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ABSTRACT: Enhanced understanding of the wave-induced response of the seabed around marine structures is essential for a
more efficient exploitation of marine resources. Depending on the prevailing conditions, the seabed response can result in soil
liquefaction, leading to catastrophic failure of marine structures. Therefore, accurate and efficient numerical models of wave-
structure-soil interaction, capturing the hydrodynamic, structural, and geotechnical processes, are necessary for an optimised
development of marine infrastructure. The project "Numerical modelling of liquefaction around marine structures" aims at
developing an open-source numerical modelling framework for liquefaction around marine structures. This paper will present
the state-of-the-art of numerically modelling the wave-induced seabed response and liquefaction. Furthermore, the paper will
lay out the unique modelling framework for the entire liquefaction process, implemented in OpenFOAM®, and provide details
on the calibration and validation strategy using small and large scale experiments, respectively. Initial numerical results are
shown for different stages of the liquefaction sequence, indicating promising agreement with reference data from the literature.
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1 INTRODUCTION

The importance of an increase exploitation of marine
renewable energy sources is highlighted by the recent
geo-political events with their impact on energy security
and pricing, together with the global efforts to mitigate
the anthropogenic climate change (e.g. by fostering the
production of green hydrogen). It is well known that
offshore wind, with its trend towards floating
installations of >12 MW (see Figure 1), is a
considerable driver of the expansion of marine
renewable energy harvesting. Next to the required
research and development of novel turbines, generators,
and towers, the sub-sea components (floating
substructure, mooring, anchoring) need to be innovated
to follow future trends.

For the anchoring, geotechnical challenges, such as
scour and seabed liquefaction, have been identified.
Seabed liquefaction in particular can lead to severe

failure of marine structures (Bjerrum, 1973). Figure 1: Rendering of GICON®’s tension leg platform
(TLP)-type concept (courtesy of GICON®)
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1.1 Seabed liquefaction

Seabed soil can lose its bearing capacity when pore
pressure accumulates. Such an accumulation is
triggered by cyclic shear stress induced, for instance, by
seismic loading or cyclic surface wave action.

When applying shear stress on a volume of loosely packed
soil (

Figure 2 (a)), the soil grains show a tendency to rearrange
and contract, resulting in a decrease of pore volume in-
between the grains. The decrease of the pore volume leads to
an increase in pore pressure and, in turn, a tendency of the
pore water to flow out of the pore volume. If the soil volume
is able to drain, the increased pore pressure dissipates
(Figure 2 (b.1)). In undrained conditions, when the pore
pressure cannot dissipate, it accumulates (

Figure 2 (b.2)). Following Terzaghi's principle, the increased
pore pressure results in a reduction of the normal effective
stress in the soil volume up to a point where the soil effectively
loses its bearing capacity — it liquefies (

Figure 2 (c))'.

shearing

 outflow

{¢) Liquefaction

(h.2) Pore pressure build-up

Figure 2: Schematic representation of the physical processes
leading to seabed liquefaction. (Figure adapted from (Sumer
et al., 2006))

After liquefaction, a pore pressure gradient triggers
the settling of soil grains, resulting in the change of state
from liquid to solid soil (i.e. compaction).

The prediction and analysis of the geotechnical
processes leading to and resulting from seabed
liquefaction is complex and mostly relies on
experimental and numerical modelling approaches.
While physical model tests are subject to model, scale,
and size effects, numerical modelling approaches can
alleviate some of the existing limitations of physical
models. However, the implementation of the prevailing,
coupled hydro-geotechnical processes is not trivial.

This paper presents efforts to develop, calibrate, and
validate a numerical model for the liquefaction in the
vicinity of marine structures in the OpenFOAM®
framework, including all relevant processes from pore
pressure build-up to liquefaction and compaction.

! While liquefaction can be divided into residual and
momentary liquefaction, only wave-induced residual
liquefaction is subject of this paper.

2 MODELLING OF LIQUEFACTION

Considering the seabed soil as poro-elastic solid,
models to describe seabed liquefaction are described by
Biot's theory on poro-elasticity (Biot, 1941). Two
equations are derived for the linear momentum balance
and the pore fluid continuity. The total momentum
balance of the poro-elastic solid is achieved when the
equilibrium conditions of the stress field are satisfied:
V-o=0, witho=0¢"—pl. (1)
In Eq. (1), ¢’ is the effective stress (carried by the
soil skeleton), p is the phase-resolved pore fluid
pressure, and [ is the identity tensor. Applying Hooke's

law, the equilibrium of poro-elastic soil can be derived
as:

GV2U+$V8=VP, 2)

where G denotes the shear modulus, v the Poisson
ratio, U the displacement vector, and € is the volumetric
strain. The conservation of mass of pore water is
formally expressed by Eq. (4), where V is the velocity
vector, 1 is the porosity, and K is the true bulk modulus
of elasticity of water (Verruijt, 1969).

a n

Z(e+Zp)+V-v=0 3)
Applying Darcy's law, the continuity equation for the
pore water reads

=Gt 4)

where k denotes the hydraulic conductivity and y
denotes the specific weight of the soil.

2.1 Pore pressure build up

Egs. (2) and (4) do not cater for the build-up of the pore
pressure. To that end, Sumer (2014) provides a
description for the pore pressure build-up:
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where P is the accumulated pore pressure, C,, is the
coefficient of consolidation. The last term in Eq. (5)
represents a source term to account for the accumulation
of pore pressure. In this source term, gy’ is the initial
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mean normal effective stress, T is the wave period, and
N; the required number of cycles for liquefaction to set
in. ay and f are empirical constants (De Alba et al.,
1976) and A; is the amplitude of the shear stress, whose
calculation is further defined in Section 4.

2.2 Liquefaction criterion

Following Sumer (2014), in this paper, residual
liquefaction is defined to set in when the accumulated
pore pressure is larger than g’

RS (6)

0'0,

2.3 Post-liquefaction stage

Until soil liquefaction, the soil behaves likes a poro-
elastic solid. In contrast, the liquefied soil behaves like
a highly viscous fluid and the whole constitutive
relation changes. The liquefied soil is a two-phase flow
with soil particles and water. This multiphase phase
problem is uniquely approached using a drift flux model
in which continuity equations and the momentum
equations of the individual phases can be added. This
addition gives one continuity equation and one
momentum equation for the whole mixture so that the
numerical instabilities from the momentum transfer can
be eliminated. However, an additional equation needs to
be solved for the drift flux.
The governing equations of the liquefied soil are

Z4+V-pv =0, )
‘%"+ V- pVV = —Vp +pg —

v- (ﬁ "Cp"d Var-Vai) » (8)
aap—:‘+ V- pVa = =V- pVya, ®)

where a is the void fraction of soil grains. p_,p,,
p are the densities of continous phase (water), discrete
phase (soil), and mixture, respectively. V4 j 1s the drift
velocity, which can be interpreted according to (Sumer,
2014) (so-called hindered settlement) as

Vaj =Vo(1—a). (10)

2.4 Soil Compaction

As the pore pressure builds up, an upward-directed
pressure gradient is generated, such that the
accumulated pressure is largest at the impermeable base
and smallest at the mudline, hence generating an
upward-directed pressure gradient. This pressure
gradient drives the water in the liquefied soil upwards,

while the soil grains settle through the water until they
begin to get into contact with each other. This process
is known as soil compaction. The behaviour of the bed
changes from essentially liquid in the upper layer to
essentially solid (soil is denser) in the lower layer. There
will be no change in pore pressure buildup after
liquefaction until compaction occurs. As the soil
particles settle down, « increases towards the
impermenable base. The compaction criteria can be
defined following Eq. (11), where n. is the porosity of
the compacted soil.

a> I-ne (11)

3 LITERATURE REVIEW

Numerous analytical, numerical, experimental, and
field studies concerning various aspects of seabed
liquefaction can be found in the literature (Jeng (2003),
Sumer (2014a), Sumer and Kirca (2021)).

Based on Biot's poro-elasticity theory, a number of
numerical models have been developed to analyse
seabed dynamics. Such models, generally, deliver
higher accuracy compared to analytical models;
however, require more computational effort. In his
review, Jeng (2003) differentiates between numerical
models based on finite differences (FD), finite elements
(FE), and the boundary element method (BEM).

Early models have been developed by, e.g.,
Zienkiewicz et al. (1980), Sakai (1988), and Raman-
Nair and Sabin (1991). While these early models focus
more on the process level of seabed dynamics and
liquefaction, more recently, engineering problems, by
means of wave-structure-soil interaction (WSSI), are
considered. Dunn et al. (2006) use the FE method
around buried pipelines. Using FD, Li and Jeng (2008)
analyse wave-induced pore pressures and effective
stresses near a breakwater head. Stickle et al. (2013) use
FE to model WSSI around a breakwater.

Jeng et al. (2013) propose an integrated model for
WSSI based on the Volume-Averaged Reynolds-
Averaged Navier—Stokes (VARANS) equations to
incorporate wave modelling and the dynamic Biot
equations for the porous elastic seabed. Discretisation is
achieved via the FE method. The model is employed for
the analysis of a large-scale composite breakwater.

Also employing an integrated model with the RANS
equations for the mean fluid flow (using FD) and the
Biot equations for the seabed (using FE), Zhao et al.
(2017) analyse the seabed response around a monopile.

Recently, also the finite-volume method is used to
discretise WSSI problems. Elsafti and Oumeraci (2016)
and Li et al. (2020) propose modelling frameworks,
implemented in the open source CFD toolbox
OpenFOAM®. Both of the numerical models can be
applied to predict the onset of momentary liquefaction.
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4 NUMERICAL MODELLING APPRAOCH

Even though a number of numerical models for the
analysis of seabed dynamics and liquefaction are
available in the literature, no comprehensive model for
the entire (residual) liquefaction and compaction
process is available, including pore pressure build-up,
as well as the state of change from solid to liquid and
back to solid is available. This shortcoming is overcome
by the newly proposed numerical modelling approach.

In particular, the governing equations stated in
Section 2 are implemented in order to model the
complete liquefaction sequence in a domain as depicted
in Figure 3. Here, three main modelling areas are
defined. Q; represents the time varying pressure
boundary conditions, to represent the progressing
gravtiy waves, with pressure magnitudes stemming
from linear wave theory. For the soil, Q, and Qs
represent the regions of solid and liquefied soil,
respectively. Q, is govered by the Biot consolidation
equations and the pore pressure build-up, while the post
liquefaction and compaction Egs. (8) — (12) govern Qs.

I ] mooring line forces
0

gravity anchor

) Y
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" mudline

e

impermeable base

Figure 3: Schematic of the numerical setup, showing the
pressure boundary conditions (1), regions of solid (€:) and
liquefied soil (Q3). (Figure adapted  from
(Shanmugasundaram et al., 2022)).

5 CALIBRATION & VALIDATION

In order to ensure and prove the accuracy of the
numerical model, calibration and validation are
essential steps during the model development.

5.1 Calibration data

For the calibration, reference data for seabed
liquefaction on a process level are required, such that
the required modelling coefficients (e.g. elastic moduli,
Poisson’s ratio, and coefficient of permeability) can be
adjusted and basic model assumptions can be verified.
To that end, small scale experiments in an experimental
wave flume have been conducted (see Figure 4).

Wave absorber

| fave peners Sand section
#\\ ave generator )

Tom 9.0m
Figure 4: Experimental wave flume at IBW-PAN used for the
small scale experiments.

Four different test cases, of varying complexity have
been considered. First, only wave action on the seabed
is considered, while the pore-pressure is measured at
four specific locations in the soil pit. 19 different wave
conditions with varying wave heights and periods have
been tested. Retaining the hydraulic boundary
conditions, next, a scaled down gravity anchor is placed
on the soil pit and pore-pressure is measured again. In a
third setup, wave action is omitted, while the foundation
plate is excited externally by means of a rocking motion.
Again pore pressure is measured in the soil pit. Finally,
the settlement of the anchor is replicated by letting the
foundation sink onto the soil pit with no wave action.

For the sake of brevity, the interested reader is
referred to, e.g. Kazimierowicz-Frankowska et al.
(2022) for results of the small scale experimental data.

5.2 Validation data

While for the model calibration fundamental model
setups are required, the validation of the numerical
model should be based on a realistic case study. To that
end, large scale (i.e. 1/15) experiments of GICON’s
floating offshore wind turbine concept are planned.
Similar to the small scale experiments, the sand pit is
equipped with 16 pore pressure transducers to monitor
pore pressure build-up and dissipation. On the sand pit,
the scaled gravity anchor is placed and displacement is
measure via echo-sounders. Mooring lines, equipped
with force transducers, connect the gravity anchor with
the floating structure. The motion of the latter is
measured using the Qualisys motion tracking system. In
order to realistically model the load conditions on the
seabed, wind loads are induced on the system using a
hardware in the loop system (Windt et al., 2022).

6 INITIAL RESULTS

In this section, numerical results for three different
stages of the liquefaction process are shown, i.e. pore
pressure build-up, liquefaction, and compaction.

6.1 Pore pressure build-up

As a first step, the OpenFOAM® solver biotFoam,
which solves Eqgs. (3) and (5), is verified for pore
pressure and shear stress. Then the solver is extended
to incorporate pore pressure build-up (Eq. (6)). The
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onset of residual liquefaction is predicted using the
liquefaction criteria provided in Eq. (7).

Figure 5 shows the comparison of the numerical
(solid) and analytical (dashed) non-dimensional pore
pressure for different time instances along the soil
column. It becomes obvious that after 15 minutes, the
top part of the seabed (z/h > —0.6) is completely
liquefied, thereby following the analytical solution. For
more details on the specific test case, the interested
reader is referred to (Shanmugasundaram et al., 2022).
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Figure 5: Comparison of the numerical (solid) and analytical

(dashed) non-dimensional pore pressure. The vertical line
indicates the liquefaction criterion.

6.2 Change of state: Solid to liquid

In order to perform a first test of the implementation of
the phase change from solid to liquid, a case study from
Sumer et al. (2012) is considered. The soil and wave
properties are listed in Table 1. A simple rectangular
box is generated to represent the soil region. The length
of the considered domain is equal to one wave length
and the height is equal to soil depth /. The grid size used
in this study is 100 x 20 with 100 cells in x- and 20 cells
in z-direction. The time step is dt = 0.1 s. All selected
values for the problem discretisation (time step and grid
size) are based on convergence studies.

Figure 6 shows the progress of liquefaction front
under the action of waves. By applying Biot
consolidation equations and the pressure build-up
equation, the liquefaction sets in after 7 seconds. The
results show that the liquefaction begins from the
mudline and progress downwards, thereby following
the results provided by Sumer et al. (2012).

Table 1. Physical properties of the wave and seabed

Liquefaction front Liquid S\Oﬂ

Time: 7.5 s Solid soil

|

Time: 8.0 s

Time: 8.5 s

Time: 9.0 s

Figure 6: Example results of the propagation of the
liquefaction front. The colour code serves as indicator: Dark
brown refers to solid soil; light brown refers to liquefied soil.

6.3 Change of state: Liquid to solid

The same case study as mentioned in the previous
Section 6.2 is considered to test the implementation for
the change of state from liquid to solid soil. To that end,
the simulation is restarted after 9.5 seconds with the
wave pressure boundary being switched off. At that
time instance, two-thirds of the seabed are liquefied.
The liquefied soil is then allowed to settle without the
waves. The additional properties are listed in Table 2.

Table 2. Physical properties required for the soil compaction

Physical Property Value Unit
Porosity of compacted soil n. 0.354 -
Settling velocity Vo 0.0005 m/s
q (see Eq. (12)) 2.7 -

Physical Property Value Unit
Soil depth & 0.4 m
Poisson ratio u 0.29 -
Porosity n 0.51 -
Permeability k 1.5x 107 m/s
Elastic modulus E 5 MPa
Degree of saturation S; 1 -
Emphrical constants[ay S] [0.174 -0.36] -
Wave height H 0.18 m
Wave period T 1.6 S
Water depth d 0.55 m

Figure 7 shows the progress void ratio of soil grains
a at four different time instances. The results show that,
as the soil settles, the water molecules moves upwards
due to the upward directed pressure gradient. Contrary,
the soil settles down at the bottom, increasing the
volume fraction of soil grains. This matches with the
experimental observations in (Sumer et al., 2012), as the
compaction front progress upwards from the
impermeable base to the mudline.

7 CONCLUSIONS

This paper aims to presents the goals and initial results
of the NuLIMAS project. Based on the presented results
the following conclusions can be drawn:

(1) The entire sequence of seabed liquefaction can be
expressed by a set of governing equations, enabling the
implementation in OpenFOAM®.

(2) Initial numerical simulations for the pore pressure
build-up, liquefaction, and compaction show promising
results, comparing well with reference data from the
literature. This forms a stepping stone for further
calibration and validation against experimental results.
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(3) Performing experiments for the calibration and
validation of liquefaction is a complex task. The data
acquired in the NuLIMAS framework provides a unique
basis for the future analysis of liquefaction.

Compaction front
Licuid soil

Solid soil
Time: 25.0 s 2l 5ol

Time: 75.0 5

Time: 175.0 s

Time: 400.0 s

alpha_d
0.0e+00 0.1 02 03 04 05 6.2e-01
L ]
Figure 7: Example results of the compaction of the liquefied
soil after waves are stopped to propagate. The colour code
here refers to the void fraction of soil grains.
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