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ABSTRACT:

It is now accepted that a larger effort must be made in order to optimize the design so that

offshore wind turbines can be competitive with the other energy resources. In this regard, mono-buckets
are known as a cost-effective offshore foundation solution. In the current study, a load—displacement
based approach is introduced to assess the bearing capacity as well as the deformation of a mono-bucket
foundation subjected to combined loading. A p-y curve developed for the bucket foundation is used to
quantify the lateral soil response around the foundation. A numerical routine to set up the model and run
the calculations is proposed. The model is validated, and its accuracy is analyzed, by comparison with
field test results for a bucket foundation installed in silty, sandy soil.

1 INTRODUCTION

Within the oil and gas industry, suction caissons
are known to be a cost-effective solution for jacket
structures in deep waters. Nowadays, a similar con-
cept, the so-called mono-bucket, has been invented
and adopted for wind-turbine foundations. The
advantages of this concept are ease and speed
of the installation, providing higher stiffness and
exclusion of a transition piece (Ibsen 2008). Fur-
thermore, being located in the skirted-foundation
category provides mono-buckets with the advan-
tages of gravity based foundations by having a big
diameter and monopiles by having a skirt or fric-
tional area. As a result, mono-buckets are lighter,
faster to install and, hence, more cost efficient than
other solutions.

The application of bucket foundation for off-
shore wind turbines has already been investigated
abundantly and its efficiency has been verified
(Byrne 2000, Feld 2001, Ibsen ez al. 2004, Houlsby
et al. 2005, Houlsby et al. 2006, Ibsen 2008).
Despite the advantages, there is no standard rou-
tine to design the foundation, especially for assess-
ing the bearing capacity and deformations due to
the complexity in the failure mechanisms. However,
there are several semi-analytical approaches based
on experimental and numerical studies to assess the
bearing capacity of the buckets as well as skirted

foundations. As an example, Byrne ez al. (2003)
conducted a series of laboratory tests in order to
assess the vertical and moment bearing capacity of
the shallow skirted foundation mounted in sand.
A comparison was made between the laboratory
test results and simple theoretical expressions
based on standard bearing capacity formulae.
Gourvenec and Barnett (2015) proposed a closed-
form expression in order to estimate the undrained
bearing capacity of the skirted foundation. They
provided three-dimensional (3D) failure envelopes
such that the bearing capacity under the general
combined loading can be predicted for a range of
embedment ratios. In a similar study, Larsen et al.
(2013) and Ibsen et al. (2014) suggested a modified
expression in order to quantify the combined bear-
ing capacity of the bucket foundation in sand. The
modified expression was interpreted based on sev-
eral experimental studies of the bucket subjected to
combined loading.

All the mentioned methods are proposed to ana-
lyze the bucket foundation only for the ultimate limit
state and bounded with assumptions such as homo-
genous soil. This makes the design of buckets for
complex situations, e.g layered soils, difficult. Fur-
ther, a deformation analysis cannot be performed
with the mentioned semi-analytical techniques.

Therefore, numerical analyses and considering
constitutive soil models are typically suggested
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for the more sophisticated cases. However, these
calculations are normally time consuming and
therefore inefficient for preliminary or conceptual
design, especially when 3D simulation with an
advanced soil model is performed. Hence, using
a fast and sufficiently accurate method, eliminat-
ing the complexity of detailed numerical calcula-
tion and with the ability of modeling the layered
soil and performing deformation analysis, is highly
demanded in the preliminary design phases.

The main objective of the current study is to
establish a fast and relatively accurate method to
estimate the bearing capacity and deformations of
mono-buckets, i.e. a model that can be applied in
the ultimate limit state (ULS) as well as the service-
ability limit state (SLS). The idea comes from the
load-displacement method, the so-called Winkler
model, which is proposed by standards (American
Petroleum Institute 2012, Det Norske Veritas 2013)
as a well-accepted method for pile foundations. In
this model for mono-buckets, the soil-structure
interaction is introduced by nonlinear springs act-
ing along the skirt and beneath the lid of the foun-
dation in different directions. The bucket itself is
modeled as a frame structure. The model employs
formulations for the stiffness of the springs similar
to those proposed for p-y, -z and g-w curves for pile
foundations. However, special p-y curves are utilized
for mono-buckets, since the curves proposed for pile
foundations are not representative for buckets given
their larger diameter and shorter skirt length.

The p-y curves employed in the current study
were developed from a set of 3D Finite Element
(FE) calculations for the bucket in sand (Knudsen
et al. 2015). The numerical analyses were conducted
for different bucket geometries and for a range of
soil stiffness and strength properties. The Harden-
ing Soil Small Strain (HSsmall) model available
in Plaxis (2015) has been employed to capture
more realistically the response of the bucket in
3D. Hence, more accurate p-y load-displacement
curves are obtained. In the current model, shear
resistance at the bottom of the bucket is taken
into account since it has a big impact on the bear-
ing capacity and stiffness due to a large resisting
area beneath the foundation. The results from this
model have been checked and validated by com-
parison with results from a field test carried out
with a large model of a bucket installed in sandy
soil. The comparisons suggest an acceptable match
between the proposed model and the test.

2 LOAD-DISPLACEMENT MODEL

As embedded foundations, mono-buckets are sub-
ject to soil pressure around the skirt of the bucket.
Hence, a concept similar to that for embedded

foundations can be implemented for the lateral
reactions along the embedded part of the bucket.
In this regard, p-y load—displacement curves can
be assigned as spring properties to simulate the
soil stiffness around the bucket (Fig. 1). However,
standard p-y curves suggested for pile foundations
(American Petroleum Institute 2012, Det Norske
Veritas 2013) might not be representative for the
buckets with very small aspect ratio, L/D (i.e.,
length divided by diameter). Instead, a p-y curves
calibrated to the lateral soil mobilization and defor-
mation mechanisms of bucket foundations must
be applied. In addition to the lateral response, the
bucket also resists an applied moment by vertical
sleeve reaction along the skirt. This can be mod-
eled by -z load—displacement curves as illustrated
in Figure 1. Furthermore, the bucket foundation
is typically assumed to be plugged (Randolph &
Gourvenec 2011), and therefore the sleeve resist-
ance is limited to the outside area of the skirt.
However, since the bucket is plugged, vertical and
shear/sliding resistance should be considered at
the base due to the large cross-sectional area of the
soil plug inside the foundation. This contribution
to the resistance can be quantified with ¢-w and
sliding springs as presented in Figure 1.

2.1 Lateral resistance

As mentioned above, calibrated p-y curves are
used in order to assess the lateral response due to
the earth pressure around the foundation. In this
study, p-y curves developed for a bucket mounted
in sandy soil are used, see Equation 1 (Knudsen
et al. 2015). In this equation, mobilized lateral soil
resistance per unit length, p, is defined as a func-
tion of soil properties and displacement, y, nor-
malized with the bucket diameter, D, and given as

P y J K,
4= f -tanh(f4, =)+ £, -tanh(4, —) + —2—, (1
= A tanh(A 1)+ tanh(f, )+ (1
where K, K, and K, are coefficients of the lateral
earth pressure at rest, active and passive conditions
respectively, and p, is the Rankine earth pressure
per unit length:

pr=0'D-(K,-K,), (2

where o', = effective overburden pressure.

In Equation 1, S, to B, are fitting coefficients
controlling the curvature and ultimate pressure
for the p-y curves. These coefficients are obtained
from Equations 3 and 4 (Knudsen ez al. 2015):

B+ B, =0.041%+2.05, (3a)
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BB, =0. 107f+ 0.56, (3b)

B+ B, =8.9%y —13.122 1 66.24, (42)
L L

BB, = 936.50(%)2 - 4579‘%+ 5989, (4b)

where ¢'is the effective friction angle of sand and L
is the skirt length of the bucket. Angles and lengths
must be given in degrees and meters, respectively.

2.2 Sleeve resistance

The standard #-z curves for sand suggested by
American Petroleum Institute (2012) are used as
presented by the tabulated values in Table 1. In
this table, the relation between skin displacement,
z, and mobilized unit skin friction, ¢, is defined.
Notice that ¢ is normalized with respect to the
maximum unit skin friction, ¢ obtained from

max>

Equation 5 (American Petroleum Institute 2012):

tn=K-0'tand< f), (5)
where K is the coefficient of lateral earth pressure,
tan 0= 2/3 tan ¢'is the effective wall friction, and
£, is the limiting unit skin friction corresponding
to 6, see Table 2.

2.3 Bottom, vertical and sliding resistance

In order to obtain the vertical and sliding resist-
ances, standard ¢-w curves (American Petroleum
Institute 2012) are used to model the response of
the springs attached to the base of the soil plug
and foundation (see ¢-w and sliding springs in
Figure 1). Table 3 presents the relation between
the normalized tip displacement, w/D, and the

Table 1. -z curve for sandy soil.

z [mm] 11, -]
0.00 0.00
2.50 1.00

1 1.00

Table 2.  Limiting unit skin friction, f;, and end bearing
capacity factor, N, for sandy soils.

6[0] A N, [H
15 0.48 8
20 67 12
25 81 20
30 96 40
35 115 50

mobilized end-bearing capacity, ¢,, Here, ¢,
is normalized with respect to the maximum end-
bearing capacity, ¢,, given by Equation 6 for
vertical resistance (American Petroleum Institute
2012) and Equation 7 for sliding resistance in sand
(Det Norske Veritas 2013):
q,=N,-0', (vertical end bearing), (6)
where N, is the end-bearing capacity factor
obtained from Table 2;

q, =0",, tang' (sliding end bearing). 7

2.4

An FE scheme is employed to model the bucket—
soil interaction represented by the springs. The
load—displacement curves defined in the previous

Numerical scheme
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Table 3. Load-displacement values
for ¢-w and sliding springs.

w/D [-] Qend/s [-]
0 0

0.002 0.25
0.013 0.5

0.042 0.75
0.073 0.9

0.1 1

sections are used to calculate the stiffness of the
different springs. The real bucket is a three-dimen-
sional shell structure. However, the load—displace-
ment curves described above are calibrated from a
3D FE model such that the bucket should be mod-
eled as a plane frame structure. The frame struc-
ture is discretized into a number of two-node beam
elements as illustrated in Figure 1. Each node has
three Degrees of Freedom (DOFs). The bending
and axial stiffnesses of the frame are chosen such
that the global response of the 2D model will match
the response of the cylindrical bucket in terms of
overall flexibility. Because of this approach, the
considered 2D model does not provide any mean-
ingful insight into the stresses that will occur in the
3D steel structure. In any case, the bucket behaves
rigid relatively to the soil and internal deformation
and stresses in the structure are not the main inter-
est in this study.

To simulate the lateral and sleeve stiffness related
to the translational DOF, p-y and ¢-z springs (act-
ing per unit length of the skirt) are attached to the
nodes in the skirt of the bucket. The influence of
sliding springs is integrated over the base of the
soil plug and foundation, and half of the stiffness
is transferred to either of the bottom nodes in the
skirts (see Figure 2). In the 3D structure, a gradual
transition from base shear into normal traction on
the inside of the skirt occurs; but given the high
stiffness of the structure, the abovementioned
approach is considered adequate. The g-w springs
are transferred from the base of the soil plug to the
lid, thus disregarding the flexibility of the soil plug
in the vertical direction. Hence, no discretization is
required for the soil plug or its base. The springs
at the bottom of the lid do not represent the same
area since the lid is circular. Therefore, the contact
area is discretized into a number of strips as shown
in Figure 2. The length of each strip is multiplied
by the stiffness of the spring connected to the cor-
responding node in order to account for the cor-
rect stiffness contribution.

Once the connectivity of the soil springs and
structural beam elements is defined for each DOF,
the stiffness matrix of the entire soil-structure

T Strip

| 7

Connecting node to g-w spring

Skirt
3-/\/\/4 k///// Concentrated sliding springs\\\‘ JV\/-E
— .

_ I

Figure 2. Discretization of the bucket lid: Nodes and
strips.

system is constructed. Moreover, the vector
describing the external forces applied in each DOF
is constructed for the soil-structure system. In
this vector, the vertical, horizontal and moment
loads are assigned, respectively, to the vertical,
horizontal and rotational DOF of the node located
in the center of the lid. The loads are applied
incrementally.

When the stiffness matrix and force vector have
been constructed for each loading step, the dis-
placement vector can be obtained. It is noted that
the soil-spring stiffness is nonlinear as described in
the previous sections. Therefore, an iterative process
is considered, in which a predefined displacement
vector is used to obtain the secant soil stiffness for
each loading step. The predefined displacement for
each step is the solution provided from the previous
step. Zero displacements are used to find the ini-
tial soil stiffness for the first loading step. The cal-
culation is terminated for each loading step when
the absolute difference between the displacements
obtained in two successive iterations is less than a
predefined error. Figure 3 illustrates the calculation
procedure for the described numerical scheme.

3 VALIDATION OF THE MODEL

Validation of the model is performed by compar-
ing the computed moment-rotation curves with
field test results for a foundation installed in sandy
soil and subjected to combined loading.

3.1 Field test

The field test was performed in the northern part
of Jutland in Denmark (Fig. 4) in the fall of 2002
as a part of a research program. The results were
provided by Universal Foundation A/S. The experi-
ment was conducted on a bucket with a diameter of
2 m, a skirt length of 2 m, and a skirt thickness of
15 mm. The lid of the bucket was made of a 12 mm
thick reinforced steel plate (Fig. 5). The site consists
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Figure 4. Location where the field test was conducted.

of a reservoir of saturated silty sand. The bucket
was installed and left with a tower on top of it for
almost one year and thereafter loaded until failure.

Figure 6 shows the general test setup used
during the combined loading phase. The bucket
was loaded with the combination of a moment,
horizontal and vertical force. The vertical force
stemmed from the self-weight of the bucket and the
tower including the equipment attached to it, can
provide a maximum vertical force of 130 kN. The
horizontal force was applied by pulling a steel wire
connected to the tower at the height /2 above the
bucket foundation lid. The steel wire was loaded
with a hydraulic piston attached to a loading tower

«————— Ij>N +—

l YES

End of the calculation

}

Fi = Fitl i = gm#ti |
j=j+1landm=0

Notation list:

F:load vector.

J:loading step.

K: stiffness matrix.

M : maximum number ofiterations.

m: step for deformation convergence.
N: number of loading step.

U: deformation vector.

Calculation procedure proposed for the numerical load-displacement model.

Steel bucket used for the experiments. (The
two steel structures at each side of the bucket are used to
measure the displacements during loading).

Figure 5.

founded on three concrete blocks. The height of
the impact, which was equal to 19.1 m, has induced
a moment on the foundation.

3.2 Soil profile

Four CPT tests were performed prior to the
installation of the bucket in the field. These were
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Figure 6. Test setup during combined loading of the
bucket.

performed at a distance of 0.5 m from the point
where the center of the bucket was to be installed.
From the CPT results and based on the physical
evidence from the reservoir, a soil profile is estab-
lished and the different parameters needed for the
load—displacement model are interpreted. The soil
profile consists of a homogeneous layer of silty
sand. The total unit weight of the soil is derived
from the CPT measurements based in the correla-
tion proposed by Robertson & Cabal (2010) which
had been shown to give fair estimates of the soil unit
weight. The strength of the soil profile is described
by the effective friction angle of the homogeneous
layer which is derived using an empirical relation
proposed by Jensen (2015). This relation provides
a proper estimate of the effective friction angle of
silty sand, since it takes into account the mineral-
ogy, relative density, dilatancy potential, effective
stress level and silt content. The state and strength
parameters of the assumed homogeneous silty
sand profile are listed in Table 4.

3.3 Results and discussion

From the moment-rotation curves presented for the
field test and the load-displacement model (Fig. 7),
it is demonstrated that the ultimate bearing capac-
ity of the bucket foundation is well predicted by
the load-displacement model. However, the small-
strain response of the foundation in the field test is
seen to behave stiffer than the one predicted by the
model. In contrast with the results from the field
test, the model reduces stiffness more abruptly
after a certain level of deformation (around 0.25
degrees). This could be due to fitting coefficients,
B, and B, in Equation 4, controlling the shape of
the curve in the calibrated p-y model. Therefore,
these parameters can be calibrated using the test
results to provide an analogous response.

Table 4. Soil parameters for the load-displacement
model.

Total soil unit weight
7' [kN/m?]

Effective friction angle
?'[°]
19 32.5

350

300
250 F
g
g
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Figure 7. Comparison of the moment-rotation curve

from the load-displacement model and the field test.

4 CONCLUSION

A load-displacement based model has been used
to assess the bearing capacity and deformations of
mono-bucket foundation under combined loading.
The model includes the lateral response in sandy
soils by the use of p-y curves that had been devel-
oped explicitly for bucket foundations by means of
3D FEM modeling. Since the soil inside the bucket
is considered plugged, the model considers only the
exterior skirt for the frictional resistance. Further-
more, it also includes the vertical and sliding resist-
ance at the bottom of the bucket and soil plug.

A numerical scheme comparable to the ones
in FEM codes has been utilized to implement
the load-displacement model in order to obtain
the response of the structure interacting with soil
due to combined loading. The load-displacement
model has been validated by the results from a
field test performed with a 2 by 2 m bucket in a
reservoir containing saturated silty sand. A rea-
sonable match between the field test results and
the proposed model in this study has been found,
specifically for the bearing capacity of the bucket.
Calibration of the fitting coefficients that control
the shape of the p-y load-displacement curves
could provide a closer match of the calculated
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response to the shape of the moment-rotation
curve obtained from the field test.
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