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A B S T R A C T

Presented here is a numerical study on the preloading of four-legged jack-ups, such as those commonly
employed in the construction of offshore wind farms. The need for reducing jack-up installation time is
particularly felt within the offshore industry, especially when multiple preloading cycles are necessary in
clayey soils to fulfil given preloading criteria. This is due to clays experiencing delayed deformations, causing
load redistribution among all legs while the ideal situation of steady preload on all spudcans is pursued. This
work employs three-dimensional finite element (3D FE) modelling to analyse the preloading performance of
a reference jack-up vessel in clayey soils using a wished-in-place (WIP) approach. Detailed modelling of time
effects due to soil consolidation and viscosity is introduced, with some emphasis on how to derive material
parameters from typical site investigation and laboratory soil data. The results of specific parametric studies
are presented to support the suitability of the adopted analysis approach, also with regard to the adoption
of alternative preloading procedures. The constitutive modelling of time-dependent clay’s behaviour is shown
to play a crucial role in the considered framework, and will require further research for 3D FE modelling to
provide reliable quantitative support to real wind farm installation projects.
1. Introduction

Mobile jack-up platforms have been used in the offshore industry
for a long time, originally in relation to oil and gas drilling activities.
Jack-ups used in that context would usually comprise a triangular hull
supported by three retractable legs, fitted with so-called spudcans –
saucer-shaped polygonal footings with a central spigot and sloping
conical underside (Dean, 2010; Randolph and Gourvenec, 2011). More
recently, the booming offshore wind industry has been relying on jack-
up vessels equipped with more than three legs (four or six). Owing
to their self-installing and self-elevating capabilities, they are perfectly
suited for installation and maintenance activities at new or existing
offshore wind farms (Fig. 1) (Globaldata, 2012). Four/six-legged jack-
ups usually feature steel legs that are either tubular or trussed: tubular
legs are easier to construct and typically require less space on and
below deck; conversely, trussed legs are typically lighter (lower use
of steel) and more effective in reducing drag loads when operating in
deeper waters. To accommodate the increasing size of wind turbine
structures, the dimensions of jack-up legs and hulls have also been
growing – respectively, beyond 125 m (Welaya et al., 2015) and
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100 m (Jiang, 2021). Such a growth has also led to the use of larger
spudcan foundations, whose diameter may often range from 10 to
15 m.

The use of any jack-up requires site-specific assessment for each
location where the vessel will be deployed, in order to guarantee
safe installation and operations. In the last decades, significant efforts
have been spent to standardise Site Specific Assessment procedures,
with special attention paid to geotechnical aspects (InSafeJIP, 2011).
The main outcomes of such efforts are today collected in the ISO
19905-1 document (ISO, 2016; Hoyle et al., 2006), built on the earlier
SNAME 5-5 A guidelines (SNAME, 2008). Soil–structure interaction
matters dominate existing knowledge about jack-up assessment, whose
understanding and application demand close collaboration between
structural and geotechnical specialists (Houlsby, 2016).

As offshore wind farms are formed by numerous turbines, jack-ups
are operated through multiple elevating-lowering cycles. In particular,
the elevating process includes a preloading stage that enhances the
geotechnical capacity of all spudcans. In the case of four-legged jack-
ups, preloading is performed by alternately applying vertical loads on
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Fig. 1. Aeolus offshore wind turbine installation vessel (courtesy of Van Oord).

diagonally opposite leg pairs, up to achieving a stable condition in
which each leg holds nearly constant vertical load (Versteele et al.,
2017). Among all possible seabed conditions a general distinction can
be made between cohesive/clayey and cohesionless/sandy soils. While
the latter usually imply firm seabed and minimal spudcan penetration
during preloading (for instance, in North Sea dense sand), lower bear-
ing capacity in cohesive soils can result in large penetration – possibly
as large as several times the spudcan diameter. Preloading in clay is
additionally complex due to the interplay of time effects stemming
from consolidation (Barbosa-Cruz, 2007; Bienen and Cassidy, 2013;
Stanier et al., 2014; Bienen et al., 2015; Wang and Bienen, 2016; Ragni
et al., 2016, 2017) and viscous behaviour (Einav and Randolph, 2005;
Andersen, 2015; Engin et al., 2019) – such interplay is also discussed
in a different context by Brinkgreve (2004). In what follows, the term
‘soil viscosity’ is used to unify different features of time-dependent
behaviour, including creep, relaxation and, sensitivity to loading rate.
Spudcan settlement in consolidating/viscous soil induce in time load
redistribution among different legs, and therefore longer duration of
the jacking procedure. It is therefore difficult to predict accurately the
total preloading time, which is key to early-stage estimations of project
duration and costs. Better grasp of clay-spudcan interaction and load
redistribution can positively impact the site-specific analysis of jack-up
preloading, and the accuracy of related cost scenarios.

This work confirms how 3D FE modelling can well serve the inte-
grated analysis of jack-up’s behaviour (Pisanò et al., 2019), particularly
in the presence of non-linear, time-dependent soil–spudcan interaction.
Since a complete large-deformation analysis of jack-up installation
prior to preloading was beyond the scope of this study, the simpler
wished-in-place (WIP) approach was followed to reduce the complexity
and computational cost of all numerical simulations. The main goal of
this paper is to explore the impact of dominant geotechnical factors on
the timing of jack-up preloading in clayey seabeds. Such factors include
the time effects that are associated with soil consolidation and viscous
behaviour, with significant role played by the geological/loading his-
tory of the seabed (over-consolidation). After a detailed description of
the main model set-up/calibration steps, the developed 3D FE jack-up-
soil model is finally used to compare different preloading procedures
and identify opportunities for optimisation.

2. Preloading of four-legged jack-ups in cohesive soils

The preloading of four-legged jack-ups in cohesive soils is usually
associated with load distribution between diagonally-opposite leg pairs,
which are loaded alternately in stages of leg extension (active preload-
ing). As legs are extended, additional penetration is observed. Fig. 2
exemplifies the execution of a typical preloading procedure in clayey
2

seabed. Prior to preloading, initial penetration of the four legs into
the seabed is allowed by applying moderate loads. Preloading is then
started by extending the purple legs in Fig. 2(a) – in small increments,
for the sake of safety (the purple leg pair is the first to act as active
pair, turning later into passive pair as the other two legs become active
(Fig. 2(a))). During phases of no further extension, a decrease in vertical
load is observed in the active pair due to delayed soil settlement,
which is promoted by consolidation and viscous behaviour (Versteele
et al., 2017). Load redistribution among the four legs is continuous
and simultaneous: as the load in the active pair decreases, the opposite
occurs in the passive pair. After preloading the first (purple) leg pair,
the second (yellow) pair is preloaded following the same procedure.
The preloading procedure is overall completed after actively loading
both leg pairs. At that point, all legs will have been proven to provide
a stable foundation for the jack-up up to the applied level of preloading.
A higher level may be achieved by reducing the draft, i.e., by increasing
the available reaction force for each leg and then repeating the same
preloading procedure.

The draft of the hull during preloading depends on the targeted
preload. Initially, after contact with the seabed, all four legs are ex-
tended until a load of approximately half the preload is applied to the
legs, which corresponds with a draft of a few meters. The diagonal
preloading is then initiated at this draft. Subsequently, the draft is
reduced to enable the application of larger preloads. The final preload
level that is required to withstand storm and operational conditions is
determined as part of the Site Specific Assessment. In order to achieve
the calculated preload it is often required to reduce the draft to low
levels (1 m or less). A final preload cycle is normally executed with the
hull in the air. At variance with the simplified representation in Fig. 2,
uneven self-weight penetration of the legs is a quite common (and not
concerning) occurrence, typically due to inhomogeneous soil conditions
and structural asymmetry (the centre of gravity is not exactly at the
geometrical centre of the vessel).

There are several jacking systems available on the market, such as:

– the pin and cylinder system, in which the platform is elevated
or lowered by large hydraulic cylinders. When, at the end of the
stroke, the leg is locked off with pins, the cylinder is reset for the
next stroke. In its elevated configuration, the platform is normally
supported by the pins. Unless a double set of cylinders is used, the
pin and cylinder system does not enable continuous jacking, and
the jacking speed is relatively low;

– the rack and pinion system. In this case the legs are provided with
heavy racks which are engaged by large slow turning pinions.
These large pinions are driven through a multitude of gear reduc-
tions by an electric (or hydraulic) motor. The jacking systems can
be attached to the platform rigidly or with some sort of flexible
support. The electric or hydraulic motor is normally provided
with a fail-safe spring loaded brake system, that engages auto-
matically when current is interrupted or hydraulic pressure drops
below a certain value. During operating and storm conditions the
platform is normally supported by the brake system or specific
lock-off devices.

Either system is well capable of dealing with differences in leg pene-
tration, as each leg may be extended individually. This also allows the
hull to be kept approximately level during the penetration of the legs.
Rack Phase Difference is a measurable difference in the vertical position
of the chords relative to each other within the same leg, for the rack
and pinion system. This can be the result of uneven loading of the leg
chords when the spudcan is eccentrically supported.

Jack-up preloading typically includes several load cycles, which are
executed to assure that each leg can withstand the preload without
excessive settlement – although with the consequence of increasing
the duration of the preloading phase and, therefore, the total time for
wind farm installation. Empirical criteria are normally used in practice
to determine whether sufficient stability/safety has been achieved or
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Fig. 2. Preloading procedure for four-legged jack-ups, (a) top and side views of the jack-up; (b) evolution of (normalised) leg load and penetration during preloading.
Fig. 3. Two alternative preloading procedures based on the concepts of (a) overshooting and (b) load-holding.
additional load cycles are needed. Such criteria are normally expressed
as an upper bound for the load reduction rate measured in each
leg, above which more preloading cycles must be performed. In the
remainder of this work, for instance, an admissible maximum leg load
reduction of 5% in 15 min is adopted as a reference criterion, which
is generally representative of the typical jack-up vessels used in the
offshore wind industry (and not tied to the specific vessel and/or site
conditions described later on).

Some previous studies have contributed to shed light on the rela-
tionship between jack-up preloading and time effects in the foundation
soil (Le Tirant, 1993; Hedrick and Verret, 2007; Menzies and Roper,
2008; Osborne et al., 2009; InSafeJIP, 2011; Bienen and Cassidy,
2013; Luking et al., 2014; Stanier et al., 2014). General guidance
has been provided on how to account for consolidation settlements
(i.e., associated with pore pressure dissipation in the soil), and link
the preload holding time to permeability/stiffness factors. However,
meagre consideration has been so far devoted to viscous time effects,
which may be significant in clayey seabeds (Hossain and Randolph,
2009; Versteele et al., 2017).

Field experience about geotechnical time effects has recently led
to exploring alternative preloading procedures (Fig. 3), in an attempt
to reduce the number of preloading cycles for faster wind farm in-
stallation. Versteele et al. (2017) described the strategy illustrated in
Fig. 3(a), based on the concept of overshooting. Accordingly, the preload
target is first exceeded (i.e., overshot) to expedite spudcan penetration
under the active leg pairs, up to depths that would normally require
several cycles of the standard procedure. After overshooting, the leg
load is actively reduced to the normal preload target. As discussed
later on, this methodology has potential to reduce spudcan settlement
occurring in time, so that constant preload can be more easily sustained
with limited additional penetration.

Another preloading procedure based on load-holding has also been
tested in practice – see Fig. 3(b). In this context, the load on the active
3

legs is first held constant at standard preload target – this is achieved
through gradual/controlled leg extension. Afterwards, extension is ar-
rested, and load redistribution is enabled by the delayed settlement
that has already begun during the load-holding stage. The process of
extending legs to maintain a constant preload is halted when it is
expected that the preloading criterion can readily be met.

3. Geotechnical characterisation of the reference site

This study was carried out by considering a specific vessel (Van
Oord’s Aeolus in Fig. 1) operated at a site in the Belgian North Sea. This
section overviews relevant geotechnical data obtained from site investi-
gation and laboratory tests – see also Sonnema (2019). This information
is summarised hereafter and used in relation to the calibration of a
time-sensitive soil constitutive model for 3D FE simulations.

3.1. Analysis of site and laboratory test results

At the reference site location, a shallow clay layer from the Ursel
formation (thickness of about 22.7 m) overlies a deeper sand layer.
Cone Penetration Test (CPT) data were used to classify different soil
layers up to 40 m under the seafloor through Robertson’s classification
chart (Robertson, 2010). 𝑄𝑡 values were also used to estimate the over-
consolidation ratio (OCR) profile in the clay layers, using the empirical
relationship proposed by Kulhawy and Mayne (1990): 𝑂𝐶𝑅 = 0.32 ⋅
𝑄𝑡. The final geotechnical model of the site includes three different
soil layers, two clayey and one sandy. CPT-based information was
complemented by oedometer laboratory test results to establish the
final OCR profile for the clay layers given in Table 1. Overall, the set of
available data indicated the presence of significantly over-consolidated
clay.

In Fig. 4 distributions of clays’ undrained shear strength (𝑠𝑢) from
different sources are compared. In particular, a direct correlation to the
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Table 1
Geotechnical parameters for each soil layer at the reference site – down to 40 m depth.
Layer Depth range Soil type 𝛾𝑠𝑎𝑡 OCR 𝐶𝑐 𝐶𝑠 𝐸 𝜙 𝑐 𝜓
[–] [m] [–] [kN/m3] [–] [–] [–] [MPa] [deg] [kPa] [deg]

1a 0.0 – 8.0 Clay 18.5 7.0 0.28 0.13 – 30 5 0
1b 8.0 – 12.0 Clay 18.5 6.0 0.28 0.13 – 30 5 0
1c 12.0 – 17.5 Clay 18.5 5.0 0.28 0.13 – 30 5 0
2 17.5 – 22.7 Clay 20.5 4.0 0.21 0.02 – 30 1 0
3 22.7 – 40.0 Sand 19.5 – – – 40 40 0 10
Fig. 4. Clay’s undrained shear strength values obtained from CPT and laboratory tests results.
CPT profile (black line, 𝑠𝑢 =
(

𝑞𝑡 − 𝜎𝑣
)

∕𝑁𝑘𝑡 (Lunne et al., 2002), where
𝑁𝑘𝑡 = 26 was deemed to be appropriate in light of available CU and UU
triaxial data) shows visible 𝑠𝑢-jumps at location with drastic variations
n OCR. This conclusion is also confirmed when using the empirical
orrelations by Ladd and Lee (1993) and Mayne (1980). Overall, the
𝑢 profile spans values from 50 kPa to almost 150 kPa, normally
ssociated with stiff, over-consolidated clay. CPT data from the deeper
and layer were translated into indicative friction and dilatancy angles
sing the empirical relationships by Robertson and Campanella (1983)
nd Kulhawy and Mayne (1990).

Clay samples extracted from different depths were subjected in the
aboratory to oedometer tests, unconsolidated undrained (UU) triax-
al tests and consolidated undrained (CU) tests. Fig. 4 shows good
greement between 𝑠𝑢 values derived from CPT and triaxial tests.

To enable effective stress modelling of clay behaviour, triaxial test
results were post-processed in terms of effective stress Mohr’s circles to
estimate Mohr-Coulomb peak strength parameters (peak friction angle
and cohesion) (Muir Wood, 1990).

Since spudcan settlement is largely affected by the compression of
the soil underneath (Pisanò et al., 2019), oedometer tests were also ex-
ecuted to investigate the pre-failure stiffness of both clay layers (Fig. 5).
Standard compression indices for virgin (𝐶𝑐) and unloading/reloading
(𝐶𝑠) conditions were derived – see, e.g., Muir Wood (1990) for specific
definitions and identification procedures. Fig. 5 reports vertical stress-
strain plots (from oedometer tests) and undrained effective stress paths
(from CU triaxial tests) for layers 1 and 2. Careful inspection of these
experimental results suggested that both clay layers – especially the
4
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shallowest – feature inherently anisotropic behaviour. This conclusion
is supported by the high values of the 𝐶𝑠 compression index compared
to 𝐶𝑐 (Fig. 5(a)), as well as by the leftward orientation of the effective
stress paths at the onset of deviatoric loading (Graham and Houlsby,
1983) – note the angle between stress paths and vertical direction that
is put in evidence in Figs. 5(a) and 5(d).

Table 1 summarises site layering and general effective stress pa-
rameters derived for each soil layer (down to 40 m depth) from
site/laboratory test results. Relevant soil parameters include: saturated
unit weight 𝛾𝑠𝑎𝑡, friction angle 𝜙, cohesion 𝑐, dilatancy angle 𝜓 , and
relevant stiffness parameters – 𝐶𝑐 and 𝐶𝑠 indices for clay, Young’s
modulus 𝐸 for sand.1

Based on the values of the consolidation coefficient from oedometer
test data, soil permeability was evaluated to lie in the range from 10−6

to 10−8 m/day for clay layer 1 and from 10−5 to 10−7 m/day for clay
layer 2 – depending on the applied confining stress. Real values at
the site, however, would be heavily influenced by the severe soil re-
moulding induced by leg penetration. Therefore, it was preferred to set
permeability values based on general recommendations for clayey soils,
and then assess the impact of different hydraulic properties through
dedicated parametric studies (see Case 4 in Section 5.1). Reference
permeability values of 10−5 m/day and 10−1 m/day were assumed for
both clay layers and the underlying sand, respectively.

1 A procedure to estimate the Young’s modulus of sands from CPT data is
escribed by Robertson (2009).
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Fig. 5. Representative results of laboratory tests performed on samples from both clay layers. (a) Oedometer compression on samples from layer 1 – vertical stress-strain response;
(b) CU triaxial compression on samples from layer 1 – triaxial effective stress paths; (c) oedometer compression on samples from layer 2 – vertical stress-strain response; (d) CU
triaxial compression on samples from layer 2 – triaxial effective stress paths.
3.2. Plasticity modelling of soil behaviour

The 3D FE analysis of soil–spudcan interaction requires suitable
simulation of soil behaviour over a wide range of loading and hydro-
mechanical conditions. Herein, the stress-strain response of clayey and
sandy soils at the reference site has been modelled via the Soft Soil
Creep model and the Hardening Soil Small Strain model, respectively –
both available in the PLAXIS 3D FE software (Brinkgreve et al., 2018).

3.2.1. Clay layers
The time-dependent behaviour of clayey soils can markedly affect

leg load redistribution during jack-up preloading. Time-dependence
emerges from at least two physical mechanisms, i.e., transient in-
teraction between soil skeleton and pore water (soil consolidation),
and intrinsically viscous stress-strain behaviour. Different experimental
observations may be attributed to the latter, including (i) time-delayed
deformation under constant load (creep), (ii) stress relaxation under
constant deformation, and (iii) dependence of soil’s stiffness/strength
on the loading rate (rate-sensitiveness). Particularly, rate-dependence is
5

most apparent under high strain rates, and therefore usually associated
with constant-volume undrained response (Lee and Randolph, 2011).
As a consequence, the shear resistance of the soil will be high during
initial spudcan penetration, but then will tend to diminish under lower
penetration rates as the final depth is approached.

Non-linear viscous effects in soils cannot be reproduced through
time-insensitive (also termed ‘inviscid’) plasticity theories. To over-
come this limitation, elasto-viscoplastic constitutive formulations have
been devised in the last decades – see the literature reviews pro-
vided, e.g., by Sivasithamparam et al. (2015) and Shi et al. (2019).
Most elasto-viscoplastic models in the literature assume additive strain
decomposition into elastic and irreversible/plastic components. The
latter does not follow load application instantaneously, but develops
in time depending on the loading rate and specific state variables –
hence the term ‘visco-plastic’. It is thus possible to unify the mod-
elling of creep, relaxation, and rate-dependence by introducing an
irreversible/visco-plastic component of the soil response, while a time-
insensitive ‘pre-yielding’ elasticity is usually retained for simplicity.

This approach is especially suitable for normally-consolidated (soft)
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Table 2
SSC parameters adopted for the clay layers 1 and 2 at the reference site. For calibration
purposes, layer 1 was subdivided into three sub-layers with different OCR values, so
as to reasonably match the OCR profile at the reference site (Table 1).

Layer 𝛾 𝑒0 𝜈𝑢𝑟 𝜙 𝑐 𝜓 𝜆∗ 𝜅∗ 𝑀 𝜇∗

[–] [kN/m3] [–] [–] [deg] [kPa] [deg] [–] [–] [–] [–]

1 18.5 0.90 0.3 30 5 0 0.055 0.010 1.65 0.00275
2 20.5 0.65 0.3 30 1 0 0.056 0.011 1.65 0.00275

Table 3
HSS sand parameters adopted for the sand layer at the reference site.
𝜙 𝜓 𝐸𝑟𝑒𝑓

50 𝐸𝑟𝑒𝑓
𝑜𝑒𝑑 𝐸𝑟𝑒𝑓

𝑢𝑟 𝑚 𝑝𝑟𝑒𝑓 𝑅𝑓 𝐺𝑟𝑒𝑓
0 𝛾0.7

[deg] [deg] [kPa] [kPa] [kPa] [–] [kPa] [–] [kPa] [–]

40 10 39 000 39 000 117 000 0.5 100 0.92 104 200 1.35 ⋅ 10−4

clays, since their response is mostly dominated by plastic deformations
(due to the initial stress state lying close to the yield locus). Conversely,
the same modelling approach will not generate substantial viscous ef-
fects for over-consolidated (stiff) clays, due to their response exhibiting
prevalent elastic, rate-independent deformations.

In this study, the elasto-viscoplastic Soft Soil Creep (SSC) model was
adopted to attempt the simulation of clay’s behaviour at the reference
North Sea site. The SSC model builds on the work of Vermeer and
Neher (1999), who modified the original formulation of the well-known
Modified Cam Clay (Roscoe and Burland, 1968) model to include rate-
sensitive, visco-plastic strains – an inviscid parent formulation, the Soft
Soil (SS) model, is also available in PLAXIS 3D for applications in which
time effects are deemed of less importance. The SSC model can capture
the abovementioned viscous effects with the same set of parameters,
as long as the target experimental evidence is within the reach of the
model formulation. The latest version of the SSC model features the
following main characteristics (Brinkgreve et al., 2018):

– isotropic elastic response for stress states within the yield locus,
with pressure-dependent elastic moduli and constant Poisson’s
ratio;

– single-hardening cap mechanisms, evolving in presence of volu-
metric viscoplastic strain increments;

– shear failure occurs when the stress state reaches the Mohr-
Coulomb failure envelope. No additional mechanisms to repro-
duce post-peak strain-softening in OC clay;

– associative plastic flow rule in the cap region, explicitly account-
ing for the time factor.

The calibration of clay parameters was carried out in three phases
– see in Table 22 the set of selected parameters for both clay layers:

– the SS parent model was first used to identify effective-stress
parameters governing the main features of (elasto-plastic) be-
haviour, such as virgin and unloading/reloading compressibility,
failure friction angle, shape of the yield locus. Figs. 6 and
7 illustrate experiment-model comparisons for oedometer and
CU triaxial tests, respectively. Regarding the oedometer un-
loading/reloading compressibility, it was finally decided not to
pursue perfect match of experimental data – the very low 𝐶𝑐∕𝐶𝑠
ratio was attributed to soil anisotropy (Table 1), which is a
feature of behaviour that the SSC formulation is not suited to
reproduce. Conversely, it was preferred to select SSC parameters
(𝜆∗ and 𝜅∗ in Table 2) more in line with typical values of
the 𝐶𝑐∕𝐶𝑠 ratio. In addition, priority was given to the primary
loading (𝜆∗) and creep (𝜇∗) parameters, which mainly determine
the (rate of) settlement and other deformation mechanisms;

2 𝜆∗, 𝜅∗, 𝜇∗ denote the (modified) compression, creep, and swelling indeces,
respectively.
6

H

– the same SS parameters were passed on to the SSC visco-plastic
model, while the additional viscous parameter 𝜇∗ was cali-
brated to obtain realistic simulation of rate-dependent undrained
strength in CU (consolidated, undrained) triaxial tests (Table 2)
– creep test data, whenever available, could also be used to
identify 𝜇∗;

– finally, the same tests considered in step (1) were re-simulated
using the complete SSC model in combination with loading
rates that closely captured real laboratory conditions. In general,
this final step may require iterative adjustments to ensure that
the parameters identified without accounting for soil viscosity
(i.e., using the SS model) would still be appropriate for the
elasto-viscoplastic SSC model.

In the lack of specific experimental data, the viscous parameter 𝜇∗
in the SSC model was calibrated in step 2 against the following empir-
ical relationship between undrained shear strength (𝑠𝑢) and deviatoric
strain rate (�̇�𝑞) (Einav and Randolph, 2005):

𝑠𝑢
𝑠𝑢,𝑟𝑒𝑓

=
[

1 + 𝜇 log
( �̇�𝑞
�̇�𝑟𝑒𝑓

)]

(1)

where 𝑠𝑢,𝑟𝑒𝑓 is the reference strength value associated with a reference
train rate �̇�𝑟𝑒𝑓 , while 𝜇 is an empirical parameter governing the rate-

dependence of 𝑠𝑢. As reported by Hossain and Randolph (2009), �̇�𝑟𝑒𝑓
and 𝜇 lie in the ranges of 1–4 %∕h and 0.05–0.2, respectively, for triaxial
oading conditions. Fig. 8 shows how the selected SSC parameter 𝜇∗
nables, for different initial mean pressure 𝑝′0 and OCR, the simulation
f rate-dependent 𝑠𝑢 trends that are in line with Eq. (1) when low
CR values are considered. In contrast, vanishing rate-dependence

esults for OCR ≥ 2, due to the simulated material response being pre-
ominantly associated with rate-independent elasticity. This behaviour
f the SSC model does not fully reflect the experimental evidence
egarding the limited impact of OCR on clay’s rate-dependence – see,
or instance, Zhu and Yin (2000), Sorenson et al. (2007), Lehane et al.
2009), Han et al. (2021) and Hou et al. (2021). Nevertheless, it should
e noted that this limitation of the SSC model is shared by the majority
f the elasto-viscoplastic formulations for clay presently available in the
iterature. To practically remedy this shortcoming, the 3D FE studies
eported in Section 5 were performed by re-tuning the initial OCR
rofile to obtain more realistic viscous effects in combination with the
ther material parameters (which were identified against real site and
aboratory data). The choice of a lower OCR in the model may also
e regarded as the consequence of the initial leg penetration, i.e., of
he increased compression and remoulding of the soil beneath and
round the spudcan. Therefore, the initial OCR profile was in essence
e-interpreted as an additional modelling parameter – particularly, it
as considered that, for the SSC model, OCR values larger than 2

esult in negligible creep, whereas unrealistically high creep is typically
imulated for OCR < 1.2.

.2.2. Sand layer
The stiffness of the deeper sand layer was found to only slightly

ffect soil–spudcan interaction in the considered geotechnical and load-
ng scenarios (Sonnema, 2019). Besides, as viscous effects in sand
re known to be far less pronounced than in clay (di Prisco and Im-
osimato, 1996; Lazari et al., 2019), rate-independent sand behaviour
as assumed for simplicity. The Hardening Soil Small Strain (HSS)
odel provides a well-established platform for modelling the non-

inear monotonic behaviour of sands, including frictional strength,
ilatancy, strain-hardening under shear-dominated and compression-
ominated loading paths, strain-dependent small strain stiffness (Benz
t al., 2009a,b).

In the lack of specific laboratory test results, all HSS parameters
ere calibrated for a representative relative density 𝐷𝑟 = 65%, using

he empirical relationships proposed by Brinkgreve et al. (2010). Ta-
le 3 reports the full set of calibrated parameters – their role in the

SS model formulation is detailed in Brinkgreve et al. (2018).
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Fig. 6. Calibration of elasto-plastic SSC parameters through SS parent model – oedometer tests: (a) clay layer 1; (b) clay layer 2.

Fig. 7. Calibration of elasto-plastic SSC parameters through the SS parent model – CU triaxial tests: (a) stress path; (b) deviatoric stress strain response.

Fig. 8. Simulated rate-dependence of (normalised) undrained shear strength: (a) clay layer 1; (b) clay layer 2. Comparison between SSC CU triaxial simulations and empirical
predictions (black lines) based on Eq. (1). �̇�𝑟𝑒𝑓 = 1%∕h, as proposed by Zhou and Randolph (2007).
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Fig. 9. Simplified structural model of the jack-up.
Fig. 10. Modelling of the leg extension mechanism during preloading.

4. 3D FE modelling of jack-up preloading

This section describes the 3D structural-geotechnical model set up
for the Aeolus vessel (Fig. 1) using the FE software package PLAXIS
3D (Brinkgreve et al., 2018).

4.1. Jack-up structure

The structural modelling of the considered jack-up includes a sim-
plified geometrical/mechanical representation of the main structural
members (hull and legs) and their mutual connections. Specific mod-
elling of the leg extension mechanism was also necessary for the
simulation of different preloading procedures.

The flexibility of the hull has prominent influence on internal
force redistribution during preloading. A compound beam structure –
discretised through 3-node Timoshenko elements (Bathe, 1982) – was
assembled to capture the structural flexibility and asymmetry of the
hull, as illustrated in Fig. 9. Diagonal hull beams were connected at
the centre of gravity, that is 1.5 m nearer to the aft edge than the
central mid-axis. The beam properties in Table 4 for the simplified
structural model were derived based on a so-called pre-drive analysis.
Such analysis enabled the identification of equivalent beam properties
that closely represented the static response of a more detailed FE model
of the vessel – not described herein for brevity. Since weightless beams
were adopted in the FE model, the total weight of the structure (with
the hull in the air) was applied as an external load (see Fig. 9).

Rigid leg-hull and leg-spudcan connections were assumed, with
the four spudcans (being plate-like foundations) and the underground
portions of each leg represented as rigid bodies. The spudcan geometry
8

Table 4
Geometrical and mechanical properties of the beams used to model the legs and hull
of the jack-up. Hull/type 1 and /type 2 beams are shown in light grey and dark grey
in Fig. 9, respectively.

Beam type Material type E 𝐴 𝐼𝑥 𝐼𝑦
[–] [–] [GPa] [m2] [m4] [m4]

Leg Elastic 210 2.8 3.35 3.35
Hull/Type 1 Elastic 210 2.5 18 18
Hull/Type 2 Elastic 210 2.5 15 15

was further simplified by introducing a flat underside, though with
unaltered maximum diameter (see Fig. 9, where the abbreviations SB
and PS indicate ‘starboard’ and ‘port-side’ footings). Frictional soil–
spudcan interfaces were introduced to allow for relative slip; lateral
interfaces were extended 1 m under the spudcans’ undersides to avoid
unrealistically rough contact with the soil at the lowest footing corners.
Complete backfill was assumed for spudcan penetration, so that the
weight of the soil volume filling the cavity was subtracted from the
observed bearing capacity to determine the actual leg load.

So-called ‘node-to-node anchors’ were adopted to simulate a force-
controlled leg extension mechanism. Node-to-node anchors are struc-
tural elements representing a spring connection and characterised by
their axial stiffness (Brinkgreve et al., 2018). Node-to-node anchors
can be extended or contracted by assigning a value of pre-stress,
positive/tensile for contraction, negative/compressive for extension.

As shown in Fig. 10, pre-stressed anchors were linked to leg beams
through hinged connections. Such connections (i) cannot transmit
bending moments, and (ii) need horizontal fixities to prevent loss
of equilibrium (Fig. 10). To limit the impact of both issues on the
global structural response, the described leg extension mechanism was
positioned immediately above the seabed surface. The portion of the
leg between the leg extension mechanism and the leg-hull connection
was modelled by means of deformable beam elements.

4.2. Soil and spudcan footings

Attention was devoted to adequately discretise the FE soil do-
main using ten-node tetrahedral elements with four Gauss integration
points. After generating soil layers with the above-mentioned proper-
ties, five zones of different mesh density were created to more flexibly
concentrate elements only where high stress/strain gradients were
expected. Such zones are clearly visible in Fig. 11 for an auxiliary
2D/axisymmetric single-spudcan model (footing in grey, soil–spudcan
interface lines in green). The following mechanical boundary condi-
tions were set up: total fixity of all nodes on the bottom boundary,
prevented horizontal displacement – normal to the boundary – for all
side-nodes, and free top soil surface. Free seepage flow through all
model boundaries was allowed.
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Fig. 11. Zones of different element density in the soil domain (auxiliary 2D model).
The green lines indicate the location of foundation-soil interface elements.

Table 5
3D FE analysis programme with different geotechnical/preloading scenarios.

Case OCR Clay permeability Preload procedure Norm. penetration rate
[–] [m/day] [–] [–]

1 2.5 – 4.0 10−5 Standard 0.80
2 1.4 10−5 Standard 0.80
3 1.4 10−5 Standard 0.13
4 1.4 10−3 Standard 0.80
5 1.4 10−5 Overshooting 0.80
6 1.4 10−5 Load-holding 0.80

Convergence trends of numerical solutions were studied at varying
element size and density in the soil domain – see Appendix A.1.
Preliminary analyses were also carried out to establish optimal soil
domain size in combination with the soil parameters in Tables 2–3.
Other (unreported) sensitivity analyses were performed to confirm that
the side boundaries of the soil model would not affect soil–spudcan
interaction (they were placed at a distance of at least 25 m from each
leg); as for the bottom sand boundary, 35 m under the seabed was
deemed sufficiently deep for the considered spudcan penetration levels.
The final 3D FE jack-up–spudcans-soil model is illustrated in Fig. 12.

4.3. FE analysis stages

Performing a complete large-deformation analysis of jack-up in-
stallation prior to preloading was beyond the goals of this study.
Conversely, the wished-in-place (WIP) approach was followed, with
all spudcans initially positioned at the depth reached after the main
leg penetration event – after which only moderate soil deformations
would be expected. In agreement with field observations, the aft and
forward spudcans were placed at initial depths equal to 1.2 and 1.1
times the maximum diameter, respectively. These initial depths were
set in consideration both of leg loads and soil bearing capacities –
particularly, the larger loads on the aft legs were translated into deeper
initial penetrations of the corresponding spudcans. The WIP approach
is obviously a drastic simplification of the real installation process,
which results in distributions of soil stresses, deformations, and pore
pressure that may differ substantially from those returned by complete
large-deformation simulations – or by analyses based on the simpler
Press-Replace method (Engin et al., 2015; Tehrani et al., 2016). For
instance, the initial vertical stiffness of the foundation may not be
9

entirely representative of the post-penetration interplay between ef-
fective stresses and pore pressures around the spudcans. Nevertheless,
the simplicity of the WIP approach enabled time-dependent processes
and their implications to be studied (at least qualitatively) through less
complex/time-consuming simulations.

Each preload analysis was performed according to the following
three stages:

– Phase A: generation of initial soil stresses through gravity loading;
– Phase B: application of jack-up’s self-weight;
– Phase C: Preloading of opposite leg pairs (first, PS aft + SB

forward, then SB aft + PS forward), with soil consolidation phases
in between and at the end of the preloading cycle – see Section 5.
Real preload values were originally determined in the Site Spe-
cific Assessment and then herein normalised (by the maximum
value at the considered site) due to data confidentiality.

The mentioned consolidation phases were introduced in the 3D FE
analyses to explore how load redistribution is affected by the interac-
tion between pore pressure dissipation and viscous effects in the soil.
The numerical analysis of long-lasting soil consolidation was enabled
by the use of fully implicit time-integration and large time steps.

Complementary consolidation analyses were also performed using
the 2D single-spudcan model in Fig. 11. Their purpose was to clarify
how soil consolidation after preloading would affect in time the initial
OCR distribution. This aspect appeared immediately relevant in that
(i) OCR tends to decrease as external loads are transferred to the soil
skeleton around the foundation during consolidation, and (ii) the SSC
clay model cannot capture viscous effects for OCR values larger than 2
(see Section 3.2.1).

5. 3D FE simulations of jack-up preloading

The 3D FE model in Fig. 12 was finally employed to analyse six
different preloading cases, all conceived as variations of Aeolus’ real
conditions at the site described in Section 3. Specifications for each
case are reported in Table 5, including type of preloading procedure,
OCR and (assumed) permeability of the soil, average rate of spud-
can preloading. Due to data confidentiality, the values of spudcan’s
initial depth and preloading rate are given in Table 5 after normalisa-
tion, respectively by the spudcan diameter and the maximum spudcan
penetration rate achieved at the project site (both unspecified for
confidentiality). As previously mentioned, different initial penetrations
for aft and forward WIP spudcans were set to reflect differences in leg
load and soil bearing capacity.

5.1. Qualitative parametric studies

Six preloading cases, including the (pre)loading phase and consol-
idation phase, were considered to explore how different factors may
influence the time evolution of leg loads, and therefore the fulfilment of
the aforementioned preloading criterion (i.e., an admissible maximum
leg load reduction of 5% in 15 min). In particular, the following
situations were taken into account:

– case 1 – soil state and parameters as inferred from site/laboratory
data, including realistic OCR distribution along the depth;

– case 2 – uniform distribution of lower OCR, closer to normally
consolidated state. This deviation from real site conditions was
introduced to emphasise viscous effects as reproduced by the SSC
soil model (see Section 3.2.1);

– case 3 – lower preloading rate;
– case 4 – larger clay permeability (sand layer permeability of

0.1 m/day is kept constant);
– case 5 – alternative preloading procedure, based on overshooting

(see Section 2);
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Fig. 12. Final jack-up–spudcans–soil system 3D FE model.
– case 6 – alternative preloading procedure, based on load-holding
(see Section 2).

For all cases, numerical results are presented in Figs. 14–19 in terms
of (normalised) leg load and spudcan settlement against time for all
jack-up legs. Since the leg extension mechanism was modelled as a
force-controlled process (see Fig. 10), the resulting spudcan penetration
rates cannot be exactly constant. Such rates may be quantified through
the slope of the simulated settlement vs time curves.

Distinct analysis stages are numbered in each figure for clarity,
while the vertical dashed lines separate consecutive stages. A stage
represents a segment of the overall preloading procedure, with a dis-
tinction between loading stages (including initial loading as well as the
cross-loading of the legs) and holding (i.e., consolidation phase) stages
(during which legs hold a fixed position with respect to the hull and
loads are monitored against a given preloading criterion). The total
number of stages differs for each case and depends on the number of
preload cycles. The preload targets and preload criterion for aft and
forward legs are represented by distinct red and black dashed lines,
respectively, in the left sub-figures.

The results presented in this section show that the factors considered
in cases 1 to 6 may in reality impact the timing of soil deformation
and associated leg load reduction. Special attention is deserved by the
overshooting (case 5) and load-holding (case 6) procedures as possibly
effective measures for reducing the number of preloading cycles in the
field.

Case 1
Fig. 13 illustrates a cross-section of the soil domain including both

aft spudcans. The red area visible in the figure highlights stress points
in the soil that are at plastic yielding at the end of the first preload
cycle. The asymmetry of the red area around the actively preloaded
spudcan indicates significant interaction between footings on the short
side of the vessel. The region of influence of each spudcan appears to
reach as far as at least one spudcan diameter. Based on Fig. 13, it seems
reasonable to conclude that continuum 3D modelling is intrinsically
more suitable than lumped macroelements for four-legged jack-ups
with near legs – the latter have been most often applied to three-legged
drilling units, for which the assumption of non-interacting footings is
more applicable (Bienen and Cassidy, 2006).

As expected, Fig. 14 shows only slight load redistribution and
spudcan settlements after the preload of both opposite leg pairs – due
to different initial spudcan penetrations, preload targets for aft and
10
forward legs are represented by distinct red dashed lines in the left sub-
figure. That is a consequence of the relatively large value of the initial
OCR in the soil (2.5–4, representative of ‘after one day of consolida-
tion’), which hinders the ability of the SSC model to produce significant
creep/relaxation. The limited time effects displayed in Fig. 14 are due
to (slow) soil consolidation, and would allow the fulfilment of the
assumed preloading criterion within one preload cycle.

Case 2
In order to trigger more tangible viscous effects through the SSC

model as calibrated in Table 2, a uniform initial OCR equal to 1.4 was
set for both clay layers. This corresponds with fictitiously assuming a
nearly normally-consolidated state, which however differs from what
site data suggested. Considering the limitations of the SSC model, the
same distribution of (low) OCR was adopted in all the following cases
with the goal of highlighting the interplay between viscous effects
and other governing factors – in a fashion that would resemble real
time-dependent behaviour in OC clay.

Fig. 15 reports the simulated FE results for a preloading process
lasting 1 h and 15 min. Spudcan penetrations upon first preloading
equal, respectively, 6% and 7% of the total penetration at the end of
the simulation for forward and aft legs. Compared to case 1, however,
total penetrations about 30% larger are caused by pronounced delayed
deformations in clay – as a consequence of the assumed lower OCR.
Within the first preload cycle, the load on the active legs decreases by
approximately 6%, which is not compatible with the aforementioned
preloading criterion.

These observations can be easily justified from a constitutive mod-
elling perspective. When OCR ≈ 1, viscous effects are emphasised
by stress states lying closer to the yield locus in the soil around
each footing. Starting from a low over-consolidation ratio (namely,
OCR = 1.4), active preloading tends to further reduce such a slight
over-consolidation, and therefore increase the rate of delayed creep/
relaxation. As load levels are higher in active legs than in the pas-
sive pair, faster time evolution of leg loads in the former is also
unsurprisingly found.

Multiple preload cycles are needed in case 2 to fulfil the preloading
criterion. Active leg load reduction is about 6.4% and 5% in the first
and second cycles, respectively. Although this supports the validity
of repeating preloading operations, two preloading cycles per leg are
necessary in this case to achieve acceptably low leg load reduction. It
is also important to remark the quantitative relevance of the initial OCR
distribution – as shown by the comparison between case 1 and case 2
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Fig. 13. Plastic points distribution after first preload cycle.
Fig. 14. Simulation results for case 1 – total duration: 45 min. The normalised initial spudcan depth is 1.1 and 1.2 for the forward and aft spudcans respectively. The preload
targets and preload criterion for aft and forward legs are represented by distinct red and black dashed lines.
Fig. 15. Simulation results for case 2 – total duration: 1 h and 15 min.
(in which different initial OCR are considered). Noting again that the
adopted elasto-viscoplastic modelling framework would not produce
significant viscous effects for OCR values larger than 2, it was pre-
ferred in the following four cases to retain the same OCR distribution
assumed in case 2. As previously mentioned, this choice corresponds
with regarding the initial OCR profile as a sort of additional modelling
parameter.

Case 3
The normalised penetration rate was then decreased from 0.8 to

0.13 (values normalised with respect to the largest penetration rate
observed at the site) – see the corresponding 3D FE results in Fig. 16.
Numerical results for case 3 show spudcan penetration approximately
10% larger than in case 2 at the end of the first preload cycle (stage 4
in the figure), but with subsequent leg load reduction of only 4.4% – it
is around 6% in case 2. In addition to creep/relaxation effects, viscous
soil behaviour also implies sensitiveness to loading rate – usually with
higher resistance associated with larger loading rate. As the SSC model
can actually capture this aspect in nearly normally-consolidated clays,
it is not surprising to find deeper spudcan settlement under slower
loading. In the after-loading phase, however, less viscous resistance is
11
mobilised during slower penetration, which leads to lower settlement
than under faster preloading (case 2). Overall, these differences com-
pensate each other, so that very similar total settlements are obtained in
cases 2 and 3. As the preloading criterion is fulfilled after four preload
cycles both in cases 2 and 3, the latter turns out to take more time
(more than two hours) due to the lower spudcan penetration rate – see
Fig. 16.

Case 4
The results in Fig. 17 illustrate the role of clay’s permeability, which

was increased here from 10−5 m/day to 10−3 m/day while preserving
the same loading programme as in case 2. 3D FE simulation results
indicate that, due to faster soil consolidation, larger/faster spudcan
settlement and leg load reduction take place in this case. In more
detail, leg load reduction in the first preload cycle is approximately
8.4%, and 7% in the second. The preloading criterion is not yet met
after two preload cycles, so that more cycles and longer preloading
time are required. Overall, the results in Fig. 17 are not too far from
those obtained for Case 2, due to the soil response remaining nearly
undrained despite the larger permeability.
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Fig. 16. Simulation results for case 3 – total duration: 2 h and 5 min.
Fig. 17. Simulation results for case 4 – total duration: 1 h and 15 min.
Fig. 18. Simulation results for case 5 – total duration: 45 min.
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ase 5
The 3D FE results in Fig. 18 allow a preliminary evaluation of the

vershooting procedure as described in Section 2. The first active leg
air was loaded beyond the established preload target (whence the term
vershooting), then the load level was actively reduced to such target
efore allowing for consolidation/creep settlements in the soil. The
vershot value of the normalised preload target in case 5 was increased
o a value of 1.0 and 0.95 for the aft and forward legs, respectively,
hich is 5% larger than the preload target considered in all previous

ases. It is interesting to observe that the preloading criterion is readily
et during the first preload cycle – the leg load reduces by only 1%
uring the whole consolidation phase. The results in Fig. 18 indicate
hat,in this specific case, the overshooting procedure may be more
ffective than standard preloading in reducing the total preloading
ime. From a geotechnical standpoint, the success of the overshooting
rocedure relates to the earlier penetration of the active spudcans,
own to depths that would only be reached after delayed deformations.
t is thus natural to expect that less room is left for further settlement

and therefore load redistribution – when the consolidation/viscous
hase begins.
12

c

ase 6
The second alternative procedure described in Section 2 builds on

he idea of holding the load constant for some time after achieving
he standard preload target (load-holding procedure). Fig. 19 shows that
he active legs penetrate only very slightly while the preload target is
eld constant (phases 2 and 5). Following nearly linear load reductions
uring consolidation phases, a total decrease of 4.6% results, for in-
tance, at the end of phase 3. Such reduction is slightly lower than that
bserved during the second preload cycle in case 2 (Fig. 15). Although
he resulting improvement is relatively small and a second preload
ycle is still required, the considered load-holding procedure shows
ome potential for the mitigation of leg load reduction in comparison
o the standard preloading procedure.

.2. Comparison to real jacking data

Despite the acknowledged limitations of the 3D FE model, a final
ttempt was made to benchmark, at least qualitatively, its performance
gainst real jacking data. After generating the initial stress field in
he 3D FE model, the vessel load was applied prior to simulating the
onsidered preloading cases, in order to obtain through the model the
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Fig. 19. Simulation results for case 6 – total duration: 1 h and 15 min.
Fig. 20. Time evolution of measured and simulated leg loads.
initial leg penetration and the corresponding stress redistribution in the
soil. Figs. 20 and 21 show the evolution in time of the leg load and
the spudcan settlement as emerging from measured data (dashed lines)
and numerical simulations (solid lines). Data and simulation results
regarding the aft and forward legs are shown in separate sub-plots.

The reference preloading sequence for the considered load level
took place over approximately two hours, with about one hour preload-
ing time for each leg pair. Consolidation/viscous settlement phases of
about 25 min were allowed for each leg pair. The number of preloading
cycles cannot be precisely established for field measurements, as legs
13
are frequently extended. Through frequent leg extension it was possible
to keep the load on the active legs at its target value, while 6%
load reduction was recorded for both the aft and forward legs due to
delayed soil settlement during the consolidation/viscous phase. During
this phase (stages 3 and 6 in the figures), about 50% of the total load
reduction occurred in the first five minutes, then significantly lower
reduction rate was observed (only 10% load reduction in the last ten
minutes).

Numerical 3D FE results were obtained using the following model

settings and assumptions:



Ocean Engineering 278 (2023) 114425W. Sonnema et al.
Fig. 21. Time evolution of measured and simulated leg penetrations.
– initial OCR equal to 1.4 for both clay layers, and assumed perme-
ability of 10−5 m/day;

– normalised leg penetration equal to 1.1 and 1.2 for forward and
aft legs, respectively;

– imposed preloading rate consistent with field measurements;

The reported 3D FE results reasonably capture the most relevant
aspects of the recorded preloading response, including the time patterns
of leg-load redistribution that determine the fulfilment of the consid-
ered preloading criteria. As for spudcans’ settlement, jacking in the field
led to final normalised penetrations of approximately 1.0 and 1.1 for
the forward and aft legs, respectively (Fig. 21). In agreement with load-
time trends, it can be observed how the active legs were continually
extended to preserve the load target, with negligible penetration of the
passive spudcans. When active preloading was switched to the other leg
pair (stage 4), penetration and uplift occurred for the ‘new’ active and
passive spudcans, respectively. Although not fully comparable to field
data, the 3D FE model provides sound results also in terms of footing
settlement and related time effects. Relevant settlement and uplift
stages are well captured for all spudcans, including the time-delayed
deformations associated with soil consolidation and creep.

In the attempt to include creep effects by setting OCR = 1.4 in the
SSC model, the amount of creep may have been overestimated. This
could be concluded from the (too) high rate of penetration simulated
during preloading (phases 1 and 4). At the same time, the (undrained)
shear strength may also have been underestimated (Fig. 4), thereby
14
leading to the generation of excessive plastic deformations. The latter
is more likely to be the reason for the overestimated settlement rate.

After numerically simulating the same preloading programme as in
the field, 3D FE results indicate that the adopted preloading criterion is
met at the end of the second cycle (stage 6). Although this conclusion is
not fully accurate when compared to measured data, it still possible to
conclude that the 3D FE model returns results that are in qualitative
agreement with field observations. As for the differences in initial
spudcan penetration between the 3D FE model and the measured data,
they may be the natural outcome of the abovementioned limitations
of the numerical model, including the crude idealisation of laterally
homogeneous soil across the site.

6. Discussion

The simplified Wished-In-Place (WIP) was adopted in this research
to generate the initial location of the spudcan after leg penetration,
i.e., by disregarding the real large-deformation process and associated
soil remoulding. While the intended focus of this study is on the inter-
action between time effects in the soil and jack-up preloading scheme,
the mentioned limitation has led to a necessary re-interpretion/re-
calibration of relevant soil parameters with respect to the information
available from site investigation and laboratory data. In particular, the
analysis of soil creep through the SSC model is highly dependent on the
OCR input – the model does not reproduce any soil viscosity for highly
over-consolidated clays, which were abundant at the considered site.
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Table 6
Mesh setups considered in the preliminary mesh sensitivity study.
Mesh no. No. of elements Average element size [m] Max norm. leg load

Zone A Zone B Zone C Zone D Zone E

1 14 499 0.5 0.7 1.9 3.1 3.7 1.23
2 69 228 0.3 0.5 1.0 2.9 3.7 1.15
3 134 672 0.2 0.5 0.5 2.9 3.7 1.12
4 369 350 0.15 0.35 0.5 2.9 3.7 1.09
Fig. 22. FE results from the mesh sensitivity study.
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Therefore, this intrinsic limitation of the available constitutive model
was artificially overcome by setting an OCR profile characterised by
values lower than foreseen in reality. On the other hand, the set-up of
a lower OCR in the model may also be regarded as the consequence
of the initial leg penetration, i.e., of the increased compression and
remoulding of the soil beneath and around the spudcan.

Time effects in the considered boundary value problem arise from
the complex interplay of soil creep, rate-sensitiveness, and consolida-
tion – all affected by the external loading rate. Within the timeframe
considered in the above analyses, some consolidation (dissipation of
pore pressures) was observed, which in turn had to have an impact
on creep deformations through the underlying variation of the OCR.
From the comparison to real jacking data it could be concluded that
the amount of creep may have been overestimated, which could be
concluded from the excessively high spudcan penetration rate dur-
ing preloading (phases 1 and 4) – also a possible consequence of
underestimated undrained shear strength values.

Further to the intrinsic limitations of its viscoplastic formulation,
the SSC model also disregards the influence of clay anisotropy. In fact,
the oedometer test data available for soil samples from the project
site showed, for the clay layer 1, values of the unloading/reloading
compression stiffness similar to those obtained under primary loading
stiffness – an anomaly possibly related to the soil anisotropy pointed
out in Section 3. Since the SSC model does not allow for high values
of both stiffness parameters, it was chosen to pursue best agreement
for the primary compression stiffness – and therefore to accept the
underestimation of soil rebound effects upon unloading.

7. Concluding remarks

An integrated, wished-in-place 3D FE model was set up to analyse
preloading operations on four-legged jack-ups in clay, and particularly
delayed spudcan settlements and leg load redistribution caused by soil
consolidation and viscosity. For model development purposes, real data
concerning Van Oord’s Aeolus jack-up at a Belgian North Sea site were
considered. The availability of detailed geotechnical data allowed to
calibrate the Soft Soil Creep viscoplastic model available in PLAXIS
3D. However, engineering judgement had to be used to calibrate the
parameters governing soil permeability and viscosity – due to lack of
15

relevant experimental information.
After the setup and verification of the numerical model, parametric
studies were performed to investigate the influence of several governing
factors, such as clay’s permeability and OCR, preloading rate and
sequence. All the parameters considered proved influential, in that they
can affect the timing of soil deformation and associated leg load redis-
tribution. Ultimately, the fulfilment of an assumed preloading criterion
has a strong, case-specific dependence on the rate of soil–structure
interaction. These considerations motivated the analysis of two alterna-
tive preloading procedures, based on the concepts of overshooting and
load-holding. Numerical results indicated that both procedures possess
good potential for reducing the number of preloading cycles, and
therefore the total jack-up installation time (and related costs).

Overall, the results presented in this study support the suitability of
3D FE modelling as a tool for the Site Specific Assessment of jack-up
preloading. Fully satisfactory results may hardly be achieved through
lumped soil-foundation modelling, due to limited mutual distances
among spudcans in small four-legged jack-ups. The accuracy of 3D
FE predictions, however, is markedly affected by the capability of the
adopted constitutive model to reproduce the real behaviour of marine
soils. Existing knowledge gaps include, for instance, the modelling of
time effects and anisotropy in over-consolidated clay, as well as the
inclusion of large deformations and remoulding arising from initial leg
penetration. Further research and comparisons to field data will be
necessary in the future for advanced 3D modelling to provide reliable
quantitative support to Site Specific Assessments.
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Appendix

A.1. Space discretisation of the soil domain

Preliminary FE bearing capacity calculations were performed to
establish appropriate element size and distribution within the soil
domain. In particular, the case of a single spudcan wished in place
10 m under the seabed was considered, with the soil modelled as
a homogeneous Tresca material (total stress undrained analysis) for
simplicity. The soil domain around the spudcan was modelled as 3D
box with dimensions equal to 50 m × 50 m × 35 m (length × width

depth). As previously mentioned, five mesh zones with different
lement size/density were defined to optimise the computational costs
see Fig. 11. Table 6 reports for meshes 1 (coarsest) to 4 (finest) the

otal number of elements, and the average element size within the five
esh zones, from A to E. Mesh refinement was mostly applied to the

oil mass in the vicinity of the spudcan, where most intense stress/strain
radients are expected to arise during loading.

The results of the mesh sensitivity study are reported in Fig. 22 in
erms of load-displacement response (left) and maximum foundation
apacity against total number of elements (right). Fig. 22 (right) shows
ery clearly a converging trend as finer meshes are considered. As a
rade-off between good accuracy and bearable computational burden,
esh 3 was finally selected (mesh 4 would have been returned very

imilar results in a longer time). The final model with four spudcans
n Fig. 12 was built by introducing element size zones similar to those
eported in Table 6.
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