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ABSTRACT: As wind energy is becoming the most promising clean energy source, wind turbines are moving offshore to harness the
steadier and stronger winds in the ocean environment. These offshore wind turbines are supported by various types of foundation
systems amongst which bucket foundation is a sound alternative. The bucket foundation has to withstand lateral load which can
exceed the self-weight of the wind turbine structure. In this study, three dimensional finite analyses have been performed to
investigate the lateral load carrying behaviour of bucket foundation installed in dense sand, considering drained loading condition.
The effect of the resultant lateral load from wind action and water currents acting on the wind turbine is simulated by varying the
point of application of lateral load at several eccentricities above the lid of the bucket foundation. The variation of ultimate lateral
load carrying capacity, depth of point of rotation and rotational stiffness of bucket foundation with load eccentricities are studied for
several superstructure loads and different aspect ratios of bucket foundation. Lateral load-overturning moment interaction diagrams
are also plotted to describe the behaviour of the foundation system.
RÉSUMÉ: L'énergie éolienne est en train de devenir la source la plus prometteuse de l'énergie propre. Les turbines éoliennes se
déplacent en mer pour exploiter les vents plus stables et plus solides dans l'environnement de l'océan. Ces turbines éoliennes sont
prises en charge par différents types de systèmes de fondation, parmi lesquels les seaux enterrés dans le sol sont une bonne
alternative. Le godet fondation a pour résister à la charge latérale qui peut dépasser le poids de la structure de l'éolienne. Dans cette
étude, des analyses finis en trois dimensions sont réalisées pour estimer le comportement de la charge portant des seaux enterrés dans
le sol d’un sable très dense en considérant la condition du chargement drainé. L'effet de la charge latérale résultant de l'action du vent
et des courants d'eau agissant sur la turbine éolienne est simulé en faisant varier le point d'application de la charge latérale à plusieurs
singularités au-dessus du couvercle des seaux enterrés dans le sol. La variation de la capacité ultime de la charge latérale, la
profondeur du point de rotation et la rigidité des seaux enterrés dans le sol en rotation avec singularités de charge sont de l'étude pour
plusieurs charges de la superstructure et des rapports différents des seaux enterrés dans le sol. Les diagrammes d’interaction
momentanée du renversement de la charge latérale sont complotés pour décrire le comportement du système de fondation.
KEYWORDS: Bucket foundation, Offshore wind turbine, Sandy soil, Finite element analysis, Lateral capacity.
1 INTRODUCTION
A bucket foundation is a hollow steel or concrete cylinder with
an open bottom and a closed top. They are installed by sinking
into the seabed and then pushed to the required depth by
pumping water out of the pile interior using a submersible
pump. Monopod bucket foundations for offshore wind turbines
have to withstand vertical superstructure load and overturning
moment produced from resultant lateral loads due to wind
currents and water waves acting at several eccentricities along
the hub height. In order to understand the behaviour of bucket
foundation under offshore loading conditions, several studies
have been carried out experimentally as well as numerically.
Investigation on combined loading response of bucket
foundation was carried out on model bucket foundations with
various embedded length in dry sand bed (Bryne and Houslby
1999). Cyclic horizontal and moment loading tests were carried
out on laboratory bucket foundation models in sand bed by
considering several skirt lengths, and an expression for moment
carrying capacity of bucket foundation was developed (Byrne et
al. 2003). Installation effects on vertical and moment capacity
of bucket foundations embedded in saturated sandy bed was
studied, and the test results indicated that suction assisted
bucket installation revealed lower capacities of both as
compared to other installation methods (Villalobos et al. 2005).
Numerical investigations were carried on prototype size
bucket foundations in sandy soil subjected combined horizontal
and moment loading, and based on the lateral load-deformation
curves, interaction diagrams were developed (Abdel-Rahman
and Achmus 2006). From the results of numerical analyses,
normalized equations have been proposed to determine the

ultimate capacity and initial stiffness of bucket foundations
(Achmus et al. 2013).
Lateral bearing capacity of bucket foundation in saturated
soft clay was investigated numerically, and based on the
numerical results and limit equilibrium method, formulation of
horizontal bearing capacity was proposed for the ultimate state
as well as for specific deformation states (Sun et al. 2009).
Several model tests were carried out in sandy silt bed to assess
the overturning response of bucket foundations considering
several aspect ratios and load eccentricities, and analytical
formulations were suggested to determine deflection-based
bearing capacity (Zhu et al. 2014). Laboratory tests were carried
out in order to determine the effect of embedment on the strainhardening behaviour of bucket foundations in sand bed under
combined loading conditions (Ibsen et al. 2015).
In this study, numerical analysis using ABAQUS has been
carried out to simulate the response of monopod bucket
foundations of prototype dimensions installed in dense sand and
subjected to varying resultant lateral loading along the wind
turbine height.
2

FINITE ELEMENT MODELLING OF BUCKET
FOUNDATION

The size of the computational domain was chosen such that the
boundaries do not affect the lateral response of bucket
foundation. The soil domain and bucket foundation were
discretized using 8-noded brick elements with reduced
integration scheme, as shown in Figure 1. The nonlinearity of
the sand bed has been simulated using Mohr-Coulomb elasticplastic material model with stress dependent modulus of
elasticity (Es) defined as:
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where, σat is the atmospheric pressure, and σm is the mean
principal stress. Κ and λ are oedometric stiffness parameters
having values of 600 and 0.55, respectively. The submerged
unit weight of soil is taken as 11 kN/m3. The angle of internal
friction and dilation angle are taken as 40° and 10°, respectively.
Several aspect ratios of the foundation have been considered by
varying the length from 9 m to 18 m for a constant diameter of
12 m. The details of bucket geometries along with loading
details considered for the analyses are presented in Table 1.

The rotational behaviour of bucket foundation with
increasing overturning moment is illustrated in Figure 3. The
angular rotation is measured at the center of the bucket lid.
For a given eccentricity, the rotation of bucket foundation is
observed to increase with overturning moment. The overturning
moment resistance corresponding to 0.5° rotation is used to
compute the rotational stiffness required for the stable operation
of the wind turbine. For the bucket of diameter and length equal
to 12 m under superstructure load of 10 MN, the overturning
moment resistance at failure increases from 122.2 MN-m to 581
MN-m with increase of load eccentricity from 2.5 m to 100 m.
However, the maximum overturning moment resistance is
obtained as 611 MN-m under pure moment loading applied at
the bucket lid. Similar trends are observed for other aspect
ratios.
Figure 4 shows the failure mechanism of bucket foundation
under pure lateral load in terms of the displacement vector. The
bucket foundation fails under a combination of translation and
rotational degrees of freedom. At failure, the soil in the front
part of the bucket is compressed, whereas the soil in the rear
side experiences tension. As a result, compressive and tensile
wedges are formed respectively in the front and rear sides of the
bucket foundation.
Table 2. Variation of vertical settlement under superstructure load.
Aspect
ratio
(L/D)

V = 10 MN

V = 20 MN

V = 30 MN

L=9m

0.75

0.011

0.025

0.039

L = 12 m

1.00

0.010

0.024

0.038

L = 15 m

1.25

0.009

0.019

0.036

L = 18 m

1.50

0.009

0.016

0.030

D = 12 m
Figure 1. Discretized model of bucket foundation soil system.
Table 1. Geometric and loading details of bucket foundations
considered for FE analysis.
Bucket geometry

Aspect
ratio
(L/D)

D = 12 m, L = 9 m

0.75

D = 12 m, L = 12 m

1.00

D = 12 m, L = 15 m

1.25

D = 12 m, L = 18 m

1.50

Superstructure
load, V

10 MN, 20 MN,
and 30 MN

Load
eccentricity,
h

Vertical settlement (m)

0 m, 2.5 m,
5 m, 10 m,
20 m, 30 m,
40 m, 100
m, and Pure
Moment

3 RESULTS AND DISCUSSION

3 .1 Capacity of bucket foundation under eccentric lateral
loads
Due to the weight of the wind turbine superstructure, the bucket
foundation has settled to values presented in Table 2. For a
constant diameter (D = 12 m), the vertical settlement is seen to
decrease with increasing aspect ratio of the bucket foundation.
Thereafter, under the application of eccentric lateral load,
failure or ultimate state is considered to have been reached at a
lateral deflection of bucket head equal to 10% of the diameter,
which would be sufficiently large to cause stability problems
for the wind turbine.
Figure 2 shows typical lateral load-displacement response of
the bucket foundation, where the lateral load is applied at
varying heights above the bucket lid till failure state is reached.
For a given load eccentricity, the lateral deformation of bucket
head continues to increase as lateral load approaches towards
ultimate or failure state. Similar behaviour is observed for other
aspect ratios considered in the present study. From Figure 2, for
the bucket foundation of 12 m diameter and 12 m length, the
ultimate lateral capacity is noted to decrease from 58.3 MN to
5.8 MN as the load eccentricity is increased from 0 m to 100 m,
when the superstructure load is 10 MN.

Figure 2. Lateral load-deformation response of bucket foundation
(D = 12 m, L = 12 m, V = 10 MN).

Figure 3. Overturning moment-rotation response of bucket foundation
(D = 12 m, L = 12 m, V = 10 MN).
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3.3 Depth of point of rotation

Figure 4. Displacement vector at failure (D = 12 m, L = 12 m,
V = 10 MN, h = 0 m).

3.2 Variation of ultimate capacity with length of bucket
foundation and superstructure load
The effect of length on the ultimate capacity of bucket
foundation under a superstructure load of 10 MN is shown in
Figure 5. The ultimate lateral capacity is seen to increase in
almost linear manner with increasing bucket length. Similar
response is seen for all the lateral load eccentricities and
superstructure loads considered in the present study. The
variation of ultimate lateral capacity with several bucket lengths
and superstructure loads is presented in Table 3 under pure
lateral load. For a given bucket geometry, as the lateral load
eccentricity is increased to a higher value, the magnitude of the
ultimate lateral capacity of bucket foundation is noted to
decrease substantially. However, for the same bucket geometry
and load eccentricity, the ultimate lateral capacity is observed to
increase considerably with higher value of superstructure load.
Similar response is noted for higher aspect ratios of bucket
foundation.

Due to the application of eccentric lateral loads, the bucket
foundation tends to rotate about a point along the depth. The
depth of point of rotation of bucket foundation is measured
from the bucket lid. For the bucket foundation of diameter and
length equal to 12 m bearing a superstructure load of 10 MN,
the depth of point of rotation has decreased from 10.61 m under
pure lateral load to 8.1 m at load eccentricity of 30 m as shown
in Figure 6. The variation of depth of rotation of bucket
foundation for several geometries and superstructure loads is
presented in Table 4 under pure lateral load. From the table, for
a given load eccentricity, it is observed that the depth of
rotation increases significantly with bucket length and
marginally with superstructure load. As the load eccentricity is
increased to higher values, significant decrease of depth of
point of rotation is noted for all the aspect ratios of bucket
foundation considered in the study.

Figure 6. Depth of point of rotation of bucket foundation (D = 12 m,
L = 12 m, V = 10 MN).
Table 4. Variation of depth of point of rotation of bucket foundation
under pure lateral load (h = 0 m).
Diameter,
D = 12 m

Figure 5. Variation of ultimate capacity with bucket length (D = 12 m,
L = 12 , V = 10 MN).
Table 3. Variation of ultimate lateral capacity of bucket foundations
under pure lateral load (h = 0 m).
Diameter,
D = 12 m

Depth of rotation (m)

L/D

V = 10 MN

V = 20 MN

V = 30 MN

L=9m

0.75

8.4

8.5

8.7

L = 12 m

1.0

10.6

10.7

10.7

L = 15 m

1.25

13.1

13.1

13.1

L = 18 m

1.5

15.2

15.2

15.3

3.4 Rotational stiffness

Ultimate lateral capacity (MN)

L/D

V = 10 MN

V = 20 MN

V = 30 MN

L=9m

0.75

40.4

47.5

56.0

L = 12 m

1.0

58.3

65.9

67.3

L = 15 m

1.25

86.5

86.9

87.4

L = 18 m

1.5

111.7

112.2

112.7

The ultimate lateral capacity is noted to increase in range
between 40-80% when the length of bucket is increased from 9
m to 12 m, under a superstructure load of 10 MN. The increase
of ultimate capacity ranges between 110-200% and 180-400%,
when the length of bucket foundation is increased to 15 m and
18 m, respectively from 9 m. Similar response is noted for
higher values of superstructure loads.

Determination of the rotational stiffness is an important factor
in the design of bucket foundations so as to avoid resonance of
the frequency of the wind turbine-foundation system with the
frequency content of the applied loads under operating
conditions. The rotational stiffness is obtained from overturning
moment-rotation plots (Fig. 3) as the slope of the tangent drawn
from the origin to a rotation value of 0.5°. As shown in Figure 7
for a given geometry, the rotational stiffness increases with the
increase of lateral load eccentricity. For the same eccentricity,
the rotational stiffness is higher for a greater superstructure load.
The variation of rotational stiffness for all aspect ratios and
superstructure loads are presented in Table 5 for lateral load
eccentricity of 2.5 m. The rotational stiffness of bucket
foundation supporting a superstructure load of 10 MN is noted
to increase from 89 MN-m/° to 191.5 MN-m/°, as the aspect
ratio is varied from 0.75 to 1.5. Similarly, for other
superstructure loads, the rotational stiffness is seen to increase
significantly with higher aspect ratios of the bucket foundation.

- 2279 -

Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017

Figure 7. Variation of rotational stiffness with lateral load eccentricity
and superstructure load (D = 12 m, L = 12 m).
Table 5. Variation of rotational stiffness of bucket foundations for
eccentricity of 2.5 m.
Rotational stiffness (MN-m/°)

Diameter,
L/D

D = 12 m

V = 10 MN

V = 20 MN

V = 30 MN

L=9m

0.75

89.0

104.9

111.9

L = 12 m

1.00

119.5

128.8

140.5

L = 15 m

1.25

152.2

165.4

171.9

L = 18 m

1.50

191.5

205.7

209.6

3.5 Lateral load-overturning moment interaction diagram
From stability point of view, deflection control of the bucket
foundation is important in order to ensure the normal
functioning of the offshore wind turbine under its design period.
The deflection of the foundation is limited by serviceability
constraint of the wind turbine tower. In this study, deflection at
bucket head less than or equal to a rotation angle of 0.5° has
been considered as permissible (Malhotra 2011). Table 6
presents the lateral loads corresponding to failure condition and
0.5° angular rotation of bucket foundation at several load
eccentricities and for superstructure load of 10 MN.
Table 6. Variation of ultimate and allowable lateral capacity with load
eccentricity (V = 10 MN).
h
(m)

D = 12 m,

D = 12 m,

D = 12 m,

D = 12 m,

L=9m

L = 12 m

L = 15 m

L = 18 m

Hult

H0.5°

Hult

H0.5°

Hult

H0.5°

Hult

H0.5°

0

40.4

24.6

58.3

30.2

86.5

33.7

111.7

45.7

20

12.4

6.4

21.1

9.8

35.6

13.5

52.3

17.9

40

7.0

3.7

12.8

5.8

21.5

8.2

33.1

11.2

100

3.2

1.6

5.8

2.6

9.6

3.6

15.9

5.4

The capacity of the bucket foundation can be described
graphically by using lateral load–overturning moment
interaction diagram. The values of lateral load and overturning
moment corresponding to 0.5° rotation of bucket lid for each
load eccentricity are used to obtain an interaction diagram as
shown in Figure 8, consisting of four envelopes for the four
geometries and superstructure load of 10 MN. Any combination
of lateral load and overturning moment, located outside the
envelope of respective bucket geometry, causes instability of
the bucket foundation. In such a situation, the next larger
geometry can be selected in a step-wise manner till the stability
requirement is fulfilled.

Figure 8. Lateral load-overturning moment interaction diagram of
bucket foundation at 0.5° rotation (D = 12 m, L = 12 m, V = 10 MN).

4 CONCLUSIONS
For a given geometry, the ultimate lateral capacity of bucket
foundation decreases with the increase of superstructure load.
However, as load eccentricity increases, the overturning
moment resistance at failure increases. The bucket foundation
exhibits maximum ultimate capacity and overturning moment
resistance, respectively under pure lateral and moment load
applied at the bucket lid. The ultimate lateral load carrying
capacity increases with aspect ratio for the same diameter. For
any given geometry, the depth of point of rotation decreases
significantly with the load eccentricity, whereas it increases
marginally with the superstructure load. For a particular
combination of superstructure load, the lateral load-overturning
moment interaction diagram enables a selection of the required
geometry of the bucket foundation as a preliminary design.
5
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