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Numerical Evaluation of Load-Displacement
Relationships for Non-Slender Monopiles in Sand
S. P. H. Sørensen; M. Møller; K. T. Brødbæk; A. H. Augustesen; and L. B. Ibsen

Abstract
Monopiles are an often used foundation concept for o�shore wind turbine converters.
These piles are highly subjected to lateral loads and thereby bending moments
due to wind and wave forces. To ensure enough sti�ness of the foundation and an
acceptable pile-head de�ection, monopiles with diameters of 4 to 6 m are typically
necessary. In current practice these piles are normally designed by use of the p�y
curve method although the method is developed and veri�ed for slender piles with
diameters up to approximately 2 m. This paper treats numerical models constructed
in the commercial programs FLAC3D and Plaxis 3D Foundation with the objective
to examine horizontally loaded, large-diameter piles in cohesionless soil. First, the
models are calibrated to six small-scale tests conducted in a pressure tank. Hereafter,
the models are extended to large-scale simulations. The large-scale simulations are
evaluated with the following main �ndings: Non-slender piles behave almost rigidly
when subjected to lateral loads implying a signi�cant de�ection at the pile-toe; the
initial sti�ness of the p�y curves is found to increase for an increase in diameter;
the initial sti�ness of the p�y curves is independent of the embedded length of
the pile and the pile bending sti�ness; the initial sti�ness of the p�y curves does
not vary linearly with depth as suggested in the o�shore design regulations; the
Winkler model approach is found to provide reasonable results for large-diameter,
non-slender piles if the initial sti�ness is updated to vary by means of a power function.

Keywords: Monopile, Lateral load, p�y curves, Modulus of subgrade reaction, Win-
kler model approach, Sand, FLAC3D, Plaxis 3D Foundation.

1 Introduction

In current design of laterally loaded
monopiles, used as foundation for o�shore
wind turbines, the p�y curve method is
normally employed. Two of the non-
clari�ed parameters related to the expres-
sion for the p�y curves for piles in cohe-
sionless soil is, cf. Brødbæk et. al (2009):

� Slenderness ratio L/D

� Initial sti�ness of the p�y curves

Monopile foundations for modern o�shore
wind turbines have L/D < 10 and behave

as almost rigid objects when subjected to
lateral loads. In contrast the p�y curves
employed in the design regulations, e.g.
API (1993) and DNV (1992), are based
on testing of two slender �exible piles with
L/D = 34.4, cf. Cox et al. (1974).

The initial sti�ness of the p�y curves is
considered independent of the pile proper-
ties among these the pile diameter, which
seems questionable. The research within
the �eld of e�ects of pile diameter on the
initial sti�ness gives contradictory conclu-
sions as described by Brødbæk et. al
(2009).

As large-scale tests are expensive and time
consuming a proper numerical model cali-
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brated to small-scale tests is an important
tool in the assessment of the p�y curve
method. This paper describes numerical
models constructed in the commercial pro-
grams FLAC3D and Plaxis 3D Foundation
with the objective to examine horizontally
loaded, large-diameter piles in cohesionless
soil. For o�shore wind turbine foundations
only small deformations are allowed. On
this basis, the focus of the analysis is the
initial sti�ness of the p�y curves. The out-
line of the paper is as follows:

� Laboratory test setup: The test
setup forming the basis for the cal-
ibration of the numerical models is
presented. The tests are carried out
in a pressure tank in order to min-
imise the scale e�ects attached to
small-scale tests at 1-g.

� Construction of 3D models: The
model conducted in FLAC3D is �rst
calibrated to the small-scale labora-
tory tests and hereafter extended to
large-scale. In order to validate the
results provided by FLAC3D a com-
parable model is created in Plaxis 3D
Foundation.

� Calibration of numerical models:
The FLAC3D model is successfully
calibrated to the results obtained in
the laboratory tests. From this cal-
ibration the interface properties are
determined. The Plaxis 3D Founda-
tion does not �t the test results satis-
factory. The tendencies from varying
the diameter however, are similar for
the two numerical models.

� Simulation of large-scale
monopiles: The calibrated numeri-
cal models are extended to simulate
large-scale o�shore monopiles with
diameters of D = [2,3,5,7] m.

� Comparison of FLAC3D with a
Winkler model approach: The
Winkler model approach incorporat-
ing the API p�y curves is evaluated

against the soil-pile interaction ob-
tained by means of FLAC3D.

2 Laboratory test setup

Six quasi-static laboratory tests have been
conducted on two instrumented closed-
ended aluminium pipe piles with outer di-
ameters, D, of 60 mm and 80 mm, respec-
tively. The wall thickness is 5 mm. Both
piles have a slenderness ratio L/D = 5
corresponding to an embedded length, L,
of 0.3 and 0.4 m, respectively. The piles
are subjected to a horizontal load applied
0.370 m above the soil surface. The piles
are instrumented with strain gauges in
�ve levels beneath the soil surface, cf �g.
1. Furthermore, displacement transducers
are attached to the pile at 200 mm, 370
mm, and 480 mm above the soil surface.

Figure 1: Strain gauge levels. Measures are in
mm.

In order to overcome sources of error such
as small non-measurable stresses, a non-
linear failure criterion, and excessive an-
gles of internal friction, the piles are in-
stalled and tested in a pressure tank con-
taining 0.69 m of fully saturated sand. The
stress dependent angle of internal friction
and Young's modulus of elasticity are de-
termined from cone penetration tests, in
accordance to Ibsen et al. (2009). A pic-
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ture of the pressure tank is shown in �g.
2.

Figure 2: Pressure tank.

In the pressure tank an elastic membrane
is placed on the soil surface, leaving the
soil sealed from the top part of the tank.
The pile is lead through a sealing in the
elastic membrane allowing the pile to be
extended above the soil surface. When
increasing the air pressure in the upper
part of the tank, the elastic membrane
is pressed against the soil, by which the
stresses in the soil are increased. The
lower part of the tank, containing the sat-
urated soil, is connected to an ascension
pipe, leaving all the applied loads to pres-
sure between the grains, i.e. an increase in
e�ective stresses. The details of the labo-
ratory tests are described by Sørensen et.
al (2009). The material properties of the
soil and the piles for the six tests are listed
in the appendix.

3 Construction of 3D mod-
els

The numerical models are at �rst con-
structed to match the laboratory tests in
scale 1:1 in order to calibrate the interface
properties and validate the models. After
a calibration to the laboratory tests the
models are extended to large-scale o�shore
wind turbine foundations, at which the ef-
fect of pile diameter on initial sti�ness is
analysed.

3.1 FLAC3D

A three-dimensional numerical model is
constructed in FLAC3D, which is a com-
mercial program based on a dynamic ex-
plicit �nite di�erence solver. To simplify
the model, symmetry of the test setup is
utilised, so only one half of the pile and
surrounding soil are modelled. Further-
more, the pile is modelled as a solid cylin-
der, in contrast to the closed-ended pipe
piles employed in the laboratory tests.
The geometry and the orientation of the
coordinate system is shown in �g. 3. A
�ner mesh discretisation is employed in
the soil near the pile, as large variations
in strains and stresses occurs in this area.

The bending sti�ness of the solid pile in
the numerical model is given as an equiva-
lent to the sti�ness of the hollow test pile,
resulting in a reduced Young's modulus of
elasticity given as:

Esolid =
EhollowIhollow

Isolid
(1)

The subscripts hollow and solid denote
the parameters derived for the pipe piles,
in this case the laboratory test piles and
large-scale piles, and the parameters em-
ployed in the FLAC3D model, respectively.
The weight of the hollow and the solid
piles are in the same way equivalented.
Poisson's ratio of the pile material is not
scaled, leading to an incorrect scaling of
the shear modulus and bulk modulus. The
e�ect of not scaling these parameters cor-
rectly is however considered negligible as
the pile primarily is subjected to bending
moments.

The grid is generated from simple zone el-
ements. Each of these zones consist of �ve
�rst order, constant rate of strain, tetrahe-
dral subelements. The soil-pile interface is
modelled by the standard FLAC3D inter-
face consisting of triangular elements. By
default two triangular interface elements
are created for each zone face. The in-
terfaces are one-sided and attached to the
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Figure 3: Three-dimensional mesh for the FLAC3D model and e�ective horizontal stresses in Pa,
SXX = σ′xx, (in the plane of symmetry) for a horizontal load at 5300 N, D = 0.08 m, L = 0.4 m, and
an overburden pressure of P0 = 100 kPa.

soil. For the constitutive relations of the
interfaces a linear Coulomb shear-strength
criterion is employed.

At the outer perimeter of the soil, the ele-
ment nodes are restrained in the x and
y directions. At the bottom surface the
nodes are restrained in all directions while
the surface at the symmetric line is re-
strained in the y direction. The outer
boundaries are adjusted to each pile dia-
meter and pile length as given in section
3.3.

The horizontal load is applied as horizon-
tal node velocities acting with a given ver-
tical eccentricity. The horizontal veloci-
ties are applied at the nodes correspond-
ing to x = 0 at the pile-head acting in
the positive x-direction. Hereby, no ar-
ti�cial bending moment is introduced at
the pile-head. It should be emphasised
that for D = 2 m the simulation did
not reach equilibrium for the displacement
controlled model. This might be due to

the ratio between load eccentricity and pile
diameter causing dynamic e�ects to in�u-
ence the calculation. Instead the horizon-
tal load was applied as nodal forces act-
ing at the pile-head for D = 2 m. It has
been validated that the two methods for
applying the horizontal load produce sim-
ilar results with only small deviations, cf.
�g. 4.

Disagreement between the applied load
and the bending moment of the pile at
the soil surface has been observed when
modelling the pile with only few elements
in the vertical direction. A relatively �ne
discretisation is therefore employed for the
pile to ensure convergence of the stresses.
An example of the agreement between the
applied load and the computed bending
moment in the pile at the soil surface is
shown in �g. 5.

When creating the model, the soil ele-
ments are generated at �rst. Secondly, the
interfaces are generated and attached to
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Figure 5: Comparison of the horizontal load, H,
multiplied with the load eccentricity, e, with the
bending moment at the soil surface calculated as
presented in section 3.6 for D = 3 m, and L = 20
m. The pile has in the vertical direction been
divided into 40 elements beneath the soil surface
and 50 elements above the soil surface.

the soil elements. Thirdly, the pile is gen-
erated. The pile is generated above the
soil surface and afterwards moved into the
soil. Hereby, it is possible to group the pile
elements and to specify pile nodes for the
computation of bending moment.

The calculations are executed in steps.
Firstly, the initial stresses are generated
using a K0-procedure. Secondly, an equi-
librium state is calculated where the pile
as well as the soil are assigned the prop-
erties of the soil. Furthermore, the pile is
assumed smooth at this stage, all in order

to prevent stress concentrations near the
pile. After the �rst equilibrium state the
correct pile and interface properties are as-
signed and the model is brought to a sec-
ond equilibrium state. Additionally, over-
burden pressure is for the small-scale tests
applied as an initial load before the sec-
ond equilibrium state. After reaching the
second equilibrium state, velocities are ap-
plied to the pile-head in small increments
in order to minimise inertial forces in the
system.

3.2 Plaxis 3D Foundation

A three-dimensional model is constructed
by means of the commercial program
Plaxis 3D Foundation, which is based on
the �nite element method and developed
to solve geotechnical problems. In contrast
to FLAC3D a full model is constructed as
Plaxis 3D Foundation does not facilitate
the symmetrical conditions to be utilised.
The pile is modelled as a hollow pile with
use of wall elements. Wall elements are
prede�ned eigth�noded quadrilateral plate
elements. The wall elements can deform
by shearing, bending, and axial deforma-
tion. In order to apply the lateral load
equally to the pile-head nodes a rigid top
plate is employed. The lateral load is ap-
plied as a point load in the centre node
of the top plate. In order to compare
the results from the two numerical mod-
els a plate is applied at the bottom of the
pile. Both the top plate and the bottom
plate is made of �oor elements, which is
a prede�ned plate element with six nodes.
Similar to the wall element type, �oor el-
ements can deform by shearing, bending,
and axial deformation. However, no in-
terfaces are attached to the �oor element
type. Hereby, the footing of the pile and
the soil are rigidly connected.

The soil is divided into clusters in order
to employ a �ner mesh in the area close
to the pile. An example of the discretisa-
tion of a model is shown in �g. 6. Notice
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that the coordinate system di�ers from the
coordinate system employed in FLAC3D,
cf. �g. 3. The soil is divided into 15-
noded wedge elements. All the elements
provide a second-order interpolation of the
displacements and correspondingly a �rst-
order interpolation of stresses and strains.

Interface elements with 16 nodes, corre-
sponding to eight pairs of nodes, are ap-
plied between the soil and the wall ele-
ments. The thickness of the interfaces
are set to zero, however a virtual thick-
ness is applied in order to establish the
sti�ness of the interface. The Coulomb
criterion is employed for the interfaces to
distinguish between elastic and plastic be-
haviour. The sti�ness and strength of the
interface is governed by the factor, Rinter.
The angle of internal friction of the in-
terface, ϕi, is set to the angle of internal
friction of the soil, ϕtr, multiplied with
Rinter while the sti�ness parameters, Ei

and Gi, are scaled with Rinter squared.
Poisson's ratio is by default set to νi =
0.45 in the interface. For a perfectly rough
soil-structure interface Rinter = 1.0. As
the transition between a soil and a struc-
ture is normally weaker and more �exi-
ble than the associated soil layer, values
of Rinter < 1.0 should be applied.

The boundary conditions are similar to the
ones employed in FLAC3D except that no
boundary restrictions are attached to the
plane of symmetry. The size of the soil
mass at each simulation is presented in sec-
tion 3.3.

When computing the equilibrium state the
K0-procedure is employed. The equilib-
rium state is calculated in stages. Firstly,
equilibrium is calculated for the model
containing only soil. Secondly, a possible
overburden pressure is applied as a verti-
cal load. Thirdly, the pile is installed and a
new equilibrium state is calculated. In or-
der to obtain load-displacement relation-
ships and p�y curves the total lateral load
is applied in stages.

3.3 Outer boundaries

In order to avoid the outer boundaries
from a�ecting the results, the volume of
the soil is adjusted to each pile diame-
ter. According to Abbas et al. (2008)
the width of the soil mass should be 40D
and the height of the soil mass should be
h = L + 20D, where L denotes the em-
bedded length of the pile and D denotes
the pile diameter, cf. �g. 7. However, Ab-
bas et al. (2008) investigated piles which
were exposed to both horizontal and ver-
tical loading. As only the behaviour due
to lateral loading is examined in the simu-
lations a smaller height of the soil mass is
employed. For the large-scale simulations
the width of the soil mass is set to 40D
while the height is set to L + 10 m. The
small-scale simulations are supposed to �t
the laboratory tests. The outer boundaries
are therefore given as the volume of the
soil mass in the pressure tank, i.e. a dia-
meter of 2.1 m and a soil depth of 0.69 m.
FLAC3D allows a curved outer boundary,
which is utilised in all models. On the op-
posite, Plaxis 3D Foundation allows only a
squared outer boundary why the diameter
of the models in FLAC3D corresponds to
the side length in Plaxis 3D Foundation.

For both the model in FLAC3D and Plaxis
3D Foundation it has been observed that
the zone of failure does not reach the outer
boundaries.

3.4 Material models

In both numerical models a traditional
elasto-plastic Mohr�Coulomb model is em-
ployed to describe the constitutive rela-
tions. The yield function of the con-
stitutive model is controlled by a non-
associated �ow rule. No tension forces are
allowed in the soil, as a pure friction ma-
terial is considered, why tension cut-o� is
appointed.
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Figure 6: Three-dimensional mesh for the Plaxis 3D Foundation model and e�ective vertical stresses
in MPa, σ′yy, prior to the horizontal load is applied for D = 0.08 m, L = 0.4 m, and P0 = 100 kPa.

Figure 7: Dimensions of the soil volume. D is
the outer diameter of the employed pile.

3.5 Young's modulus of elastic-
ity, E0

When calibrating the numerical models
to the laboratory tests the soil parame-
ters are assumed to remain constant with
depth due to the small variations in e�ec-
tive stresses. Young's modulus of elastic-
ity of the soil is however varied with re-
spect to the stress level for the calcula-
tions on large-scale monopiles. The tan-
gential Young's modulus of elasticity, E0 ,
is assumed to vary with the minor prin-

cipal stress, σ′3, on the basis of (2)-(3) as
proposed by Ibsen et al. (2009). Equa-
tion (2)-(3) are valid for Baskarp Sand Nr.
15. The relative density, ID, is inserted in
% and σ′ref

3 is a reference minor principal
stress of 100 kPa.

E0 = Eref
0

(
c · cos(ϕtr) + σ′3 sin(ϕtr)

c · cos(ϕtr) + σ′ref
3 sin(ϕtr)

)0.58

(2)
Eref
0 = 1.82(0.6322I2.507

D + 10920)[kN/m2]
(3)

For the model in Plaxis 3D Foundation the
variation of Young's modulus is approxi-
mated by three stepwise linear functions.
The tangential Young's modulus of elastic-
ity of the soil according to (2)-(3) and the
approximated stepwise functions are illus-
trated in �g. 8.

3.6 Computation of soil resis-
tance and pile bending mo-
ment

The bending moment, M , at a given level
of the pile is in FLAC3D calculated by use
of Naviers formula:

M =
(σzz,i − σzz,i)Iyy

xi
(4)
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where σzz,i is the vertical normal stresses
at point i, Iyy is the second moment of
inertia around the y-axis, xi is the x-
coordinate of point i, and σzz,i is the av-
erage vertical stress corresponding to the
axial force acting in the pile. The bend-
ing moment is calculated from two points
(y = 0, x = ±D/2) at each level of the pile
in order to eliminate the average vertical
stress.

For the model in Plaxis 3D Foundation
the bending moment is computed by a
summation of the product of the nodal
forces in the y-direction, fy,i, and the x-
coordinates, for all nodes at a given level
of the pile:

M =
n∑

i

fy,ixi (5)

The soil resistance is for both numeri-
cal models calculated by di�erentiating
the bending moment distribution along
the pile twice. The double di�erentia-
tion gives an ampli�cation of errors in
the bending moment distribution. In or-
der to minimise these errors the piecewise
polynomial curve �tting method described
by Yang and Liang (2006) is employed.
Hereby, the bending moment distribution
is estimated by �tting �ve succesive mo-
ment data points to 3. order polynomials.
It is emphasised that (4) and (5) are re-
lated to the coordinate systems employed
in the respective models.

4 Calibration of numerical
models

On the basis of the derived soil parameters
given in the appendix the numerical mod-
els in FLAC3D and Plaxis 3D Foundation
have been calibrated. The soil parameters
are assumed to be constant with depth.

4.1 FLAC3D

In the calibration of the model con-
structed in FLAC3D the obtained load-
displacement relationship and bending
moment distributions have been compared
to the test results. As an example of the
calibration the load-displacement relation-
ship is shown in �g. 9 for D = 80 mm,
and P0 = 100 kPa. Figure 10 presents the
calibrated and measured bending moment
distribution at a horizontal load of 2100 N
for the same test. As shown in �g. 9 and
�g. 10, the agreement between the exper-
imental and computed values is relatively
good. Similar analyses have been made
for the �ve remaining tests with similar re-
sults. As the computed values by means of
FLAC3D, when employing the soil param-
eters obtained from CPT's, are rather sim-
ilar to the measured values it is concluded
that the numerical model produce realistic
results. The di�erence between the cal-
ibrated and measured load-displacement
relationships and bending moment dis-
tributions might be due to uncertainties
from determination of the soil parameters
rather than numerical errors. In the cal-
ibrations the wall friction angle, δ, has
been set to 30◦, and the dilatancy angle
to ψ = 10◦. The shear sti�ness, ks, and
the normal sti�ness, kn, of the interface
has been set to ks = kn = 100E0 .

4.2 Plaxis 3D Foundation

In order to validate the results obtained
by means of Plaxis 3D Foundation the pile
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mined by means of FLAC3D and the laboratory
test result at a horizontal load of 2100 N. D = 0.08
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with D = 80 mm, and P0 = 100 kPa have
been simulated. The load-displacement re-
lationships are shown in �g. 11.

The load-displacement relationship, cf. �g
11, does not �t the laboratory tests well.
In Plaxis 3D Foundation a horizontal dis-
placement measured in the level of the hy-
draulic piston is determined to y = 13.8
mm at a horizontal load of H = 4000 N. At
the same horizontal load a displacement of
y = 8.5 mm is measured at the laboratory.
Hereby, the model in Plaxis 3D Founda-
tion overestimates the displacement with
approximately 60% compared to the test
result.

The potential sources of error causing the

0 5 10 15
0

1000

2000

3000

4000

5000

6000

7000

H
or

iz
on

ta
l l

oa
d 

[N
]

Displacement [mm]

Measured
Plaxis 3D Foundation

Figure 11: Load-displacement relationship de-
termined by means of Plaxis 3D Foundation and
laboratory tests, measured at the level of the hy-
draulic piston. D = 0.08 m, L = 0.4 m, and
P0 = 100 kPa.

large displacements in the Plaxis 3D Foun-
dation model are several. The most ob-
vious are the soil parameters including
Young's modulus of elasticity of the soil,
E0 , and the interface properties. As E0
governs the initial part of the curve, which
is the main focus of this paper, the in�u-
ence of uncertainties concerning E0 and
the interface properties are evaluated.

The sti�ness of the soil is determined
from CPT's conducted without overbur-
den pressure and extrapolated under the
in�uence of stress level. If the Young's
modulus of elasticity is correct and all
other sources of error are negligible, a
simulation with an elastic material mo-
del should form the tangent sti�ness of
the laboratory tests. As shown in �g. 12
this is not the case with a Young's mod-
ulus of elasticity of E0 = 41.0 MPa as
derived from the CPT's. In order to as-
sess the sensitivity of the model with re-
spect to the Young's modulus of elasticity,
the impact of doubling the soil sti�ness,
i.e. E0 = 82.0 MPa, is tested. The load-
displacement relationship when doubling
E0 is shown in �g. 12.

Even when doubling the Young's modulus
of elasticity the tangent sti�ness obtained
by means of Plaxis 3D Foundation, cf. �g.



10

0 0.5 1 1.5
0

500

1000

1500

H
or

iz
on

ta
l l

oa
d 

[N
]

Displacement [mm]

E
0
=41 MPa

E
0
=82 MPa

Measured

Figure 12: Initial part of load-displacement rela-
tionship determined by means of Plaxis 3D Foun-
dation when employing an elastic material model.
D = 0.08 m, L = 0.4 m, and P0 = 100 kPa.

12, is underestimated compared to the lab-
oratory test. By this it is concluded that
the Young's modulus of elasticity is not
the main reason for the di�erence between
the results in Plaxis 3D Foundation and
the laboratory tests.

The interface properties in Plaxis 3D
Foundation are governed by the parameter
Rinter. In the simulation shown in �g. 11 a
value of Rinter = 0.69 have been employed
after the recommendations in Plaxis 3D
Foundation Manual (2007). Rinter can
maximally take the value Rinter = 1.0 cor-
responding to a perfectly rough connection
between soil and structure. The e�ect on
the load-displacement relationship of in-
creasing Rinter from 0.69 to 1.0 is shown
in �g. 13.

A perfectly rough interface between the
soil and the pile is highly unlikely. How-
ever, the simulation with E0 = 41.0 MPa
and Rinter = 1.0 does not, as shown in �g.
13, result in su�cient sti�ness.

The conclusion of the above analysis is
that the simulations in Plaxis 3D Founda-
tion do not meet an acceptable accuracy
for the load-displacement relationship in
comparison with the laboratory tests.
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Figure 13: Initial part of load-displacement rela-
tionship determined by means of Plaxis 3D Foun-
dation when employing Rinter of 0.69 and 1.00, re-
spectively. D = 0.08 m, L = 0.4 m, and P0 = 100
kPa. An elastic material model has been em-
ployed.

4.3 Comparison with a simula-
tion of a Horns Rev monopile

As described, the model in FLAC3D �ts
the laboratory tests well, which is in con-
trast to the model in Plaxis 3D Foun-
dation. Kellezi and Hansen (2003) have
simulated a monopile foundation at Horns
Rev subjected to static lateral load. The
foundation is subjected to a horizontal
load of 2503 kN and a bending moment
of 84983 kNm, acting at seabed level.
The analysis was performed by means
of the three-dimensional numerical pro-
gram ABAQUS assuming drained soil con-
ditions. The soil conditions, cf. tab.
1, are primarily sand with a layer of
low-strength organic sand located at a
depth of 13.5 m. A Mohr-Coulomb ma-
terial model incorporating isotropic har-
dening/softening has been employed by
Kellezi and Hansen (2003). The simu-
lation performed by Kellezi and Hansen
(2003) is used as benchmark in order
to determine whether the numerical mo-
del in FLAC3D or the model in Plaxis
3D Foundation produce acceptable load-
displacement relationships.

Figure 14 presents load-displacement re-
lationships determined by means of
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Table 1: Geometric and mechanical data for the soil, after Kellezi and Hansen (2003).

Soil type Depth E γ′ ϕ ψ ν
[m] [kN/m2] [kN/m3] [◦] [◦] [-]

Sand 1.0 31800 10 42.0 12.0 0.3
Sand 3.5 57100 10 43.5 13.5 0.3
Sand 5.5 52534 10 42.5 12.5 0.3
Sand 6.5 44100 10 41.7 11.7 0.3
Sand 7.0 58200 10 43.2 13.2 0.3
Sand 8.5 72170 10 44.3 14.3 0.3
Sand 10.0 52950 10 43.1 13.1 0.3
Sand 11.5 35400 10 40.3 10.3 0.3
Sand 12.5 23530 10 37.2 7.2 0.3
Sand 13.5 13600 10 33.8 3.8 0.3
Org. sand 20.0 3135 7 21.6 0.0 0.3
Org. sand 21.04 12950 7 31.2 1.2 0.3
Sand 41.8 36800 10 37.8 7.8 0.3

FLAC3D and Plaxis 3D Foundation com-
pared with the results obtained by Kellezi
and Hansen (2003). It should be em-
phasized that similar material parameters
and interface properties are employed for
the three numerical models. As shown in
the �gure Plaxis 3D Foundation produce
a horizontal displacement approximately
99 % larger than ABAQUS at a horizon-
tal load of 2503 kN. Hereby, the model in
Plaxis 3D Foundation overestimates the
horizontal displacement compared with
both the laboratory tests and the results
obtained by ABAQUS and FLAC3D. The
deviation of lateral displacement when
comparing the results from ABAQUS and
FLAC3D are small, especially when con-
sidering displacements smaller than 0.02
m. The di�erence between the results
obtained by ABAQUS and FLAC3D at
greater displacements might be due to var-
ious interface descriptions, and the lack
of material hardening incorporated in the
FLAC3D model.

In order to make a reasonable �t be-
tween the load-displacement relationships
obtained by means ofABAQUS and Plaxis
3D Foundation a study on the in�uence
of Young's modulus of elasticity has been
performed. When multiplying Young's
modulus of elasticity with a factor of 2.5

for all soil layers the di�erence in pile-head
displacement is lower than 2 %, cf. �g.
14, when comparing the results obtained
by ABAQUS and Plaxis 3D Foundation.
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Figure 14: Comparison of load-displacement re-
lationships calculated by means of FLAC3D and
Plaxis 3D Foundation with the results obtained by
Kellezi and Hansen (2003) with use of ABAQUS.

5 Simulation of large-scale
monopiles

In order to evaluate the e�ects of diame-
ter on the initial sti�ness of the p�y curves
laterally loaded large-diameter monopiles
are simulated by means of the commercial
programs FLAC3D and Plaxis 3D Foun-
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dation. In the calibration of the numerical
models Plaxis 3D Foundation were found
to overestimate the pile de�ection in com-
parison with the laboratory tests. Fur-
thermore, Plaxis 3D Foundation also pro-
duced a larger displacement when simulat-
ing the load-displacement relationship for
a monopile at Horns Rev compared to nu-
merical models in ABAQUS and FLAC3D.
Therefore, Plaxis 3D Foundation is not ex-
pected to produce realistic values of soil re-
sistance and pile de�ection. However, a re-
alistic variation of soil resistance with pile
diameter and depth have been observed in
the calibrations. The model is therefore
employed in the simulation of large-scale
monopiles in order to validate the tenden-
cies observed in FLAC3D. Plaxis 3D Foun-
dation is much less time consuming than
FLAC3D implying the possibility of more
simulations at a given time period.

In the evaluation of the e�ects of diameter
on the initial sti�ness of the p�y curves,
four circular, closed-ended, pipe piles with
diameters of 2 m, 3 m, 5 m, and 7 m
are simulated in both FLAC3D and Plaxis
3D Foundation. Furthermore, a slender
monopile with a diameter of 1 m are simu-
lated in Plaxis 3D Foundation. The pile
with this diameter has not produced a
realistic load-displacement relationship by
means of FLAC3D due to a high load ec-
centricity compared to the pile diameter.
All piles have a wall thickness of 0.05 m
and the horizontal load is applied with a
vertical eccentricity of 15 m. The embed-
ded length of the piles is 20 m, except for
the analyses conducted in section 5.6. For
all analyses drained soil conditions are em-
ployed.

5.1 Soil and pile properties at
large-scale analyses

The material parameters for the soil and
the piles employed in the simulations are
given in tab. 2. The material properties
of the large-scale piles corresponds to the

properties of steel and are scaled in ac-
cordance to (1). The tangential Young's
modulus of elasticity, E0 , is varied with
depth, cf. (2)-(3).

5.2 E�ects of diameter on pile
behaviour

Figure 15 presents the lateral pile de�ec-
tion behaviour with respect to depth for
the model incorporated in FLAC3D. The
applied displacements at the pile-head,
corresponding lateral loads, and depth of
maximum moments are outlined in tab.
3. As shown the lateral displacements
at the pile-head and the horizontal loads
are di�erent in the four cases. The more
rigid pile behaviour for increasing diam-
eters, cf. �g. 15, is in good accordance
with Poulus and Hull (1989) as the em-
ployed pile bending sti�ness increases for
increasing pile diameter. Due to the rigid
pile behaviour, a signi�cant negative de-
�ection is observed at the pile-toe. The
magnitude of negative de�ection increases
with increasing pile bending sti�ness. The
point of zero de�ection, cf. �g. 15, are for
D = 3−7 m located at a depth of approx-
imately x = 15 m at the applied displace-
ments, cf. tab. 3. As the pile de�ection for
D = 2 m consists of a high amount of de-
formation due to bending the point of zero
de�ection is located nearer the soil surface
at a depth of approximately x = 13 m. For
all piles it has been observed that the loca-
tion of the point of zero de�ection depends
on the applied displacement; the distance
measured from soil surface to the depth
of zero de�ection increases with increasing
displacement. This is caused by the fact
that the zone of failure propagates down-
wards with increasing pile displacement.

The distribution of bending moments with
depth simulated in FLAC3D are presented
in �g. 16. It is observed that the maxi-
mum bending moment is located at depths
of approximately 5 m for D = 3−7 m. For
D = 2 m the maximum bending moment
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Table 2: Material properties employed for the large-scale analyses.

Unit weight of the soil γ′ 10 kN/m3

Angle of internal friction ϕtr 40◦
Dilatancy angle ψtr 10◦
Cohesion c 0.1 kN/m2

Relative density ID 80%
Poisson's ratio for the soil νs 0.23
Coe�cient of horizontal earth pressure at rest K0 1-sin(ϕtr)
Young's modulus of elasticity for the hollow pile Ep 210 GPa
Poisson's ratio for the pile νp 0.3
Unit weight of the pile γp 78.5 kN/m3

Table 3: Applied displacements at the pile-head, equivalent loads, and depth of maximum moments for
the analyses in FLAC3D.

Outer pile diameter [m] Displacement [m] Load [MN] Depth of max. moment [m]
2 0.49 2.5 4.5
3 0.58 6.4 4.8
5 0.24 8.8 5.0
7 0.84 21.4 4.9
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Figure 15: Lateral pile de�ection calculated by
means of FLAC3D.

is located at a depth of approximately 4.5
m. As the point of zero de�ection for the
pile with D = 2 m is located nearer the
soil surface than for the other three piles,
the maximum moment is also expected to
be located nearest to the soil surface.

A similar pile behaviour has been observed
for the model constructed in Plaxis 3D
Foundation. The pile with D = 1 m de-
�ects primarily by bending resulting in al-
most zero horizontal displacement at the
pile-toe.
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Figure 16: Bending moment distribution calcu-
lated by means of FLAC3D.

5.3 Comparison of computed p�y
curves with the design regu-
lations

The distribution of soil resistance with
depth for the model in FLAC3D is shown
in �g. 17. It is observed that the soil re-
sistance do not approach zero at the soil
surface for all piles. However, it should
be emphasized that the soil resistance at
the soil surface is approximated from the
bending moment at the soil surface and at
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four points below the soil surface. Hereby,
uncertainties are attached to the determi-
nation of the soil resistance at the soil sur-
face. These uncertainties also account for
the calculated soil resistance at the pile-
toe. Alternatively the soil resistance could
have been computed by integrating the
stresses in the interface elements along the
circumference of the pile. Deviations in
the soil resistance can be observed near
the point of zero de�ection, most signi�-
cantly for D = 7 m. Small uncertainties
in the bending moment distribution im-
plies uncertainties when determining the
soil resistance. Near the point of zero de-
�ection the soil resistance is approximately
zero and the e�ect of uncertainties on the
distribution of soil resistance is therefore
most signi�cant at this depth.
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Figure 17: Soil resistance versus depth deter-
mined by means of FLAC3D.

Figure 18 presents the p�y curves obtained
by means of FLAC3D at a depth of x = 2
m. Further, the p�y curves according to
the design regulations, e.g. API (1993)
and DNV (1992), are outlined in the �g-
ure. As expected the ultimate soil resis-
tance increases with increasing pile dia-
meter. Further, the initial part of the
curves, is sti�er for the API p�y curves
compared to the p�y curves obtained by
means of FLAC3D. The ultimate soil re-
sistance of the API p�y curves has some
degree of conservatism in the case of very
large diameters. This is however, not
observed for the piles with D = 2 − 3

m. Furthermore, the p�y curves obtained
from the three-dimensional numerical mo-
del do not reach a steady state at the ap-
plied displacements. Although the load-
displacement relationship obtained by a
force and a displacement controlled ap-
proach are in agreement, cf. �g. 4, the
p�y curve for D = 2 m has some degree of
�uctuation.

0 0.05 0.1 0.15 0.2
0

500

1000

1500

2000

2500

y [m]

p 
[k

N
/m

]

 

 

D=2 m
D=3 m
D=5 m
D=7 m

Figure 18: Comparison of API p�y curves
marked with (o) and the p�y curves obtained by
means of FLAC3D for the four piles, respectively.

5.4 Variation of initial sti�ness
with depth

The variation of initial sti�ness with
depth, E∗

py = dp
dy , y = 0, is presented in �g.

19a for the four pile diameters modelled
in FLAC3D. Figure 19b presents the va-
riation of E∗

py with depth for the analyses
computed by means of Plaxis 3D Founda-
tion. From the �gures it is observed that
the initial sti�ness increases with increas-
ing pile diameter. The o�shore design reg-
ulations, e.g. DNV (1992) and API (1993),
suggest that the initial modulus of sub-
grade reaction, k, and hereby also the ini-
tial sti�ness E∗

py = kx:

dp

dy
|y=0= Apu

kx
Apu

cosh2( kxy
Apu

)
|y=0= kx (6)

is independent of the pile diameter. This is
in contrast to the variation of initial sti�-
ness with depth shown in �g. 19a and �g.
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Figure 19: Initial sti�ness, E∗
py, versus depth.

19b. The p�y curves obtained near the
point of zero de�ection as well as at the
pile-toe is characterised by a lot of scatter
due to small de�ections causing large un-
certainties for the initial sti�ness at large
depths.

According to �g. 19a and �g. 19b E∗
py does

not vary linearly with depth. Lesny and
Wiemann (2006) propose a power function
for the variation of E∗

py with depth:

E∗
py = E∗

py,ref

(
x

xref

)a

(7)

where E∗
py,ref denotes the initial sti�ness

at a reference depth, xref , and a is a factor
depending on the relative density of the
sand. According to Lesny and Wiemann
(2006) the factor a is to be set to 0.6 for
medium dense sands.

Figure 20 presents the initial sti�ness' ob-
tained by means of Plaxis 3D Foundation

and the variations based on (6) and (7) for
D = 7 m. The two expressions, cf. (6) and
(7), are identical when a = 1. As a ref-
erence initial sti�ness, E∗

py,ref , the initial
sti�ness at xref = 2 m is employed. Fig-
ure 20 indicate that the linear expression
employed in the design regulations �ts the
obtained E∗

py well until a depth of approxi-
mately 5 m. Beneath this depth the linear
expression highly overestimates E∗

py, given
that the soil response is non-conservative
at large depths. Equation (7) �ts the ob-
tained E∗

py very well until a depth of 14
m. Equation (6) is highly a�ected by the
value of k while (7) produces a reasonable
�t independent of the reference value due
to the non-linear behaviour. E∗

py is not
clearly de�ned beneath x = 14 m due to
the in�uence of the point of zero de�ection.
For the remaining pile diameters a similar
non-linear variation of E∗

py with depth is
found, most signi�cantly for D = 3− 7 m.
Hereby, the expression in the o�shore de-
sign regulations overestimates the soil-pile
interaction for large-diameter monopiles at
large depth. The non-linear variation of
initial sti�ness is observed in connection
with both the analyses in FLAC3D and
Plaxis 3D Foundation.
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Figure 20: Variation of E∗
py as function of depth

determined by means of Plaxis 3D Foundation for
D = 7 m, and xref = 2 m.
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5.5 E�ect of diameter on initial
modulus of subgrade reac-
tion

The magnitudes of k in (6) obtained by
means of FLAC3D are outlined in tab. 4
at x = 2− 7 m where the assumption of
a linear variation of initial sti�ness with
depth is reasonable. As indicated in tab.
4, k is highly dependent on the pile dia-
meter; increasing diameter results in an
increase in k. This observation is most sig-
ni�cant when comparing the results for the
piles with D = 2 − 5 m. For dense sand
(ϕtr = 40◦) the o�shore design regulations
recommend k = 40000 kN/m3. This does
not agree with the analyses since k ranges
between 7000�29000 kN/m3.

A power function of the form:

k = kref

(
D

Dref

)b

(8)

is employed in order to describe the rela-
tion between k and D.

Figure 21 and 22 presents the normalised
relationship based on (8) by means of the
two numerical models, respectively. The
exponent b is determined to 0.645 and
0.226 by means of FLAC3D and Plaxis 3D
Foundation, respectively. Hereby, there is
a considerable di�erence between k/kref ,
cf. �g. 21 and 22, obtained by the two
numerical models. This di�erence is most
signi�cant at diameters of D = 5−7 m im-
plying a higher exponent b determined by
means of FLAC3D. However, both mod-
els highly indicates that there is a corre-
lation between k and D. More research is
needed in order to make a clear correlation
between pile diameter and initial modulus
of subgrade reaction.

5.6 E�ect of extra embedded
length

The previous analyses have been based on
varying diameters and a constant embed-

ded pile length of 20 m. In order to elimi-
nate the e�ect of embedded length on the
initial sti�ness of the p�y curves the em-
bedded length has been extended to 30 m.
The analyses have been made by means of
Plaxis 3D Foundation. Figure 23 presents
the variation of E∗

py with depth when vary-
ing the embedded length for D = 3 m and
D = 5 m, respectively. From �g. 23 it is
observed that E∗

py is not signi�cantly in-
�uenced by the embedded length. The
point of zero de�ection changes slightly
with length. Due to an extra embedded
length reasonable p�y curves beneath the
point of zero de�ection is obtained. Sim-
ilar results have been obtained for the re-
maining pile diameters.
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Table 4: Initial modulus of subgrade reaction, k, obtained by means of FLAC3D. k is speci�ed in
[kN/m3].

D = 2 m D = 3 m D = 5 m D = 7 m
x = 2 m 12116 14799 28964 21891
x = 3 m 11899 13550 25798 21846
x = 4 m 11166 15663 23921 24547
x = 5 m 10482 11881 19532 24440
x = 6 m 8602 12045 18065 24077
x = 7 m 7051 9747 11475 22963
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Figure 21: Normalised initial modulus of subgrade reaction versus pile diameter determined by means
of FLAC3D. As kref the value at D = 2 m have been employed. b = 0.645.
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Figure 22: Normalised initial modulus of subgrade reaction versus pile diameter determined by means
of Plaxis 3D Foundation. As kref the value at D = 1 m have been employed. b = 0.226.
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5.7 Variation of pile bending
sti�ness

According to Ashour and Norris (2000) the
bending sti�ness of the pile, EpIp, has sig-
ni�cant in�uence on the p�y curves. In
order to investigate whether the changes
in E∗

py registered for di�erent pile diame-
ters are related to the bending sti�ness of
the pile, simulations have been performed
in Plaxis 3D Foundation with varying val-
ues of EpIp. The evaluation has been
carried out for D = 3 m. The sec-
ond moment of inertia, Ip, has, due to
a constant geometry, been kept constant.
Young's modulus of elasticity for the hol-
low pile has been varied between the val-
ues Ep = 2.1 · 107 kPa, Ep = 2.1 · 108 kPa,
and Ep = 2.1 · 109 kPa. Figure 24 presents
derived p�y curves when varying the pile
bending sti�ness determined by means of
Plaxis 3D Foundation. The �gures outline
the derived p�y curves at a depth of x = 2
m and x = 10 m, respectively.

As shown in �g. 24 the pile bending sti�-
ness does not have signi�cant in�uence on
the p�y curves, neither on the initial sti�-
ness nor on the ultimate soil resistance.
This investigation is substantiated by the
work performed by Fan and Long (2005).
The point of zero de�ection is situated
nearer the soil surface when decreasing the
pile bending sti�ness. Due to this, the
most slender pile is characterised by a lot
of scatter at x = 10 m, cf. �g. 24b.

5.8 Load-displacement relation-
ships

Based on small-scale tests Sørensen et. al
indicate that the horizontal load is pro-
portional to the embedded length squared
and the pile diameter. However, it should
be emphasised that the slenderness ratio,
L/D, were kept constant for all tests.

Figure 25 presents normalised load-
displacement relationships for various pile
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Figure 24: p�y curves determined for di�er-
ent pile bending sti�ness' by means of Plaxis 3D
Foundation. D = 3 m.

diameters and embedded lengths calcu-
lated by means of Plaxis 3D Founda-
tion. The horizontal load is normalised
as H/L2Dγ and the pile displacement as
y/D. A disagreement between the nor-
malised load-displacement relationships
for the various simulated piles can be ob-
served.

As a constant slenderness ratio were em-
ployed for the small-scale tests, the lat-
eral load might as well be proportional
to the embedded length and the pile
diameter squared. Figure 26 show the
normalised relationships between load,
H/LD2γ, and displacement, y/D, at the
pile-head for various pile diameters and
embedded lengths. A good agreement
can be observed for the normalised load-
displacement relationships of the various
piles. Hereby, the simulations in Plaxis 3D
Foundation indicate a proportionality be-
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Figure 25: Normalised relationships between load (H/L2Dγ) and displacement (y/D) determined at
the pile-head at various pile diameters and embedded lengths by means of Plaxis 3D Foundation.

tween the lateral load and the embedded
length and the pile diameter squared.

6 Comparison of FLAC3D

with a Winkler model ap-
proach

A traditional Winkler model has been con-
structed in order to compare the results
obtained from the three-dimensional nu-
merical model in FLAC3D with the recom-
mendations in the design regulations, e.g.
API (1993) and DNV (1992). The non-
linear soil-pile interaction is modelled us-
ing the API (1993) p�y curves. Bernoulli-
Euler beam theory is employed for the pile.
The comparison between the results ob-
tained by means of FLAC3D and the Win-
kler model approach is performed, with
the same pile geometry, and soil condi-
tions as listed in tab. 2. In �g. 27
the pile de�ection with depth obtained by
means of FLAC3D and the Winkler mo-
del, respectively, is compared for an ap-
plied horizontal load at the pile-head of
6.4 MN for D = 3 m. The lateral pile de-
�ection determined by means of FLAC3D

indicate a very sti� pile behaviour com-
pared to the pile behaviour obtained by

the Winkler model approach incorporat-
ing API p�y curves, cf. �g. 27. Further,
some conclusions can be drawn:

� The de�ection at the soil surface de-
termined by means of the Winkler
model approach is 37 % of the de�ec-
tion computed by means of FLAC3D.

� The de�ection at the pile-toe deter-
mined by means of the Winkler mo-
del approach is 4 % of the de�ections
computed by means of FLAC3D.

� The point of zero de�ection is situated
at a depth of approximately 11.0 m
for the Winkler model approach. By
means of FLAC3D the point of zero
de�ection is situated in a depth of ap-
proximately 14.4 m.

The large disagreement for the pile de�ec-
tion at the pile-toe indicates that the soil
resistance is highly overestimated in the
design regulations at large depths. The
overestimation of soil resistance at large
depths also causes the disagreement in the
location of the point of zero de�ection.

In �g. 28 the bending moment distribu-
tion along the pile obtained by means of
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Figure 26: Normalised relationships between load (H/LD2γ) and displacement (y/D) determined at
the pile-head at various pile diameters and embedded lengths by means of Plaxis 3D Foundation.
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Figure 27: Comparison of lateral pile de�ection
calculated by means of FLAC3D with the Win-
kler model approach employing API p�y curves
for D = 3 m.

FLAC3D and the Winkler model, respec-
tively, is compared for an applied horizon-
tal load of 6.4 MN for D = 3 m. A rea-
sonable agreement between the distribu-
tion of bending moment for the model in
FLAC3D and the Winkler model can be
observed. The depth of maximum bend-
ing moment is for both models located at
a depth of approximately 5 m. The Win-
kler model approach overestimates the size
of the maximum bending moment with
5 % compared to FLAC3D. Near the
pile-toe the bending moment computed by
means of FLAC3D varies almost linearly

with depth. This is in contrast to the
bending moment calculated by means of
the Winkler model approach, where a sig-
ni�cantly non-linear variation of bending
moment with depth is observed. As the
soil resistance is determined as the 2. or-
der derivative of the bending moment the
signi�cant non-linear variation of bending
moment at large depths indicate a large
soil resistance. Hereby, the distribution of
bending moment substantiate the observa-
tions in �g. 27.
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Figure 28: Comparison of bending moment dis-
tribution calculated by means of FLAC3D with
the Winkler model approach employing API p�y
curves for D = 3 m.

Figure 29 presents the load-displacement
relationships at the pile-head located 15 m
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above seabed (D = 3 m) obtained by
means of FLAC3D and the Winkler mo-
del approach. The power function, cf. (7),
and the recommendations in API (1993),
with k = 40000 kN/m3 and k = kref

at x = 2 m, respectively have in turn
been implemented in the Winkler model
approach. Figure 29 indicate that the ex-
pression employed in API (1993) highly
overestimates the strength of the soil at all
de�ections compared to FLAC3D. This is
expected in accordance with tab. 4 since
the initial modulus of subgrade reaction,
k, recommended by API (1993) is over-
estimated compared to the values calcu-
lated by means of FLAC3D. The linear
expression, cf. (6), with kref as the value
obtained at xref = 2 m produces reason-
able results until a de�ection of approxi-
mately 0.1 m. At greater de�ections there
is a considerable di�erence between the de-
�ections determined by FLAC3D and the
linear expression. When employing the
power function, cf. (7), in the Winkler mo-
del approach the initial part of the load-
displacement relationship �ts very well un-
til a de�ection of 0.2 m. At greater de-
�ections an overestimation of the horizon-
tal load is observed compared to FLAC3D.
However, the di�erence is much smaller
than obtained by employing the linear ex-
pression in the Winkler model. Similar
load-displacement behaviour has been ob-
served for the remaining pile diameters.

For modern wind turbine foundations only
small deformations/rotations are allowed.
Therefore, it is desirable that the ini-
tial part of the curves �ts the pile be-
haviour well, which is the case for the
power function employed in the Winkler
model approach. Hence, it can be con-
cluded that the Winkler model approach is
useful when a proper variation of the ini-
tial sti�ness associated with the p�y curves
is employed.
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Figure 29: Load-displacement relationships at
the pile-head calculated by means of FLAC3D

compared with the Winkler model approach in-
corporating API (k = 40000 kN/m3), API (kref ),
and the power function, cf. Lesny and Wiemann
(2006), respectively.

7 Conclusion

A numerical study of the behaviour of lat-
erally loaded large-diameter monopiles in
sand is presented in this paper. The eval-
uation is made by means of the three-
dimensional numerical programs FLAC3D

and Plaxis 3D Foundation. The numerical
models are calibrated against well-de�ned
small-scale tests and hereafter extended to
large-scale monopiles with pile diameters
varying between D = 2− 7 m. During the
calibration process, Plaxis 3D Foundation
were found to overestimate the pile de-
�ection in comparison with the laboratory
tests. Therefore, Plaxis 3D Foundation
does not produce realistic values of soil re-
sistance and pile de�ection. However, a
realistic variation of soil resistance with
pile diameter and depth were observed.
The model were therefore employed in the
simulation of large-scale monopiles in or-
der to validate the tendencies observed in
FLAC3D. The conclusions that can be
drawn are:

� Non-slender piles de�ect as almost
rigid objects resulting in only one
point of zero de�ection. Hence, signif-
icant negative de�ections at the pile-
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toe are observed.

� The initial modulus of subgrade re-
action, k, is highly a�ected by the
pile diameter; increasing diameter re-
sults in an increase in k. This is ob-
served in both FLAC3D and Plaxis 3D
Foundation simulations. This contra-
dicts the recommendations in the o�-
shore design regulations. k is varying
between 7000�29000 kN/m3 at small
depths when increasing the diameter
from 2�7 m.

� The initial sti�ness of the p�y curves,
E∗

py, is independent of both the em-
bedded length of the pile and the pile
bending sti�ness, EpIp. According
to this, the main parameter a�ecting
E∗

py is the pile diameter.

� The design regulations recommends
a linear variation of initial sti�ness
with depth. This recommendation
is non-conservative at large depths.
Here, the soil response is overesti-
mated. A non-linear variation of ini-
tial sti�ness with depth proposed by
Lesny and Wiemann (2006) provides
a good agreement when compared to
the results from the three-dimensional
numerical analyses.

� The numerical analyses indicate that
the horizontal load acting at the pile-
head is proportional to the pile dia-
meter squared and the embedded pile
length.
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Appendix

The test programme and material prop-
erties for the soil and piles are given in
tab. 5. For the tests without overburden
pressures Young's modulus of elasticity of
the soil is calibrated as the low horizontal
stresses leads to large uncertainties. For
all analyses the Poisson's ratio is νp = 0.33
and νs = 0.23, for the piles and soil, re-
spectively. In FLAC3D the interface shear
sti�ness and interface normal sti�ness is
set to ks = kn = 100E0 .

Table
5:

Testprogram
m
e
and

m
aterialproperties

forthe
six

tests.

D
iam

eter
O
verburden

A
ngle

of
D
ilatancy

Cohesion
Relative

U
nit

Young'sm
odulus

Pile
pressure

internalfriction
angle

density
weight

ofelasticity
bending

sti�ness
D

P
0

ϕ
tr

ψ
c

I
D

γ ′
E
0

E
p I

p

[m
]

[kPa]
[ ◦]

[ ◦]
[kPa]

[−
]

[kN
/m

3]
[M

Pa]
[kN

m
2]

Test1
0.8

0
52.6

10
0.1

0.79
10.2

-
52.4

Test2
0.8

100
45.9

10
0.1

0.79
10.2

41.1
52.4

Test3
0.8

50
48.5

10
0.1

0.79
10.2

25.4
52.4

Test4
0.6

0
52.2

10
0.1

0.76
10.1

-
24.9

Test5
0.6

50
48.3

10
0.1

0.78
10.1

24.9
24.9

Test6
0.6

100
45.1

10
0.1

0.75
10.1

37.4
24.9
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