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There is presently a lack of knowledge of scour progression for complex offshore foundation structures, such as Tripod
foundations for offshore wind turbines. Typically, scour is investigated in physical model tests. As an extension, parts of the
investigations could be carried out by using numerical methods; however, such numerical methods require that all relevant
processes leading to scour are captured well by the model. The general possibility for conducting such numerical simulations is
presented here, given by the examples of flow, shear stress, and scour calculations for a Tripod foundation and a circular
cylinder. The numerical investigations were carried out within the framework of OpenFOAM software code, which was
extended by an appropriate scour model.

INTRODUCTION

When a structure is placed into the marine environment, it
is exposed to fluid flow processes of the surrounding water. In
most offshore wind turbines (OWTs), scouring phenomena occur
around the foundations, owing to the presence of the structure
itself, and hence effect changes in the natural flow regime at the
sea bed around the foundation, which may subsequently lead to
increased sediment mobility. In the marine environment, scour
is typically induced by combined loads due to waves and tidal
currents. Depending on the structural type and given environmental
conditions, in-situ measured scour depths of several meters around
OWTs could be observed even within short periods (Rudolph et al.,
2004; Whitehouse et al., 2008).

As a step towards further developing the share of renewable
energies for the German electricity supply, numerous offshore wind
farms are intended to be constructed at the German coasts within
the coming years. Detailed knowledge of scour development and
its final effects on the stability and usability of the structures is
therefore all the more important today. The starting signal for this
development was given by the construction of the first German
offshore test site, Alpha Ventus, in the North Sea, located 45 km
off the coast of the Borkum Island. Turbines were founded on
Tripod and Jacket foundations. Further wind farms in the North Sea
area are currently in a planning stage or under construction, while
turbines are founded on multiple structural types, e.g., Monopiles,
Tripod, Jacket, or Gravity Base foundations. Due to the complexity
of these various types of foundations, there are significant gaps in
the knowledge of scour initiation and progression and its probable
effects on the stability and usability of the structures, which has
led to the lack of practical design guidelines. Consequently, such
complex structures are generally constructed according to a secure-
based, but partly cost-ineffective strategy. A large part of the
overall cost of offshore wind turbines is spent on the foundation
(Schaumann et al., 2004); therefore, the choice of the foundation
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type, an acceptable scour depth, and a probable scour protection
system have an overall high significance.

In recent decades, numerous studies were carried out on scour at
offshore structures; from such studies, some empirical approaches
to scour evolution at mainly cylindrical structures were identified
(see, e.g., Hoffmanns and Verheij, 1997; Sumer and Fredsoe, 2002;
Zanke et al., 2011). Based on these approaches, current design
guidelines and the respective literature give estimating values for
scour depth calculations for mainly single-pile foundations, ranging
from typical values of 1.3 to 2.5 for the relative scour depth, S/D
(Sumer and Fredsoe, 2002; GL, 2005). Complex OWT foundation
structures, which are geometrically different from those simple pile
foundations, are not captured at all in current design guidelines.
Due to the absence of alternatives, however, the particular rules
for simple pile foundations are partly utilized even for complex
structural types today, which either might lead to values for scour
depth calculations that are far from reality, or might not completely
capture the actual, local scour development, as in the case of
scouring effects found underneath structural elements, such as at
Tripod structures. Therefore, within the context of the investigations
presented here, the main goal of the current research activities on
OWT scour development is to gain deeper knowledge of scour
evolution at complex OWT types, in order to improve scour
prediction and reduce uncertainties in the dimensioning, which
might allow for more efficient foundation constructions.

Typically, investigations of offshore structures are carried out in
terms of physical modeling; however, in order to minimize possible
scaling effects, large facilities are necessary to adequately model
scour processes. All in all, experimental tests are both time- and cost-
consuming, especially when parameter studies need to be carried out.
As an extension of the classical physical modeling approach, both
time and cost could be reduced by alternatively carrying out parts
of the investigations in numerical model simulations. A possible
hybrid-model coupling could result in general validation cases
carried out by means of laboratory experiments, while parameter
studies and further analysis of structural details are conducted in
numerical simulations. As the main topic of the work presented
here, numerical investigations on scour and applied methodologies
were carried out for two different structural types, i.e., a Tripod
foundation and a vertical cylinder.
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NUMERICAL MODEL APPROACH

General Model Description

The numerical simulations were performed within the framework
of the open source software code platform, OpenFOAM®(OpenCFD
Ltd.), version 1.6-ext. The volume of fluid (VOF) method was
applied to capture the free surface water/air. Further information on
the specific implementations can be found in Jasak (1996). For
the present investigations, the approach to solving the Reynolds-
averaged Navier-Stokes (RANS) equations was applied in combina-
tion with the k-� SST model for turbulence closure given in Menter
et al. (2003). In the present approach, the turbulence characteristics
of the flow near the typically rough wall boundary at the bed are
directly controlled by a modification of the specific dissipation
of turbulent kinetic energy � at the wall boundary (see Wilcox,
2006). The effect of surface roughness inclusion thereby follows the
concept given in Fuhrmann et al. (2010). Wave boundary conditions
near the domain inlet, as well as wave absorption in the outlet
zone, were modeled by using a wave generation toolbox within
OpenFOAM (described in Jacobsen et al., 2012), which was further
extended for wave-current interaction as input boundary condition.
The general model domain setup, including wall boundaries and
wave-related zones, is sketched in Fig. 1.

By using this model approach, investigations of wave- and
current-induced flow patterns, turbulences, and resulting bottom
shear stresses over rigid (rough) bed were conducted on the one
hand. On the other hand, a sediment transport (scour) model was
implemented, including all relevant slope-dependent transport
modifications, and was finally coupled to the hydrodynamic model.
The global model was applied to the calculation of spatial scour
development, including the relevant sediment transport processes,
i.e., erosion, transportation, and sedimentation of both bed load and
suspended load parts. The local bed shear stresses were thereby
calculated by using the van Driest (1956) velocity profile, including
surface roughness shift in the present implementation, which is
similar to the method given in Roulund et al. (2005). The numerical
mapping of bed evolution was modeled, based on a vertically-
changing bed boundary grid and inner nodes of the computational
domain, i.e., a moving mesh approach. Modified automatic mesh
motion algorithms were implemented in order to cope with the
motion characteristics for complex structures. Since long simulation
times are inevitable when investigating morphological processes for
complex structures, parallel coding was used throughout.

Fig. 1 Sketch of the numerical model domain, including wave
generation and absorption zones. The location of foundation
structures is given by a vertical cylinder for simplicity.

Sediment Transport and Model Coupling Approach

The implemented sediment transport model briefly described
here comprises both bed load and suspended load processes. The
local bed load transport fluxes qb were modeled by:

Eqb =
�

6
dpEF Eub (1)

with pEF being the probability of occurrence of particles near
the bed, given by the approach of Engelund and Fredsøe (1976),
and ub being the near-bed velocity. The transport formulation for
each computational face on the bottom boundary grid was thereby
implemented in vectorial form, generally based on the idea given in
Kovacs and Parker (1994), including slope-dependent modifications
of the resulting bed shear stresses.

The suspended load was modeled by solving a passive scalar
advection-diffusion transport equation, including input/output to
and from the water column due to erosion/deposition, given by:
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with �r as the VOF ratio coefficient; u and ws as the fluid
velocity and sediment settling velocity, respectively (including
group settling effects); Dv as the diffusivity; and Sc as a source/sink
term accounting for entrainment and deposition of suspended
particle fluxes. The approach is generally based on the reference
concentration cb concept.

For the suspended flux entrainment model, an approach similar
to Zyserman and Fredsøe (1994) was applied here; however,
model coefficients were modified due to better agreement of scour
evolution with experimental data investigated here. This approach
finally led to a reference concentration formulation of:

cb =
A4�− �c5

n

41 +A/cm54�− �c5
n

(3)

with A= 009, n= 109, cm = 0045, and �, �c being the local and
critical Shields parameters, respectively. The bed evolution changes
¡h in vertical direction were finally calculated by solving the Exner
equation for sediment continuity, given by:

¡h

¡t
= −
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6ï · Eqb −E +D7 (4)

with nb as the bed porosity (taken as 0.4), and E, D as the fluxes
from the suspended transport model. The entrainment flux E was
modeled as cb · ws in upward direction, following Garcia and
Parker (1991). In reverse direction, the deposition flux D was
the local concentration c times the local settling velocity, while
c was computed from the lowermost computational cells above
the bed boundary here. Equation 4 was solved on the generally
two-dimensional bottom boundary grid by applying the finite area
method (FAM) (see Tuković, 2005). For stability of the solution,
local bed elevation changes were filtered by applying an approach
similar to the idea given in Jensen et al. (1999). Final results were
then mapped back to the three-dimensional fluid domain (FVM) in
order to prescribe vertical mesh motion of bottom grid and inner
nodes (see Fig. 2).

Due to bed load and suspended load processes, changes in the
local bed slopes are evident and might reach large values, especially
in the case of local scour formation. When the local slope angle
becomes so large that the inner frictional forces of the sediment
particles cannot withstand the outer force of gravity acting on
the particles, sediment sliding occurs while single particles or
conglomerations shift from higher to lower locations of the bed.
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Fig. 2 Sketch of the mapping procedure between 3D FVM flow
model domain and 2D FAM bottom boundary grid

To account for the steep-slope mechanisms, a sediment-sliding
procedure was therefore incorporated, which is automatically
activated when the actual, local bed slope exceeds the angle of
repose, �, of modeled sediment plus a certain threshold (taken
as ã� = 2–205� here), which then leads to a local re-leveling of
sediments.

Due to vast computational times occurring for scour simulations,
especially around complex structures under wave conditions, a
kind of weak coupling between the hydrodynamic flow model and
sediment transport calculations was performed in the following
manner: (1) For a time span equal to the wave period (or by using
the Strouhal number in case of current flow), the hydrodynamic
quantities and the suspended load transport were calculated and
stored for fragments of the wave period; (2) Afterwards, the bed
load sediment transport was calculated, the Exner equation was
solved; and (3) the mesh motion algorithm was applied for every
single time fragment over the entire wave period. As local bed
changes between the single wave cycles are typically small, the
calculations in (2) and (3) were carried out several times by using
the hydrodynamic quantities from (1), while the number of such
‘repeating loops,’ nr , was chosen as 2–20, depending on scour
progress and load cases, i.e., the hydrodynamic quantities after
mesh adjustment were updated every 2–20 wave cycles. A thorough
description of this entire procedure and these methods is given in
Stahlmann (2013).

RIGID-BED AND SCOUR INVESTIGATIONS

Investigations of Tripod Scour

In order to gain deeper knowledge of local flow characteristics
and scour evolution at a Tripod foundation for offshore wind
turbines, investigations were carried out by means of both physical
model tests and numerical simulations, which are partly presented
here. The physical modeling part was conducted as scaled 1:40
laboratory tests in the wave flume of the Franzius-Institute (WKS)
in order to investigate general scour phenomena, as well as by 1:12
large-scale model tests in the Large Wave Flume (GWK) in Hanover.
The results of the physical model tests are given exemplarily here
for only one test series in the WKS wave flume (1:40) for a regular
wave test case. For further detailed information on model setup and
results, especially regarding the large-scale GWK tests, and on
structural and load case variations, see Stahlmann and Schlurmann
(2010, 2012b) and Stahlmann (2013).

Experimental Setup. The tests on scour development were carried
out in the WKS wave flume, which has overall dimensions of
110-m length, 2.2-m width, and 2.0-m height. A false bottom was
installed at the test section, while the sand bed had a length of
about 4.6 m, resulting in an overall bed area of about 10.3 m2 with
a bed depth of 0.25 m. The bed was installed in combination with
sand traps and a covered pump well in the front of the test section,
as well as concrete ramps on both sides. A sketch of the model
setup is given in Fig. 3.

Fig. 3 Sketch of the experimental setup in the WKS wave flume;
tripod structure is given symbolically by a vertical cylinder.

For the experiments, a Tripod model was manufactured from
aluminum elements. For the flume installation, a turnable bottom
mounting system was installed, which allowed modifying the
rotating direction of the Tripod in relation to the incoming wave
direction (see Fig. 4). As bed material, narrow, distributed fine
quartz sand with a grain size of d50 = 00148 mm was used.

During the tests, surface elevation and flow fields were measured
by using capacitive-type wave gauges, an electromagnetic (2D),
and an ADV (3D) probe. The latter was applied to a detailed flow
pattern measurement around the Tripod structure. Tests were run
with consecutive series of up to 200 wave load cycles in order to
minimize reflections in the flume and with a maximum test duration
of 4000 waves until an almost equilibrium scour stage was reached.
Local and areal bed changes due to scouring were measured in
defined intervals during the tests by using sediment gauges (visual
observation) and a laser distance sensor (LDS) operating under
water, which was automatically moved around the structure by a
programmable positioning platform above the flume. Derived from
the unstructured measuring point data sets, surface elevation models
based on gridded data sets were finally created by interpolation.

Experimental Results. Figure 5 shows the test results for scour
development, collected by using LDS measurements and visual
observations for a regular wave load case (denoted as r2130-01)
with parameters of Hm = 2006 cm, Tm = 300 s, and d = 75 cm. For
the given regime, the maximum Shields value (under the wave
crest) is �max = 0023, while the critical value is �c = 00059.

As the main result of this test, it can be noted that scour formation
around the structure significantly differs from the typical scour
pattern that can be observed at single vertical pile structures or

Fig. 4 Tripod installation in the WKS wave flume for scour
experiments (left: model with sub-structure; right: final flume
installation)
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Fig. 5 Results of scour development for test series r2130-01 at
intervals of 250, 500, 1000, and 4000 wave cycles in the WKS
wave flume experiments

large gravity base foundations with a circular footprint. Three
main regions of scour formation can be determined for the Tripod
structure under the given wave load conditions. The overall scour
pattern shows a combination of local and global scour formation:

1. Around the single piles, while larger depths can be found at
the rear piles;

2. Under the main column and the lower braces connecting the
rear pile sleeves with the column;

3. In the rear part of the structure.
The main mechanism for scour formation is the local flow

acceleration around the single piles and underneath the structure,
leading to a quick mobilization and uplifting of particles. After
getting into suspension, the particles are transported away by
the turbulent flow. Sediment suspension can be regarded as the
dominating transport process here. For the present test series, the
local scour at the rear piles reaches values of about 5.0 cm for the
maximum (S/Dp = 0085, with Dp = 509 cm as the pile diameter)
and 4.5 cm for the mean (0.76), respectively. The scour is slightly
lower at the front pile, where a depth of 3.5 cm (0.59) and 3.0 cm
(0.51), respectively, was observed. In the region under the main
column and the lower braces connecting the pile sleeves with the
column, similar flow acceleration is given. This can mainly be
explained through general blockage of the structure, which forces
the waves to flow between and under structural elements, i.e., the
lower and upper braces as well as the lower part of the main column.
In this case, pressure is built up in front of the structure and water
is forced to flow around these structural elements. Especially at the
lower braces, a similar mechanism can be found at flow around
pipelines, with resulting scour formation. The maximum scour
depth in the region under the main column reaches a value of
5.0 cm in the present case (S/Dmc = 0044, with Dmc = 11025 cm as
the lower main column diameter). With regard to time evolution,
it was observed that the local scour formation takes place very
rapidly, while scours develop at the piles and directly under the
main column first. When regarding the trends of scour development
over time instead of exact values, scour depths can be seen in an
almost equilibrium condition at the stage after 3000 wave load
cycles, while about 90–100% of the corresponding values are
already reached after 1500 waves.

It is assumed that the local bed deepening in the rear part of
the Tripod can be seen as partly influenced by the general model
setup in the flume, as no such distinct pattern could be observed in
both the 1:12 large-scale physical model tests and the numerical
simulations. Furthermore, local bed deepening with similar shape
was observed for different turning angles of the structure. Wave
attack was also observed in the rear part of the Tripod; however,
no clear explanation for this behavior could be given so far.

From the results shown in Fig. 5, it can be seen that areal bed
morphology is further influenced partly by bed ripple formation,
which is due to the given model scale. It can be assumed, however,
that local scour depths and shapes directly at the structure are
almost uninfluenced by this circumstance.

Numerical Rigid-Bed Simulations. The implemented numerical
model approach was applied to the calculation of local wave-
induced shear stresses and scour development around the Tripod
structure. A model scale of 1:40 was chosen, giving the model scale
of the WKS wave flume experiments. Wave boundary conditions
were investigated for the regular wave test r2130-01 as given above.
In contrast to the laboratory tests, where information was gained
only in temporally- and spatially-limited form, the numerical flow
model has the advantage of giving an entire flow field description,
which allows us to further analyze locations that could not be
measured in the experimental setup.

A snapshot of the local flow field as cross sections through the
numerical flume and structure is given in Fig. 6 for the moment
of wave crest passage at the Tripod main column. Cross sections
are given at positions of (a) z= −0074 m and (b) z= −0070 m
in x1 y plane; (c) y = 000 m in x1 z plane; and (d) x = 0015 m in
y1 z plane. Velocities are plotted as magnitudes �u�. For clarity, the
velocity range in the plot is limited to a maximum value of 0.6 m/s

Fig. 6 Calculated flow pattern around the Tripod at wave crest
passage as cross sections for (a) x1 y plane at z= −0074 m; (b) x1 y
plane at z= −0070 m; (c) x1 z plane at y = 000 m; (d) y1 z plane at
x = 0015 m. Velocities are given as magnitudes �u�.
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in all sections, although local peak velocities up to 0.9 m/s were
observed; points of occurrence are given below.

At the moment of wave crest passage, the flow resistance of the
structure due to blockage leads to local accelerations, flow around
the structural elements, and thus enhanced flow velocities. This
can especially be observed at the locations of triangular sections
between the lower and upper braces, between the main column and
pile sleeves, and in the corner section between the lower braces,
pile sleeves, and the bed boundary, where maximum flow velocities
of up to 0.9 m/s were observed (see Fig. 6d). The second, near-bed
region of enhanced flow velocities is given in the area directly under
the column, again resulting from blockage of the structure. The
region, however, is not locally limited to the lower main column,
but accretes to the section of the pile sleeves, thereby forming a
larger area of enhanced near-bed flow velocities under the lower
braces reaching to both end sides. During wave trough passage (not
described here further), areas of high near-bed flow velocities are
similar to those at the moment of wave crest passage, resulting in
locally-increased velocities under the main column and the lower
braces. All in all, however, flow velocities are considerably lower,
resulting mainly from natural wave asymmetry.

Figure 7 shows the distribution of corresponding shear stress
amplifications �, which is local shear stress � divided by shear
stress �w in the undisturbed case, i.e., without structure, for the
moments of (a) wave crest passage and (b) wave trough passage at
the Tripod main section. Not surprisingly, the areas of high shear
stress and consequent amplification factors correspond directly to
observed near-bed flow velocities. This results in areas of high
shear stress in the sections under the braces and the main column,
with the highest value of up to 7.2 N/m2 at the inner part of the pile
sleeves. This value leads to an amplification factor of �max = 12. At
the moment of wave trough passage, global shear stress distributions
are all in all similar. Local values are comparatively lower due to
the generally lower flow velocities under the wave trough during
wave passage, reaching up to 2.9 N/m2 at the inner part of the pile
sleeves, which leads to a local amplification factor of �max = 705 in
that area.

Numerical Scour Model Setup. Model parameters with regard to
sediment properties and model coupling are given in Table 1. The

Fig. 7 Bed shear stress amplifications a for the moments of (a)
wave crest passage and (b) wave trough passage at the Tripod main
section

d50 [mm] ws [m/s] �c [-] �s [-] �d [-] � [�] ã� [�] T [s] nr [-]

0.148 0.015 0.059 0.58 0.49 30 2.0 3.0 5–20

Table 1 Model parameters for flow-induced scour simulation

model domain had an overall length of 15 m. The length of the
wave generation zone was defined as 1.5 m, based on theoretical
considerations of the maximum horizontal displacement of orbital
motions. The wave absorption zone had a length of 3.0 m, while
cells were further expanded in positive x-direction. Roughness
sections between the simulated concrete bed and movable bed
section had lengths of 0.3 m and d50 = 005 mm, while the movable
bed itself was 4.0 m long and 2.0 m wide, i.e., giving the dimensions
from the WKS flume setup. The overall number of cells in the
computational domain was approximately 500 k; cell dimensions
were in the range of 1.25–5 cm in the free field, 0.2–0.6 cm in
the near field of the structure (all directions), and approximately
1.5 mm at the bottom (vertical) at simulation start.

Numerical Scour Simulation Results. The results of the scour
simulations for the Tripod structure (test series r2130-01) are given
in Fig. 8 for the moments of 60, 250, 500, and 2000 wave cycles
simulated in the model. The duration for the simulations was about
130 hours, computed on a 16-core AMD Opteron 6136 (2.4 GHz)
Server node as a parallel computation process.

All in all equal to the findings from the laboratory experiments,
the entire scouring process occurs mainly as a local scour formation
around the single piles and underneath the main column. Especially
underneath the latter, scour deepening takes place very rapidly in
the model. A distinct global scour formation around the entire
structure cannot be observed. Maximum scour depths Smax, as
given in the plots in Fig. 8, reach values of up to 6.5 cm in the
area under the main column, while this depth is already reached
after 250 wave cycles passing the structure. The scour depth at a
later stage is slightly lower; however, a value of 6.4 cm is given
after 2000 wave cycles, which can be expected as an (almost)
equilibrium stage of the simulations. A similar, time-dependent
behavior could be observed in the laboratory experiments (see
above). Starting approximately from the time of 500 waves, distinct
ripple formation is given in the area around the Tripod structure
and especially in the rear part of it.

Fig. 8 Numerical results of scour simulations for test series r2130-
01. Plots are given at moments of (a) 60, (b) 250, (c) 500, and (d)
2000 waves. Maximum scour depths are depicted in the figures;
wave propagation is in positive x-direction, from left to right.
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It was found, however, that a certain deviation is given in
the simulations in direct comparison to the WKS wave flume
experiments. It must be noted that the maximum depths in the
section underneath the main column are temporarily about 30–
40% higher in the simulations. Furthermore, the location of the
scour pit is partly shifted to the direction of the front pile. A clear
explanation of this behavior cannot be given so far; however, it is
assumed to be related to the hydrodynamic processes and especially
the wave absorption procedure. For the front pile itself, scour
depths are in good agreement with experimental data; however,
scour depths at the rear piles are about 20% lower compared to the
experimental data.

A certain fluctuation in scour depths over time is given in the
model, which mostly results from the choice of mainly 20 repeating
loops, nr (gradually increasing from nr = 5 at simulation start
to nr = 20), for the present hydrodynamic and morphodynamic
model-coupling approach. It can thus be assumed that local depth
fluctuations could be minimized with a more frequent update of the
flow field. However, the direct influence of chosen nr values on the
local scour pattern is negligible for the given case, as the choice of
nr = 10 in additional sensitivity studies led to nearly equal scour
pattern and local depths.

All in all, the model is capable of capturing all relevant processes,
such as wave interaction, flow pattern, and sediment transport,
for complex structures like the Tripod foundation, as exemplarily
investigated here. The model can thus be applied in further analyses
of other structures. Moreover, other factors influencing scour
development have also been analyzed within numerical studies,
such as the different turning angles of the structure with respect to
the direction of wave propagation, as well as the single current
load, the single wave load, and the combined wave-current load
(see Stahlmann and Schlurmann, 2012b).

Scour Around a Vertical Cylinder

In addition to the Tripod scour investigations, the numerical
scour model approach was further validated against numerical and
experimental data on scour evolution around a circular cylinder.
Scour around single objects such as cylinders has been investigated
in several numerical studies over the past years, mostly centered
on steady current load, and is still the main focus of present,
scientific investigations using physical modeling. Although the scour
development around a single, vertical cylinder under pure current
load may play only a minor role for offshore structures, the results
of a numerical simulation on this topic are given below due to good
availability of validation data. Simulation results are compared to
numerical results from other numerical models and physical model
data given in Roulund et al. (2005) and Göthel (2008).

Model Setup. In the experimental setup in Roulund et al. (2005),
a vertical cylinder with a diameter of D = 001 m was placed in
a movable bed test section in a current flume, with dimensions
of 3.86 m in width and 9.90 m in length. The grain size for the
model sediment in the experiments was d50 = 0026 mm, and the
water depth was 0.40 m. The cylinder was subjected to a steady
current, having a depth-averaged flow velocity of 0.46 m/s. In the
numerical model in Roulund et al. (2005), it should be noted that
only a water depth of 0.20 m was simulated by using a rigid-lid
approach instead of a free surface; the numerical model further
used a steady-flow approach. The reduced water depth was assumed
to correspond with the logarithmic part of the boundary layer. For
comparison with the existing data, the present model was likewise
run with a water depth of 0.20 m; however, the model was run
by using a transient flow approach, including both bed load and

d50 [mm] ws [m/s] �c [-] �s [-] �d [-] � [�] ã� [�] T [s] nr [-]

0.26 0.034 0.05 0.63 0.51 33 2.5 1.087 2–10

Table 2 Maximum relative scour depth S/D (solid black line) over
time for the vertical, circular cylinder in comparison with existing
data

suspended load sediment transport processes. The related model
parameters are given in Table 2. The overall number of cells in the
computational domain was approximately 152 k; cell dimensions
were in the range of 2.5–5 mm around the cylinder (horizontal) and
approximately 0.5 mm at the bottom (vertical) at simulation start.
For the number of repeating loops, nr , a value of 10 was chosen
for the larger part of the simulation time; however, the number of
repeating loops gradually increased from nr = 2 at simulation start
due to a rapidly-evolving scour hole around the cylinder.

Simulation Results. The results of the simulated scour around the
vertical, circular cylinder are given in Fig. 9 for different moments
of the simulation, which was run for a period of 90 minutes.
Although run for only 90 minutes, the present model captured the
general trends; therefore, it can be expected that the final results
will not significantly differ from the experimental data. In the
experiments, a maximum relative scour depth S/D around 1.24
(180 minutes) was found, while the maximum depth in the present
model so far simulated was 1.18 (90 minutes).

In the flow field around cylindrical structures under current
flow conditions, the formation of a horseshoe vortex system
was discovered as the main mechanism leading to local scour
development. Furthermore, flow contraction at the sidewalls of the
cylinder occurred, finally resulting in vortex shedding behind the
structure. In the present numerical simulation, all these relevant
features were found to be well resolved by the flow model. In the
present model, a scour hole with a semi-circular shape was formed
around the cylinder. In the first period of the scour development,

Fig. 9 Plot of simulated scour development around a vertical,
circular cylinder under steady current flow at the moments of
(a) 5 minutes, (b) 15 minutes, (c) 30 minutes, and (d) 90 minutes.
Flow direction is from left to right.
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Fig. 10 Maximum relative scour depth S/D (solid black line) over
time for the vertical, circular cylinder in comparison with existing
data

an accumulation of sediment occurred downstream of the cylinder,
resulting from sediment being transported out of the local scour
pit, then being further transported away by the flow during the
remaining period of the simulation. The formation of ripples
could be observed in the model, which started to develop around
the structure first. The deepening of the scour hole took place
very rapidly, as given by the time plot in Fig. 10. The slope
angle upstream of the cylinder equaled the angle of repose +205�

(resulting from the sediment-sliding mechanism) in the developed
scour hole, while the slope angle was less steep in the downstream
part. The results of the simulated scour depths over time upstream
of the cylinder and of the maximum scour depth location are plotted
in Fig. 10 (solid black line). Furthermore, a comparison with the
experimental data and numerical simulation results from Roulund
et al. (2005) and Göthel (2008) is given in Fig. 10. The data for the
present model compare well to the data for the experimental scour
formation and time evolution of the scour depth upstream of the
cylinder; therefore, it can clearly be stated that the present numerical
model is capable of simulating the scour development around the
cylinder very well. At this point, it must be mentioned that the
numerical models of Roulund et al. (2005) and Göthel (2008) do
not incorporate the effects of suspended sediment transport, which
is therefore a clear advancement of the present model approach.

CONCLUSIONS

In the investigations presented here, generally given as a brief
overview of current research activities, both physical model tests
and numerical modeling techniques using CFD methods were
applied in the context of local scour development around structures.
The numerical simulations were carried out within the framework
of the OpenFOAM software code platform by using a multi-phase
fluid flow model, which was extended by a sediment transport
and scour model, including bed load and suspended load transport
processes. The results of the simulated scour development were
given for a Tripod foundation under wave load and for a circular
cylinder under steady current load. It could thereby generally
be shown that the present model approach can be applied as
a valuable tool in local scour investigations under various load
situations, i.e., wave, current, and presumably combined wave-
current load cases, as well as to simple and complex offshore
structures. Deeper knowledge of both flow and scour evolution at
complex foundations, such as offshore wind turbines, can be gained
by using numerical simulations, especially in combination with
physical modeling techniques, in order to improve scour prediction
and reduce uncertainties in the dimensioning process.
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