number of load cycles and the load am-
plitude. Lesny and Hinz (2006) described a method in
which the permanent deformations are predicted us-
ing a strain wedge model. The stress-strain behaviour
of the soil is derived from a multi-stage cyclic tri-
axial test. Based on model tests and FE calculations,
Dührkop (2010) proposed a p-reduction factor which
increases linearly from zero at the seabed level to 0.9
for z/L > 0.5 with L being the pile length. Since
in-situ measurements are not available yet for the
new OWPP foundations, all these methods were cali-
brated or proven based on small-scale model tests or
measurements at smaller pile diameters. Therefore, at
present it is unclear if these procedures are able to
predict realistic permanent deformations.

The authors of the present paper intend to predict
the permanent deformations of OWPP foundations by
means of finite element calculations using their high-
cycle accumulation model.

3 HIGH CYCLE ACCUMULATION MODEL

The main constitutive equation of the HCA model
reads

σ̇ = E : (ε̇− ε̇
acc

− ε̇
pl) (1)

with the Jaumann stress rate σ̇ of the effective Cauchy
stress σ, the strain rate ε̇, the prescribed strain ac-
cumulation rate ε̇

acc, the plastic strain rate ε̇
pl (for

Table 1. HCA model functions and parameters for the
tested fine sand (emin = 0.677, emax = 1.054).

Function Mat. Value
const.

fampl =
(

εampl/10−4

)Campl
Campl 1.31

fe =
(Ce − e)2

1 + e

1 + emax

(Ce − emax)2
Ce 0.58

fp = exp [−Cp (pav/100 − 1)] Cp 0.22
fY = exp

(

CY Ȳ av) CY 1.85
ḟN = ḟA

N + ḟB
N CN1 2.82 · 10−4

ḟA
N = CN1CN2 exp

[

−
gA

CN1fampl

]

CN2 0.37

ḟB
N = CN1CN3 CN3 2.64 · 10−5

stress paths touching the yield surface only) and the
pressure-dependent elastic stiffness E. In the high-
cyclic context ”rate” means the derivative with respect
to the number of cycles N . The accumulation rate is
calculated as the product of the scalar intensity of ac-
cumulation ε̇acc and of the direction of accumulation
m (a unit tensor):

ε̇
acc = ε̇acc m = fampl ḟN fe fp fY fπ m (2)

The flow rule of the modified Cam clay (MCC)
model has been experimentally found to approximate
m well. A multiplicative approach is used for ε̇acc.
Each function considers separately the influence of a
different parameter (Table 1, fampl: strain amplitude,
fe: void ratio, fp: average mean pressure pav (that
means the average value of mean pressure p during
a cycle), fY : average stress ratio ηav = qav/pav, ḟN :
cyclic preloading, fπ: polarization changes). The spa-
tial field of the strain amplitude can be obtained from
a calculation of a few cycles using a conventional con-
stitutive model. The authors use hypoplasticity with
intergranular strain (von Wolffersdorff, 1996; Niemu-
nis and Herle, 1997) for that purpose.

4 CALIBRATION OF THE HCA MODEL FOR A
FINE SAND

The HCA model parameters have been determined for
a uniform fine sand (d50 = 0.14 mm, Cu = d60/d10 =
1.5). This sand is also currently used in small-scale
model tests on OWPP foundations performed at our
institute. It is intended to verify the accuracy of the
HCA model prediction by recalculations of these
model tests.

Stress-controlled drained cyclic triaxial tests with
105 load cycles applied at a frequency of 0.2 Hz have
been performed in order to determine the parame-
ters Campl, Ce, Cp, CY , CN1, CN2 and CN3 (Table 1).
Four different amplitudes, seven different initial rel-
ative densities ID0, four different average mean pres-
sures pav and four different average stress ratios ηav =
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qav/pav have been tested in separate tests. No multi-
stage tests have been performed. Figure 1 shows a
typical plot of the vertical strain ε1(t) measured dur-
ing the first 24 cycles and during five cycles recorded
at N = 50, 100, 200, . . ., 105.
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Figure 1. Vertical strain ε1(t) measured during the initial
phase of a drained cyclic test and after different numbers
of cycles.

The upper row of diagrams in Figure 2 shows the
increase of the residual (= permanent, plastic) strain
εacc with increasing number of cycles N measured in
the four test series. Evidently, the rate of strain accu-
mulation increases with increasing amplitude (Figure
2a), decreasing density (Figure 2c) and increasing av-
erage stress ratio (Figure 2g). Similar residual strains
were obtained for different average mean pressures
(Figure 2e) because the tests were performed with the
same amplitude-pressure ratio ζ = qampl/pav = 0.3.

The HCA model parameter Campl was determined
from a curve-fitting of the function fampl (Table 1)
to the data shown in Figure 2b. In that figure the
residual strain εacc after different numbers of cycles
is plotted versus a mean value of the strain ampli-
tude, calculated as ε̄ampl = 1/N

∫

εampl(N)dN . This
averaging is necessary since the tests have been per-
formed stress-controlled and thus the strain ampli-
tude decreases slightly with N (especially during the
first 100 cycles). On the ordinate the residual strain
has been divided by the void ratio function f̄e of the
HCA model in order to purify the data from the influ-
ence of slightly different initial densities and different
compaction rates. f̄e has been calculated with a mean
value of void ratio ē = 1/N

∫

e(N)dN . The parame-
ter Campl given in Table 1 is the average of the values
determined for different numbers of cycles.

A curve-fitting of the function fe to the data in Fig-
ure 2d delivered the parameter Ce given in Table 1. In
Figure 2d the residual strain has been divided by the
amplitude function fampl in order to purify the data
from the influence of slightly different strain ampli-
tudes. The data are plotted versus a mean value of
void ratio.

The parameters Cp and CY (Table 1) were deter-
mined from a curve-fitting of the functions fp and fY

to the data in Figures 2f and 2h. In those diagrams
the residual strain has been divided by the amplitude
and void ratio function and plotted versus pav or Ȳ av,
respectively, where Ȳ av is a normalized stress ratio
which is zero for isotropic stresses and 1 on the criti-
cal state line.

The curves εacc(N) from Figure 2 have been di-
vided by the functions f̄ampl, f̄e, fp and fY of the HCA
model (Figure 3) in order to determine the parameters
CN1, CN2 and CN3. A curve-fitting of the function
fN = CN1 · [ln(1 + CN2 N) + CN3 N ] to the data in
Figure 3 (solid curve) delivered the CNi-values spec-
ified in Table 1.

The critical friction angle ϕc = 33.1◦ necessary for
the cyclic flow rule m has been determined from the
inclination of a pluviated cone of dry sand.

Isotropic elasticity is assumed for E in Eq. (1).
Therefore, two elastic constants (e.g. bulk modulus
K and Poisson’s ratio ν) have to be determined. The
bulk modulus K = u̇/ε̇acc

v can be obtained as the ratio
of the rate of pore water pressure accumulation u̇ in
a stress-controlled undrained cyclic test and the rate
of volumetric strain accumulation ε̇acc

v measured in a
drained test. Both samples should have similar initial
densities and the tests should be performed with iden-
tical consolidation stresses and cyclic loads. Six such
test pairs have been performed on the fine sand so
far. All specimens were prepared medium dense and
consolidated isotropically. Different initial effective
mean pressures in the range 50 kPa ≤ p0 ≤ 300 kPa
and different amplitude-pressure ratios in the range
0.2≤ ζ = qampl/p0 ≤ 0.3 were tested (not all combina-
tions have been tested so far). Based on the test results
(documented in detail by Wichtmann et al. (2010)) the
pressure-dependent bulk modulus can be described by

K = A (patm)1−n pn (3)

with patm = 100 kPa and with constants A = 467 and
n = 0.46. No significant influence of the amplitude on
K could be detected.

Poisson’s ratio ν can be obtained from the shape of
the average effective stress path in an undrained test
with anisotropic consolidation stresses and strain cy-
cles. A comprehensive test series on the fine sand is
documented elsewhere (Wichtmann et al., 2010). A
Poisson’s ratio of ν ≈ 0.32 has been found appropri-
ate for calculations with the HCA model.

The parameters of the hypoplastic constitutive
model with intergranular strain are needed in the FE
calculations for the determination of the spatial field
of the strain amplitude. The parameters of the conven-
tional hypoplastic model (Table 2) were determined
according to Herle (1997). Drained monotonic triax-
ial tests on dense samples and oedometric compres-
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Figure 2. Results of drained cyclic tests with different a,b) amplitudes, c,d) initial relative densities ID0, e,f) average mean
pressures pav and g,h) average stress ratios ηav.

Table 2. Hypoplastic parameters for the fine sand.
hs n α β ei0 ec0 ed0

[MPa] [-] [-] [-] [-] [-] [-]
862.6 0.32 0.21 1.5 1.212 1.054 0.677

Table 3. Parameters of intergranular strain for the fine sand.
R mT mR βR χ
[-] [-] [-] [-] [-]

10−4 2.3 4.6 0.2 2.8

sion tests on loose and dense samples were performed
for that purpose.
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The parameters of intergranular strain (Table 3)
were chosen such way that the strain amplitude mea-
sured in a drained cyclic triaxial test with pav = 200
kPa, ηav = 0.75 and qampl = 60 kPa is reproduced well.

5 FE CALCULATIONS

The FE calculations have been performed in order to
prove the HCA model prediction qualitatively. The
geometry of a real OWPP project (Figure 4) sup-
plied by ”Germanischer Lloyd Wind Energie GmbH”
has been used. The inner and outer diameter of the
monopile are di = 5.00 m and da = 5.09 m, respec-
tively. The depth of embedding is 32.65 m. An ero-
sion of the upper 3 m of the soil is likely to occur,
thus only the lower 29.65 m were considered for the
embedding.

Detail
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da / di = 5.09 / 5.00 m

Q, M/(2d)
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M/(2d)

Q/4
Q/4wind

waves

Figure 4. FE model of a OWPP monopile foundation.

The commercial program Abaqus 6.7 was used in
combination with the user-subroutine Umat, in which
both the hypoplastic model with intergranular strain
and the HCA model are implemented. The 3D-FE dis-
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cretisation is shown in Figure 4. Since only an uni-
directional cyclic loading has been considered so far,
the symmetry of the system could be utilized and only
one half of the problem’s geometry was modeled.
Three-dimensional elements with reduced integration
scheme (C3D8R) were used for the discretisation. Ten
layers of elements were chosen along the depth of em-
bedding and two elements were used for the thickness
of the pipe. The soil was modeled 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 modeled up to
1 m above the seabed. The Young’s modulus of the
steel pipe was E = 2.1 · 108 kPa except the upper 1
m where it was chosen as E = 1010 kPa in order to
distribute the concentrated loads applied to the head
of the pile. A Mohr-Coulomb contact with a friction
coefficient µ = 0.3 was used at the inner and outer side
of the steel pipe. The bending moment M was applied
as a pair of vertical forces acting on two nodes laying
on the symmetry axis (Figure 4). The shear force Q
was also equally distributed to these two nodes. The
vertical load V due to the own weight of the OWPP
tower was distributed equally to all nodes at the top of
the pile. A uniform distribution of the initial void ratio
was assumed. The initial earth pressure coefficient at
rest was set to K0 = 0.5.

The loading was applied in the following steps:
1. Application of the self weight of the soil with the

geostatic initial stress (without generating defor-
mations).

2. Application of the vertical force V = 9247 kN
representing the own weight of the tower.

3. Application of the average values of the bending
moment (M av) and the shear force (Qav).

4. Calculation of the first cycle, using the hypoplas-
tic model with intergranular strain. The load-
ing was applied sinusoidal with the amplitudes
M ampl and Qampl.

5. Calculation of the second cycle, using the hy-
poplastic model with intergranular strain. During
the cycle, the strain path was recorded in each
integration point. The spatial field of the strain
amplitude was determined from that strain path
and is input for the following calculation with the
HCA model.

6. Calculation of permanent deformations due to
N = 106 cycles using the HCA model. The bend-
ing moment and the shear force were kept con-
stant at their average values M av and Qav while
the permanent deformations due to the cyclic
loading with M ampl and Qampl were predicted by
the HCA model.

Calculations with different amplitudes M av and av-
erage values M ampl of the bending moment were per-
formed. The chosen values cover the design range for
real OWPP projects. A constant ratio Q/M = 0.027

1/m of shear force and bending moment was set into
approach. Figure 5a presents the lateral pile displace-
ments after N = 106 cycles applied with different am-
plitudes in the range 10 MNm ≤ M ampl ≤ 25 MNm.
Results from calculations with different average val-
ues 20 MNm ≤ M av ≤ 50 MNm of the bending mo-
ment are shown in Figure 5b, while Figure 5c pro-
vides the lateral displacement for different initial rel-
ative densities in the range 0.5 ≤ ID0 ≤ 0.9. The pre-
dicted increase of the permanent lateral displacements
with increasing amplitude M ampl, increasing average
value M av and decreasing initial density could be ex-
pected from the cyclic triaxial test results (Figure 2b)
and is in accordance with model test data (Hettler,
1981; Long and Vanneste, 1994; Lin and Liao, 1999).

A quantitative verification of the HCA model pre-
diction based on model tests performed on the fine
sand and (if available) in situ data is planned for the
future. For a shallow foundation the HCA model pre-
diction has been already proven by recalculations of a
centrifuge model test (Niemunis et al., 2005).

6 SUMMARY, CONCLUSIONS AND OUTLOOK

The paper discusses a possible application of the au-
thors’ high-cycle accumulation (HCA) model for the
prediction of permanent deformations of OWPP foun-
dations. The calibration of the HCA model for a typ-
ical North Sea fine sand is presented. The parameters
have been used for finite element calculations of a real
OWPP project founded on a monopile. The predicted
increase of the permanent lateral displacements with
increasing amplitude and average value of the applied
bending moment and with decreasing soil density is
qualitatively plausible and in accordance with model
test results in the literature. A quantitative verification
of the HCA model prediction is planned for the near
future.

Several series of cyclic triaxial tests will be per-
formed on the fine sand in order to further develop the
HCA model, in particular with regard to the applica-
tion to OWPP foundations. Since the OWPP founda-
tions are subjected to a very large number of load cy-
cles, long-term tests with N ≈ 108 cycles are planned
in order to evaluate the function fN of the HCA model
for large N -values. The effect of changes of the polar-
ization of the cycles (factor fπ of the HCA model) will
be studied in cyclic triaxial tests with a simultaneous
oscillation of the axial and lateral stresses. In the case
of OWPPs such changes are caused by the variation
of the direction of wind and wave loading.

7 ACKNOWLEDGEMENTS

This work has been done in the framework of the
project ”Geotechnical robustness and self-healing of
foundations of offshore wind power plants” funded

5



-0.01 0 0.01 0.02 0.03 0.04
-35

-30

-25

-20

-15

-10

-5

0

5

Mampl 
[MPa] = 

 10
 15
 20
 25

-0.01 0 0.01 0.02 0.03 0.04
-35

-30

-25

-20

-15

-10

-5

0

5

ID0 = 
 0.5
 0.6
 0.7
 0.8
 0.9

Mav = 30 MPa, 
Mampl = 15 MPa
N = 106

Mav = 30 MPa, 
ID0 = 0.7
N = 106

c)a)

Horizontal displacement [m]Horizontal displacement [m]

D
ep

th
 z

 b
el

ow
 s

ea
be

d 
[m

]

D
ep

th
 z

 b
el

ow
 s

ea
be

d 
[m

]

b)

Horizontal displacement [m]

D
ep

th
 z

 b
el

ow
 s

ea
be

d 
[m

]

SeabedSeabed

0 0.02 0.04 0.06
-35

-30

-25

-20

-15

-10

-5

0

5

Mav 
[MPa] = 

 20
 30
 40
 50

Mampl = 30 MPa, 
ID0 = 0.7
N = 106

Figure 5. Results of FE calculations: Horizontal displacement of the monopile as a function of depth z below seabed,
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