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ABSTRACT
Monopile foundations with diameters of 4 to 6 m are often employed for offshore wind turbines.
The Winkler model approach, where the soil pressure acting against the pile wall is provided by
uncoupled springs with stiffness provided by p-y curves, is traditionally employed in the design.
However, the p-y curves currently recommended by Det Norske Veritas and the American Petroleum Institute are developed for slender piles with diameters up to approximately 2 m when considering piles in sand.
In the serviceability limit state, only small rotations of the monopiles are allowed. Hereby, the
initial part of the p-y curves, is of high importance in the design of monopile foundations for offshore wind turbines.
The aim of the paper is to investigate the small-displacement stiffness of the soil-pile interaction
for large-diameter stiff piles in sand subjected to lateral loading. A modified expression for the
static part of the p-y curves is investigated in which the initial slope of the p-y curves depends on
the depth below the soil surface, the pile diameter and Young’s modulus of elasticity of the soil.
Three-dimensional numerical analyses conducted by means of the commercial program FLAC3D
incorporating a Mohr-Coulomb failure criterion are the basis for the research.
Keywords: Piles, soil/structure interaction, p-y curve, numerical modelling, sand.

1

INTRODUCTION

The monopile foundation concept is often
employed in the design of offshore wind turbines. Monopiles are welded steel pipe piles
driven open-ended into the soil. In order to be
able to sustain the large forces and moments,
the outer pile diameter, D, is typically five to
eight meters with an embedded pile length,
Lp, in the range of 20 to 35 m. Hence, the
slenderness ratio, Lp/D, is around five.
The American Petroleum Institute (ANSI/API, 2011) and Det Norske Veritas (DNV,
2014), recommend to employ the Winkler
model approach in the design of monopiles,
i.e. the pile is considered as a beam on an
elastic foundation. The elastic foundation
consists of a discrete number of springs with
stiffness determined by means of p-y curves.
p-y curves describe the soil resistance, p, actIGS

ing against the pile wall as a function of the
lateral pile deflection, y.
For piles in sand, ANSI/API (2011) and
DNV (2014) recommend a p-y curve formulation, which has been validated for slender
piles with diameters up to approximately 2
m, cf. Cox et al. (1974) and Murchison and
O'Neill (1984). The formulation has, however, not been validated for piles with diameters
of five to eight meter and slenderness ratios
around five. Hereby, the influence of pile
properties such as the pile diameter and the
pile slenderness ratio on the soil response still
need to be investigated.
In the serviceability limit state, only small
rotations of the monopiles are allowed. Further, strict demands are set to the total stiffness of the foundation in order to avoid resonance with the rotor and blade passing frequencies and with the wind and wave loading. Hereby, the small-displacement stiffness,
775
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e.g. the first part of the p-y curves, is of high
importance in the design of monopile foundations for offshore wind turbines.
In the present paper, the p-y curve formulation recommended by ANSI/API (2011)
and DNV (2014) is re-evaluated for static
loading conditions. The main focus is on the
first part of the p-y curves. In the design of
offshore wind turbine foundations, the cyclic
behaviour is of high interest due to the cyclic
behaviour of wind and wave loads. However,
the trend of the first part of the p-y curves is
expected to be similar for static and cyclic
loading. According to Kramer (1996) the
backbone curve of a soil can be described by
two parameters: the initial (low-strain) stiffness and the (high-strain) shear strength.
Similarly, it is assumed that the soil-structure
interaction similarly can be described by an
initial slope, dp/dy, and an ultimate resistance. An expression of the slope of the py curves at small displacements, but not the
true initial tangent stiffness, is proposed aiming at accurate predictions of the pile behaviour when the pile is exposed to serviceability
limit state (SLS) loads and lower bound system frequency analyses. The expression is
determined based on a numerical study. The
effect on the pile behaviour by incorporating
the modified expression for the initial slope
of the p-y curves in a Winkler model is illustrated for a monopile foundation situated at
Horns Rev, Denmark.
2

min {

𝑢

(𝐶1 𝑥 + 𝐶2 )𝛾′𝑥
}
𝐶3 𝐷𝛾′𝑥

(3)

C1, C2 and C3 are dimensionless factors varying with the internal friction angle, φ. k depends on the relative density/internal friction
angle of the soil. The true initial slope of the
p-y curves denoted E*py is thereby:
𝑑𝑝

∗
𝐸𝑝𝑦
= 𝑑𝑦|

𝑦=0

= 𝑘𝑥

(4)

Hence, E*py is considered explicitly to be
independent of the pile properties, e.g. the
pile diameter, D, the slenderness ratio, Lp/D,
and the pile bending stiffness, EpIp. E*py varies linearly with depth below the soil surface
and the initial modulus of subgrade reaction,
k.
Several authors have investigated the influence of the pile diameter on E*py with contradictory conclusions. Terzaghi (1955), Ashford and Juirnarongrit (2003) and Fan and
Long (2005) conclude that the pile diameter
has no significant effect on the initial slope of
the p-y curves. In contrast, Carter (1984) and
Ling (1988) propose a linear dependency
between pile diameter and initial stiffness.
Based on numerical investigations and a
linear variation of E*py with depth as given in
equation (4), Lesny and Wiemann (2006)
conclude that the stiffness is overestimated
for large depths. Instead, they propose a nonlinear variation of E*py with depth, i.e. E*py is
proportional with x0.6.
Based on theoretical considerations concerning changes in shear modulus as a function of shear strain and a nonlinear increase
with depth, Kallehave et al. (2012) suggest a
modified expression for the initial slope of
the p-y curves in sand. They aim at improving the approximation of the natural frequency for offshore wind turbines supported by

(1)

pu is the ultimate soil resistance, k is the initial modulus of subgrade reaction and x is the
depth below the soil surface. A is a dimensionless factor depending on the loading scenario, i.e. static or cyclic:
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𝑝𝑢 = min {

ANSI/API (2011) and DNV (2014) recommend the p-y curve formulation given in
equation (1) for piles located in sand.
𝑘𝑥

, Static loading

}
, Cyclic loading
(2)
The ultimate soil resistance can in accordance with Bogard and Matlock (1980) be
estimated as:

p-y CURVE FORMULATION

𝑝(𝑦) = 𝐴𝑝𝑢 tanh (𝐴𝑝 𝑦)

𝑥

3.0 − 0.8 𝐷 ≥ 0.9
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monopile foundations. An expression in
which the initial slope of the p-y curves is
proportional to the depth raised to the power
of m and to the pile diameter raised to the
power of n is suggested. The values of the
dimensionless factors m and n are site specific. In a benchmark study of full-scale measurements from three wind turbines in the
Walney offshore wind farm, values of
𝑚 = 0.6 and 𝑛 = 0.5 are proposed.
Kirsch et al. (2104) has suggested a modification to the initial modulus of subgrade
reaction, k, in which it is attempted to account for large-diameter effects and the
small-strain stiffness.
Based on centrifuge tests on piles with
slenderness ratios of 2 to 10, Leth (2013)
concludes that the small-displacement stiffness (evaluated at a normalized pile head
displacement of 1%) of the p-y curves is proportional to the depth below soil surface
raised to a power of 0.5 and to the pile diameter raised to the power of 0.6. Hence,
while the considerations of Kallehave et al.
(2012) aim at predicting the low-strain response, Leth (2013) aims at modelling the
pile response corresponding to the serviceability limit state (SLS) loads.
The pile-soil interaction and pile response
are affected by the flexibility of the pile. The
slenderness ratio for monopiles for modern
offshore wind turbines is significantly lower
than the slenderness ratio for the piles tested
at Mustang Island. Therefore, monopiles used
for offshore wind turbine foundations exhibit
a rather stiff behaviour in contrast to the rather flexible piles for which the currently
recommended p-y formulation has been validated.
In conclusion, the p-y curve formulation
currently recommended by ANSI/API (2011)
and DNV (2014) is at first sight not well suited for the design of monopile foundations for
offshore wind turbines. Knowledge is especially needed regarding the p-y curves at
small displacements.

IGS
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NUMERICAL MODELLING

3.1 Establishing the numerical model
A numerical model has been constructed in
the commercial program FLAC3D (FLAC3D
3.1, 2006), with the objective of determining
the behaviour of monopiles exposed to static
lateral loading.
Since, the model is symmetric around a
vertical plane parallel with the lateral loading
direction only half of the pile and surrounding soil is modelled. The pile and the soil are
divided into zones consisting of five 4-noded
constant strain-rate sub-elements of tetrahedral shape (approximately 20000 zones have
been employed). An outer diameter of 40D is
used whereas the bottom boundary is placed
15 m below the pile toe. This ensures that the
model boundaries do not influences the results. Standard boundary conditions have
been applied to the model boundary.
For practical reasons the pile is modelled
as a solid pile. Therefore, the Young’s modulus of elasticity and the density of the solid
pile are scaled to ensure that the bending
stiffness and the weight including soil are
identical to the properties of a tubular pile.
The plug ratio is assumed equal to unity. The
shear stiffness, ApGp, is not scaled correctly,
which is of minor importance since bending
is governing in the design. Analyses, not presented here, show that the difference in the
maximum deflections at the seabed for a pile
with Lp/D = 5 is less than 2 % when comparing the results based on the solid pile model
with the results obtained by means of a tubular pile model.
The Mohr-Coulomb material model is
employed for the sand. The reason for using a
simple model is that the soil parameters employed in the model can be determined from
few experimental tests. Further, it is convenient to have few model parameters in a parametric study. Hence, it seems naturally to
incorporate a material model with only one
stiffness parameter. The disadvantage with
respect to the chosen material model is that
the model does not take into account the
stress and strain dependency of soil stiffness.
However, Achmus et al. (2009), Chik et al.
(2009) and Kim and Jeong (2011) have suc777
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cessfully modelled horizontally loaded piles
by employing the Mohr-Coulomb material
model for the soil. The interface between the
pile and the soil is modelled by means of a
linear Coulomb shear strength criterion allowing gapping and slipping between the pile
and the soil.
A displacement-controlled horizontal
loading is applied as a velocity to the centre
nodes of the pile head. Hereby, a number of
steps are prescribed in order to reach the desired pile deflection. To ensure a quasi-static
behaviour of the pile-soil system, the velocity
of the pile is set to 10-6 ms-1.
Damping is introduced since FLAC3D is a
dynamic, explicit finite difference solver.
The numerical simulations are executed in
stages. First, the initial stresses in the soil are
generated using a K0-procedure. Secondly, an
equilibrium state is established for the pile
and the soil in which the soil properties are
employed for the pile material. At this stage,
the interface between the soil and the pile is
assumed smooth. Thirdly, a new equilibrium
state is calculated in which the pile and the
interface are given the correct properties.
After reaching equilibrium, the horizontal
load is applied as described.

Figure 1 Comparison of numerical simulations
and laboratory tests.

3.3 Pile and soil properties
Steel piles with pile diameters of D = 1-7 m
and length of Lp = 20 m have been studied.
Hence, the slenderness ratio, Lp/D, varies
between 3 and 20. For practical purposes the
pile wall thickness, wt, is assumed constant
and equal to 0.05 m. For D = 1 m flexible
pile behaviour is expected while a rather rigid
pile behaviour is expected for D = 7 m.
According to Klinkvort et al. (2010), the
location of the force resultant, e, with respect
to the embedment length, Lp, influences the
shape of the p-y curves. Normally, e/Lp is in
the interval of 0.5 to 2.0 for the design load
of monopiles for offshore wind turbines. In
this study, e/Lp = [0.50; 0.75; 1.00; 1.50;
2.00] have been applied.
A Young’s modulus of elasticity, Ep, a
Poisson’s ratio, ν, and a unit weight, γ, of 210
GPa, 0.3 and 77 kNm-3, respectively, have
been assumed for the steel material. A homogeneous soil is employed. The internal friction angle, φ, of the sand has been varied
between 30-43°. The wall friction angle, δ,
between the soil and the pile is as proposed
by Brinkgreve and Swolfs (2007) set to:

3.2 Validation
The numerical model has been validated
against 23 laboratory tests conducted in a socalled pressure tank, cf. Sørensen et al.
(2015). The laboratory tests were carried out
on piles with diameters of 40-100 mm and
embedded pile lengths of 200-500 mm embedded in dense to very dense fine sand. The
piles were exposed to lateral loading.
Results from one test (Lp/D = 5 and overburden pressure of P0 = 100 kPa and D = 100
mm) as well as load-settlement curves established by means of the FLAC3D model are
shown in Figure 1. A reasonable concordance
between the numerical simulations and the
test results has been found for y/D less than
0.2.

2 tan(𝜑)

𝛿 = atan (

)

(5)

Hereby, the wall friction angle takes values
from 21° to 32°. The dilatancy angle, ψ, of
the soil material is given in equation (8)
(Brinkgreve and Swolfs, 2007):
𝜓 = 𝜑 − 30
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Young’s modulus of elasticity for the soil
has been varied in the range 21 to 93 MPa.
Generally, the stiffness of sand is stress dependent. However, in order to decouple the
influence of soil stiffness and depth below
soil surface on E*py, the Young’s modulus of
elasticity for the soil, Es, has been assumed
constant with depth in the parametric study of
parameters
influencing
the
smalldisplacement stiffness of the p-y curves.

4

Figure 3 Distribution of bending moment.
φtr = 37°, Es = 59 MPa, wt = 0.05 m, Lp = 20 m
and e/Lp = 0.75.

RESULTS

4.1 Effects of Lp/D, EpIp, e/Lp and soil proper-ties on the pile response
Figure 2 and Figure 3 present pile deflections
and bending moment distributions for piles
with D = 1-7 m and φ = 37°, respectively. For
D = 7 m the pile behaves very stiff. In contrast, the pile with D = 1 m behaves flexible.
The depth to the point of zero deflection increases for increasing pile diameter. Furthermore, the depth to the maximum bending
moment increases for increasing pile diameter. Since the length has been kept constant at
20 m, the slenderness ratio, Lp/D, varies as
the pile diameter is varied. Hereby, it can be
concluded that the slenderness ratio has a
significant effect on the pile behaviour.

Figure 4 illustrates the variation of the
small-displacement stiffness of the p-y
curves, E*py with pile diameter, D, and depth
below soil surface. In practice E*py has been
estimated as the secant stiffness for a pile
deflection of 1.5 mm. Hence, the small displacement stiffness is investigated and not
the true initial stiffness. A non-linear increase
of Epy* can be observed for increasing depths,
which is in contrast to the linear dependency
proposed by ANSI/API (2011) and DNV
(2014). Further, E*py is found to increase for
increasing pile diameter primarily due to differences in pile deflection behaviour going
from flexible for small pile diameters and
high slenderness ratios to stiff body rotations
for large diameters and low slenderness ratios. In contrast, ANSI/API (2011) and DNV
(2014) propose that E*py is independent of the
pile diameter. The rotation of the pile causes
discontinuities in the values of E*py at depths
between approximately 8-17 m as the point
of rotation changes with the size of loading.
Therefore, values of E*py at these depths are
left out in the following figures.

Figure 2 Pile deflection along the pile for
φtr = 37°, Es = 59 MPa, wt = 0.05 m, Lp = 20 m
and e/Lp = 0.75.

IGS
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Figure 4 Variation of small-displacement stiffness, E*py, with depth for φtr = 37°, Es = 59 MPa,
wt = 0.05 m, Lp = 20 m and e/Lp = 0.75.

Figure 6 Variation of small, displacement stiffness, E*py, with depth for varying values of Es.
φtr = 37°, Es = 59 MPa, wt = 0.05 m, Lp = 20 m
and e/Lp = 0.75.

Figure 5, Figure 6 and Figure 7 illustrate the
variation of the small-displacement stiffness
of the p-y curves, E*py with friction angle, φ,
Young’s modulus of elasticity for the soil, Es,
and loading eccentricity, e/Lp, respectively.
According to Figure 5, E*py is insignificantly
influenced by the internal friction angle. Furthermore, Figure 6 indicates that E*py increases with increasing values of Young’s modulus of the soil, Es. However, ANSI/API
(2011) and DNV (2014) suggest that E*py is
independent on the Young’s modulus of elasticity of the soil and instead dependent on the
internal friction angle. However, it should be
noted that Young’s modulus of elasticity of
the soil and the internal friction angle are
interrelated via the relative density of the
sand. Figure 7 indicates that E*py is independent of the loading eccentricity for e/Lp = 0.52.0.

Figure 8 presents the influence of bending
stiffness, EpIp, on the p-y curves. It can be
concluded that EpIp does not influence the p-y
curves. This is in agreement with Fan and
Long (2005), but in contrast to Ashour and
Norris (2000).

Figure 7 Variation of small-displacement stiffness, E*py, with depth for varying e/Lp. φtr = 37°,
Es = 93 MPa, D = 2 m, wt = 0.05 m and Lp =
20 m.

Figure 5 Variation of small-displacement stiffness, E*py, with depth for varying internal friction
angles D = 5 m, Es = 59 MPa, wt = 0.05 m, Lp =
20 m and e/Lp = 0.75.
NGM 2016 - Proceedings
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pendency of the internal friction angle when
using d = 0.8. Similar results have been obtained for D = 1-7. The linear variation of
E*py with depth, b = 1, and the non-linear
expression proposed be Lesny and Wiemann
(2006), b = 0.6, overestimates E*py for large
depths.
In Figure 10, a normalised E*py for an internal friction angle of 40°, Es = 74 MPa, and
varying pile diameters is presented as function of depth. A constant bending stiffness
corresponding to a steel pile with a pile
diameter of 4 m and a wall thickness of 0.05
m has been employed for all piles in order to
isolate the effect of the diameter to equation
(7) only. The proposed expression for E*py,
produces a reasonable fit.

Figure 8 Comparison of p-y curves for varying
pile bending stiffness. φtr = 40°, Es = 74 MPa, D
= 4 m, wt = 0.05 m, Lp = 20 m and e/Lp = 0.75.

4.2 Modified expression for the smalldisplacement stiffness of the p-y curves
Figure 4 and Figure 6 indicate that the smalldisplacement stiffness of the p-y curves, E*py,
depends on the depth below the soil surface,
x, Young’s modulus of elasticity for the soil,
Es, and the pile diameter, D. A modified expression for the small-displacement stiffness
is proposed in equation (7).
∗
𝐸𝑝𝑦
= 𝑎 (𝑥

𝑥
𝑟𝑒𝑓

𝑏

) ∙ (𝐷

𝐷
𝑟𝑒𝑓

𝑐

) ∙ (𝐸

𝐸𝑠

𝑠,𝑟𝑒𝑓

𝑑

)

(7)

b, c, and d are dimensionless constants
whereas a is a constant specifying the smalldisplacement stiffness for D = Dref = 1 m, x =
xref = 1 m and Es = Es,ref = 1 MPa. Further, x
and D should both be inserted in meters and
Es in MPa. Values of a, b, c and d have been
found to 1000 kPa, 0.3, 0.5 and 0.8, respectively. These compare reasonably well with
the values, cf. Section 2, proposed by Kallehave et al. (2012) and Leth (2013).
The constants a, c and d have been determined based on least squares fitting. Due to
the discontinuity of the small-displacement
stiffness around the point of zero deflection,
the constant b has been determined by visual
fitting of equation (7) with the FLAC3D simulations.
Figure 9 shows E*py normalized with respect to (Es/Es,ref)0.8 for varying values of
Young’s modulus of elasticity for the soil and
D = 4 m. It can be observed that equation (7)
provides a reasonable description of the deIGS

Figure 9 Normalized small displacement stiffness, E*py, for φtr = 37°, D = 4 m, wt = 0.05 m, Lp
= 20 m and e/Lp = 0.75. The three curves have
been forced through the average normalised
small-displacement stiffness in a depth of 1 m.

Figure 10 Normalised small-displacement stiffness for varying pile diameter and for φtr = 37°,
Es = 74 MPa, Lp = 20 m and e/Lp = 0.75. The
bending stiffness has been kept constant for all
piles.
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4.3 Practical implications in relation to the
modified expression for the smalldisplacement stiffness
When using equation (7) for determination of
the initial slope of p-y curves for investigations of the serviceability limit state, the authors recommend employing an Es corresponding to E0.1, which is the Young's modulus of elasticity for an average axial strain of
0.1%, as monopiles used as foundation for
offshore wind turbines are exposed to small
deflections/rotations. According to Lunne et
al. (1997), this level of strain is reasonably
representative for many well-designed foundations.
5

5.3 Soil conditions
The soil profile consists primarily of dense to
very dense sand. The stratigraphy and the soil
properties are presented in Augustesen et al.
(2010).
For the FLAC3D analyses the classical
Mohr-Coulomb criterion and a linear elastic
material model have been combined to describe the elasto-plastic material behaviour of
the soil. Further details on the FLAC3D
model of the wind turbine foundation are
presented in Augustesen et al. (2010).
5.4 Results and discussion
In Figure 11, the calculated deflections are
shown for the case in which the pile is subjected to the static SLS-loads. The pile behaviour has been determined by means of
FLAC3D and the Winkler model approach
employing, respectively, the original API p-y
curves given by equations (1)-(4) (in the following denoted the API method) and the API
p-y curves employing the proposed smallstrain stiffness given in equation (7) (in the
following denoted the modified API method).
The deflection patterns predicted by FLAC3D
and the modified API method have similar
shapes. The monopile behaves relatively rigid implying that a “toe kick” occurs; this is
especially pronounced when considering the
deflection behaviour predicted by means of
FLAC3D and the modified API method. Below 14 m the deflection pattern estimated by
the API method and FLAC3D deviate significantly. FLAC3D estimates, for example,
greater horizontal deflections at the pile toe
compared to the API method (Table 1). The
deviation in deflection pattern may be due to
the fact that the small-displacement stiffness,
E*py, provided by the API method is overestimated at great depths. Since the API method overestimates the stiffness with depth
compared to FLAC3D and the modified API
method, the depth for zero deflection predicted by the API method is located closer to the
seabed (Table 1). Furthermore, the maximum
horizontal deflection at seabed level determined by means of the API method is much
lower compared to the deflections predicted
by the other methods (Table 1).
The three approaches predict similar distributions of the moment with depth. Howev-

EXAMPLE – HORNS REV 1

5.1 Description of Horns Rev 1 Offshore
Wind Farm
The wind turbine considered in this example
is a part of Horns Rev 1 Offshore Wind
Farm, built during 2003 and located in the
North Sea approximately 30 km west of Esbjerg in Denmark. The wind turbines at the
site are all of the Vestas V80-2.0 MW type
with a total assembly weight of 105.6 Te.
The hub height is 70 m above MSL and the
site is dominated by westerly winds. The
foundations are monopiles having a diameter
of 4.0 m. A transition piece with outer diameter of 4.34 m constitutes the transition from
the tower to the monopile, cf. Hald et al.
(2009).
5.2 Pile and loading conditions
The steel monopile considered is the foundation for wind turbine 14. The length is 31.6 m
and the wall thickness, wt, and thereby the
bending stiffness, EpIp, varies along the pile.
The monopile has been driven to its final
position 31.8 m below the mean sea level
leading to an embedded length of 21.9 m.
The pile behaviour is investigated corresponding to the serviceability limit state
(SLS): the horizontal load H = 2.0 MN and
the
overturning
bending
moment
M = 45 MNm. More information on the pile
geometry and the loading conditions can be
found in Augustesen et al. (2010).
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er, FLAC3D estimates slightly lesser and
higher moments at moderate and deep depths,
respectively, compared to the API method
and the modified API method. The maximum
moments determined by the three approaches
are almost identical (Table 1). The depths to
the maximum moment vary between 2.5 m
and 3.0 m with FLAC3D giving rise to the
smallest value.
The p-y curves at different depths are
shown in Figure 12. Except for the depth
x = 2.1 m the API method has a tendency to
overestimate the soil resistance, p, at a given
deflection, y, compared to the other two approaches. The pressures, estimated by means
of FLAC3D, mobilised at the depth x = 7.4 m
are less than the pressures at both x = 2.1 m
and x = 3.9 m for a given deflection y. This is
due a the lower angle of internal friction and
a lower Young’s modulus of elasticity at that
depth (Figure 12).
Generally, the modified API method predicts the results obtained by FLAC3D better
than the API method. The deviations, however, in the results determined by means of
FLAC3D and the modified API method may
be caused by: the traditional uncertainties
related to numerical modelling; shortcomings in the method proposed by Georgiadis (1983), in which layered soil profiles
have been taken into account; shortcomings
in the general shape of the p-y curves; and
shortcomings in the definition of the ultimate
soil resistance.

Table 1 Distribution of bending moment, pile
deflection and pile rotation.
FLAC
Max
moment
[MNm]
Depth to max.
moment [m]
Pile deflection,
seabed [mm]
Pile deflection,
toe [mm]
Rotation, seabed [°]
Depth to zero
deflection [m]

API

47.1

48.8

Mod.
API
48.3

2.5

3.0

2.8

14.8

11.4

13.7

-1.0

-0.6

-2.5

0.12

0.12

0.13

13.2

9.4

9.8

Figure 12 Soil resistance as a function of pile
deflection and depth for Wind Turbine 14 at
Horns Rev 1.

6

CONCLUSIONS

This paper considers large-diameter stiff
monopiles in sand for offshore wind turbines.
In design of such piles the first part of the p-y
curves are especially important. A modified
expression for the small-displacement stiffness of the p-y curves has been proposed, in
which the slope depends on the depth below
the soil surface, the pile diameter and
Young’s modulus of elasticity of the soil.
This is in contrast to the method recommended by the American Petroleum Institute (API)
in which the initial part of the p-y curves is
independent of Young's modulus of elasticity
and the diameter. The reassessment of the p-y
curves recommended by the API is based on
three-dimensional numerical analyses and the
reassessment is aiming for a better prediction
of the pile behaviour, especially when exposed to static SLS loads.

Figure 11 Pile deflection at maximum horizontal
load for the monopile foundation of Wind Turbine
14 at Horns Rev 1.
IGS
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