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ABSTRACT: This work investigates the effects of the pile installation process on spudcans used as temporary
foundations, employing numerical analysis to incorporate large deformations, dynamic wave propagation, and
hydro-mechanical coupling for the first time. A hydro-mechanically coupled Coupled Eulerian-Lagrangian
(CEL) method is employed to meet these requirements. The simulations aim to replicate the full process of
spudcan penetration in the seabed, followed by the pile driving process. This is realised in a fully explicit time
integration scheme, for which a method is outlined to achieve a static equilibrium of the spudcan prior to the start
of the pile driving process. The results reveal that with decreasing distance between the pile and spudcan, the
spudcan is influenced by the pile installation process, leading to additional settlements.
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1 INTRODUCTION

Jack-up vessels are often used for installation of
foundations of offshore wind turbines. A jack-up will
pre-drive its legs, fitted with spudcans, before going to
working height. The objective of the pre-driving is to
penetrate the spudcans under controlled conditions, in
or near the water, to a depth at which the soil has
sufficient bearing capacity to have no additional
penetration during the operations to follow. With the
larger jack-ups which can install monopiles, the
distance between the monopile and the spudcans is
given by the location of the gripper on the vessel.
Jacket piles can be installed from a jack-up with a
template hanging under the vessel hull, attached to the
legs. After jacking the template will be lowered to the
seabed and piles will be installed by impact
hammering. It is noted that in some cases the spudcans
may be affected by the impact hammering of the piles.
Particularly in case of loosely bedded sandy soils large
excess pore water pressure can build up around the
spudcan due to their tendency to contract.

Guidelines on critical distances typically
emphasise the impact of spudcan proximity on pile
foundations rather than the installation-induced effects
on the spudcan itself. The American Bureau of
Shipping (ABS) suggests for certain ground conditions
that when the proximity of a spudcan to a pile is less
than one spudcan diameter (edge-to-edge), a

comprehensive assessment should be undertaken to
estimate the severity of any interaction problems. If the
proximity of the spudcan to the pile is less than this
distance, detailed analysis is recommended to assess
the severity of any spudcan-pile interaction issues that
may arise during the installation process.

The SNAME J-REG JIP guidelines specifically
address pile installation-induced interactions and their
effects on spudcan behavior. Consistent with ABS
recommendations, numerical analyses are suggested in
scenarios where pile driving could lead to a loss of soil
strength beneath the spudcan. These detailed
assessments often require the use of advanced
numerical models to accurately capture the complex
interactions involved.

The numerical investigation of processes occurring
during offshore pile installation is a challenging task:
large deformations occur during pile installation,
excess pore water pressures are generated, which
partially dissipate due to consolidation during driving,
and inertia effects due to impact driving need to be
considered. To date, in most analyses either the
penetration behaviour of jack-up spudcans (see e.g.
Wu et al., 2019) or the pile installation process (see
e.g. Staubach et al., 2022) have been investigated, but
only a limited number of sophisticated numerical
analyses of the combined process exist. Recent
centrifuge tests highlight the relevance of these
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interaction effects for practical considerations (Falcon
et al., 2023). Chow et al. (2021) and Tho et al. (2013)
present simplified numerical analyses of the spudcan-
pile interaction, but without considering dynamic
effects utilising constitutive models able to consider
strain-dependent stiffness.

In this paper, a numerical framework is presented
that considers large deformations, dynamic wave
propagation and hydro-mechanical coupling allowing
to identify critical settings for the spudcan-pile
interaction during the installation of piles for offshore
wind turbines. The focus of this investigation is the
pile installation induced effect on the spudcan, rather
than potential spudcan induced effects on piles.

2 NUMERICAL MODEL

The study investigates pile installation near
spudcans, focusing on the impact of pile proximity on
spudcan stability. The problem position is depicted in
Figure 1. The distance between the spudcan and pile
is defined by the parameter a. Two configurations are
modeled: a monopile with a diameter of D,;, = 6.5m
and a distance of a,;; = 21 m from the spudcan, and a
jacket-pile with a diameter of D; = 3.5 m and distance
a; = 4.45m. The pile thicknesses are t,, = 0.07 m
and t; = 0.045m. The model and the dimensions of
the spudcan are given in Figure 2. With a diameter of
the spudcan of Dg = 12.4 m, the normalized distances
for the monopile and jacket-pile are ‘;—"; = 1.69 and
g—; = 0.36, respectively.

Two soil layers having the same mechanical
properties but different relative density are considered
as shown in Figure 1: the upper layer of 8 m thickness
has a relative density of 50%, while the lower layer is
very dense with a relative density of 100 %. This
ground condition is considered to be a critical yet
realistic scenario. The simulations are performed using
the Coupled Eulerian-Lagrangian (CEL) method
implemented in Abaqus (see e.g. Wang et al., 2015),
where the pile and spudcan are modeled within the
Lagrangian framework, while the soil is modelled
within the Eulerian framework. This approach allows
for the simulation of large deformations occurring at
both the spudcan-soil interface and the pile-soil
interface. The interface conditions are identical for
both spudcan and pile, considering rough surfaces with
an interface friction angle of 30°. Both spudcan and
pile are modelled as rigid bodies, assuming that they

show negligible intrinsic deformations. Note that both
the pile penetration and the spudcan penetration
processes start from the soil surface. In order to avoid
large influence from reflected waves at the model
boundary, a large soil volume with a depth of 100 m
and 75 m in x- and y-direction is considered.
Karlsruhe Fine Sand (KFS) is considered as sand.
KFS is a fine sand with a hydraulic conductivity of
kY = 4 -107> m/s. The hypoplastic model (version
of von Wolffersdorff, 1996) with intergranular strain
(Niemunis et al., 1997) is used as constitutive model,
which allows to account for most mechanical aspects
relevant to the boundary value problem at hand. The
parameters have been calibrated using monotonic and

cyclic test data and are provided in Table 1.

D/2
>

Figure 1. Numerical model adopted for the analyses. The
distance between pile and spudcan a is given. In addition,
the relative densities of the two sand layers are given.

Hydro-mechanically coupled analyses are per-
formed to account for the buildup of excess pore pres-
sure while simultaneously considering consolidation
effects. For this purpose, the approach outlined in
Hamann et al. (2015) and Staubach et al. (2020), Stau-
bach (2024) is adopted. Effects resulting from possible
cavitation during the driving process are considered
according to Staubach et al. (2023), assuming a water
depth of 20 m. All subroutines utilised in this work are
available from the github account of the first author:
https://github.com/patrickstaubach.

Table 1. Parameters of the hypoplastic model with intergranular strain for KFS (see Wichtmann, 2016)

P hy n €o € Cio o B mr mr R Br X
[°] [kPa] [-] [=] [-] [-] [ =1 [-1 [=]  [] ol
33.12 4-10° 027 0.677 1.054 1212 0.14 25 1.2 2.4 0.0001 0.1 6
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Figure 2. Model of the spudcan with dimensions

Boundary conditions are set to allow realistic move-
ment: the spudcan is free to move in the x and z direc-
tions (see Figure 1 for the coordinate system), while
the pile is restricted to movement in the z direction.
Soil movement is restricted to move along the sym-
metry axes, with drainage allowed at the seabed to cap-
ture pore pressure evolution.

2.1 Load sequence on the spudcan and pile

Since the CEL method is only implemented with
explicit time integration, all simulation steps must be
performed dynamically considering acceleration and
inertia effects. This poses challenges for the current
analysis, as the penetration of the spudcan into the soil,
as well as the self-weight penetration of the pile, are
processes that occur over extended physical
timescales. In this simulation, the goal is to consider
both processes in sequence: first, the penetration of the
spudcan into the soil, followed by the pile installation
process.

Numerically, there is currently no method to model
both processes while maintaining real physical time,
as explicit time integration schemes are restricted to
small time increments. Therefore, in the present
simulations, the processes of spudcan penetration and
the self-weight penetration of the pile are accelerated.
To ensure that despite this acceleration nearly quasi-
static conditions are maintained, i.e. the spudcan is in
static equilibrium once the operational load is acting,
viscous pressure loads are used. Viscous pressure
loads can be utilised to suppress low-frequency
dynamic effects, ensuring a faster convergence to
static equilibrium with minimal computational
increments. These loads act as distributed pressures
and are considered on the spudcan surface in contact
with the soil. The viscous pressure is calculated based
on the velocity of the spudcan and a viscosity
coefficient. The larger the viscosity coefficient is, the
larger the absorbed energy and the faster a static
equilibrium is achieved. For the simulations, the
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Figure 3. Applied forces to the pile (excluding self-weight)

and the spudcan

viscosity coefficient was calculated as 10 % of the
dilatational soil wave velocity times its density.

The load sequence applied to the spudcan reflects
realistic operational conditions and is shown in Figure
3. An initial pre-driving load is applied, followed by a
steady operational load. This analysis is performed
under fully drained conditions, meaning that no excess
pore water pressures are considered during the
spudcan penetration into the soil. This is in line with
standard design procedure of spudcans in sand (Jostad,
H. P., et al, 2015). After the pre-driving load is
applied, the operational load is held constant for a few
seconds before the loading of the pile starts. During the
first 8 seconds of the simulation, the self-weight of the
pile is considered alongside the pre-driving and
operational load of the spudcan. This phase is modeled
under ideally drained conditions, as rapid pile
penetration due to self-weight is typically avoided by
the crane operator. Since no significant pile-spudcan
interaction is expected during this phase, the self-
weight penetration of the pile is simulated
simultaneously with the spudcan penetration.

After the first 8 seconds, the loading of the pile by
the mass of the hammer is modeled as a linearly
increasing load on the pile head, while impact blows
are simultaneously applied. The full external force
history (not showing the self-weight of the pile) is
provided in Figure 3. The hammer blows are applied
at a frequency of 0.65 Hz with an impact duration of
20 ms, delivering approximately 400 kJ of energy per
blow. This part of the simulation considers partially
drained conditions, i.e. excess pore water pressures
and consolidation effects.

A comparison of models using one versus two
finite elements below the monopile tip reveals
differences in predicted pile penetration depth as can
be seen from Figure 4. Vertical displacements u.
normalized by the monopile diameter Dy, are depicted
in this plot. The displacements of both the pile and the
spudcan are visualized, along with the external forces
applied to the pile, which include the mass of the
hammer and the impact blows.
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Figure 4. Vertical displacements u. normalized by the monopile diameter D,, for the monopile and the spudcan for two

different meshes with one or two elements below the pile tip

The self-weight penetration of the pile leads to
approximately half the pile diameter in penetration
depth. This depth increases slightly when two
elements are used below the pile tip, aligning with
previous studies showing reduced pile tip resistance
and hence more penetration in response to the same
applied loading for a finer mesh discretization.
Notably, the spudcan is also affected by the number of
elements below the pile tip, though to a lesser degree.
This is mainly attributed to the reduced critical time
increment due to the smaller element size in case of 2
elements below the pile tip rather than a stronger
influence from the pile installation on the spudcan.

Once the external load on the pile is applied, the
pile exhibits a higher penetration rate. Due to the
model's complexity, only a limited number of impact
blows could be simulated, as they result in very high
computational times and with increasing pile
penetration  rapidly  decreasing  critical time
increments, which govern the maximum time
increment and hence the computational speed of the
simulation, occur.

2.2 Influence of the time between pre-driving of
the spudcan and driving of the pile

As discussed in Section 2.1, it is important to
ensure that the spudcan is close to static equilibrium
following the pre-driving and subsequent operational
loading. Only in this case can reliable data be obtained
regarding its response during the pile driving process.
To achieve static equilibrium faster, viscous pressures
are considered to act on the spudcan, damping the
oscillations that occur during the accelerated
penetration process. Figure 4 compares the pile and
spudcan response for different durations of the
operational load phase. For the dashed line, the force-
time history as depicted in Figure 3 is considered,
whereas for the solid line, the operational load is six
seconds longer. It is evident from Figure 4 that the
duration of the operational load only slightly
influences the spudcan behaviour during pile driving.
Essentially, the spudcan reaches static equilibrium in
both cases, meaning that the operational loading can
be applied in only five seconds, as shown in Figure 3.
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=] -
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e o —
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Time t [s]

Figure 4. Vertical displacements u. normalized by the monopile diameter D,, for the monopile and the spudcan for
different durations of the operational load of the spudcan, i.e. different times at which the pile driving starts
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2.3 Spudcan behaviour during monopile or
jacket-pile installation

Vertical displacements u. of the spudcan are plotted
for different scenarios in Figure 5. These scenarios
include simulations of monopile and jacket-pile
installations in Karlsruhe Fine Sand (KFS), including
a case without driving force in case of the jacket-pile.
Because the spudcan only shows small oscillations, the
installation of the monopile is judged not to influence
the spudcan during driving, indicating minimal

interaction  effects in these configurations.
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Figure 5. Vertical displacements of the spudcan considering
monopile or jacket-pile installation. In the latter case, an
additional simulation without driving force on the pile is
shown with a dashed line.

In the case of jacket-piles, the spudcan exhibits
considerable displacements during driving, indicating
an interaction effect between the two structures. This
suggests that the proximity and configuration of the
jacket-pile relative to the spudcan lead to significant
mutual influence.

Figure 6 shows the excess pore water pressure and
effective horizontal stress (compression negative) for
the most critical conditions being the jacket-pile
installation. The configuration at the end of the
simulation at approximately 20 s is depicted. It is
visible that below both the spudcan and the pile
considerable excess pore water pressures are present,
while the distribution of effective stresses indicates
interaction effects between spudcan and pile.
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Figure 6. Excess pore water pressure and effective
horizontal stress (compression negative) during the
jacket-pile installation

3 DISCUSSION AND CONCLUSIONS

This paper presents the first numerical approach to
study the interaction between spudcans and piles
during installation, considering hydro-mechanically
coupled effects, large deformations, and wave
propagation. An attempt has been made to model the
entire process of spudcan penetration as well as pile
installation starting from the seabed. Given these aims,
several challenges of the numerical modelling
approach have been identified. Some of these
challenges could be overcome, while others remain to
be solved. The following list outlines these challenges,
solutions and suggests potential improvements for
future analyses.

First, the entire process is modelled dynamically,
potentially alongside consolidation, in physical time.
Since the size of time increments is limited in dynamic
analyses, the physical time modelled had to be
accelerated. This led to the pile's self-weight
penetration occurring simultaneously with the
spudcan's penetration into the soil. This decision was
made under the assumption that the relatively slow
self-weight penetration of the pile would not
significantly affect the spudcan's behaviour during its
installation. This simulation phase was performed
under fully drained conditions.

Second, because all simulation steps are performed
dynamically, the spudcan might not be in static
equilibrium when the pile installation process begins.
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This non-equilibrium condition could cause the
spudcan to accumulate settlement, even in the absence
of pile installation. This challenge could be effectively
addressed by considering viscous pressure on the
spudcan, allowing to reach static equilibrium even in a
short physical time during the dynamic steps of
spudcan  penetration during pre-driving and
operational load. It was demonstrated that the spudcan
shows only slight movement prior to the pile
installation process following this approach.

Finally, the forces on the pile, including hammer
blows and the self-weight of the driving equipment,
were applied in a short physical time. In this process,
partially drained conditions were considered. This
may influence the results, as consolidation processes
would typically play a more important role over a
longer timeframe.

Another limitation of the current work is the
assumption of a rigid pile, not considering the shock
waves travelling in the pile during driving. Future
work will investigate how this assumption influences
the results using the recently proposed IMEX approach
(Staubach & Machacek, 2024).

Despite these limitations, the following findings
can be observed from the simulations: The installation
of large 6.5 m diameter monopiles at 21 m from the
spudcan does not lead to notable displacements of the
spudcan as shown in Figure 5. In contrast, the
installation of smaller jacket-piles located closer to the
spudcan may lead to interaction effects between the
spudcan and pile, negatively impacting the spudcan
and resulting in settlements. This model shows
interaction is possible between pile and spudcan.
Further work is required to validate the numerical
results by centrifuge or field tests.
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