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Abstract. This work reports on the methodology, validation and application of a com-
putational three-phase flow model for offshore grounding and jacking operations. Such
applications feature fluid-soil-body-interaction, topological changes and large relative mo-
tions between different parts of the structure, which requires a well-working mesh update
strategy and a soil model. Therefore, an additional granular soil phase is embedded into
an efficent, parallel finite-volume Navier-Stokes procedure based on an overset grid ap-
proach. The overset grid approach is evaluated with regard to the influence of different
interpolation and flux-correction practices. The granular soil model is validated by the
simulation of dam break experiments and successfully applied to challenging large-scale
offshore simulations.

1 INTRODUCTION

The growing demand of energy led to a fast expansion of the offshore industry in recent
years. Offshore installations offer the opportunity to exploit unused mineral deposits and
gain energy from wind, current and waves. Compared to onshore installations, offshore
projects attract attention with high costs and additional technical effort. Especially spe-
cific offshore procedures, like grounding or jacking operations, require an exact analysis.
Due to a lack of practical experiences, the need for theoretical and numerical methods is
considerably high to ensure functionality and persistence of a structure and protection of
man and environment.

This work reports on the methodology, validation and application of a three-phase
flow model for offshore grounding and jacking operations in the Navier-Stokes procedure
FreSCo+. The numerical simulation of large relative motions is enabled by an overset
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grid approach, which couples multiple grids by interpolating field values [1]. Since mass
conservation is the inherent basis for finite-volume algorithms, the related mass defect has
to be corrected [2]. This paper addresses the influence of several interpolation algorithms
and flux-correction practices on the mass defect. Moreover, an additional granular soil
phase is embedded in the Navier-Stokes procedure to enable fluid-soil-body-interaction
and topological changes. The viscoplastic soil model uses a combined von Mises and
Mohr-Coulomb yield criterion [3, 4], as well as an idealized Drucker-Prager yield criterion.
It is supplemented by a suspension model [5] and validated by the simulation of dam break
experiments [5, 6, 7]. Finally, challenging large-scale offshore applications are addressed.

2 NUMERICAL METHOD

FreSCo+ is an efficient and parallel Reynolds-averaged Navier-Stokes procedure. The
in-house code is based on solving a finite-volume approximation of the momentum equa-
tions implicitly using their strong conservation form. The solver supports fully unstruc-
tured grids and stores all field values in the center of the cell volumes. The pressure is
determined using the SIMPLE algorithm. Several turbulence models are available, two-
phase flows can be simulated by the Volume-of-Fluid (VOF) or Level-Set method. The
parallel overset grid approach is based on a dynamic prioritisation of an unlimited number
of individually moveable grids with overlapping interfaces.

2.1 Overset grid approach

The implemented overset grid approach enables the simulation of large relative motion
for moving bodies. The grids are coupled implicitly by a non-conservative interpolation of
field values at the overlapping interfaces, which violates mass conservation - the inherent
basis for finite-volume algorithms. FreSCo+ provides several interpolation algorithms and
a flux-correction procedure for the related mass defect [1, 2].

2.1.1 Interpolation algorithms

The implemented interpolation algorithms are completely mathematically motivated
and based on replacing the momentum equations by a weighted interpolation of field
values φI =

∑n
i=1 wiφi + δ with φi being the field values of the n donor cells, wi being

the interpolation weights and δ being an explicit coupling parameter. The most obvious
interpolation option is the direct interpolation from the nearest donor cell. Optionally,
the gradient of the field value may be taken into account. Additionally, the interpolation
can be based on interpolating from the nearest donor cell and its neighbour cells and
weighting with the inverse distance. The most complex interpolation method is based on
a first or second order interpolation from a simplex of donor cells and weighting with the
inverse simplex area [1].

In the following, several options are presented to reduce the mass defect of the second
order simplex based interpolation method to a minimum. Since the baseline interpolation
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is mathematically motivated, physical influences present a good opportunity to address
the problem. In general, it has to be to considered that all cells, that share no face, are
not physically connected in the employed finite-volume procedure. Therefore, the sim-
plex based interpolation method is error-prone if the cell center of the interpolation cell
converges to the connecting line of two diagonally located donor cells. This suggests to
limit the simplex construction to the nearest donor cell and its neighbours. The calcu-
lation of the interpolation weights by the inverse simplex area should be replaced, as it
enhances the employment of diagonal cells. The most obvious alternative is to use the
inverse distances as weighting. To consider physical effects in the weights, they can be
deduced from the analytical solution of the one-dimensional convection-diffusion equation
with Dirichlet boundary conditions [8]. The exponential weighting has to be expanded
for multi-dimensionality, which is done by separating the simplex in one-dimensional con-
nections between the nearest donor cell and its neighbour cells. The resulting weights
read

wi =
e(Pe· x

L)i − 1

ePei − 1
(1)

with the Péclet number Pe, the Euclidean norm of the distance between the cell centers
of the nearest donor cell and the ith-neighbour cell Li and the projected distance from the
cell center of the ith-neighbour cell to the interpolation cell on the connection line between
the cell centers of the nearest donor cell and the ith-neighbour cell xi. The Péclet number
evaluates the ratio of convection to diffusion and the resulting weights are dependent
on the flow field. The weight for the nearest donor cell is calculated by subtracting the
weights of its neighbour cells from unity. It has to be excluded that the sum of the
weights of the neighbour cells exceeds unity. Since the exponential scheme is based on
flow properties, it seems inappropriate to normalise the weights by their sum. A more
physical way is regarding the Péclet numbers and using the ratio of their magnitude to
normalise the weights of the neighbour cells before calculating the weight of the nearest
donor cell.

2.1.2 Flux-correction practices

The implemented flux-correction is based on correcting the mass flux through the faces
between the interpolation cells and the adjacent solve cells, in which the field variables
are determined using the Navier-Stokes equations, and weighting with the absolute mass
flux [2]. Since physical effects in the flux-correction should be considered, the following
aspects should be taken into account: Mass conservation has to be fulfilled on each grid, so
that the flux-correction method should be applied on each overlapping interface separately.
The corrected fluxes should be restricted to ensure that the velocity at the interface is
within the range of the adjacent cell velocities. Local effects should be considered when
distributing the global flux-correction.
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Since the divergence of a vector field can be used to evaluate sources and sinks, it seems
appropriate to weight the flux-correction with the divergence of the velocity between the
donor cells and the interpolation cell. Moreover, the fluxes at the overlapping interfaces
can be extrapolated from the adjacent solve cells, which should decrease the need of a
flux-correction.

2.2 Three-phase flow model

To enable the simulation of three-phase flows, the existing two-phase flow code is
expanded by an additional concentration c2. Following the existing incompressible VOF
methodology, a conservation equation for the concentration c2 is solved∫

V

∂c2
∂t

dV +

∮

S

(c2 uj)dSj = 0. (2)

The concentration of the third phase is determined by subtracting the sum of the calcu-
lated concentrations c1 and c2 from unity. To ensure that the total concentration is equal
to unity, the sum of the first and the second phase is not allowed to exceed this value. In
case of a spillover, the concentration of the second phase is recalculated by subtracting
the concentration c1 from unity. The local properties of the flow can be calculated by a
linear blending of the phase properties.

2.3 Granular soil model

The granular soil phase is modelled as a viscoplastic fluid, which features a strain rate
dependent plastic deformation if the yield stress of the specific material is reached [3].
This behaviour can be enforced by introducing a variable viscosity µ∗ in the viscous stress
deviator of the momentum equations τij = 2µ∗ε̇ij with the strain rate tensor ε̇ij. The
variable viscosity is determined by using a combined von Mises and Mohr-Coulomb yield
criterion, as well as an idealized Drucker-Prager yield criterion, which are both suitable
for cohesive and viscous materials and are briefly discussed below.

2.3.1 Von Mises and Mohr-Coulomb yield criterion

The von Mises yield criterion describes the plastic behaviour of cohesive materials.
Yielding occurs if the second invariant of the viscous stress deviator reaches the squared
yield stress J2(τij) = 0.5 τijτij = τ 2f . The yield stress is determined by the Mohr-Coulomb
yield criterion, which considers the pressure dependency and can mimic the behaviour of
cohesive and viscous materials. The criterion states τf = p∗ sin(Φ) + C cos(Φ) with the
relative pressure p∗, the cohesion C and the internal friction angle Φ. The combination
of both criteria yields

µ∗ =
p∗ sin(Φ) + C cos(Φ)√

4 J2(ε̇ij)
(3)

with J2(ε̇ij) being the second invariant of the strain rate tensor.
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2.3.2 Drucker-Prager yield criterion

The Drucker-Prager yield criterion for cohesive and viscous materials idealizes the yield
criterion by von Mises and Mohr-Coulomb. Here, the critical threshold value is dependent
on the material constants α and κ and the first invariant of the stress tensor I1(σij). This
results in J2(τij) = α I1(σij)+κ . The first invariant of the stress tensor equals the trace of
the stress tensor and can therefore be expressed as triple of the relative pressure, yielding

µ∗ =
3αp∗ + κ√
4 J2(ε̇ij) .

(4)

The material constants α and κ are functions of the cohesion and the internal friction
angle for plain stress

α =
tan(Φ)√

9 + 12 tan2(Φ)
and κ =

3C√
9 + 12 tan2(Φ) .

(5)

2.3.3 Treatment of strain rate extrema

Since the strain rate appears in the denominator of Eq. (3) and Eq. (4), numerical
instabilities have to be prevented for small and high velocities. The limits are modelled
by regarding the granular soil as a shear thinning fluid. In rheology, shear shinning
fluids are typically defined with a minimum and a maximum viscosity [9]. Usually, these
values are based on experimental data, but since granular soil is no real fluid, the values
have to be determined by test simulations with experimental validation. The maximum
viscosity prevents non-physical creeping, while the minimum viscosity prevents a too
liquid behaviour. A further investigation of the maximum viscosity has shown that the
soil behaviour does not continue to change if a specific upper threshold is reached. Ulrich
et al. [4] propose a maximum viscosity between 1000 and 5000Pa s. For further creeping
suppression, the velocities are damped if the viscosity reaches a specific percentage of
the maximum value. Since creeping is mostly a free surface phenomenon, VOF methods
demand for a low threshold to compensate the mixture with air or water. Ten percent of
the maximum viscosity was found to show the most natural behaviour.

2.3.4 Suspension layer

The boundary between granular soil and water is characterized by a suspension layer [4].
The applied suspension model describes the mixture of water and soil particles as turbulent
flow with quadratic relation between the viscous stress and the velocity. Assuming a
vanishing suspension layer, the viscous stress can be modelled as wall shear stress τw,
which leads to τw = Cf ρG uj uj for a free surface flow with the empirical friction coefficient
Cf , the density of the granular soil phase ρG and the velocity uj [5, 10]. Hence, the
viscosity of the suspension layer µS follows in analogy to the variable viscosity of the
granular soil phase
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µS =
Cf ρG uj uj√

4 J2(ε̇ij) .
(6)

Fraccarollo and Capart [5] limit the empirical friction coefficient to an interval from 0.007
to 0.03 and found no remarkable difference within this range. With regard to [4], the
empirical friction coefficient is set to 0.01.

The suspension layer is identified by the concentration of the suspension c̃, which is
on its part determined by the concentration of the granular soil. Since the applied VOF
method cannot capture single granular particles, but mimics the transition between two
phases as a sharp surface, the suspension layer is generated artificially by averaging the
granular soil concentration over the adjacent finite volume cells. A disadvantage of the
artificial suspension generation is the infeasible growing of the suspension layer over its
length, as the concentration of the suspension is only used for the determination of its
viscosity. The viscosity of the suspension is introduced for a concentration of 0.3 < c̃ < 0.6.
The transition to water and granular soil is modelled by linear interpolation. Thereby,
an upper threshold of 0.99 is introduced to prevent the calculation of the granular soil
viscosity by the suspension model. The suspension viscosity is limited by the viscosity of
the water and the granular soil.

Since the suspension layer is very thin, a high grid resolution is necessary to simulate
proper suspension behaviour. The behaviour of the viscosity can be considered as the con-
ductivity of a material, since the different viscosities are not miscible. Consequently, the
viscosity at the face values of the volume cells are determined by the harmonic mean [11].
The transition between granular soil and air is excluded in the suspension model.

3 APPLICATIONS

In the following, five small-scale test cases and a large-scale offshore grounding oper-
ation are presented. All simulations are performed with FreSCo+. For simplicity and
to reduce the computational effort, a 2D setup with symmetry boundary conditions are
used.. The influence of gravity is considered. Air and water are assumed to have a density
of 1 kg/m3 and 1000 kg/m3, the viscosity is set to 1.8 · 10−5 Pa s and 1.0 · 10−3 Pa s.

3.1 Mass conservation

The first test case addresses the influence of the described interpolation algorithms
and flux-correction methods on the mass conservation performance of the overset grid
approach. The test case investigates an airflow in a channel, with a smaller grid moving
at a constant velocity in flow direction. Fig. 1 shows the two-dimensional setup of the two
overlapping grids and the simulation parameters. It is avoided to include any solid bodies
on purpose. The boundary conditions of the background grid comprise two slip walls at
the bottom and at the top of the channel, an inlet with prescribed velocity on the left
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and an outlet with prescribed hydrostatic pressure on the right. The flow is disturbed by
a zero order extrapolation of the gravity at the slip walls. This results in a mass defect,
which originates from the interpolation cells at the overlapping interfaces.

g

Parameter Value

Grid velocity 10m/s
Flow velocity 25m/s
Extent of background grid 20m× 12m
Extent of moving grid 7m× 7m

Figure 1: Domain and simulation parameters of
the mass conservation test case

Interpolation algorithm Flux imb.

First order nearest cell 3.62 e+00
Second order nearest cell ∞
Neighbour cells 1.19 e-01
First order simplex 6.57 e-03
Second order simplex 2.05 e-03

Weighting method Flux imb.

Inverse distance 3.26 e-01
Exponential scheme 1.24 e+00

Flux determination Flux imb.

First order flux extrapolation 3.31 e-03
Second order flux extrapolation 7.72 e-04

Flux-correction method Flux imb.

Initial corr. 9.57 e-08
Corr. for each interface 7.49 e-06
Limited corr. fluxes 1.19 e-01
Divergence based corr. 5.94 e-08

Figure 2: Maximum flux imbalances in m3
/s dur-

ing the simulation time

The maximum absolute flux imbalance for each mothod is given in Fig. 2. Note that
the simulation with the second order interpolation from the nearest donor cell does not
converge, because the flux imbalance is too high. Comparing the convergent interpola-
tion algorithms in Fig. 2, the second order simplex interpolation provides the smallest
flux imbalance. It shall therefore be used as quantity to evaluate the influence of the
weighting methods, the flux determination and the flux-correction methods. The initial
second order simplex interpolation is based on weighting with the inverse simplex area
and interpolating the fluxes at the overlapping interface. It can directly be seen in Fig. 2,
that weighting with the inverse distance or with the exponential scheme does increase the
flux imbalance significantly. The second order extrapolation of the fluxes at the overlap-
ping interface leads to a small reduction of the flux imbalance. Since the extrapolation of
the fluxes leads to a decoupling of the interpolation cells and solve cells on both sides of
the overlapping interface, a small discontinuity can be identified in the flow field. Hence,
the extrapolation of the fluxes is not recommendable. The initial flux-correction, which is
based on weighting with the absolute mass flux, and the divergence based flux-correction
show the significantly smallest mass defects. Their use is therefore recommended.
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3.2 Three-phase flow dam break

The validation of the three-phase flow model is performed by comparing a sequence of
pictures of a dam break experiment by Jánosi et al. [7] with the corresponding simulation
results. The experiment is based on the observation of a water flow into a channel after
a rapid gate opening. Thereby, the influence of a water layer in the channel is assessed.
Fig. 3 shows the dimensions. The interaction between the collapsing water column and
the water layer is visualized in the experiment by colouring the water layer in the channel.
This allows a three-phase flow simulation with coloured water, clear water and air.

x0

d0
d

Parameter Value

Height of water layer d 15mm
Height of entrapped water d0 150mm
Distance to gate x0 380mm
Channel length 820mm

Figure 3: Dimensions of the three-phase flow
dam break

(a) FreSCo+ (b) Experiment [7]

Figure 4: Comparison of the numerical results to
experimental data of [7] for selected time steps

A comparison of the dam break experiment and the corresponding numerical results
is pictured in Fig. 4. The pictures show very good agreement, even the mushroom jet
[7] with a breaking wave opposite to the main flow direction is visible. The jet induces
turbulent flow and air trapping. Solely the resolution of the breaking wave shows slight
deficits of the VOF method.

3.3 Soil collapse test

The soil collapse test investigates the final profile after the gravitational collapse of a
granular soil column [3, 6]. The experiment by Bui et al. [6] is based on a block of non-
cohesive aluminium bars. The dimensions and soil parameters are displayed in Fig. 5.
First, the collapse test is simulated with the von Mises and Mohr-Coulomb yield criterion
to investigate the optimum minimum and maximum viscosity. The maximum viscosity
is primarily set to the recommended value of 1500Pa s [3] and minimum viscosities from
2.5 to 40Pa s are tested (Fig. 6, top). Subsequently, the minimum viscosity is set to the
determined optimum value and maximum viscosities from 250 to 3000Pa s are investi-
gated (Fig. 6, middle). Finally, the simulated soil collapse tests with the von Mises and
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Mohr-Coulomb yield criterion and the Drucker-Prager yield criterion are compared to the
experimental results of [6] (Fig. 6, bottom).

x0

d0

Parameter Value

Height d0 0.1m
Length x0 0.2m
Density 2650 kg/m3

Internal friction angle 19.8◦

Maximum viscosity 250− 1500Pa s
Minimum viscosity 2.5− 40Pa s

Figure 5: Dimensions and soil parameters of the
soil collapse test

0.0
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-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

y
[m

]

x [m]

µmin = 2.5Pa s
µmin = 10Pa s
µmin = 25Pa s
µmin = 40Pa s

0.0

0.1

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

y
[m

]

x [m]

µmax = 250Pa s
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µmax = 3000Pa s

0.0

0.1

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

y
[m

]

x [m]

FreSCo+, Mohr-Coulomb
FreSCo+, Drucker-Prager
Experiment, Bui et al. (2008)

Figure 6: Final profiles for the soil collapse
test: von Mises und Mohr-Coulomb yield crite-
rion for different minimum and maximum viscosi-
ties (top, middle) and compared to the Drucker-
Prager yield criterion, as well as to the experi-
mental final profile (bottom)

Regarding the different minimum viscosities in Fig. 6, that the final profiles show a
declining behaviour, but no convergence. Hence, the minimum viscosity should be as small
as possible to manipulate the soil model irreducible. Since the final profiles for a minimum
viscosity of 25 and 40Pa s are very similar and show good agreement with the experimental
final profile, 25Pa s is chosen as minimum viscosity. The maximum viscosities show
the described converging behaviour. The recommended optimum maximum viscosity of
1500Pa s is chosen for further investigations. The final profiles with both yield criteria
coincide and show very good agreement with the experimental results. The lower parts
of the profiles show a small discrepancy. For further application, the von Mises and
Mohr-Coulomb yield criterion is used.

3.4 Louvain experiment

The Louvain experiment by Fraccarollo and Capart [5] represents a dam break on a
bed of granular soil. It is used to assess the suspension model by comparing the profiles of
the surfaces between granular soil and suspension, suspension and water and the surface
to the air [4]. The surface between granular soil and suspension is defined by c̃ = 0.9, the
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surface between suspension and water by c̃ = 0.3 and the surface to the air by c1 = 0.5.
The dimensions and soil parameters are displayed in Fig. 7. The profiles are evaluated at
0.25 s, 0.5 s, 0.75 s and 1.0 s and compared to the experimental data (Fig. 8).

x0

xB

d0
dB

Parameter Value

Height of water column d0 0.10m
Length of water column x0 1.00m
Height of soil bed dB 0.06m
Length of soil bed xB 2.00m
Density 1378 kg/m3

Internal friction angle 31.0◦

Maximum viscosity 1500Pa s
Minimum viscosity 25Pa s

Figure 7: Dimensions and soil parameters of the
Louvain experiment
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]
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FreSCo+

Experiment, Fracarollo and Capart (2002)

Figure 8: Comparison of the numerical and exper-
imental profiles for the Louvain experiment

The surfaces show a reasonable agreement, especially the speed of the water front co-
incides with the experiment. Since the VOF method does not capture single particles and
the suspension layer is artificially generated, the growing of the suspension layer cannot
be represented. However, it has to be noticed that the suspension layer shows an inden-
tation at a length of x = 0m, which can be seen intensified in the experimental profiles.
The size of the indentation grows for a decreasing minimum viscosity and converges to
the experimental one for a minimum viscosity of 0 Pa s.

3.5 Soil-body-interaction

The soil-body-interaction is validated by simulating the descent of a quadratic box onto
a bed of granular soil. The simulation is executed as two-phase flow simulation with water
and soil phase and as three-phase flow with air, water and soil phase. The dimensions
and body/soil parameters are given in Fig. 9. The body motion is determined implicitly
with intense relaxation to allow an adjusted velocity damping of the granular soil. The
soil-body interaction is assessed by regarding the body’s height of the center of gravity
(COG), its vertical velocity and the vertical force acting on the body. The results are
displayed in Fig. 10.

The evolutions in Fig. 10 indicate a working soil-body-interaction for both simulations.
The body reaches its final position at a height of 0.098m after a simulation time of 0.75 s
and shows a final vertical velocity of 0m/s. The resulting vertical force on the body equals
its weight force of 7.36N. The slight oscillations of the vertical force between a simulation
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dB

r2

dW

Parameter Value

Edge length 0.1m
Initial height of COG r2 0.12m
Height of soil bed dB 0.05m
Height to water surface dW 0.2m
Mass of the body 0.75 kg
Density of the soil 1540 kg/m3

Internal friction angle 30.0◦

Maximum viscosity 1500Pa s
Minimum viscosity 25Pa s

Figure 9: Dimensions and body /soil parameters
of the soil-body-interaction test case
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Figure 10: Evolution of the body’s height of the
COG, its vertical velocity and the vertical force
acting on the body for a two-phase flow and a
three-phase flow simulation

time of 0.12 s and 0.16 s can be deduced to wave generation at the free surface.

3.6 Offshore grounding operation

Finally, a large-scale offshore grounding operation is simulated. Gravity foundations
are usually employed in water depths from 30 to 50m and feature an advantage at the
journey to their final destination by being a floating body. Additionally, they are very easy
to ground, because they have to be flooded only. The exact dimensions and soil/structure
parameters of the examined gravity foundation are given in [4]. Fig. 11 illustrates pictures
of the two- and three-dimensional grounding simulations.

4 CONCLUSIONS

This paper shows the ability of the Navier-Stokes procedure FreSCo+ to simulate large-
scale offshore operations. The successful amplifications by a three-phase flow model and
a soil model, as well as the soil-body interaction were validated by four test cases. The
employed overset grid approach was assessed on the influence of different interpolation
and flux correction practices on the resulting mass defect. The second order simplex
interpolation in combination with the initial flux correction proved to show the smallest
flux imbalance. Finally, a large-scale offshore grounding operation was simulated.

This work provides the basis for a strategic investigation on industrial offshore ope-
rations. The influence of waves, current, wind and sea floor can be evaluated to ensure
functionality and persistence of the structure and protection of man and environment.
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Figure 11: Pictures of the offshore grounding operation
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