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Abstract: Suction buckets are a promising concept for the foundations of offshore wind turbines.
During the installation process of a suction bucket, localized fluidization of the granular soil, so-called
piping erosion, may lead to installation failure. A 3D fluid-solid coupled micromechanical simulation
is presented to study the occurrence of piping. An Euler-Lagrangian coupling employs momentum
exchange between the fluid phase and the geometrically resolved particles. We investigate the behav-
ior of the soil for three cases with varying prescribed suction velocities. We observe piping in the case
with the highest suction velocity by analyzing the deformation of the granular fabric and monitoring
the differential pressure. The grains under the bucket wall-tip show the highest hydraulic gradients
and forces at the onset of piping. This approach permits a detailed analysis of piping phenomena and
brings novel insights on the triggering conditions for piping failure of suction-aided foundations.

1. Introduction

Suction buckets can be employed for the foundations of offshore wind turbines, see Fig. 1a.
These buckets are installed employing solely the self-weight of the structure and a suction pressure
inside the bucket, whereby the bucket digs itself into the seabed. Compared with other installation
techniques like jacking or dynamic driving commonly used for piles, the suction-aided installation of
bucket foundations involves several specific effects that are not sufficiently understood for a practical
quantification in the bucket design. Among these, piping erosion, i.e., a localized fluidization of the
soil, may take place, breaching the hydraulic seal of the bucket and leading to installation failure [1].
We aim here to investigate in detail the threshold conditions at piping onset. Since experiments are
costly and often quantities of interest are challenging to investigate [2], we employ here a fully-
resolved three-dimensional fluid-solid coupled micromechanical simulation of a bucket foundation.
Such micromechanical simulations of the seabed are physically sound and accurate since almost no
macromechanical model assumptions have to be used, and many parameters, such as particle shape
and size, can be directly incorporated. To reduce the computational cost for parametric studies, we
focus on the local phenomena around a wall-tip section of the full-scale foundation, see the red domain
in Fig. 1a. As one of the key parameters that govern the installation process, we focus here on the
suction velocity imposed within the bucket. This way, we investigate the occurrence of piping and the
hydrodynamic forces in the soil for three different prescribed suction velocities.

2. Numerical methods

The solid phase of the system, comprising the bucket wall and soil grains, is modeled using
the discrete element method. The force acting on each particle consists of collision, hydrodynamic,
and gravity components. The collision forces are computed based on local kinematic variables, e.g.,
overlap at the contact point and its time derivatives, using simple spring-dashpot schemes. Then,
the evolution of the particle positions and velocities with time is integrated with the Newton-Euler
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equations of motion. For the fluid phase, we employ the lattice Boltzmann method with the two-
relaxation-time (TRT) collision operator [3] to model the percolating fluid, as an alternative to clas-
sical Navier-Stokes solvers. The Smagorinsky subgrid-scale model captures the effects of unresolved
turbulence wherever high velocities arise in the flow, here with a Smagorinsky constant of 0.12. The
partial saturation method, a grain-resolved coupling approach, accounts for momentum exchange be-
tween the fluid and solid particles. The simulation is implemented in the open-source WALBERLA
multiphysics framework [4], with specific details of the entire algorithm given in [5]. The physical
soundness of the model has been validated in detail, including sphere settling and drag forces [6].

3. Results

We simulate a small representative subdomain of the bucket foundation, here with a fixed bucket
wall section, see Fig. 1b. The inflow at the top left boundary is prescribed with a constant hydrostatic
pressure, modeling the seawater outside the bucket. The outflow boundary at the top right is assumed
with a constant suction velocity as applied inside the bucket during the installation, see Fig. 1c. The
3D domain is assumed periodic in the out-of-plane direction normal to the cross-section in Fig. 1c.
No-slip boundary conditions are applied on the fluid for the remaining boundaries and bucket wall.

-

%
¢
A

};ss
i
1) ’;g.

Zz

e
y

5

i
3

2\

em y
T ! 00 20 40 60 80 99

Q
Simulation domain

(a) (d) ()

Figure 1. (a) Schematic of an offshore wind turbine with suction bucket foundation; (b) 3D simulation
domain, containing grey particles and a dark bucket wall segment; (c) 2D slice of the fluid velocity

The fluid domain is 9.9-1072m x 2.1-107>m x 9-1072m and discretized in space using
660 x 140 x 600 = 55.44 - 10° cells. The polydisperse spherical particles have diameters that are
randomly uniformly distributed between 2.7 - 107> m and 3.3 - 10~ m resulting in a discretization of
around 20 fluid cells per particle diameter. Their density is 2650kg/m? and the gravitational accel-
eration is 9.81 m/s?. The particle bed comprises 5194 particles and has a porosity of around 0.39.
The bucket wall segment has a size of 9.9-107>m x 2.1-1072m x 5.04 - 10~>m. The percolating
fluid has a density of 1179 kg/m? and a kinematic viscosity of 2.12 - 1073 m?/s. The percolating fluid
properties are chosen to match experimental data used for a cross-comparison [6]. We simulate three
cases with varying outflow velocities but otherwise identical. The first case (C1) has the smallest
outflow velocity of 2.98 - 103m /s, the second case (C2) has an outflow velocity of 5.96 - 103 m /s,
and the third case (C3) has the highest outflow velocity of 8.94-1073m/s. Each simulation runs
for 3 - 10° time steps with a total simulated time of 15s. To create the initial seabed conditions, be-
fore adding the fluid, we first generate a particle bed, then remove the particles overlapping with the
bucket wall position, and then let the particles settle down around the solid bucket in a new simula-
tion. Afterward, the fluid is added, and the actual simulation starts. All three cases use the same initial
seabed conditions. A detailed description of the setup and physical validations is provided in [6]. We
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assess the occurrence of piping based both on the particle uplift/subsidence and on the evolution of
differential pressure across the bucket. Fig. 2 shows the uplift of C1, C2, and C3, and the subsidence
of C3 (subsidence of C1 and C2 was negligible), along with the final state of the granular fabric
around the bucket wall at { = 15 for all cases. There, the uplift and subsidence were computed as
the average vertical displacement of the particles contained in the respective observation domains be-
side the bucket wall at the beginning of the simulation. The observation domains are boxes of size
1.98-1072m x 2.1-1072m x 1.98 - 102 m, see Fig. 1c.
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Figure 2. (left) Average grain displacement over time within the observation domains; (right panes)
final soil state for simulated cases C1, C2, and C3 (darkness according to grain displacement)

Neither C1 nor C2 show any piping condition, but just an initial grain rearrangement and con-
stant heave within the bucket without relevant evolution over time, with greater uplift in C2 as in C1.
In contrast, C3 shows the most significant uplift and subsidence, which also fluctuate over time, with
solid grains in a fluidized state. Revealingly, the subsided particles are dragged under the bucket wall,
see minimum of the subsidence curve, and reach a positive displacement when emerging on the other
side of the bucket, the hallmark of fully-developed piping erosion. Now looking at the fluid phase,
Fig. 3 plots the differential pressure across the bucket, measured directly outside and inside the bucket
wall at a height of 7.5 - 1072 m, and illustrates the magnitude of the hydrodynamic forces acting on
the particles in C3 at the piping onset, see maximum of C3 curve at 0.4s.
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Figure 3. (left) Differential pressure over time; (right) critical hydrodynamic forces (N) of C3

In both C1 and C2, the differential pressure reaches a constant level at 640Pa and 1000 Pa,
respectively. In C3, the initial spike in differential pressure around 1500Pa is followed by a large
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pressure-drop down to 640 Pa as the piping condition develops. Thereby, the particles right outside of
the bucket experience higher hydraulic gradients and hydrodynamic forces than those already within
the bucket. The highest hydrodynamic forces at the critical time step show maxima around 2 - 1073 N
acting on the particles right underneath the wall-tip. The analysis of the differential pressure, there-
fore, confirms the observations from the uplift/subsidence of the solid phase, indicating no piping oc-
currence for C1 and C2 (stable pressure difference), while the significant pressure drop in C3 reflects
the piping condition. The large hydrodynamic forces on the particles, especially below the bucket
wall, drag them underneath the wall-tip, eventually leading to soil erosion and piping. The particles
within the bucket are then in a quasi-fluidized state and experience much lower hydrodynamic forces.
Such micromechanical insights are a particular benefit of this fully-resolved approach.

4. Conclusion

We investigated three different cases with varying prescribed suction velocities and assessed
piping based on the uplift/subsidence and the differential pressure. In the high-velocity case, piping
occurred. High hydrodynamic forces act on the particles below the bucket wall at the piping onset. The
proposed approach provides novel insights into the triggering conditions for piping failure of suction
buckets. On-going and future work will include a detailed validation of the simulation results based
on experimental data, a moving bucket wall, and an in-depth investigation of the triggering conditions
for piping depending on, e.g., the bucket embedment and particle diameter to wall thickness ratio.
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