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The paper presents three engineer-oriented models based on the high cycle accumulation (HCA) model of Niemunis et al. [Niemunis,
A., Wichmann, T., and Triantafyllidis, T. (2005) ”A High Cycle Accumulation Model for Sand”, Computers and Geotechnics, 32(4),
245-263], dedicated to the prediction of long-term deformations of offshore wind power plant (OWPP) foundations caused by
wind and wave action. A sublayering model for shallow foundations under vertical cyclic loading and two different approaches
(a sublayering model and a stiffness-degradation model) for monopile foundations subjected to horizontal cyclic loading are
presented. The results of these models are compared to the solution from 2-D or 3-D finite element simulations with the original
HCA model. Furthermore, the prediction is confronted with the prognosis of other engineer-oriented models proposed for OWPP
foundations in the literature. Finally, a simplified procedure for the determination of the HCA material constants is briefly explained.
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INTRODUCTION

The cyclic loading of offshore wind power plant (OWPP) founda-
tions due to wind and wave action leads to permanent deformations.
They may endanger serviceability since the OWPP generators tol-
erate only a small tilting (0.5◦-1◦) of the tower. Therefore, an ac-
curate prediction of these long-term deformations is indispensable.
The high-cycle accumulation (HCA) model proposed by Niemunis
et al. (2005) is a suitable tool for that purpose. It has been val-
idated based on simulations of model tests and full-scale in situ
tests (Hartwig, 2010; Zachert, 2015; Zachert et al., 2014, 2015,
2016). Up to now, the HCA model has been primarily applied in
finite element (FE) simulations (e.g., Wichtmann et al. (2010a);
Zachert et al. (2014, 2015, 2016)). Such calculations usually de-
mand a rather laborious 3-D model and experienced knowledge on
the field of FE. To facilitate the practical application of the HCA
model to OWPP foundations, several simplified engineer-oriented
models for different types of foundation structures have recently
been developed by the authors based on the HCA equations:
• A sublayering model for the subgrade of shallow founda-

tions under cyclic vertical loading. For example, such load-

ing conditions are relevant for OWPPs founded on three or
four separate footings. The calculation procedure using this
model is similar to that in a conventional settlement calcula-
tion for foundations subjected to static loading, but with the
HCA equations predicting the additional cumulative portion
of settlement. In comparison to simple settlement formulas of
type s(N) = s(N = 1) · f(N) (or similar) (Diyaljee and Ray-
mond, 1982; Hettler, 1984; Mallwitz and Holzlöhner, 1996),
sublayering models are advantageous since they can be cali-
brated based on element tests in the laboratory. They are also
more flexible with respect to stratified ground. Furthermore,
it can be demonstrated that the common settlement formulas
for cyclically loaded foundations are inconsistent, since the
prediction depends on which cycle is regarded as the first one
(Niemunis and Wichtmann, 2014).

• A sublayering model for the soil surrounding monopile foun-
dations under horizontal cyclic loading. The soil stiffness and
the cumulative deformations are represented by springs and
dashpots, respectively. The cumulative deformations are cal-
culated with the HCA model.

• A stiffness-degradation model (SDM) for monopile foun-
dations under horizontal cyclic loading, with the stiffness-
reduction factor based on the HCA model.

The following sections present the basic ideas and equations of
these engineer-oriented models, along with some exemplary cal-



culations. The predictions of the simplified models are compared
to the results from FE simulations using the full HCA model.

In the case of monopile foundations, the prediction is also com-
pared to the prognosis of the following engineer-oriented models
available in the literature:
• The procedure according to the API (American Petroleum In-

stitute, 2000) utilizing p-y curves with a reduction of the bed-
ding stiffness considering cyclic loading.

• A modification of the API approach proposed by Dührkop
(2010), based on small-scale model tests on monopiles under
horizontal cyclic loading.

• The enhanced strain wedge model (ESWM) published by
Taşan (2012), an extension of the strain wedge model of Norris
(1986) and Ashour et al. (1998) for cyclic loading conditions.

• The SDM of Achmus et al. (2008). Using that model, a mono-
tonic loading of the monopile is simulated with a 3D FE model
and a simple elastoplastic constitutive model. Young’s modu-
lus is reduced, accounting for the increased deformations due
to cyclic loading.

A critical assessment of these various models can be found in West-
ermann et al. (2014a,b). Simple formulas of type y(N) = y(N =
1) · f(N) (or similar) have been also proposed for the cumulative
horizontal displacements of monopile foundations (Hettler, 1984;
Leblanc et al., 2010). Unfortunately, they show the same deficits as
those dedicated to shallow foundations.

A simplified procedure for the determination of the HCA model
parameters further facilitates the application of the HCA model in
practice. Following that procedure, all, or at least parts, of the pa-
rameters can be estimated based on granulometry or simple index
tests. Therefore, the number of sophisticated and elaborate cyclic
tests necessary for a calibration of the model can be significantly
reduced.

SUBLAYERING MODEL FOR SHALLOW FOUNDATIONS
UNDER VERTICAL CYCLIC LOADING
Basic Idea, Equations, and Calculation Procedure
The procedure is similar to a conventional settlement prediction
under static loading. The subsoil is divided into several layers (Fig.
1). The sum of the accumulated deformations calculated for the
individual layers represents the cumulative settlement of the foun-
dation.

As in the FE simulations with the HCA model, the implicit and
explicit parts of the calculation are distinguished from each other
(Fig. 2). The implicit part comprises the loading of the foundation
toward the average stress σav

F and the first so-called irregular cycle
with an amplitude σampl

F . This cycle is called irregular because it
usually generates a much larger permanent deformation than sub-
sequent cycles. The implicit steps are treated with a conventional
constitutive model. In the case of this engineer-oriented approach
a simple elastic model is used. All subsequent regular cycles with
the same amplitude σampl

F are handled with the HCA model. During
that phase of the calculation, the increase of the cumulative defor-
mations with the number of cycles N is predicted directly, without
following the stress or strain paths within the individual cycles. The
load applied to the foundation is kept constant during the explicit
phase (Fig. 2).

The calculation procedure during the implicit parts can be sum-
marized as follows:

1. The initial effective stress due to the soil’s own weight (verti-
cal component σ10, horizontal one σ30 =K0σ10) is calculated
in each layer.
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Fig. 2 Scheme of the cyclic loading applied to the foundation during two
successive packages of cycles with different average stresses and stress
amplitudes

2. The additional vertical (∆σav
1 ) and horizontal (∆σav

3 =
K0∆σav

1 ) stresses in the soil due to the average stress σav
F ap-

plied to the foundation are determined, using, e.g., Steinbren-
ner’s solution for a rectangular loaded area on an elastic half-
space, ∆σav

1 = iRσ
av
F , with the factor iR depending on geom-

etry and depth (i.e., a/b and z/b). Flexible and rigid founda-
tions are distinguished from each other. In the case of flexible
foundations, the stresses are calculated for the center point,
while the characteristic point is used for rigid ones.

3. The stress amplitudes σampl
1 and σampl

3 due to the amplitude
σampl
F of the cyclic loading applied to the foundation are analo-

gously obtained. Next the maximum stresses during the cycles
can be determined (e.g., σmax

1 = σ10 +∆σav
1 + σampl

1 ).

4. The settlement caused by the first loading to the maximum
stress σmax

F = σav
F + σampl

F is calculated using a pressure-
and density-dependent stiffness E1(p, ID) for the soil derived
from the first loading curve in either an oedometric test (com-
pression index Cc) or a drained triaxial test (Young’s modulus
E50 obtained from the initial phase of the q(ε1) curve), with
relative density index ID = (emax − e)/(emax − emin), mean
pressure p= (σ1 +2σ3)/3, and deviatoric stress q = σ1 − σ3.
This part of the procedure is almost identical to a conventional



prediction of the settlement due to monotonic loading, with
the only exception being that the loading is applied in a cer-
tain number of increments in order to consider nonlinearity,
i.e.,

∆ε1,j =
∆σ1,j

E1(p, ID)
ε1 =

∑
∆ε1,j ∆h = ε1h0 (1)

with the settlement of the layer ∆h and its initial height h0.
The index j numbers the time increments.

Regarding the strains in both horizontal directions, three dif-
ferent approaches have been implemented into the sublayering
model: oedometric conditions with totally prevented lateral
strains, triaxial conditions with unhindered lateral deforma-
tions, and mixed boundary conditions with partially prevented
strains. Furthermore, the lateral strains depend on the geome-
try of the foundation (e.g. ε3 = 0 in the case of strip founda-
tions). For reasons of simplicity, following Nübel et al. (1999)
the 3-D case is reduced to an axisymmetric one, introducing
the lateral strain ratio ϑ:

ε2 = ε3 = ϑ ε1 (2)

The equation of linear elasticitiy then leads to

σ1 =
E

1 + ν

(
ε1 +

ν

1− 2ν
εv

)
= E

1− ν + 2νϑ

(1 + ν)(1− 2ν)︸ ︷︷ ︸
E1

ε1 (3)

with Poisson’s ratio ν and volumetric strain εv = ε1 + ε2 +
ε3 = (1+ 2ϑ)ε1. For the oedometric case (ϑ = 0), Eq. 3 deliv-
ers the conventional oedometric stiffness M (i.e., E1 = M =
E 1−ν

(1+ν)(1−2ν) ), while the triaxial case (ϑ = −ν) leads to
Young’s modulus E1 = E.

For partially constrained lateral strains (something between
the oedometric and triaxial case) the factor ϑ proposed by
Nübel et al. (1999) based on FE simulations is used, consider-
ing a variation with depth and a dependence on the foundation
geometry (blue dashed curves in Fig. 3):

ϑ(z,α) =

{
ϑ∞,R

|z|
2b for |z|

2b ≤ 1

ϑ∞,R for |z|
2b > 1

(4)

Equation 4 describes oedometric conditions (ϑ = 0) directly
below the foundation (z = 0), a linear increase of ϑ with depth
up to z = 2b, and a constant ϑ at larger depths. For the ax-
isymmetric case of a circular foundation, the maximum value
ϑ∞,R is set to -0.3, while -0.2 is used for the plane strain case
of a strip foundation (Nübel et al., 1999). For a rectangular
foundation with dimensions a× b, the value of ϑ∞,R is inter-
polated between both cases:

ϑ∞,R = −
√

(0.2 cosα)2 + (0.3 sinα)2 (5)

with

α[rad] =
b

a

π

2
and a ≥ b (6)

A circular foundation is treated equivalently to a square foun-

dation (a= b) with α= π/2. In the case of the strip foundation
(a→∞), one obtains α = 0.
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Fig. 3 Lateral strain ratio ϑ(z,α) as a function of depth z (left-hand side)
and in dependence on the geometry factor b/a of the foundation

To consider the foundation geometry in the triaxial case, the
equations of Nübel et al. (1999) have been adapted, using a
constant value of ϑ over depth (red solid curves in Fig. 3, plot-
ted for ν = 0.3):

ϑ(α) = ϑ∞,R = −
√
(ν/2 cosα)2 + (ν sinα)2 (7)

For a square or circular foundation, one thus obtains ϑ(α =
π/2) = −ν. A strip foundation (one should speak of biax-
ial rather than triaxial conditions in that case) is described by
ϑ(α = 0) = −ν/2, i.e., an average value considering ε3 = 0
and ε2 = −νε1.

5. The heave due to the unloading of the foundation from σmax
F

to σav
F is analogously estimated using a p- and ID-dependent

stiffness gathered from the unloading curve in either an oedo-
metric test (swelling index Cs) or a drained triaxial test (un-
and reloading Young’s modulus Eur). This calculation is also
done in increments. The second half of the first cycle (unload-
ing to σmin

F and subsequent reloading to σav
F ) is not simulated

since it does not generate any permanent deformations and
does also not deliver any additional information necessary for
the further calculation.

The calculation procedure during the explicit parts is as follows:

1. In each layer, the strain amplitude εampl is calculated from

εampl(ϑ) =
√
1 + 2ϑ2 εampl

1 (8)

using εampl
2 = εampl

3 = ϑ εampl
1 . The amplitude of vertical strain

εampl
1 is obtained from the stress amplitude σampl

1 using a secant
stiffness E1,sec(ϑ) derived from a cyclic test (resonant column
or cyclic triaxial test):

εampl
1 = σampl

1 /E1,sec(ϑ) (9)

If the well-known decrease of E1,sec with increasing strain am-
plitude εampl

1 shall be considered, an iterative procedure is nec-
essary in order to determine εampl

1 .

2. The increase of the cumulative vertical strain with increasing
number of cycles is calculated with the HCA model in each



layer. The following axisymmetric formulation of the HCA
model is applied:[
σ̇1

σ̇3

]
=

E

(1 + ν)(1− 2ν)

[
1− ν 2ν
ν 1

][
ε̇1 − ε̇acc m1

ε̇3 − ε̇acc m3

]
(10)

with ε̇3 = ϑε̇1. In the context of HCA models, a dot over a
symbol means a derivative with respect to the number of cy-
cles N (instead of time t), i.e., ⊔̇ = ∂ ⊔ /∂N . The compo-
nents of the flow rule are adopted from the modified Cam Clay
model:[

m1

m3

]
= f

[
1/3

(
1− (ηav)2/M2

)
+ 2(ηav)/M2

1/3
(
1− (ηav)2/M2

)
− (ηav)/M2

]
(11)

with average stress ratio ηav = qav/pav, critical stress ratio M ,
and

f =
[
1/3

(
1− (ηav)2/M2

)2
+ 6

(
ηav/M2

)2]−0.5

(12)

The intensity of accumulation ε̇acc entering Eq. 10 is obtained
from Eq. 13:

ε̇acc = fampl ḟN fe fp fY (13)

with the functions summarized in Table 1. The strain ampli-
tude determined in the preceding step enters fampl.

Since the external loading on the foundation is kept constant
during the explicit calculation, σ̇1 = 0 holds. The first row of
Eq. 10 then delivers

ε̇1(ϑ) =

[
1− ν

1− ν + 2νϑ
m1 +

2ν

1− ν + 2νϑ
m3

]
ε̇acc (14)

For oedometric conditions (ϑ = 0), Eq. 14 simplifies to

ε̇1 = ε̇acc
(
m1 +

2ν

1− ν
m3

)
(15)

and the second row of Eq. 10 predicts a change of the average
lateral stress due to the cycles according to

σ̇3 = − E

1− ν
ε̇acc m3 (16)

which is, however, neglected in the model for reasons of sim-
plicity. Setting σ̇3 = 0 in the second row of Eq. 10, one obtains
the axial strain rate for triaxial conditions (ϑ = −ν):

ε̇1 = ε̇accm1 (17)

The calculation of the cumulative vertical strain caused by N
cycles within a layer is performed incrementally. Consider-
ing an increment of the number of cycles ∆N , the result-
ing increment of cumulative vertical strain is obtained from
∆ε1 = ε̇1∆N . The void ratio entering the function fe in Table
1 is continuously updated during this incremental calculation.
The final residual strain is multiplied by the initial height of
the layer in order to obtain its settlement. A summation over
all layers leads to the cumulative settlement of the foundation

Influencing Function Mat.
parameter const.

Strain amplitude fampl =

(
εampl

10−4

)Campl
≤ 10Campl Campl

Cyclic ḟN = ḟA
N + ḟB

N CN1

preloading ḟA
N = CN1CN2 exp

[
− gA

CN1fampl

]
CN2

ḟB
N = CN1CN3 CN3

Mean pressure fp = exp

[
−Cp

(
pav

100 kPa
− 1

)]
Cp

Stress ratio fY = exp
(
CY Ȳ av

)
CY

Void ratio fe =
(Ce − e)2

1 + e

1 + emax

(Ce − emax)2
Ce

Table 1 Summary of the functions and material constants of the HCA
model

(see Eq. (1)).

The total settlement of the foundation is obtained as the sum of
the portion resulting from the implicit phase of the calculation (i.e.,
caused by the application of the average load and the first cycle) and
the additional cumulative portion stemming from the explicit phase.
If several packages of cycles with different amplitudes have to be
handled (Fig. 2), each package demands an implicit calculation of
the average stress change and the first cycle, followed by an explicit
phase for the calculation with the HCA model.

In FE simulations with the HCA model the explicit phase can op-
tionally be interrupted by so-called control cycles, which are again
calculated implicitly in order to update the field of the strain am-
plitude. Usually such control cycles are introduced in logarithmic
intervals (i.e., at N = 10, 100, 1000, etc). Since the effect of such
control cycles on the cumulative settlements of shallow founda-
tions was found to be of minor importance in earlier FE simulations
(Wichtmann, 2005), control cycles have not been considered as an
option in the sublayering model.

Validation and Parametric Studies
The sublayering model has been implemented as a Visual Basic for
Applications (VBA) program for Microsoft Excel (Häcker, 2013;
Wöhrle, 2012). The prediction has been checked against FE simu-
lations with the HCA model using the finite element analysis (FEA)
code Abaqus.

The calculations in Fig. 5 have been performed with an infinite
distributed load applied on the ground surface. In both calculations,
using either FE or the sublayering model, the same elastic stiffness
approaches have been applied. For the first loading to the maximum
stress, an equation derived from oedometric tests on Karlsruhe fine
sand (KFS) (mean grain size d50 = 0.14 mm, uniformity coefficient
Cu = 1.5, sample size d = 100 mm, h = 18 mm) has been used:

M [MPa] = (0.29 + 0.49 · ID1.14)(σ1 [kPa])0.75 (18)

with oedometric modulus M and vertical stress σ1. The stiffness
for the subsequent unloading to the average stress has been derived
from the unloading curve measured in the same oedometric tests:

Mur [MPa] = 1.88 · (σ1 [kPa])0.71 (19)



Constant c1a c1b c2 c3 c4 c5

Value 89.5 71.5 1143 4.33 0.60 0.20

Table 2 Material constants of Equations 20 to 25 for Karlsruhe fine sand

In both cases a Poisson’s ratio ν = 0.3 has been applied. The strain
amplitude as an input of the HCA model has been estimated based
on a set of equations for the secant shear modulus Gsec obtained
from drained cyclic triaxial tests performed in order to determine
the HCA model parameters (see also Fig. 15). The secant shear
modulus Gsec = qampl/(3εampl

q ) derived from the experimental data
is plotted versus strain amplitude εampl, void ratio e, average mean
pressure pav, and average stress ratio ηav in Fig. 4. The Gsec data in
Fig. 4 are described by the following equations:

Gsec = c1a fe,G fp,G fη,G fampl,G (20)

fampl,G =
1

1+ c2 εampl/
√
p/patm

(21)

fe,G =
(c3 − e)2

1 + e
(22)

fp,G = patm
1−c4 (pav)c4 (23)

fη,G = 1+ c5(η
av − 0.75) (24)

with patm = 100 kPa and the constants c1a to c5 summarized in
Table 2. The functions fampl,G, fe,G, fp,G, and fη,G with their con-
stants c2, c3, c4, and c5 describe the decrease of the secant shear
stiffness with strain amplitude and void ratio and its increase with
average mean pressure and average stress ratio (Fig. 4). The pa-
rameter c1a determines the overall magnitude of Gsec. Since εampl

enters the equation for fampl,G, the solution has to be done by itera-
tion. If the amplitude dependence (Fig. 4a) is neglected for reasons
of simplicity, one can use

Gsec = c1b fe,G fp,G fη,G (25)

with another material constant c1b (Table 2). Poisson’s ratio ν =
0.26 has been derived from the same cyclic test data using ν =
(3Ksec − 2Gsec)/(6Ksec +2Gsec) with secant bulk modulus Ksec =

pampl/εampl
v = qampl/(3εampl

v ).
For the calculations with the sublayering model, the soil has

been divided into 100 sublayers of equal height (0.5 m). The dis-
cretization used in the FE simulations is given in Fig. 7. Comparing
the FE results with the prediction of the sublayering model, there
are hardly any differences in the load-settlement curves during the
application of the average load and the first cycle (not shown in
Fig. 5). Additionally, the profiles of strain amplitude with depth
are almost identical (Fig. 5a). The slightly larger cumulative set-
tlements computed by the sublayering model (Fig. 5b) are due to
the fact that the moderate increase of the lateral stress during the
high cyclic loading (Fig. 5c), which leads to a somewhat stiffer re-
sponse, is neglected in the sublayering model (i.e., σ̇3 = 0 instead
of Eq. 16).

The comparison in Fig. 6 concerns a shallow strip foundation of
width b = 10 m under cyclic loading. Hypoplasticity with intergran-
ular strain and the parameters for Karlsruhe fine sand (Tables 3 and
4) have been applied for the monotonic loading and the first cycle
in the FE simulation. The parameters in Tables 3 and 4 have been
derived based on the same oedometric or cyclic triaxial tests that
were used for the development of Eqs. 18-25. Therefore, the stiff-
ness approaches used in the simulations with FE or the sublayering
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Fig. 4 Secant shear modulus Gsec derived from drained cyclic triaxial tests
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φc hs n α β ei0 ec0 ed0
[◦] [MPa] [-] [-] [-] [-] [-] [-]

33.1 2000 0.32 0.12 2.0 1.212 1.054 0.677

Table 3 Parameters of hypoplasticity for Karlsruhe fine sand

model are similar.
Figure 6 presents calculations with the sublayering model in

which oedometric conditions (no lateral deformations, ϑ = 0), bi-
axial conditions (free lateral deformations, ϑ = −ν/2), or mixed
conditions (ϑ according to Eq. 4) have been used. Furthermore,
the stiffness degradation of the secant stiffness has been consid-
ered (Eq. 20) or neglected (Eq. 25). Figure 6c clearly demonstrates
that the cumulative settlement predicted by the sublayering model
is larger for the triaxial case than for the mixed or oedometric con-
ditions. Furthermore, considering the stiffness degradation leads to
larger accumulated deformations. Compared to the FE results, the
strain amplitude is overestimated by the sublayering model near the
ground surface but slightly underestimated in larger depths (Fig.
6b). The latter is due to the fact that the stress amplitudes received
from the FE simulations at larger depths exceeded those calculated
in the sublayering model using Steinbrenner’s formula. The dis-
crepancies in the εampl values near the ground surface may have sev-
eral causes. In the FE simulations the strain amplitude also changes
in the horizontal direction (see the εampl field in Fig. 7). Larger εampl

values at the ground surface are obtained near the edge of the foun-
dation (compare the solid and dot-dashed green curves in Fig. 6b).
Furthermore, the FE simulations show a compaction of the soil in
the horizontal direction directly beneath the foundation, while a lat-

R mR mT βR χ
[-] [-] [-] [-] [-]

10−4 2.6 1.3 0.1 6.0

Table 4 Parameters of intergranular strain for Karlsruhe fine sand
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Fig. 6 Comparison of (a) load-settlement curves during the implicit phases of the calculation, (b) strain amplitudes εampl(z) below the center of the
foundation, and (c) accumulated settlement curves sacc(N) between FE calculations and simulations with the sublayering model for cyclic loading with σav

F

= 100 kPa and σ
ampl
F = 50 kPa applied on a foundation with width b = 10 m on medium dense sand (ID0 = 0.6)

eral extension increasing with depth is assumed in the sublayering
model (Fig. 3). Differences in the constitutive description of the
secant stiffness (Eqs. 20-25 in the sublayering model versus the
intergranular strain concept in the FE simulations) and in the dis-
cretization of the soil (FE mesh versus 100 sublayers) may have
contributed to the differences in the εampl(z) profiles. Because of
the larger εampl values, the sublayering model predicts larger cu-
mulative settlements in the upper part of the subsoil, while smaller
ones are obtained at lower depths. These discrepancies almost com-
pensate for each other since the curves of accumulated settlement
sacc(N) from the FE calculations and the sublayering model agree
well, in particular for the most realistic mixed boundary conditions
(Fig. 6c).

The sublayering model is very useful for parametric studies
since the effect of different parameters on the cumulative settle-
ments can be quickly investigated. Figure 8 presents an example
wherein the soil density, load amplitude, and dimensions and rigid-
ity of a strip foundation have been varied. The sublayering model
is also suitable for calculations with packages of cycles, as shown
in Fig. 9 (obeying Miner’s rule, i.e., the sequence of the amplitudes
is of no importance), or with a stratified ground considering a dif-
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Fig. 7 FE mesh with field of strain amplitude εampl obtained in the calcu-
lation shown in Fig. 6
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ferent cumulative response of the various layers.

HCA-BASED ENGINEER-ORIENTED MODELS FOR
MONOPILES
Comparison of the HCA Prediction with Engineer-Oriented
Models from the Literature
Westermann et al. (2014a,b) have compared various models for
OWPP monopile foundations proposed in the literature (Achmus
et al., 2008; American Petroleum Institute, 2000; Dührkop, 2010;
Taşan, 2012) with the HCA model prediction using full 3-D FE
simulations (see the FE model in Fig. 10). A monopile with an outer
diameter of 5 m and a depth of embedding of 30 m has been stud-
ied under fully drained conditions. The simulations with the HCA
model have been performed without control cycles (see remarks
above) since preliminary FE calculations had not shown any sig-
nificant influence on the long-term deformations of the monopile.
Figure 11 compares the lateral deflections predicted by the vari-
ous models after the first monotonic loading to the maximum loads
(upper row of diagrams) and after 105 cycles (lower row) for three
different loading conditions. Evidently, the predictions made by
the five models differ significantly, although the parameters have
been determined for the same sand (Karlsruhe fine sand), par-
tially even from the same laboratory tests. The smallest horizon-
tal deformations are obtained from the equations of the American

Petroleum Institute (2000), followed by the approach of Dührkop
(2010). In most cases, the largest deflections stem from the simula-
tions with the ESWM (Taşan, 2012). It should be stressed that none
of the models can be said to deliver the “right”prediction, since no
data from in situ measurements or 1:1 model tests on monopile
foundations are available yet that could serve as a validation of
these models. As outlined by Zachert et al. (2016), the HCA model
has at least been validated based on model tests on different scales
and based on a full-scale in situ test on a shallow foundation for
OWPPs.

30 m

5 m

80 m

100 m

t

M/(2d)

t

Q/4

M/(2d)M/(2d)

Q/4
Q/4

Detail

Detail pile head:

Fig. 10 FE model of an OWPP monopile foundation

In the following subsections, two different engineer-oriented
models for OWPP monopile foundations based on the HCA model
are presented. Their results are compared to those from full 3-D FE
simulations using the model shown in Fig. 10.
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Sublayering Model
The monotonic and cumulative deformations are described by pairs
of springs and dashpots in this model, arranged on either both sides
or one side of the beam. Within this paper only the one-sided ver-
sion (Fig. 12) is applied. A detailed description is given by Tri-
antafyllidis and Chrisopoulos (2016).
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Fig. 12 Sublayering model with springs and dashpots arranged only on one
side of the OWPP monopile foundation

The horizontal displacement y due to a static horizontal load H
and a bending moment Mb applied at the top of the pile is obtained
by solving the fourth-order differential equation of the beam-on-

elastic foundation problem

EI · d
4y

dz4
+Ks(z) · y ·D = 0 (26)

with the flexural stiffness EI of the pile, pile diameter D, bedding
modulus Ks, and vertical coordinate z (z = 0 refers to the seabed).
The bedding modulus Ks =M/D is evaluated with the pile diam-
eter D for D ≤ 1 m and with D = 1 m for D > 1 m (this restriction
has been overtaken from DIN 1054-2005; DIN (2005)). The oe-
dometric modulus M is calculated from M = 1+e0

Cc
σ′
y for loading

and M = 1+e0
Cs

σ′
y for un- and reloading. Therein Cc and Cs are

the compression or swelling indices from oedometric tests, σ′
y is

the initial horizontal stress (K0 stress conditions), and e0 is the ini-
tial void ratio. The following boundary conditions are used for the
solution:

z = 0 : EI · d
2y

dz2
=Mb EI · d

3y

dz3
= H (27)

z = L : EI · d
2y

dz2
= 0 EI · d

3y

dz3
= 0 (28)

with L being the depth of embedding of the pile. For the fine
sand considered in this paper (Karlsruhe fine sand), Cc = 0.0131−
0.0095 · ID and Cs = 0.0044 − 0.0017 · ID have been applied
based on oedometric tests with a variation of initial relative den-
sity ID.

Next, the deformations due to the cyclic loading are treated with
equations based on the HCA model. The increment of horizontal



displacement ∆yPile
i of the pile is coupled with the unknown in-

crement of stress ∆σi (the index ⊔i numbers the support points or
layers, respectively) in the soil caused by the cycles via

[K] ·
[
∆yPile

i

]
= [(−∆σi) ·∆z ·Lc] (29)

Therein K is the stiffness matrix of the beam, Lc = πD/4 is a
characteristic length in the horizontal direction, and ∆z is the dis-
tance between two springs or dashpots in the vertical direction (Fig.
12). A constant value of ∆z = 1 m is used herein. The displace-
ment of the pile is assumed to be identical to that of the soil; i.e.,
∆yPile

i = ∆yi. The increment of shear strain ∆γi in the soil next to
the pile is expressed by means of the increments of displacement
of the adjacent support points (Fig. 12):

∆γi =
∆yPile

i+1 −∆yPile
i−1

2∆z
(30)

As illustrated in Fig. 12, triaxial conditions are assumed for each
layer. The increment of stress in the soil ∆σi is thus obtained from

∆σi = ∆pi +
2

3
∆qi (31)

using

∆p1i = K(p0i ) ·
[
2

3

(
∆γ1

i ·
m0

v

m0
q

)
−m0

v ·∆εacc,0
i −m0

v ·
2

3
√
3
Y 0 ·∆γ1

i

]
(32)

∆q1i = 3G(p0i ) ·
[
2

3
·∆γ1

i −m0
q ·∆εacc,0

i

−
√

2

3
· Y 0 ·m0

q ·∆γ1
i

]
(33)

with K (bulk modulus) and G (shear modulus) being the com-
ponents of the stiffness used in the HCA model. mv and mq are
the components of the HCA flow rule (Eq. 11) written in terms of
Roscoe’s invariants. The indices ⊔0 and ⊔1 in Eqs. 32 and 33 de-
note the states at the start and the end of an increment. The stress
ratio is Y = 1 for η/M ≥ 1 and Y = 0 for η/M < 0.

The sublayering model has been implemented using the program
Wolfram Mathematica. Simulation results are discussed in a later
subsection.

SDM Based on HCA (HCA-SDM)
The second model for monopiles is a stiffness-degradation ap-
proach similar to that proposed by Achmus et al. (2008) but based
on the equations of the HCA model. It is called HCA-SDM in the
following. In Fig. 13 the calculation scheme of the HCA-SDM is
confronted with the real stress–strain behaviour under cyclic load-
ing. The procedure consists of two successive FE calculations with
an elastoplastic model. The first calculation includes the loading
to the minimum load σmin (point 1 in Fig. 13b), the loading to
the maximum load σmax (point 2), the unloading to σmin (point
3), and the final reloading to the average stress σav (point 4). For
the initial phase up to point 2, a pressure- and density-dependent
elastic stiffness for first loading (e.g., Cc from oedometric tests or
E50 from triaxial tests) is applied, while a stiffness for un- and
reloading (Cs, Eur) is needed for the rest of the calculation. The
strains computed at points 2-4 are saved in state variables. They are
further used to calculate the stiffness-degradation factor r for the

maximum number of cycles Nmax under consideration. In the sub-
sequent second calculation, starting from point 1, the monotonic
loading to the maximum load (points 2-6 in Fig. 13b) is calculated
with Young’s modulus for first loading reduced by the factor r. The
larger strains resulting from this reduction of stiffness are thought
to incorporate the accumulated strains due to Nmax cycles.
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acc
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Cycle No. 1 Cycle No. N
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with reduced stiffness

a)
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Cycle No. 1 Cycle No. N
b)

0
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5

1st calculation

Fig. 13 (a) Real stress-strain behavior under cyclic loading, (b) calculation
scheme of HCA-SDM

To derive a formulation for r based on the HCA model, the dif-
ference of the strains at points i and j is denoted as εi−j = εj − εi

and its norm is noted as εi−j = ∥εj − εi∥. The strain at the max-
imum load after Nmax cycles is ε1−6 = ε1−2 + ε2−4 + ε4−5 +
ε5−6. With ε2−4 = −ε5−6 one obtains ε1−6 = ε1−2 + ε4−5. As-
suming coaxiality between the strains ε1−2 resulting from mono-
tonic loading and the cumulative portion ε4−5, one gets ε1−6 =
ε1−2 + ε4−5 = ε1−2 + εacc. The stiffness-degradation factor can
then be derived from

r =
ε1−2

ε1−6
=

ε1−2

ε1−2 + εacc (34)

While ε1−2 is known from the first calculation, the accumulated
strain is evaluated from εacc = famplfNfefpfY with Nmax enter-
ing fN and with the average stresses (pav, ηav) and void ratios
(eav) at point 4. The strain amplitude is computed from εampl =
1
2∥ε

2 − ε3∥ = 1
2ε

2−3. The strain ε2−3 is also available from the
first calculation.

Validation
The deformations for a monopile after 105 cycles as given in Fig.
11 have been simulated with both HCA-based engineer-oriented
models. The results for three different loading conditions are pre-
sented in Fig. 14. Evidently, the deflection curves obtained from the
sublayering model lie close to the results from the full FE simula-
tions with the HCA model. The deformations computed with the
HCA-SDM are, however, much larger. This is mainly due to the
fact that, in the simulations with the full HCA model, a strain ac-
cumulation occurs on both sides of the pile. The cumulative strains
on the lee side lead to an increase of the pile tilting, while this pro-
cess is counteracted by the strains on the windward side. In the
case of the HCA-SDM, owing to the “calculation trick”of applying
a reduced stiffness, the weakened soil on the lee side determines
the pile deformations, while the softer soil on the windward side is
of minor importance. A comparison of Fig. 14 with the lower row
of diagrams in Fig. 11 reveals that the deflections obtained with
the HCA-SDM exceed the permanent deformations predicted by
all other models applied in the comparative study documented in
Westermann et al. (2014a,b). Therefore, it may be concluded that
the HCA-SDM gives results being too conservative.
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Fig. 14 Lateral deflections of the monopile predicted with the engineer-oriented models based on the HCA model compared to FE simulations with the full
HCA model (pile diameter = 5 m, depth of embedding = 30 m, initial relative density of the soil ID0 = 0.6, lever arm h = M/V = 20 m)

SIMPLIFIED CALIBRATION OF HCA MODEL PARAMETERS
The determination of the HCA model parameters Campl, Ce, Cp,
CY , CN1, CN2, and CN3 (Table 1) from drained cyclic triaxial
tests is quite laborious. At least 11 tests with different stress ampli-
tudes qampl, initial relative densities ID0 of the soil samples, average
mean pressures pav, and average stress ratios ηav are necessary. Fig-
ure 15 presents an example of the results of such test series in terms
of the development of accumulated strain εacc with increasing num-
ber of cycles N . The data in Figure 15 reveal that the intensity of
strain accumulation grows with increasing values of amplitude and
stress ratio while it decreases if the sand becomes denser. The strain
accumulation curves measured for the different average mean pres-
sures are similar if the amplitude-pressure ratio qampl/pav is kept
constant. The parameters Campl, Ce, Cp, and CY are obtained based
on the εacc(N) curves from the test series with different values of
qampl, ID0, pav, and ηav. Afterward, the data of all tests are utilized
to determine the remaining three parameters CN1, CN2, and CN3,
which describe the shape of the strain accumulation curves. Finally
the tests can be recalculated with the HCA model (see blue curves
in Fig. 15) in order to check the prediction quality or to optimize
the parameters. A more detailed description of the procedure for a
calibration of the HCA model parameters based on cyclic test data
is provided in (Wichtmann, 2016; Wichtmann et al., 2010b, 2015).

To reduce the effort for the calibration, a simplified procedure
has been developed. It uses correlations between the HCA model
parameters and characteristic values of the grain size distribution
curve (mean grain size d50, uniformity coefficient Cu) or index
properties (minimum void ratio emin) that can be easily deter-
mined in the laboratory. Based on the data from approximately 350
drained cyclic triaxial tests on 22 clean quartz sands with different
grain size distribution curves and subangular grain shape, the fol-
lowing equations have been proposed by Wichtmann et al. (2015):

Campl = 1.70 (35)
Ce = 0.95 · emin (36)
Cp = 0.41 · [1− 0.34 (d50[mm] − 0.6)] (37)
CY = 2.60 · [1 + 0.12 ln(d50[mm]/0.6)] (38)

CN1 = 4.5 · 10−4 · [1− 0.306 ln(d50[mm]/0.6)]
·[1 + 3.15 (Cu − 1.5)] (39)

CN2 = 0.31 · exp[0.39 (d50[mm] − 0.6)]

· exp[12.3(exp(−0.77Cu)− 0.315)] (40)

CN3 = 3.0 · 10−5 · exp[−0.84 (d50[mm] − 0.6)]

·[1 + 7.85 (Cu − 1.5)]0.34 (41)
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Fig. 15 Determination of the parameters Campl, Ce, Cp, CY , CN1, CN2,
and CN3 of the HCA model from the strain accumulation curves εacc(N)
measured in four series of drained cyclic tests with different (a) stress am-
plitudes, (b) relative densities, (c) average mean pressures, and (d) average
stress ratios (amplitude–pressure ratio ζ = qampl/p0)

The HCA model parameters can be completely or partially esti-
mated from Eqs. 35-41. For example, the parameters Campl, Ce, Cp,
and CY are obtained from Eqs. 35-38, while CN1, CN2, and CN3

are determined from a single cyclic test. Such mixed calibration
based on a single test may be regarded as a minimum requirement.
A determination of all parameters by means of Eqs. 35-41 should
be restricted to rough estimations only, since the equations do not
consider the influence of grain shape or fines content yet. The accu-
racy of predictions using sets of parameters calibrated either from
numerous cyclic tests or from a single cyclic test or from Eqs. 35-
41 has been discussed by Wichtmann et al. (2015) and Zachert et al.
(2015).

CONCLUSIONS



Several engineer-oriented models dedicated to the prediction of
permanent deformations of OWPP foundations under high cyclic
loading have been presented. They are all based on the HCA model
proposed by Niemunis et al. (2005). For shallow foundations under
vertical cyclic loading, a sublayering model has been developed in
analogy to the conventional calculation of settlements caused by
monotonic loading. The sublayering model reproduces well the cu-
mulative settlements obtained from FE simulations using the full
HCA model. For monopiles, two different approaches have been
compared: a sublayering model and a stiffness-degradation ap-
proach. While the cumulative horizontal displacements of the sub-
layering model agree well with 3-D FE simulations, the stiffness-
degradation approach overestimates the deformations, i.e. this ap-
proach is too conservative. The sublayering model, however, seems
suitable for application to OWPP monopile foundations. Further-
more, a simplified procedure for the calibration of the HCA model
constants has been briefly outlined.
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J. Dührkop. Zum Einfluss von Aufweitungen und zyklischen Lasten auf
das Verformungsverhalten lateral beanspruchter Pfähle in Sand. Disser-
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A. Häcker. Erweiterung eines Lamellenmodells für zyklisch belastete
Flachgründungen. Diplomarbeit, Institut für Bodenmechanik und
Felsmechanik, Karlsruher Institut für Technologie (KIT), 2013.

U. Hartwig. Planung der versuchstechnischen Simulation des Verhaltens
einer Flachgründung für Offshore-Windenergieanlagen im Original-
maßstab. In Workshop ”Gründung von Offshore-Windenergieanlagen”,
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