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Abstract

Jacket structures mounted on suction buckets carry potential as cost-efficient foundations for next-generation 10 MW+ offshore wind
turbines located in transitional water depths. Given this foundation method, resistance to overturning moment relies mainly on the axial
response of the buckets. In practice, suction bucket foundations can be modelled as ‘‘Beams on Non-Linear Winkler Foundation” where
soil is idealised as non-linear springs. This paper describes the derivation process of static load-transfer or t–z curves for suction buckets
installed in cohesionless soil. The mathematical formulation of the curves is based on regression analysis of data obtained from 100
axisymmetric numerical models in a medium characterised by the Hardening Soil model for representing the stress–strain relationships
for Frederikshavn sand, which is a typical offshore sand. Various bucket dimensions, soil properties and drainage conditions were sim-
ulated considering tension and compression, in order to describe frictional behaviour at the skirt–soil interface. The non-linear springs’
properties are therefore linked to foundation diameter, friction angle and vertical overburden pressure. By superimposing the effects of all
springs, load–displacement curves are generated and compared with results from available experimental and numerical studies on suction
buckets, revealing reasonable agreement. It is shown that the existing t–z formulations for piles are inapplicable to large-diameter suction
buckets.
� 2020 Production and hosting by Elsevier B.V. on behalf of The Japanese Geotechnical Society. This is an open access article under the CC BY-
NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Recent trends within the offshore wind industry reveal
that an increasing number of offshore wind farms are being
erected further from coastlines (Wang et al., 2018). Nor-
mally, larger distances are associated with deeper waters
and higher environmental loads (Larsen et al., 2013;
Ibsen et al., 2014). At the same time, high capacity
10 MW+ offshore wind turbines (OWTs) are becoming
more common. These factors pose questions in terms of
foundation solutions for such structures.
https://doi.org/10.1016/j.sandf.2020.10.010
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Monopiles represent the industry standard and their
performance in shallow waters up to 30–40 m deep is
unquestionable. However, this solution might become
impractical in larger water depths. One of the reasons is
that it might not be possible for manufacturers to produce
monopiles that would fulfil tougher design requirements. In
light of this fact, alternative viable options comprise an
active research area. One of these options is the suction
bucket jacket (SBJ).

SBJs represent a promising foundation concept for
OWTs in transitional water depths of 30–60 m (Oh et al.,
2018). These are lattice structures, typically with three or
four legs, that are supported by suction buckets. Within
the oil & gas sector, suction buckets are widely used for
anchoring floating platforms (Tjelta, 2015). Unfortunately,
Japanese Geotechnical Society.
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the associated design practices cannot be directly translated
for SBJs. In contrast to heavy oil/gas platforms, OWTs are
relatively light, therefore horizontal environmental loads
are most likely to become a driving design aspect.

Fig. 1(a) illustrates the load transfer mechanism in a typ-
ical jacket structure. Environmental loads generate an
overturning moment that triggers a ‘‘push–pull” mecha-
nism whereby individual buckets are axially loaded either
in tension or compression. Although uplift would occur
at rare occasions, such as extreme storm events, it is still
a critical design issue. Thus, overall stability is closely con-
nected to axial response of suction buckets. In this paper,
focus is placed on friction between bucket skirt and adja-
cent soil during vertical monotonic loading (see Fig. 1(b)
and Fig. 1(c)).

A commonly adopted method for modelling soil–struc-
ture interaction is the Winkler approach (Winkler, 1867).
Its principle lies in idealisation of the structure into discrete
elements, where each of them is attached to a non-linear
spring that simulates soil reaction at any given vertical
deflection of its associated element (see Fig. 2). The beha-
viour of each spring is described by a relationship between
shear stress in the soil medium in immediate proximity to
the structure, s, and relative soil–structure vertical displace-
ment, z. The graphical representation of this relationship is
referred to as ‘‘t–z curve” or ‘‘load-transfer curve”.

Load-transfer curves comprise a convenient means to
assess axial behaviour of piles. In fact, all existing t–z for-
mulations relate strictly to deep slender substructures. The
majority of proposed relationships were derived empiri-
cally from test data or analytically from theoretical consid-
erations (Seed & Reese, 1957; Coyle & Sulaiman, 1967;
Vijayvergiya, 1977; Randolph & Wroth, 1978; Kraft
Fig. 1. (a) Schematic elevation of a four-legged jacket structure resting on suc
counteracting the imposed vertical loads. Other stabilising factors are purposel
frictional behaviour of suction buckets.
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et al., 1981; Fleming, 1992; Wang et al., 2012; Nanda &
Patra, 2014; Bohn et al., 2016; Zhou et al., 2019). The suc-
cess of the Winkler method is explained by its capability to
account for soil’s inherent non-linearity and for random
layer distribution while exhibiting relative mathematical
ease (Lombardi et al., 2017).

The motivation for the current study stems from the
idea that existing t–z curves are prone to misrepresenting
the frictional response of suction buckets subjected to axial
loading. The diameters of piles used for calibrating these
curves generally do not exceed 2 m (Bohn et al., 2016),
while the expected diameters of suction buckets range from
10 m to 20 m. The unreliability of applying pile-specific
curves to buckets is rooted in notable differences between
behaviours of the two foundation types. Suction buckets
have relatively small length-to-diameter ratios and embed-
ment depths, and thus their associated failure mechanisms
exhibit features related to shallow footings and to piles.
Moreover, internal mechanisms develop within entrapped
soil and their effects on internal skirt friction cannot be
ignored. For example, following failure, an inverted scoop
mechanism arises due to the existence of deformable
ground within the skirts. This phenomenon is discussed
in Barari & Ibsen (2012).

This paper proposes a novel set of t–z curves for suction
buckets installed in cohesionless soil based on numerical
modelling. The set comprises four distinct formulations
defined according to cases that combine drainage condi-
tions (drained and undrained) and loading scenarios (ten-
sion and compression). Firstly, distinct drainage
conditions require consideration, since excess pore water
pressure affects soil–structure interaction through its influ-
ence on the effective stress field. In their numerical studies,
tion buckets; (b) Skin friction contributes to the stability of the system by
y omitted in the sketch; (c) The loading direction plays a major role in the



Fig. 2. Idealisation of the system whereby soil–structure interaction is represented by axial springs.

S. Grecu et al. Soils and Foundations 61 (2021) 64–79
Thieken et al. (2014) and Shen et al. (2017) showed that
external skirt friction tends to increase with displacement
rate during uplift, while the internal one follows an inverse
trend. Secondly, the loading direction determines the fail-
ure mechanism, as described by Mana et al. (2012) in their
discussion of centrifuge test results, which in turn reflects
upon the development of skirt friction. This justifies the
necessity of formulating t–z curves for each loading direc-
tion separately.

The advantage of the proposed load-transfer curves lies
in their straightforward formulation in terms of bucket
diameter, D, initial effective vertical overburden pressure,

r
0
v0, and friction angle, /, of sand. The last two variables

are basic geotechnical parameters that can be obtained
from conventional tests. Within the Limit State Design
approach, the non-linear axial springs play a significant
role in Ultimate Limit State (ULS) checks. The contribu-
tion of skirt friction to the vertical capacity of the founda-
tion may be estimated by constructing load–displacement
relationships based on t–z curves and identifying the
Fig. 3. The four types of springs for the analysis of suctio
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threshold associated with a given criterion. In case of
drained uplift, the sum of skirt friction and self-weight is
equivalent to the total axial capacity. It is acknowledged
that in cases of compressive and undrained tensile loading
there is significant contribution to the total vertical resis-
tance resulting from soil reaction under the bucket lid/skirt
toe and differential water pressure, respectively. The paper
omits the study of these topics and focuses solely on skirt
friction.

Since only monotonic loading is considered in the pre-
sent study, the derived t–z curves are static, i.e. they do
not incorporate the effects of cyclic and dynamic loading.
Nonetheless, the proposed load-transfer relationships can
be implemented in the analysis of target natural frequency
of the system. This is an essential aspect of OWT design, as
these structures are continuously subjected to harmonic
excitation.

The new t–z formulations are verified by comparisonwith
results fromrelevantexperimentalandnumerical studies,and
with pile-specific relationships given by design codes.
n buckets. Reproduced from Vahdatirad et al. (2016).
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2. The physics of the problem and a Winkler model

Vahdatirad et al. (2016) modelled a suction bucket in
sand by an analytical method — the Winkler method,
where springs along the skirt and bottom were assigned
as shown in Fig. 3 to estimate soil pressure in various direc-
tions: horizontal springs (p–y) and vertical springs (t–z for
skirt response and q–w for tip resistance). The model,
referred to as ‘‘multi-spring Winkler model”, uses a p–y

formulation suggested by Østergaard et al. (2015) and an
efficient numerical routine to solve the system equations.
The t–z curves provided by API (2000) were taken into
account.

API (2000) assumes a linear t–z curve for cohesionless
soil deposits, followed by no strain softening under mono-
tonic loading. This conservative approach supposes that
ultimate capacity is reached at the settlement of
0.00254 m and follows the general understanding that resis-
tance does not increase further with additional settlement.

In literature one may find hyperbolic or parabolic
shapes of stress–strain relationships to predict soil beha-
viour, e.g. the hyperbolic model proposed by Kraft et al.
(1981). However, the existing expressions cannot be
directly applied to large-diameter suction buckets to pre-
dict non-linear soil behaviour, let alone other interface
non-linearities such as separation (gapping) and uplifting
that may take place under a strong static event. Many of
these formulations do not consider inner friction or excess
pore water pressure gradients, both of which play major
roles in the behaviour of bucket foundations. Moreover,
the expressions were typically validated with very small-
diameter test piles (<0.5 m). In an effort to bridge this
apparent gap in the available methodologies for analysis
of axially loaded suction buckets relevant for jacket struc-
tures, this paper develops a Winkler-type model described
by four types of axial springs, each marked by its own for-
mulation. The aim is to present a sound engineering solu-
tion underlined by a methodology that has the following
attributes:

� It provides the response to static uplift/compression
loading applied at the top of a bucket.

� It handles the drained and undrained soil conditions.
� It takes both soil inelasticity and geometric (interface)
non-linearities into account in a realistic fashion.
3. Numerical modelling

Research involving numerical simulations of suction
bucket foundations by means of finite-element (FE)
method illustrates the technique’s efficacy and convenience
for assessing the behaviour of the system (Barari & Ibsen,
2012, 2018; Achmus et al., 2013; Achmus & Thieken, 2014;
Mana et al., 2014; Thieken et al., 2014; Østergaard et al.,
2015; Achmus & Gütz, 2016; Park et al., 2016; Park &
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Park, 2017; Sørensen et al., 2016; Shen et al., 2017; Lu &
Luo, 2018). On grounds of conceptually identical purposes,
this paper along with two studies conducted by researchers
at Aalborg University, Østergaard et al. (2015) and
Vahdatirad et al. (2016), develops a Winkler-type model
that comprises a set of four axial springs.

Proper assessment of foundation capacity requires
assessment of the influence of drainage conditions. If site
or loading conditions are such that dissipation of pore
pressure is either prevented or delayed within the period
of interest, then an undrained bearing capacity analysis
would be predominant. Increasing the intensity of loading
in a very short period (i.e. storm event) generates larger
excess pore pressures in granular material which in turn
implies that the sand deposit exhibits larger resistance to
pore water pressure dissipation both horizontally and ver-
tically (Barari et al., 2017).

Large-diameter offshore foundations such as buckets
reduce the ability of excess pore pressures to dissipate
rapidly from underneath turbine structures by increasing
drainage path (if all else remains constant). This longer
drainage path may result in larger and more sustained
net excess pore pressures under wider OWTs.

The conducted analyses are based on a two phase (solid–
fluid) coupled finite-element formulation of Chan (1988)
and Zienkiewicz et al. (1990), based on the Biot theory of
porous material (Biot, 1962). The quasi-static u–p formula-
tion included soil deformation, u, and pore pressure, p, that
were treated simultaneously by means of a coupled
analysis.

Single buckets subjected to axial loading and installed in
uniform sand were modelled. The computation time was
significantly reduced by taking advantage of the system’s
cylindrical symmetry. It is worth noting that the adopted
approach excludes the possibility of accounting for group
effects present in multi-footed foundations. The magnitude
and consequences of these effects for suction bucket jackets
depend on factors such as bucket dimensions, footprint
size, loading and ground conditions, as explained in
Sturm (2017), and related studies may be based on global
FE models involving all jacket legs.

A total of 100 axisymmetric finite-element models were
constructed with Plaxis 2D (Plaxis, 2017). Each model
comprised a combination of various input parameters,
which are described in the following list.

� Bucket dimensions: lid diameter, D, and skirt length, L.
The aspect ratio was equal to unity in all models. Keep-
ing in mind the potential size of suction buckets sup-
porting jacket structures, the following values for D

and L were used: 10, 13, 15, 18 and 20 m.
� The peak angle of internal friction, /, was implemented
as an independent variable dictating the properties of
Frederikshavn sand, i.e. all soil parameters were defined
as functions of /. The process of establishing these func-
tions is explained later in the paper. Five friction angles
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were considered: 30�, 33�, 35�, 38� and 40�. Alterna-
tively, the relative density, Dr, may be viewed as the
independent variable instead of /, since they are directly
correlated through Eq. (1).

� The vertical displacement rate of the bucket, v, was
given values of 1 and 10 mm/s to simulate drained and
undrained conditions, respectively. These velocities are
appropriate for achieving both drainage extremes, as
revealed by comparisons with outputs from models that
consider fully drained and undrained conditions. This
issue is further addressed in Section 3.2.1. All models
employ a time-dependent coupled formulation to anal-
yse simultaneous development of soil deformations
and excess pore water pressure.

� Displacement direction was defined as either monotonic
upwards (tensile loading) or downwards movement
(compressive loading).

Fig. 4 illustrates the mesh composed of triangular
fifteen-node quartic elements and the domain extents rela-
tive to bucket dimensions. The mesh around the bucket
was refined in order to obtain a clear picture of stress dis-
tribution in the region of interest, where gradients are lar-
gest. A convergence study gave the optimal degree of local
h-refinement. The procedure involved examining soil–
structure interface shear stress changes with respect to a
gradually increasing number of elements. Concurrently, a
domain size analysis ensured that the model edge effects
became negligible, in the context of simulating realistic site
conditions. This analysis consisted of expanding the
Fig. 4. FE model set-up: bucket (red), impermeable hydraulic boundary
(purple), fully permeable hydraulic boundary (blue).

68
domain vertically and horizontally (d and r in Fig. 4) until
the shear stresses along the boundaries became almost
zero, which indicated a fully developed failure mechanism.

The nodes along the axis of symmetry and along the
opposite edge were horizontally restrained, while the bot-
tom edge was fully fixed. Seepage was allowed through
all model boundaries. As an intrinsic property of axisym-
metric models, no flow was possible through the axis of
symmetry. Vertical displacements were prescribed to all
nodes in elements that defined the bucket, whilst restricting
horizontal deflections thereof. It is stressed that prescribed
displacements were assigned to the embedded part of the
foundation as well, under the assumption of a structure
exhibiting rigid body behaviour.

The numerical analyses followed the following steps to
simulate actual field conditions:

(1) K0 procedure: soil initially undergoes geostatic
stresses.

(2) Foundation and interface elements: a part of soil is
replaced by the foundation. The bucket analysis does
not address the construction process, which means
the foundation is ‘‘wished-in-place”. In practice, the
soil softening phenomenon associated with the instal-
lation process is unavoidable, but it can be accounted
for by modifying the soil strength and stiffness
parameters accordingly (Hossain & Randolph,
2009). Nevertheless, Achmus et al. (2013) and
Zafeirakos & Gerolymos (2016) assumed that instal-
lation effect is of minor importance regarding the gen-
eral bucket performance and its degrading influence
was therefore disregarded in their analyses.

(3) Nil-step phase: displacements and small strains due
to activation of the structure are reset to zero.

(4) Loading phase: prescribed displacements are applied
to the bucket.
3.1. Material modelling and properties

The Hardening Soil model (Schanz et al., 1999) with
small-strain stiffness (HSsmall) defined the constitutive
relationships for cohesionless soil, with input parameter
values related to Frederikshavn sand at various com-
paction states.

Firstly, the link between relative density, Dr, and friction
angle, /, is established by rearrangement of empirical rela-
tionships derived by Bolton (1986), and is expressed by

Dr ¼ /� /crit þ 3Rþ D/1

3 Qmin � ln p0
1kPa

� �� 3
ð1Þ

where /crit = 33� is the critical friction angle; D/1 = 2� is
the correction corresponding to 5–10% of silt content;
Qmin = 10 is a coefficient related to quartz sands; p0 = 10
0 kPa is the reference effective mean stress; and R = 1 is
a fitting coefficient. The initial void ratio, e, can be com-



Table 1
Soil parameters used in the FE models.

Parameter: unit Set 1 Set 2 Set 3 Set 4 Set 5

/: degrees 30 33 35 38 40
Dr: % 15.2 37.9 53.1 75.8 91.0
e 0.99 0.89 0.83 0.74 0.68
w: degrees 0 0 2 5 7
csat: kN/m3 18.3 18.7 19.0 19.4 19.8
cdry: kN/m3 13.3 13.9 14.4 15.2 15.7
Eref
50 : kPa 4727 9717 14,044 22,129 28,622

Eref
oed: kPa 7091 13,589 18,849 28,133 35,251

Eref
ur : kPa 14,182 29,150 42,131 66,387 85,867

m 0.5 0.5 0.5 0.5 0.5
Gref

0 : kPa 65,228 75,034 82,300 94,449 103,490
c0.7: 10

�3 m/m 0.2218 0.1973 0.1813 0.1583 0.1438
m 0.33 0.31 0.30 0.28 0.26
K0 0.5 0.46 0.43 0.38 0.36
d: degrees 20 22 23.3 25.3 26.6
k: 10�5 m/s 20.843 15.946 13.053 9.274 7.128
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puted by using the definition of Dr. According to Nielsen
et al. (2012), the minimum emin and maximum emax void
ratios of Frederikshavn sand are equal to 0.64 and 1.05,
respectively.

Based on Janbu’s tangent modulus concept (Janbu,
1967), outlined in DNV (1992), the reference oedometer

modulus, Eref
oed, is formulated in terms of Dr as follows

Eref
oed ¼ 16; 142D2

r þ 19; 987Dr þ 3688 in kPað Þ ð2Þ
where the superscript denotes the modulus at a reference
confining stress of 100 kPa. The coefficients in Eq. (2) are
found by means of regression analysis of data related to
Norwegian inorganic sands, presented in DNV (1992).

Adhering to theory of elasticity, it is roughly assumed

that the reference secant modulus, Eref
50 , depends on Eref

oed

in the following manner (Østergaard et al., 2015)

Eref
50 ¼ 1� m� 2m2

1� m
Eref
oed ð3Þ

which implies equivalence between Eref
50 and Young’s mod-

ulus, E. Poisson’s ratio, m, can be computed according to

m ¼ 1� sin/
2� sin/

ð4Þ

The reference unload/reload modulus is estimated as

Eref
ur ¼ 3Eref

50 . The dependency of soil stiffness on confining
stress is accounted for in the Hardening Soil model, as
described by Schanz et al. (1999). For the sake of brevity,
the relationships between reference moduli, which act as
input parameters, and calculated stress-dependent moduli
are not presented in this paper.

Two additional parameters are required to model small-
strain stiffness: reference shear modulus at very small

strains (e < 10�6), Gref
0 , and threshold shear strain, c0.7, at

which the reference secant shear modulus

Gref
s ¼ 0:722Gref

0 . According to Hardin & Black (1969),
the former may be estimated as

Gref
0 ¼ 3300

2:97� eð Þ2
1þ e

ffiffiffiffiffiffiffi
pref

p
ð5Þ

where the reference effective mean stress pref = 100 kPa.
The threshold shear strain, c0:7, is computed as follows

c0:7 ¼
2c

0
1þ cos 2/ð Þ � r

0
v 1þ K0ð Þ sin 2/

9Gref
0

ð6Þ

where effective cohesion c0 = 0.1 kPa; earth pressure coef-

ficient at rest K0 ¼ 1� sin/; and r
0
v is the effective vertical

stress. Eq. (6) is derived from the definition of reference
shear strain (Hardin & Drnevich, 1972) and by expressing
the shear strength in the context of Mohr-Coulomb failure
criterion. In absence of relevant laboratory test data, this
formulation proves convenient since an estimation of c0:7
is obtained for each soil state, see Table 1.

Sjelmo (2012) conducted a series of permeability tests on
Frederikshavn sand. After calibrating the test results for a
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water temperature of 9 �C, the hydraulic conductivity, k, is
expressed in terms of void ratio as shown in Eq. (7).

k ¼ 0:4e2 þ 0:2eþ 0:03 in mm=sð Þ ð7Þ
The interface friction angle, d, is assumed as 2/3 of /,

adopting indicative values specified by API (2000) and fol-
lowing other numerical studies (Achmus et al., 2009, 2013;
Park et al., 2016).

Table 1 summarises all five sets of soil parameters used
for numerical modelling, where each set corresponds to a
chosen friction angle.

Rigid body properties were attributed to the modelled
bucket, in order to reduce the influence of structural defor-
mations on soil response. This assumption was enforced in
two steps: (a) by prescribing displacements to all structural
elements, including those that model the bucket skirt; (b)
by deliberately setting a large elastic modulus of steel,
thereby increasing the bending and axial stiffness of the
structure. It is worth noting that in general the flexibility
of the structure influences the foundation stiffness (Skau
et al., 2019).

The unit weight of water, cw, was set to 10 kN/m3 and
the gravitational acceleration to 9.81 m/s2.

3.2. Qualitative description of FE results

In this section, results obtained from the numerical anal-
yses are presented and discussed. The model with parame-
ters D = L = 15 m and / = 35� serves an illustrative
purpose throughout the entire paper.

3.2.1. Failure mechanisms

Typical load transfer mechanisms of buckets under ten-
sile loads are shown in Fig. 5. A vertical sliding failure is
dominant in case of full drainage (Fig. 5(a)). It normally
occurs when the bucket’s lid is not sealed or the foundation
is subjected to long-term tensile loading.



Fig. 5. Failure mechanisms for suction buckets under tensile loading: (a) sliding; (b) bottom resistance; (c) reverse bearing capacity. Adapted from Deng &
Carter (2002).
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Fig. 5(b) explains the response when partial drainage
occurs and passive suction effect is limited owing to pore
pressure dissipation. The mechanism that corresponds to
‘‘bottom resistance failure” consists of outside skin friction,
weight of the soil plug and passive suction at the bottom of
the bucket which contribute to the total vertical resistance.
This failure mode is of particular importance when the
soil–foundation system is subjected to intermediate or
short term tensile loading. The mechanism in Fig. 5(c)
involves ‘‘reverse bearing capacity failure” that occurs
when the foundation is subjected to short term tensile load-
ing along with the assumption of globally undrained condi-
tions over the entire loading period. The contribution of
outside skin friction is similar to the former failure mode,
unless a fraction of tensile loading is governed by reverse
bearing capacity.

Fig. 6(a) and 6(b) show the FE results for L/D = 1 which
adequately capture the kinematic failure mechanisms under
various drainage and loading conditions. Following previ-
ous observations, soil plugs form during undrained uplift
and compression. In the latter case, the underlying mecha-
nism appears proportionally deeper than the one associ-
ated with uplift. Similar trends were reported by Mana
et al. (2012) based on centrifuge tests.

During drained tensile loading, only minor soil displace-
ments take place and the bucket lid separates from the soil
surface. This is indicative of nearly frictional behaviour.
For drained compression, the inner soil mass does not
move together with the bucket as a plug, and the vertical
soil displacements within the bucket decrease with depth
and with distance to centreline.

The excess pore water pressure plots in Fig. 6(c) and (d)
reveal insignificant pressure developments when the bucket
is displaced at a rate of 1 mm/s, meaning that drained con-
ditions are simulated appropriately. As an additional
70
check, the total vertical response of the bucket obtained
by means of a coupled consolidation formulation is com-
pared with the one based on fully drained conditions (no
excess pore water pressure generation). The comparison
study concludes on nearly identical results between the
two types of analyses.

Considering the displacement rate of 10 mm/s, the cou-
pled formulation in Plaxis performs better than the per-
fectly undrained analysis in that it describes the
mechanics of the system more accurately. It can success-
fully compute soil plugging and thus it falls closer to the
theoretical extreme of undrained condition. Vaitkunaite
et al. (2016) achieved nearly undrained behaviour through
physical model testing in a pressure tank. The results of this
experimental study appear consistent with the coupled
formulation.

It is worth noting that the lower bound for pore water
pressure is set by the cavitation pressure, ucav, which is
about �100 kPa (tension is negative) and relates to the
atmospheric pressure. This is relevant for undrained tensile
loading, where negative excess pore pressure is expected to
arise. The amount of allowable excess pore pressure, Dumax

depends on the hydrostatic pressure at a given depth, uhyd,
andcanbe estimatedasDumax=�ucav+uhyd=�ucav+ cwhw,
where hw is the height of the water column. The FE models
involved water depths large enough so that pore water
pressure does not reach the cavitation limit.

3.2.2. Development of t–z curves

Within the analysis of soil–structure friction, the
extracted data relates to shear stress extracted from inter-
face elements, rather than from soil elements adjacent to
the structure. This modelling framework follows a compar-
ison study which confirmed that larger stresses occur in
interfaces (Wolf et al., 2013). The interface stress points



Fig. 6. Normalised vertical displacement field at the last loading stage: (a) tensile loading; (b) compressive loading. Excess pore water pressure field
(tension = negative) at the last loading stage: (c) tensile loading; (d) compressive loading.
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are grouped into segments (hereafter referred to as ‘‘lay-
ers”) of equal lengths. The stress values generated from
points within a layer are averaged for every calculation
step. A layer thickness of ca. 0.8 m proves to be optimal
with regards to encompassing enough stress points while
maintaining a refined depiction of the shear stress gradient.

Fig. 7 and Fig. 8 show plots of layer-averaged interface
shear stress against vertical displacement of the structure in
case of tensile and compressive loading, respectively. Each
curve is linked to a mid-layer depth. It should be noted that
these figures show only 5 layers to highlight how shear
stresses develop at different points along the skirt. The
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curves related to uppermost and lowest layers diverge sig-
nificantly from the rest and exhibit larger non-linearities.
Therefore, they are treated as outliers and are excluded
from the forthcoming statistical analysis. The errors stem-
ming from this approach are of a minor degree, as pre-
sented later in the paper.

The bilinear curves depicted in Fig. 7(a) are identical
with the ones recommended by API (2000) in that stress
increases linearly until a peak value, sp, is reached (‘‘pre-
failure” part), after which it becomes constant (‘‘post-
failure” part). In drained conditions, the upwards move-
ment of the bucket leads to skin friction along inner and



Fig. 7. Shear stress development in the soil-structure interface at various depths below mudline, d, during tensile loading: (a) drained conditions; (b)
undrained conditions.

Fig. 8. Shear stress development in the soil-structure interface at various depths below mudline, d, during compressive loading: (a) drained conditions; (b)
undrained conditions.
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outer side of the skirt face developing in similar manners
and contributing almost equally to axial resistance. The
vertical displacement at which the peak stress occurs, zp,
increases non-linearly with depth. At the same time, such
dependency is observed in terms of stiffness.

In presence of groundwater flow, significant differences
arise between inner and outer friction (see Fig. 7(b)). Inside
the bucket, the upward flow reduces the vertical overbur-
den stress, which in turn decreases the maximum possible
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skin friction. This effect becomes stronger towards the skirt
tip, where the hydraulic gradient is higher. Simultaneously,
the confined soil mass movement in tandem with the
bucket means small relative soil–structure displacements.
These two factors lead to relatively low shear stress values
and almost constant stiffness. Conversely, the downward
groundwater flow on the outer side increases the effective
weight of soil, thus shear stress attains larger values in com-
parison with the opposite side. Moreover, the ultimate



Fig. 9. Schematic t-z curves proposed for assessing the frictional response
of suction buckets under tensile loading in cohesionless soils given drained
(in black) and undrained (in grey) conditions. The curves overlap in the
pre-failure part.
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shear stress, su, does not correspond with a certain peak,
since the post-failure curves exhibit an increasing trend,
in contrast to drained tensile loading.

Regarding drained compressive loading, Fig. 8(a)
reveals continuous stress growth without clear peaks along
inner skirt. This behaviour results from the bucket lid that
acts as a surcharge on the entrapped soil mass, thereby
gradually increasing the effective normal stress on the inner
skirt area. The initial outer response resembles the one
observed in case of drained tensile loading (cf. Fig. 7(a)),
however the post-failure part is marked by linearly increas-
ing stress. It is apparent from Fig. 8(b) that inner skirt fric-
tion is independent of loading direction in context of
undrained conditions (cf. Fig. 7(b)). The effects of relatively
fast groundwater flow around the skirt toe are reflected by
the curves linked to skirt extremities.

4. Formulation of t–z curves for tensile loading

Observing the curves presented in Fig. 7, three conclu-
sions may be drawn with regards to formulating a mathe-
matical model of axial spring stiffness for buckets
subjected to tension.

� It might prove convenient to study the total frictional
response by superimposing the curves related to inner
and outer skirt faces. Since the two responses are almost
identical in the drained case scenario, the total effect is
only expressed by a change in magnitude, while the
curves’ shapes are preserved. For undrained conditions,
outer skirt friction constitutes the major part of the total
response (~80%), which means that the corresponding
curves are altered to an insignificant degree upon includ-
ing the effect of inner skirt friction.

� A piecewise function can be employed to represent bilin-
ear curves, with its condition being established in con-
nection with vertical displacements at which the peak
shear stresses occur, zp.

� Normalisation with respect to sp and zp can be applied
so that all peaks are located at (1,1) in the s/sp–z/zp
plane. The result is the complete alignment of curves
related to all models. In this context, it becomes clear
that the core goal is establishing general expressions
for sp and zp. For practicality, the expressions may
include relevant readily-available parameters as vari-
ables, namely bucket diameter, D, effective vertical

stress, r
0
v, and friction angle, /.

4.1. Drained conditions

The t–z curve for representing the drained tensile
response of suction buckets in sand is illustrated in Fig. 9
and its associated function is given by Eq. (8). In Fig. 9,
the k-parameter defines the rate of increase in shear stress
during post-failure.
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s
sp

¼
z
zp

for z
zp
< 1

1 for z
zp
� 1

(
ð8Þ
4.1.1. Peak shear stress, sp, and peak displacement, zp
Regression analysis using data from the 25 numerical

models that involve drained tension is performed in order
to assess the dependency of sp and zp on bucket geometry,
sand strength and vertical overburden pressure. Examining
Fig. 10, it is seen that a power law of the form f xð Þ ¼ AxB

constitutes an appropriate function for fitting data regard-
ing each model individually. The outcoming R2-values fall
within ranges of 0.99–1.00 and 0.65–0.98 in connection
with fitting of sp and zp, respectively. A number of 25 val-
ues for unitless parameters A and B are obtained, which
allows the investigation of A and B as functions of bucket
diameter and friction angle. The expressions for sp and zp
can be written as

sp
ra

¼ As
c
0
d2

raD tan/

� �Bs

ð9Þ

zp
Dref

¼ Az
c
0
d2

raD tan/

� �Bz

ð10Þ

where the subscripts denote the link to the corresponding
dependent variable; ra = 100 kPa is the atmospheric pres-
sure and Dref = 15 m is the reference bucket diameter.
4.1.2. Parameters a and b

The coefficients As, Az, Bs and Bz are treated separately
in a multivariable analysis to describe their relation to D

and /. To achieve unitless quantities, the former is normal-
ized with respect to Dref = 15 m, while the friction angle is
represented through its tangent. Bivariate first- or second-
order polynomials are used for surface fitting. Table 2 dis-
plays the results of the parametric study.

An exception is made for Bs, since it exhibits weak cor-
relation with either D or / and its values are bound
between 0.5601 and 0.5717. Using the average
Bs = 0.5685 proves to introduce negligible error between



Fig. 10. Curve fitting of data from five models involving various bucket diameters and identical soil properties (marked by / = 35�) and estimations based
on the established mathematical models: (a) peak shear stress; (b) displacements at which the peak shear stresses occur.

Table 2
Summary of b-coefficients used for modelling the drained tensile response. Here x = D/Dref and y = tan/.

Parameter Fitting function b1 b2 b3 b4 b5 R2

As f x; yð Þ ¼ b1 þ b2xþ b3y �0.066 0.145 0.351 – – 0.9920
Az f x; yð Þ ¼ b1 þ b2xþ b3y þ b4xy þ b5y

2 0.013 0.006 �0.038 �0.006 0.027 0.9814
Bz f x; yð Þ ¼ b1 þ b2xþ b3y 0.078 0.038 0.079 – – 0.1156

Fig. 11. Normalised t–z curves using the mathematical formulations of sp
and zp for predicting the frictional axial response during tensile loading in
drained conditions. Results from all 25 related models are included.
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the mathematical formulation of peak shear stress and the
FE results (see Fig. 10(a)).

Upon normalising the results by implementing the
mathematical models of sp and zp, the curves related to
all numerical models and depths align adequately (see
Fig. 11). This serves as confirmation of two aspects: (a)
the statistical model shows high fidelity with respect to
original FE results; (b) the chosen t–z curve depicted in
Fig. 9 is representative of frictional behaviour given
drained conditions during tensile loading.
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4.2. Undrained conditions

The formulation of peak shear stress undergoes in the
same manner as in the drained case scenario, by adopting
Eq. (9), followed by a study of parameters As and Bs, the
results of which are summarised in Table 3. On the other
hand, the peak displacement is estimated by using a slightly
different approach than the one seen in Eq. (10):

zp
D

¼ Az
c
0
d

ra tan/

� �Bz

ð11Þ
In Eq. (11) the peak displacement is normalised with the
bucket diameter, while Az and Bz are investigated as func-
tions of only /.

The notable difference introduced by the presence of
excess pore pressure is the continuous increase of shear
stress during post-failure. This behaviour is modelled by
a straight line with positive slope, k, as seen in Fig. 9. A sig-
nificant spread of post-failure curves is evident in Fig. 12,
which means that a single line with a constant slope reflects
only the general tendency of shear stress development after
failure and the modelling error becomes larger with dis-
placements. Linear regression gives k = 0.0588. The equa-
tion for t–z curves related to undrained conditions is
written as

s
sp

¼
z
zp

for z
zp
< 1

k z
zp
� 1

� �
þ 1 for z

zp
� 1

8<
: ð12Þ



Table 3
Summary of b-coefficients used for modelling the undrained tensile response. Here x = D/Dref and y = tan/.

Parameter Fitting function b1 b2 b3 b4 b5 R2

As f x; yð Þ ¼ b1 þ b2xþ b3y �0.055 0.083 0.262 – – 0.9712
Bs f x; yð Þ ¼ b1 þ b2xþ b3y þ b4x

2 þ b5xy 1.275 �0.770 �0.412 0.317 0.117 0.8369
Az f yð Þ ¼ b1 þ b2y 0.00278 �0.00242 – – – 0.9837
Bz f yð Þ ¼ b1 þ b2y 1.675 �1.782 – – – 0.7298

Fig. 12. Normalised t–z curves using the mathematical formulations of sp
and zp for predicting the frictional axial response during tensile loading in
undrained conditions. Results from all 25 related models are included.

Fig. 13. Comparison between the normalised t–z curves at varied depths
below mudline and the proposed mathematical model for estimating
friction on the inner side of the skirt during drained compressive loading.
The example relates to the numerical model where D = 15 m and / = 35�.
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5. Formulation of t–z curves for compressive loading

The following considerations stemming from Fig. 8 con-
stitute the basis for modelling the frictional response of
buckets under compression.

� Due to large discrepancies between developments of
skin friction along inner and outer skirt faces in drained
conditions (see Fig. 8(a)), the two sides are treated indi-
vidually, i.e. a distinct mathematical model is formu-
lated for each side. Therefore, the total frictional
response can be estimated in a two-step procedure:
firstly, t–z curves for each side are generated separately,
and then they are aggregated to obtain the total
response. On the other hand, for compression under
undrained conditions (see Fig. 8(b)), the t–z formulation
follows the approach adopted in tension loading cases,
where one mathematical model accounts for the total
frictional response.

� Since failure occurs at the same displacement amplitudes
at any depth within a numerical model, the vertical dis-
placements may be normalised with respect to some con-
stants, e.g. bucket diameter, D. The expressions for peak
shear stress, sp, may be established by regression analy-
sis according to the steps described earlier.

� Employing a single function, as opposed to a piecewise
one, may suffice to accurately capture both pre- and
post-failure responses, on grounds of relatively smooth
transition between the two phases.
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5.1. Drained conditions

5.1.1. Inner side

Comparing the shear stress development at various
depths (see Fig. 8(a)), it is seen that the representative
curves differ not only in magnitude, but also in shape and
degree of non-linearity. It becomes clear that a full align-
ment of normalised curves can only be achieved around
delimited parts thereof. For example, using the maximum
reached shear stress as a normalising quantity yields ade-
quate results in terms of aligning the curve tails, whereas
significant divergence is present among other parts. In light
of a necessary compromise, priority is attributed to accu-
rate representation of initial displacements (z/D < 0.01).
Applying Eq. (13) (API, 2000) to compute the ultimate skin
friction, su, leads to acceptable results regarding the nor-
malisation of the initial response (see Fig. 13).

su ¼ r
0
v0K0 tan d ð13Þ

The data from each model is fitted with a power func-
tion, thus the mathematical model adopts the following
form

s
su

¼ A D;/ð Þ z
D

� �BðD;/Þ
ð14Þ



Table 4
Summary of b-coefficients used for modelling the drained compressive response (inner side). Here x = D/Dref and y = tan/.

Parameter Fitting function b1 b2 b3 b4 b5 R2

A f x; yð Þ ¼ b1 þ b2xþ b3y þ b4x
2 þ b5xy �522.5 156.1 1069.6 92.8 �547.1 0.9786

B �0.200 0.437 1.362 0.093 �0.824 0.9654

Fig. 14. Comparison between the best fit curves (in grey) from all
numerical models and the proposed mathematical model curves for
estimating friction on the outer side of the skirt during drained
compressive loading.

S. Grecu et al. Soils and Foundations 61 (2021) 64–79
where parameters A and B are studied as functions of
bucket diameter and friction angle. The details of the study
in question are given in Table 4.

5.1.2. Outer side
Eq. (9) is used for estimating the peak shear stress.

Table 5 displays the corresponding b-coefficients.
A function composed of a hyperbolic tangent and a pro-

portional term represents an acceptable candidate for fit-
ting the normalised t–z curves. The mathematical model
is expressed as follows

s
sp

¼ C1 tanh C2ð/Þ zD
� �

þ C3ð/Þ zD ð15Þ

Regression analysis of C-coefficients yields sets of 25
values for each of them. Significant correlation with fric-
tion angle is found for C2 and C3, while the mean value
C1 = 1.032 is used for the first coefficient.

C2 ¼ 2631:5 tan/� 889:4

C3 ¼ 213:6 tan/� 115:2

The best fit curves and the proposed t–z curves are illus-
trated in Fig. 14.

5.2. Undrained conditions

Eq. (15) may be used to predict the frictional response
given undrained conditions, especially since it can account
for a shear stress decrease during post-failure. Moreover,
the dependency of C-coefficients on both D and / is consid-
ered for the current drainage conditions. The peak shear
stress can be approximated with the power function given
by Eq. (9). Table 6 presents the results of the parametric
study of coefficients.

The flexibility of the proposed t–z curves is evident in
Fig. 15, as both the growth and decay in skin friction are
captured.

6. Illustrative comparison study

The load–displacement curves constructed with the pro-
posed t–z curves are in close agreement with the ones
extracted directly from the numerical models (see
Table 5
Summary of b-coefficients used for modelling the drained compressive respon

Parameter Fitting function b1

As f x; yð Þ ¼ b1 þ b2xþ b3y �0.170
Bs 0.595
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Fig. 16). The latter represent aggregates of results from
interface stress points along entire skirt lengths, including
the extremities (the ones that were discarded in the process
of formulating the t–zmodels). Deviations between the two
sets of curves increase with displacements. The errors stem
from inaccuracies associated with regression analysis and
with the assumption that shear stress development exhibits
identical trends at all points along the skirt face. This
assumption has larger consequences for modelling
undrained behaviour, since hydraulic gradients influence
soil–structure interaction at skirt edges to a significant
degree. The curves recommended by API (2000) yield con-
servative results for ultimate skin friction and predict ear-
lier displacement at which it is reached.

Fig. 17 shows comparison plots between the load–dis-
placement curves generated with the proposed t–z model
and results from three numerical studies. All three of them
investigated suction buckets subjected to tensile loads.
Achmus & Thieken (2014) and Thieken et al. (2014) imple-
mented an advanced hypoplastic soil model and validated
it with experimental results obtained by Iskander et al.
se (outer side). Here x = D/Dref and y = tan/.

b2 b3 R2

0.150 0.334 0.9808
0.085 �0.534 0.8987



Table 6
Summary of b-coefficients used for modelling the undrained compressive response. Here x = D/Dref and y = tan/.

Parameter Fitting function b1 b2 b3 b4 b5 b6 R2

As f x; yð Þ ¼ b1 þ b2xþ b3y �0.205 0.121 0.435 – – – 0.9811
Bs 0.239 0.077 0.185 – – – 0.7436
C1 f x; yð Þ ¼ b1 þ b2xþ b3y þ b4x

2 þ b5xy þ b6y
2 0.277 �0.063 2.519 �0.255 0.761 �2.252 0.7589

C2 f x; yð Þ ¼ b1 þ b2xþ b3y þ b4xy þ b5y
2 �3329.1 �352.8 10872.9 473.2 �6674.6 – 0.9352

C3 f x; yð Þ ¼ b1 þ b2xþ b3y �116.2 28.4 146.2 – – – 0.9834

Fig. 15. Comparison between the best fit curves (in grey) from five
numerical models (D = 15 m) and the proposed mathematical model
curves for estimating skirt friction during undrained compressive loading.

Fig. 16. Load–displacement curves given all four combinations between
loading and drainage conditions. The example relates to the numerical
model where D = 15 m and / = 35�.

Fig. 17. Load–displacement curves computed with the proposed t–z
formulation and compared with other numerical studies using equivalent
bucket dimensions and soil properties.

Fig. 18. Comparison between load–displacement curves from medium-
scale physical tests (Vaitkunaite, 2016) and the ones computed with the
proposed t–z formulation.
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(1993). The Mohr-Coulomb constitutive model was used
by Sørensen et al. (2016). Reasonable agreement is found
with all studies.

Vaitkunaite (2016) tested a suction bucket model
(D = 1 m, L = 0.5 m) installed in a cylindrical container
of 2.5 m in diameter and 1.5 m in height. The container
was filled with dense sand (Dr � 81%) and the model was
77
subjected to monotonic drained tensile loading. Various
levels of overburden pressure were applied over the soil
surface to simulate various depths. In Fig. 18, every curve
representing experimental results is linked to the respective
magnitude of applied overburden pressure. The t–z formu-
lation can accurately predict the stiffness and capacity, as
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well as the displacement at which the peak stress is reached.
However, it does not capture the hyperbolic trend of stiff-
ness degradation, at least given the current set of input
parameter values.

It is emphasised that the mathematical models may
prove highly inaccurate or become unstable if very small
foundation dimensions or friction angles are used. Since
the formulation of t–z curves is based on statistical analysis
of data from numerical models of buckets with diameter
and skirt lengths between 10 and 20 m and friction angles
between 30� and 40�, any extrapolation beyond the range
of investigated values may lead to unexpected results.

7. Conclusions

A set of four t–z curves for suction buckets are formu-
lated in this paper. These curves describe the behaviour
of non-linear axial springs that represent friction between
bucket skirt and soil. Each formulation relates to a specific
case that involves a combination of loading direction (ten-
sion or compression) and drainage condition (drained or
undrained). The proposed relationships are based on
regression analysis of results from 100 finite-element mod-
els of suction buckets installed in a typical marine sand.
The results of the current research match the ones of other
numerical studies to a high degree. In addition, the pro-
posed t–z model is successfully validated with experimental
results.

The static t–z curves may be conveniently implemented
at the preliminary stages of foundation design, since they
require three basic variables as input parameters: bucket
diameter, sand’s friction angle and initial vertical overbur-
den pressure. Thus, a minimum amount of site-specific
data is sufficient for enabling the use of proposed mathe-
matical models. It is emphasized that the current formula-
tion relates only to skirt friction, therefore the global
vertical response can be assessed only in case of drained
tensile loading. Load–displacement curves derived with
the proposed t–z formulation cover a part of what practis-
ing engineers may require to obtain initial estimates of min-
imum bucket dimensions with respect to fulfilling ULS and
SLS conditions. For analysing the total axial response
under compression or undrained tension loading, other
contributing factors must be considered, such as differential
water pressure under the bucket lid and soil reaction under
the bucket lid and skirt toe.

It is also important to consider that the proposed formu-
lation is based on pure vertical loading. Horizontal loading
and bending moments were not included in the FE analy-
ses. The impact of these forces on suction buckets within
a jacket structure is subject to further research.

Modelling geostructures by discretising the system into
springs has found decades-long success within pile design,
therefore the presented work does not bring novelty at
the conceptual level. Rather, it is the new context of bucket
foundations that highlights its uniqueness.
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Sjelmo, Å., 2012. Soil–structure interaction in cohesionless soils due to
monotonic loading MSc thesis. Aalborg University, Aalborg,
Denmark.

Skau, K.S., Jostad, H.P., Eiksund, G., Sturm, H., 2019. Modelling of soil–
structure–interaction for flexible caissons for offshore wind turbines.
Ocean Engng. 171, 273–285.

Sørensen, E.S., Clausen, J., Damkilde, L., 2016. Comparison of numerical
formulations for the modeling of tensile loaded suction buckets.
Comput. Geotech. 83, 198–208.

Sturm, H., 2017. Design aspects of suction caissons for offshore wind
turbine foundations. Proceedings of TC 209 workshop at the 19th
International Conference on Soil Mechanics and Geotechnical Engi-
neering, Seoul, South Korea, pp. 45–63.
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