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ABSTRACT

Offshore Windpark Egmond aan Zee was installed in 2006 and is the first
Dutch offshore windpark. To guarantee a fixed seabed level, dynamic scour
protections were installed at all 36 monopiles. Since installation 251 multibeam
surveys were executed to investigate the as-built stages and yearly performance of
the dynamic scour protection. After 4 major storms the onset of deformation was
observed around the monopiles: rocks within 1 pile diameter from the pile centre
are displaced to a ring within 1-1.5 pile diameter from the pile centre. The majority
of the deformation, however, was attributed to overall compaction of the armour
layer. Performance parameters based on two design formulae were calculated for
the actual occurred hydrodynamics and compared with the observed deformation.
Both predictions performed well, although there are differences in the sensitivity to
the hydrodynamic parameters. Consequently, the ranking of the severity of the
storms was different for both approaches.

INTRODUCTION

The European offshore wind energy market is booming. In 2009 a growth
rate of 54% was achieved. For 2010, a market growth of 75% is expected (press
release EWEA, 2010). To establish such growth numbers, the wind energy market
will have to focus more and more on cost efficiency, design optimization, flexible
building methods and more reliable risk assessments. One relatively small, though
important link in the chain of offshore wind park construction concerns the bed
protection around the foundations to prevent scour development. Now, after a few
years of operation of one of the first offshore windparks (the Dutch Offshore
Windpark Egmond aan Zee, hereafter OWEZ), we have the opportunity to
investigate the performance of the bed protection, which was designed on the basis
of laboratory tests, in the field.
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OWEZ is located approximately 10 to 18 kilometres from Egmond aan Zee, off the
Dutch coast, at water depths varying between 16 and 21 metres relative to MSL. It
consists of 36 wind turbine generators (hereafter WTG) with a total capacity of 108
MW and an anticipated lifetime of 20 years. The foundations of the turbines
consist of monopiles with an outer diameter of 4.6 meter.

In order to maintain the designed fixation level, scour protection was applied. The
scour protection system comprises two layers: a granular filter layer and a
dynamically stable armour layer, see Figure 1.
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Figure 1: (left) scour protection layout for all 36 WTGs of OWEZ; (right)
expected deformation pattern

Experiments were conducted to verify several conceptual protection
layouts. In this laboratory test program it was found that the deformation of the
scour protection followed a characteristic pattern as shown in the right plot of
Figure 1. Some armour material is moved from close to the pile to a few meters
away but does not disappear out of the vicinity of the pile. Just outside the scour
protection edge scour develops. The scour protection behaves as a falling apron
and partially rolls in the edge scour hole. The deepest edge scour hole develops at
the downstream side of the main current direction. For the layout shown in Figure
1, a lowering of the top level of the armour of about 0.4m (range 0.3m to 0.6m,
depending on the location in the windpark) was predicted in case the 100 year
design storm occurred. For the finally chosen design, an edge scour depth of 1-2m
was expected, based on the interpretation of laboratory experiments and
engineering judgement.

This paper focuses on design and performance of so-called dynamic scour
protections around monopiles. The analysis is based on bathymetric surveys and
hydrodynamic data at OWEZ (both measurements and operational models). In
section 2 an overview of literature on scour protection for offshore wind parks is
presented. Section 3 describes the as-built situation and performance of the scour
protections on the basis of 251 bathymetric surveys, executed in the period 2006-
2009. In section 4 the observations are correlated to the hydrodynamic climate.
Also some prediction formulae for deformation of the scour protection are
evaluated. Finally, in section 5 the conclusions and recommendations are
presented. Although edge scour development is important in relation to burial
depth of electricity cables and deformation of the edges of the scour protection,
this topic is not further addressed in this paper.
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LITERATURE ON SCOUR PROTECTIONS

Some years ago some excellent books on scour (Whitehouse (1998), Sumer
and Fredsoe (2002), Hoffmans and Verheij (1997)), were published. More
recently, formulations for scour around monopiles in the marine environment were
further improved (Raaijmakers, 2008) and time-dependent scour development
around monopiles in field conditions can be predicted with reasonable accuracy
(Rudolph, 2008). However, most of the times, the predicted scour depths are
considered to be unacceptable. A scour protection is then required to guarantee a
certain fixation level. Besides more innovative (and consequently not fully proven)
techniques, like artificial frond mats, collars and gabions, the most reliable and
scientifically proven method to protect the seabed is a protection consisting of
loose rock. In general, the following types of rock protection are distinguished:

L. Static protection, in which the rocks in the armour layer are statically
stable (i.e. do not move) during the design condition.

1L, Dynamic protection, in which some stone movement is allowed as long as
the structure will not fail. Three different types of dynamic protections can
be identified:

IIa. Fully dynamic protection, in which the (usually small) rocks fully interact
with the mobile seabed. During severe wave-dominated conditions rocks
are picked up within the wave cycles and seabed sediment is washed out
before the rocks fall back onto the seabed. Consequently, still a scour hole
will develop, but the scour depth and timescale are smaller resp. larger than
without the presence of bed protection.

ITb.Later installed dynamic protection, which is installed after a scour hole
developed around the structure. The protection material is assumed to be
sufficiently stable to prevent further scouring of the seabed.

IIc. Slightly dynamic protection, which is installed on the initial seabed and
allows for evolving towards a dynamic profile as long as the deformation
remains limited to the top layer.

A Type-I protection is installed at Horns Rev windfarm (Den Boon, 2004).
Type-Ila protections are not very popular for wind turbines, since the fixation
depth will vary in time, which results in varying resonance frequencies. In the
offshore oil&gas industry. Type-Ila protections are often applied for temporary
drilling operations, where strict requirements are applied for the maximum stone
size and scour development is acceptable as long as the penetration depth is not
exceeded (Raaijmakers, 2007).

Type-IIb protections guarantee a constant fixation level after some time, when
the scour protection is installed. The pile length of course has to accommodate for
some scouring. However, because the top level of the protection is almost flush
with the surrounding seabed, the loads on the protection are generally lower.
Examples are Scroby Sands and Princess Amalia Windpark. At OWEZ, a Type-Ilc
protection is installed, which guarantees a fixed initial seabed level, the shortest
possible pile length and the lowest possible burial depth for electricity cables.
Since the scour protection protrudes approximately 2 to 3m above the seabed, the
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hydrodynamic loads are somewhat larger. All types of rock protection usually are
designed on the basis of the bed shear stress approach. A well-documented
overview of design formulae is presented in De Vos (2008). Most formulae are
available for current-only situations (e.g. bridge piers in rivers), but some formulae
exist for wave-dominated conditions.

For offshore (wave-dominated) conditions, Den Boon (2004) and Whitehouse
(2006) describe the OPTI-PILE design tool, which calculates a stability parameter:

Stab = O
o

cr

in which 0, = maximum Shields parameter and 6., = critical Shields parameter.
From model tests it was found that for values of Stab < 0.415 no movement of the
stones in the scour protection occurred; for 0.415 < Stab < 0.460 some movement
occurred but no failure and for Stab > 0.460 the scour protection failed. Note that
this failure criterion is not dependent on the applied rock volume, although
applying a larger volume can still be a viable alternative: a larger deformation will
occur during severe conditions, but this will not be problematic as long as the
deformation is restricted to the scour protection.

De Vos (2008) presents a formula for a damage parameter Ssp, which was
fitted to 80 test results:
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in which Ny, = number of waves, U, = wave orbital velocity at the seabed, Ti.10=
spectral wave period (me/m,), g = gravitational constant, h,, = water depth, s =
specific density (ps/pw), Dnso = nominal stone diameter, U. = depth-averaged
current velocity, ws = particle fall velocity, by = 0.24300, a; = 0.00076, a; = -
0.02200, a; = 0.00790, a; = 1 for waves directed with the current and a; = Ur/6.4
for waves opposing the current (Ur = Ursell number). Coefficient a; = 0 for
U/N(gDnso) < 0.92 and for waves directed with the current and a; = 1 for
Uo/N(gDaso) > 0.92 or for waves opposite to the current.

This formula predicts deformation as function of number of waves.
Because of the formula shape, deformation will never reach an equilibrium.
However, many scour-related formulations predict development towards an
equilibrium, as long as the layer characteristics remain constant (i.e. if the armour
layer is not fully eroded). To be able to use this formula with the in-house
developed software tool OSCAR (Offshore SCour And Remedial measures) for
scour predictions, the left part of the formula of De Vos (2008) was slightly
modified into:
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which yields similar results within the range N,, = 1000-5000 waves for which the
original formula was fitted, when b; = 7.6 and the characteristic number of waves
Nepar = 855 waves. This latter value implies that deformation hardly increases after
2500-3000 waves and that equilibrium can be reached within one storm (compare
Nehar = 630 in Raaijmakers, 2007). Only a more severe storm will then be able to
reshape the deformation pattern. Note that the De Vos-formula takes the current
and wave magnitude and direction into account as well as the stone stability. The
formula was fitted for an extent of 5 times the pile diameter D and a layer
thickness of 2.5D;s0. The rock volume, height of the protection and pile diameter
are not taken into account.

SURVEY ANALYSIS

Multibeam echo sounding surveys were carried out before and after dumping
of filter and armour material in 2006. Since 2007 annual surveys have been
executed to check the performance of the scour protection. In 2007 at 20 of the 36
WTGs some additional scour protection was installed. In Table 1 an overview of
all 251 available surveys is presented. From these surveys, the installed volumes of
filter and armour (both initial in 2006 and additional in 2007) material were
calculated.

Table 1: Overview of 251 available surveys (as-built and performance checks)

survey | survey description avrg survey | # surveyed
ID date WTGs
SU01 initial seabed May 2006 33/36
SU02 | out survey filter 2006 June 2006 36/36
SU03 control survey 2006 June 2006 3/36
SU04 | in survey armour 2006 July 2006 15/36
SU05 out survey armour 2006 October 2006 | 36/36
SU06 | check survey 2007 June 2007 36/36
SUO07 | out survey additional installed armour | August 2007 | 20/36
SUO08 | check survey 2008 May 2008 36/36
SU09 | check survey 2009 May 2009 36/36

The average levels within an area with a diameter of 4D are graphically
presented in Figure 2. At the negative y-axis the average drop of the scour
protection height between 2006 and 2009 is presented for each WTG. Despite
some scatter, a weak correlation was found between installed volume (and thus
larger obstruction height) and the level drop. The average armour layer thickness
still ranges between 1.3 and 1.9m, which is about 3.6 to 5.3 stone layers.
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Figure 2: Installed volumes of filter and armour material and averaged bed
level drop; WTGs sorted by total installed protection

Direct comparison between model tests and field data is often difficult,
because in model tests scour protection layouts are ‘perfectly’ applied (constant
extent and height), whereas the installation in the field is somewhat less accurate.

Often only a minimum layer thickness and extent are defined, which results
in local surpluses of scour protection material, both in height and extent.
Consequently, the deformation pattern around an individual WTG is very much
dependent on the shape and volume of installed protection and it is difficult to
draw conclusions on individual piles. Moreover, the correction for the vertical
reference level in bathymetric surveys is often based on tidal elevations; an error in
the order of 0.10m is easily made. Since the OWEZ-scour protection is designed
for a return period of 100 year, it is very likely that the observed deformations
during less severe storms are of the same order as possible errors. Therefore, we
translated all 36 surveys to one coordinate system (relative to the pile centre) and
calculated z-levels relative to the initial seabed. Now we are able to average the
results over WTGs that experienced a “similar history”. In this way, local
variations due to installation inaccuracies and errors in the vertical reference levels
are levelled out. In Table 2 the subdivided pile groups are presented.

Table 2: Groups of WTGs with a similar history and therefore comparable

grouplD | description of group of WTG’s #WTG’s

1 SUO05 before 2006-storm and no additional armour in 2007 3

SUOS after 2006-storm and no additional armour in 2007 12

SUOS5 before 2006-storm and additional armour in 2007

SUO05 after 2006-storm and additional armour in 2007

Armour surplus in SW-quadrant

Filter initially installed NE of intended pile location

Pile was installed before filter layer

[c A RN N Eopy ROL 1 SN JUR Y | 9]
— = = | — oo |\O

Only northern part of armour layer was initially installed

The total installed scour protection, the present state and the level changes
between 2006 and 2009 are plotted for group 2 in Figure 3. It can be observed that
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the filter layer is indeed nicely installed within an area with diameter 6D and the
armour layer within 4D. The middle graph shows a slightly deformed shape of the
protection: a somewhat higher armour ring between a diameter of 2-4D, with the
highest peak at a diameter of 3D.

Tatsl cumped peatection i 15-May-200)
e oene 3R WTG

D level cnange e suvmy SU0%

Figure 3: (left) total mstalled scour protectlon in 2006; (mlddle) present state
of scour protection and surrounding seabed in 2009; (right) difference
between total installed protection and present state; results are averaged over
all 12 WTGs in WTG-group 2.

The right plot shows that in the area where the armour was located an
average level drop occurred of about 0.25m. Close to the pile (within an area of
2D) this level drop was on average about 0.35m. These observations are also
illustrated in Figure 4, which shows cross-sections averaged over 45°-“pie parts”.
The bold black line shows the 360°-average. Furthermore, all profiles show a local
steep part at a distance of about 10m from the pile centre, where some armour
rocks at the edge of the armour protection were relocated towards the toe of the
armour protection. Further away from the side slope of the armour layer, the height
of the filter layer nearly remained constant, except for ‘ray 23°". This is caused by
edge scour development at the north-western side of the pile, which at OWEZ is
downstream of the pile with respect to the flood current. The filter material acts as
a falling apron as illustrated in Figure 1.

Because the bed level change is so evenly distributed over the armour layer,
while the armour layer boundaries still remain rather confined, it seems more likely
that the majority of the level changes is not caused by storm-induced reshaping of
the protection. In the model tests, this evenly distributed level drop was not
observed. Possible causes are compaction of the armour layer, settlement of the
soil underneath due to the increased load and mixing of filter an armour material at
the interface between the two layers, or a combination. The armour layer in the
model tests was compactly installed, whereas installation with a backhoe in the
field possibly resulted in a lower initial density and subsequent compaction during
the first months. There was no evidence for loss of seabed sediment through the
pores of the filter layer, since there was no deformation at locations where only
filter material was present (see the area at a distance of 11-15m from the pile
centre, excluding ‘ray 23°’). Based on the above it was assessed that only about
0.10m (on average, with locally larger deformation) of the average 0.35m can be
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contributed to storm-induced deformation. The expected inverse correlation
between deformation and water depth was too weak to be significant.
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Figure 4: Cross-sectional profiles, averaged over 45°-“pie parts” and averaged
over all 12 WTG’s in group 2.

HYDRODYNAMIC CLIMATE AND PERFORMANCE PREDICTION

For the evaluation of the performance of the scour protection, a coherent data
set consisting of time series of significant wave height (Hs), peak wave period (T,),
mean wave direction (MWD), water level elevation including tide and surge (hy),
depth-averaged current velocity (Uc) and current direction (Ugir) was constructed
from both measurements and operational models. Since the wave conditions are
most important for deformation to the scour protection, only time series of the
significant wave height are presented for illustrative purposes in Figure 5.
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Figure 5: Time series of significant wave height during operational period
(until survey SU09) at OWEZ

Significant wave height

19/05/09

The most severe storms are presented in Table 3, which also shows the
estimated return period for the significant wave height. Note that the time interval
of the time series is only 10min, whereas the return periods are calculated on 3hr-
storm durations and for nearby measuring station “IJmuiden Munitiestortplaats”
(YMS6).
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Table 3: Storm occurrences between 2006 and 2009, based on Hj;pea>6.0m,
which roughly corresponds to a return period of about 2.0yr at nearby
measuring station YM6. Presented values are peak values and as such not
representative for the storm duration.

date 10min | 3hr-Hgat | Return | 10min | Stab [-] Seq; Seuni(t):
- YM6 Period = (OPTI- deVos deVos [m]
H; [m] [m] (Hs) | Tp[s] | PILE) [m]
[yr]
01-11- 6.11 6.87 11.1 16.7 0.30- 0.45- 0.22-
2006 0.36 0.76 0.38
18-01- 7.12 5.97 2.0 11.1 0.33- 0.13- 0.22-
2007 0.42 0.24 0.38
09-11- 6.64 6.43 4.6 16.7 0.31- 0.30- 0.23-
2007 0.37 0.51 0.40
21-11- 6.07 6.56 5.8 11.1 0.30- 0.11- 0.23-
2008 0.37 0.27 0.40

All relevant hydrodynamic parameters were then used to calculate values
for the Stab-parameter (see Figure 6) and the predicted deformation according to
the formulae by De Vos (see Figure 7). The calculated parameters in Table 3 are
presented for a water depth range of 16-20m, in which the highest values
correspond to the smallest water depths. When the Stab-parameters are compared
with the critical Stab-values, it appears that the OPTI-PILE approach only predicts
some deformation of the protection during the storm of 18 January 2007 and only
at the shallowest WTG’s.
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Figure 6: Time series of Stab-values at OWEZ for a water depth of 16m

(shallowest WTG-locations)

Stab (OPTI-PILE) [-]

The conclusion from Figure 7 is somewhat different: the most severe
storms occurred at 1 November 2006 and 9 November 2007, although both storms,
even with an infinite persistence would not have caused failure of the bed
protection. The difference between both formulations is caused by the sensitivity to
wave height and wave period. The OPTI-PILE approach takes both parameters into
account via the Stab-parameter, in which the wave height is most influential. The
presence of the monopile is only accounted for by means of fitting of the critical
Stab-values. The hydrodynamic load on the stones around a monopile, however, is
also strongly influenced by the type and strength of vortices that are caused by the
interaction between hydrodynamics and structure.
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The dimensionless Keulegan-Carpenter number (KC=U,T/D) is a good measure to
account for interaction between structure and (wave-induced) hydrodynamics. For
KC<1 hardly any vortices occur; for 1<KC<6 the lee wake vortices are dominant,
while for KC>6 horseshoe vortex development starts. For a given pile diameter D,
the hydrodynamic load by vortices is, thus, strongly related to the wave period.
This effect is not incorporated in the OPTI-PILE approach.
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Figure 7: Time series of predicted deformation, according to the slightly
modified formula of De Vos.

The approach of De Vos attributes much more weight to the wave period (a
power of 2 on the wave period and also through the bed orbital velocity). Although
the physical basis for the shape of this formula is not so obvious, this formula
implicitly takes the KC-effect into account (through the wave period). The pile
diameter is not a variable in the formula, probably because the pile diameter was
not varied in the test program to which the formula was fitted. The formula is
therefore expected to perform less well for different D/hy-ratios (and hence a
different KC-range).

When the blue lines in Figure 6 and Figure 7 are compared, the sensitivity
to the wave period is probably underestimated in the OPTI-PILE approach, while it
seems to be somewhat overestimated in the approach of De Vos. It appears that the
KC-numbers during the storms of 1 November 2006 and 9 November 2007 were
outside the tested range of De Vos. It is therefore not unlikely that the strong
dependency on the wave period that was found for the KC-range between 1 to 3
weakens for larger KC-numbers.

Based on the analysis of the performance of both formulae, currently a new
formula is being developed that includes the stone stability (through the Stab-
parameter), the structure-induced vortex pattern (through the KC-number), the time
effect (number of waves), the obstruction height of the protection (ratio hops/hy)
and the effect of a superimposed current (through the relative velocity and the
direction between current and waves).

CONCLUSIONS

In summer/autumn 2006, the 36 monopile foundations of the Egmond
windpark were protected with a dynamic scour protection. Since installation in
2006, 4 major storms have occurred with a return period of more than 2 years. The
observed deformation from bathymetric surveys was assessed to be mainly related
to (a combination of) compaction of the armour layer due to cyclic loading,
settlement of the underlying soil and mixing of filter and armour material at the
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interface between filter and armour layer (average 0.25m). Storm-induced
deformation, resulting in a somewhat higher ring of armour stones at a distance of
1-2D from the pile centre, could be observed in the surveys. The storm-related part
of the level drop close to the pile ranged between 0 and 0.4m (average 0.10m).

Two formulations (OPTI-PILE and De Vos) were verified against the
observations and the deformations all were in the range of the formula predictions,
considering the relatively large spread. However, the sensitivity to the wave period
was rather different for the two approaches, especially for large KC-numbers.
Consequently, the ranking of the severity of the storms was different for both
formulae.

For scientific reasons, a storm with a return period closer to the design value
would be of interest to extend the verification to “near-failure™ situations. Finally,
it is concluded that the scour protection behaviour is according to expectations
from the model tests at a scale of 1:40, which confirms that model testing is a
suitable method for verification of conceptual layouts and design optimisation for
dynamic scour protections.
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ABSTRACT

The flow processes in a scour protection around a mono-pile in steady
current is described in relation to transport of sediment in the scour protection based
on physical model tests. Transport of sediment in the scour protection may cause
sinking of the scour protection. This may reduce the stability of the mono-pile and
change for instance the natural frequency of the dynamic response of an offshore
wind turbine in an unfavorable manner. The most important flow process with
regard to transport of sediment and sinking of the scour protection is found to be the
horseshoe vortex.

It is found that a larger pile diameter relative to the size of the protection
stones will cause a larger sinking and that two layers of stones will decrease the
sinking relative to one layer of stones with the same size.

INTRODUCTION

During the last decade more and more wind farms have been erected
offshore. One of the first larger offshore wind farms is the Horns Rev I. The Horns
Rev I is located in relatively shallow water (6.5 to 13 m water (MSL)) about 20 km
off the Danish West Coast in the North Sea. This area is exposed to strong tidal
currents and large waves from the North Sea. The wind turbines are founded on
mono-piles with a scour protection made of a two-layer cover (quarry run from
around 350 mm to 550 mm) and a 0.5 m thick filter layer (sea stones from around 30
mm to 200 mm) between the armor layer and the seabed. The wind farm was
installed in the summer 2002. A control survey in 2005 showed that the scour
protections adjacent to the mono-piles sank up to 1.5 m. This was unexpected and
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shortly after the survey in 2005 the holes were repaired by adding additional stones.

Scour around unprotected piles have been studied extensively over the last
decades. Most of the available results are compiled in Breusers and Raudkivi (1991),
Hoffmans and Verheij (1997), Melville and Coleman (2000) (mostly river
application), Whitehouse (1998) and Sumer and Fredsee (2002) (mostly marine
application). Scour protection of piles has not been studied nearly as much and the
mechanism of failure of scour protections around a mono-pile has only been
described briefly. In order to gain an understanding of the mechanisms that cause the
sinking of the scour protection, an extensive program of physical model tests with
steady current has been carried out in the present study, in an attempt to contribute to
the knowledge obtained recently by Chiew and Lim (2000), Lauchlan and Melville
(2001), Chiew (2002), De Vos (2008) among others. The model tests showed that the
horseshoe vortex, the key element to cause scour around unprotected piles, see e.g.
Dargahi (1989) and Roulund et al. (2005), is a key flow feature governing the
sinking process.

EXPERIMENTAL SETUP

The tests were conducted in two different current flumes. (1) A 2 m wide, 23
m long (excluding in- and outlet sections) and 0.5 m deep flume; and (2) a 4 m wide,
28 m long (excluding in- and outlet sections) and 1.0 m deep flume. The flumes
were equipped with recirculation pumps providing mean current speeds of more
than 60 cn/s in the actual setups. Two different setups were used for the tests in the
2 m wide flume: A fixed bottom setup used for flow visualizations and velocity
profiles measurements, and a live-bed test setup with a 10 m long and 0.15 m deep
sand section, see Figure 1. The ramps towards the sand section were made of smooth
plywood plates. In the case of the 4 m wide flume only live-bed tests were
conducted. The sand section was around 10 m long and 0.35 m deep. The ramp from
the actual bottom to the sand section was 3 m long with a core of concrete blocks
covered with at least one layer of stones (dso=4 cm), see Figure 2. In some of the
tests in the 4 m wide flume, two piles were tested at the same time, in order to save
time. The piles were placed at the same distance from the inlet and the distance
between the piles was 1.75 m, which was large enough to ensure no interference.

In the case of the fixed-bottom experiments an approximately 0.5 cm thick,
2.9 m long, white plastic plate, with 15 cm long tapered upstream edge, was placed
on the base bottom over the entire width of the flume enabling a good contrast for
the flow visualizations. For the velocity profile measurements (using Laser Doppler
Anemometry, LDA) the plate was painted matte black to reduce reflections of the
laser beams. The pile was placed 2.0 m downstream of the upstream edge of the
plastic plate (approximately 15 m from the inlet section).
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Figure 2 Setups for the 4 m wide flume.

In all setups the bottom end of the piles were closed by an end plate to ensure
that the bottom of the pile was completely sealed.

The flow velocity was measured in two different ways: A small propeller (3
cm in diameter) was used in the case of the live-bed tests and a submerged pen size
LDA probe was used in the case of the fixed-bottom velocity profiles measurements.
The pen-size LDA probe was a two component probe, approximately 1 cm in
diameter and 15 cm long. It had a focal length of 80 mm (in water), a beam spacing
of 8 mm and a beam diameter of 0.27 mm. The probe was placed vertically pointing
downwards, when used to measure velocities in between the stones and placed
horizontally when used outside the stones.

The sinking of the stones was determined by measuring the vertical
displacement of the stones adjacent to the pile. To avoid disturbances due to the
irregularities of the stones the sinking was measured with reference to the same
point marked on the stone. In case of large rotations or if the stone was covered by
other stones the measuring of the sinking of that stone was disregarded. In the case
when a disregarded stone was likely to be the stone with maximum sinking the
entire test was disregarded. Based on the results of the tests it was found that the
maximum sinking always occurred for the stone upstream of the pile or on the sides



SCOUR AND EROSION 443

of the pile (stone positions 1, 2, 3, 7 and 8 in Figure 3). The number of stones where
the sinking was measured around the pile was between three and eight for each test.
In the case of only three stones were measured, these were 1, 3 and 7.

P \'mnhcrs'

ind
measurement
locations

Current

Figure 3 Position of the stones used for measuring the sinking of the scour
protection.

Along with the sinking of the stone adjacent to the pile, the scouring and
deposition of sand in the area around the pile was measured using measuring pins (3
mm in diameter) with scales in the form of colored strips. The pins were placed in
and around the scour protection.

TEST CONDITIONS

One sand size was used for the experiments, dso=0.18 mm. The pile diameter,
D,, was changed in the interval 7.5 cm to 20.0 cm. The extent of the scour protection,
Weover, Was kept in the interval of 20 to 90 cm giving a relative extension of the scour
protection, Weover/ Dp, of 2.0 to 4.5, in which Weover is the plan-view extension of the
scour protection from upstream edge to downstream edge. The size of the cover
stones, D over, Was in the interval 1.9 cm to 10.3 cm (dso) and applied in one to three
layers. The water depth, 4, was maintained at 29 cm to 30 cm and at 56 cm, giving a
relative water depth, 4#/D,, of 2.1 to 5.1. The velocity, Upp, at half the pile diameter
above the bottom was kept within the interval 35 cm/s to 55 cmy/s giving a Shield
parameter from 0.10 to 0.23 in which 0 is defined as:

__ U
g(s—1dy,

where Uy, the friction velocity associated with the far field, is calculated using the
Colebrook-White equation.

Three different materials were used for the scour protection: Round stones
with a mean diameter (ds0) 0f Do =10.3 cm with ¢15=9.0 cm and dss=11.2 cm, The
stones were used in one layer with a mean thickness of 7.6 cm; crushed stones with
mean diameter of D.,,,=4.3 cm with ¢5=3.7 cm and dgs=4.9 cm and, the stones
were used in one, two and three layers with a mean thickness of 3.2, 6.2 and 9.0 cm,
respectively; crushed stones D =1.9 cm with d;5=1.6 cm and dss=2.8 cm, the
stones were used in one and two layers with a mean thickness of 1.8 and 3.3 cm,
respectively.
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RESULTS
Fixed-Bed Results

The flow around/in the scour protection around the monopile has been
investigated using flow visualization and velocity measurements (LDA). The flow
visualizations were made by adding blue and green dye at the edge of the scour
protection and in between the stones adjacent to the upstream side of the pile. Only
one layer of 4 cm stones was used in order not to block the view of the flow near the
base bottom and to keep the overall view relatively simple.

The flow visualizations showed that flow pattern around the monopile is
very similar to the pattern around an unprotected monopile. The flow around an
unprotected pile has been studied extensively and the results are compiled in for
example Sumer and Fredsge (2002). In relation to scour development the most
important flow feature is the horseshoe vortex, see for example Baker (1979) and
(1985), Niedoroda and Dalton (1982), Dargahi (1989) and Roulund et al. (2005).

The present flow visualization showed that the horseshoe vortex is still the
main reason for the removal of sediment close to the upstream side of the pile, see
Figure 4: When adding dye at the top of the stones adjacent to the upstream side of
the pile, the dye was transported down into the stones and then upstream in between
the stones. Around 10 to 15 cm from the upstream edge of the pile and 10 to 15 cm
from the upstream edge of the scour protection these two, opposite directed flows
met at a separation line. At the separation line they were forced upwards into the
main flow and transported away.

Down

Separation
flow

Lee-Wake

Apﬁroach vortices

(=2}

Seperation
line

Figure 4 Sketch of the flow around a mono-pile with scour protection.

By adding dye at the upstream edge of the scour protection two important flow
patterns were observed: Small horseshoe vortices were generated in front of the
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protection stones (as sketched in Figure 4) while water was able to flow into the
scour protection in the gaps between the stones.

Flow visualizations were made at different position at the side of the pile and
downstream of the pile. These flow visualizations showed no important flow
features in relation to the sinking of the scour protection. The flow at the side of the
pile was dominated by the downstream part of the horseshoe vortex. A flow into the
scour protection at the downstream edge of the scour protection was observed, but
this flow was weak and it has not been possible to relate it to any important effect in
relation to the sinking of the scour protection. The most important flow feature at the
downstream side of the cylinder is the vortex shedding, see Figure 4. The live-bed
tests showed that the vortex shedding was not causing any significant sinking,
however.

Velocity profiles in between the stones have been measured from
approximately 1.5 cm above the base bottom to the surface using LDA. The reason
for the relatively large distance from the base bottom to the lowest measuring point
was that the LDA probe needed to be vertical in order to measure in between the
stones. This caused some heavy reflections from the base bottom which made it
impossible to measure closer to the bottom with the available equipment.

The velocity profiles upstream of the pile are shown in Figure 5. It is clearly
seen that a significant return flow is present in between the stones up to around 10
cm from the edge of the pile. This is consists very well with the results of the flow

visualizations.
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Figure 5 Velocity profiles at different distances to the mono-pile with one layer
of 4 cm stones. The undisturbed velocity is 40 cm/s.
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As mentioned previously, small horseshoe vortices were observed in front of
the protection stones at the upstream side of the scour protection. This will,
combined with the inflow in the gaps between the stones, cause edge scour.
However, edge scour is not a problem as long as the scour protection is large enough
and contain enough material. With the edge scour, the stones will slump down into
the scour hole and form a protective slope.

The flow into the scour protection at the downstream side of the pile is very
weak and is not able to carry any significant amount of sediment. The sediment bed
tests showed a significant deposition of sediment in between the stone in the wake of
the pile and only very little or no sinking at all at the downstream edge of the pile,
contrary to the case of an unprotected pile, where the vortex shedding is responsible
for the scour at the downstream side of the pile, see e.g. Sumer and Fredsee (2002).

Live-Bed Results

The live-bed tests showed a clear correlation between the sinking of the
scour protection, the stone size, the thickness of the scour protection and the pile
diameter. The flow visualizations showed that the horseshoe vortex penetrated into
the scour protection.
Based on the results of the flow visualizations and the velocity measurements the
flow pattern around the pile causing the sinking of the scour protection can be
described as follows: The horseshoe vortex caused by the pile penetrates into the
scour protection and causes scouring adjacent to the upstream side of the pile. The
scoured material is transported by the horseshoe vortex either upstream to the
separation line or to the sides. The material will in both cases be deposited in
between the stones, relatively far from the pile or, if the horseshoe vortex is strong
enough, sucked/winnowed up into to the main body of the flow and transported
downstream. The reason for the suction/winnowing of the sand out from the scour
protection is a combination of suction by the main flow, as described in Sumer et al.
(2001), and the upward directed flow at the separation line between the incoming
flow and the horseshoe vortex. The tests have shown that the deposition inside the
scour protection is very limited on the upstream side of the pile, and for this reason
most of the sediment must be sucked out from the scour protection and transported
away. Sumer et al. 2001 used the parameter e/Dyo,. as the non-dimensional
parameter for the sinking of an undisturbed protection layer. The process for a scour
protection around a pile is in many ways similar to that described above and the
parameter /Doy is also adopted for the present process as well.

The size and strength of the horseshoe vortex is determined by the flow
velocity and the pile size. The velocity is indirectly included in the Shields
parameter, while the pile diameter is not included in any of the other parameters
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above. The horseshoe vortex causes the removal of the sediment and a larger
pile/horseshoe vortex will, in absolute terms, cause a larger sinking. On the other
hand, for a given pile diameter, the larger the ratio D,/Dcover, the larger the
penetration of the agitating forces. Therefore the sinking, e,u/Dcover, sShould be
larger for larger values of Dp/Deoyer. If the ratio Dp/Deove=0 the situation is the
undisturbed protection, Sumer et al. (2001). In this case Sumer et al. (2001) showed
that the ratio e,u/Deove=0.1 for one layer of stones, in agreement with the trend seen
in Figure 6.

Figure 6 shows the non-dimensional sinking relative to the non-dimensional
pile size for 0.06<6<0.20. There is a clear trend that the larger the pile diameter, the
larger the sinking. This is obviously linked to the horseshoe vortex; the larger the
pile diameter, the larger the horseshoe vortex, and the larger the scour underneath
the stones, and therefore the larger sinking. The sinking decreases for increasing
number of layers. When the number of layers is increased from one to two the
sinking is decreased with around a factor of two for D,/Dcoy.r smaller than around 5,
however, the effect is much smaller for D,/De,..,=10. There have only been made
one test with three layers and considering the scatter of the results with one and two
layers it is not clear if the third layer provide any significant extra protection.

Regarding the scatter in the data in Figure 6, this may be attributed to the
way in which the stones are laid around the model pile, considering the fact that the
stone size in the tests was relatively large.
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Figure 6 Results of the live-bed tests. The the range of 6 is 0.10<6<0.23 and that
of #/D, is 1.5<h/D,<5.1.
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CONCLUSION

The mechanism causing sinking of the scour protection adjacent to the
mono-pile has been identified as the horseshoe vortex penetrating into the scour
protection. When the horseshoe vortex penetrates into the scour protection it
transport the sediment adjacent to the pile upstream, where it is winnowed and
transported away by the main flow.

e Itis found that a larger pile diameter relative to the size of the protection
stones will cause a larger sinking. The maximum sinking is found to be
approximately 4 to 4.5 times the diameter of the cover stones in case of one
layer of stones and approximately 3 to 3.5 in case of two layers of stones.

e Two layers of stones will decrease the sinking relative to one layer of stones
with the same size. For values of D,/Doy.- smaller than approximately 5 the
sinking seems to be reduced by a factor of two if the number of layers is
increase from one to two.
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ABSTRACT

Scour in cohesionless soils (i.e. sand or gravel) is relatively well
understood. The prediction of scour in cohesive or multi-modal soils (i.e. clay,
silt, sand/gravel/clay mixtures) is more complex. Typically the scour process is
much slower; as a result the effect of scour is very much dependent on the period
of time that the structure will remain at the site. This paper describes the
application of the Earth Materials approach to estimating scour depth applied to
three different case studies. The approach can be applied using information
obtained during site investigations but requires good information on soil
properties with depth through the seabed. The method relies on previously
calibrated formula for stream power at the seabed, which in the original proposed
form theoretically allows scouring to continue even beyond the maximum
allowable scour depth in some circumstances.

INTRODUCTION

Scour in the marine environment is a physical process related to the
movement of seabed sediment by the flow of water away from a structure. The
soil conditions are described by geotechnical parameters, therefore, scour is of a
geotechnical nature as it relates to the reduction in ground level around a structure.

For scour in non-cohesive soils numerous methods have been proposed. In
cohesive or multi-modal soils the scour process may be dependent on not only the
physical properties of the soil but also chemical, electrostatic and other properties
as well as biological activity at the seabed and predictive methods are less well
developed in this area.

Annandale (1995) proposed an approach to estimating the erosion
potential of complex soils through the use of the stream power parameter, P, and
its relationship to the ability of the soil to resist scour, defined through an
erodibility index, K. The erodibility index provides a measure of the in-situ
strength of the material, whilst the stream power provides a measure of the rate of
energy dissipation in the near-bed region expressed by the following relationship:

P=f(K) (€))

If P exceeds the erosion threshold then scouring will occur. The approach
was originally developed for looking at scouring of rock spillways, but the
methodology applies equally to marine soils (Chapter 10, Annandale, 2006; Nairn
and Anglin, 2002). The erodibility index is defined as:

K=MK,K,/s )
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Where Ms is the mass strength number; K is the block size number; Ky is
the discontinuity bond shear strength number and Js is the relative ground
structure number (see Annandale, 2006, for further details). Equation (2) was
originally proposed by Kirsten (1982) to characterize how easily earth material
can be excavated.

Whilst other methods have been proposed for scour in cohesive soils, it is
the approach of Annandale that will be explored further in this paper through the
use of available field data. The method has merit in that, theoretically, it can
account for changing soil layers and can be applied using typical information
obtained during geotechnical field surveys. Three examples will be presented
together with a discussion of the results and recommendations on the application
of the method.

SCOUR PREDICTION METHODOLOGY

To use the approach of Annandale for determining the potential depth of
scour around a structure requires the use of several relationships and assumptions.
This may limit the application of the approach to more complex situations unless
supported by information from additional studies such as physical modelling, and
without information on the soil properties including their variation with depth, this
method cannot be applied.

The seabed soil profile is discretised into » = /, ..., N horizontal planes,
according to the soil characteristics at each level (derived normally from the bore
hole log). Each layer is assigned a required stream power for erosion Pg. Starting
at the surface layer (n = I) the stream power at the base of each layer, P, is
calculated by applying a standard form of reduction profile:

P, =ae™ =P, @)
Where:

a and b are coefficients obtained by fitting to data;

Smax 18 the maximum scour depth independently determined;

S is the depth of the base of each layer (0 < S < S,a);

S/Smax 1s the relative scour depth; and

P, is the stream power at the surface in the absence of a structure.

At the seabed surface S =0, so P; = aP, (for an infinitely thin top layer) so
the coefficient a represents the increase in stream power caused by the presence of
the seabed structure compared to the no-structure case. If scour is to occur,
aP,> Pg. Assuming that the stream power is equivalent to the product of bed
shear stress and flow velocity, hence on the open seabed P, = U, and to first
order based on potential flow theory the speed local to a circular pile is two times
the ambient value, then also to first order the local enhancement to stream power
acting on the surface layer of the soil adjacent to the pile is P; = 2’r x 2U = 8P,
The coefficient b denotes the rate of reduction in stream power with depth as
layers are removed. Based on fitting of Equation (3) to laboratory data Annandale
(2006) gives a = 8.95 and b = 1.92 for circular piles, while for square piles a =
8.42 and b = 1.88. This implies that the increase in bed stream power caused by
the presence of square pier is smaller than that caused by a circular one. The
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values of the leading coefficient a are of similar magnitude to the value of a
estimated based on potential flow theory, i.e. 8.

To evaluate Equation (3) there is a requirement to calculate the maximum
scour depth, S, Determination of the maximum scour depth is assumed to be
given by the HEC18 methodology (Richardson and Davis, 2001). This expression
is based on an envelope curve that embraces known data of scour depth around
bridge piers. The approach is generally considered to be conservative.

0.65
S = 2.0K K, KK h,F¥ [h—”) 4)
0

Where D, is the pile diameter (m); 4y is the flow depth (m); K; is a
correction factor for pile nose shape; K> is a correction factor for angle of attack
of flow; K is a correction factor for bed condition; K, is a correction factor for
size of bed material and F), is the Froude number.

Having determined S, it is possible to calculate the dimensionless scour
depth as a function of the lower depth of each sediment layer. Following
Annandale’s derivation the relative stream power (P/P,) as a function of depth can
be calculated using Equation (3) with the result from Equation (4) inserted.

At the maximum scour depth (layer N) the relative scour S/Sya = 1 so
Py = ae"’Pa which is by inspection smaller than at the seabed. For a circular pile
Py/P, =895 e = 1.3. It follows that if 1.3 Pa > Pp then erosion should occur
at a depth of S,.. For example, if near a circular pile P = I1.2P,, then at the
surface P; = 8.95Pa = 7.5P; and at the maximum scour depth Py = 1.3P, =
1.1Pg. In this case we would expect scour to occur at the maximum scour depth,
which is unrealistic. Whilst it appears that Annandale must have calibrated with
results for Pg > 1.3P, the method is used as published in the current assessment,
although an alternative form of Equation (3) that avoids this problem has been
derived but is not reported here (paper in preparation).

CASE EXAMPLES

Several examples will be presented for foundations in the marine
environment which use realistic input data for metocean and soil conditions. The
calculations have been undertaken for a range of site specific circular monopile
foundations varying in diameter from 4 m to 4.75 m.

Example 1:

This example is for a sand site and has been used as a ‘control’ for the
methodology. The site in which the monopile is located comprises fine to medium
sand with a median grain size, dsj, of around 0.2 mm to 0.4 mm. The mean spring
tidal range at the site is 2.1 m and the tidal current velocities range from 1 m/s to
1.25 m/s. The significant wave heights that can be expected here are between
0.5m and 1 m for 10% of the year and 5 m for 1:1 year waves. Waves with a
50 year return period, however, are known to reach 7 m. A peak wave period of
8.2 s was adopted.

Comparing the predictions using the Annandale approach with two
commonly applied methods, namely Breusers et al. (1977) and Richardson and
Davis (2001) (Table 1), the predictions using Annandale and Richardson and
Davis give values which would sit either side of the line of exact fit. The method
of Breusers ez al. with a multiplier of 1.5 gives the largest prediction, with some
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correction for shallow water reducing the predicted scour. However, there is a
time-element to the scouring in that the hydrodynamic conditions from a tidal
perspective alone are continually changing and it is uncertain as to what
conditions had occurred or were persisting at the time of the scour survey. The
methods give a range of predicted depths. The approach of Annandale has been
applied to a combined wave and current case as well as a current alone case. For
all conditions S/S,..y = 1 is assumed to be the limiting condition and, therefore, in
the limit, the results from the Annandale method correspond to the predictions of
Richardson and Davis (2001).

Table 1: Comparison of scour predictors against measured data.
Normalised Scour depth
Methodolgy P
Sprcdictcd/D Smcasurcd/D
Richardson and Davis (2001) — typical conditions 0.97 1.20
Richardson and Davis (2001) — extreme conditions 1.30 1.20
Breusers ez al. (1977) — 1.5 multiplier 1.46 1.20
Annandale (2006) — typical conditions (currents only) 0.97 1.20
Annandale (2006) — extreme conditions (currents only) 1.30 1.20
Example 2:

The example relates to an area of sandwaves on, and in proximity to, a
sandbank with a maximum height of around 5 m. The sandbank and sandwaves
consist of fine to medium sands deposited in the Holocene period and are found at
a depth of between 0 m to 3 m, approximately. Borehole information indicates
that the sediments underlying the sandbank to the east and the sandwave features
to the west of the site consist of a soft to firm organic rich clay and these deposits
are found at a depth of between 3 m to 5 m. The surficial sediments tend to be fine
to medium sands (0.125 mm to 0.500 mm) with low organic carbon content due to
the relatively strong current speeds that lead to a winnowing out of the fine
grained sedimentary and organic particles. From a benthic study of the site the
median sediment characteristics have been indicated to be 0.578 mm with a
maximum and minimum grain size of 0.642 mm and 0.470 mm, respectively. This
suggests the surficial sediments to be coarse grade rather than fine to medium
grade. In the present example median grain sizes of between 0.125 mm and
0.200 mm have been used at BH4 and BHS, respectively, based on the sediment
sample analysis.

The tides are semi-diurnal and residual surface tidal currents run
approximately parallel to the local coastline. The 50 year design conditions
indicate the local depth-averaged current for both tidal and wind-driven currents is
1.3 m/s, whilst the wave conditions are a significant wave height of 7.7 m and a
mean wave period of 9.7 s.

Borehole data at two locations, BH4 and BH8 show the soil profiles to a
depth of 20 m below the seabed to consist of fine and medium sand with a dense
or very dense structure (Figure 1). From analysis of the soil test data a clay layer
is interpreted at between 2 m and 2.9 m at BH4, although this does not appear in
the borehole record. The undrained shear strength, S,, within this stratum is
calculated to be 20 kPa.

From bathymetric survey measurements the scour depth at the monopile
associated to BH4 was 2.9 m deep after 301 days from installation of the
foundation. At BH8 the scour hole was 2.1 m deep after 270 days from the
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installation of the associated monopile. The interpreted clay layer at BH4 inhibits
the scour development in the prediction to the start of the clay layer, at 2 m below
the existing seabed level (Figure 2). From the bathymetric survey data scouring at
this location appears to have eroded through the clay layer.

Deptn below  Borenofed —BHI Rorehole & —BHS
seobed im)

Sibco FINE ro MEDIUM SAND, meawm dense,
gt ahive grey, wirh many shell frogments

thco FINE to MEDIUNS SAND. very dense,
nedinm dork grey, with some sheiis ana shel
frogments

grey

Sico MEDILM SAND. very dense. medwm
grey. vath facol inciusions of arganic motrer

Figures 1: Borehole data for Example 2.

An assessment of the scour depth at this location has also been made by
applying the SRICOS method (Briaud ef al., 1999). This approach was developed
to predict scour at a cylindrical pier under steady flows, uniform soils and a water
depth greater than two times the pier diameter.

_ 0.635
S =0.00018Re ®)

Where:
Re=—£—= 6)

Re is the Reynolds number, U, is the depth-averaged current speed, and v is the

kinematic viscosity of water. The formula is independent of soil properties and is
considered to represent the maximum possible depth of scour in clay. Therefore,
the maximum scour depth is governed by the pile diameter, current speed and
kinematic viscosity of the water and it would be expected that as the current
velocity increases so the erosive capacity of the flow will also increase.
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Figure 2.

Plot showing the extent of scour for typical and extreme
hydrodynamic conditions at BH4.
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Figure 3. Plot showing the extent of scour for typical and extreme

hydrodynamic conditions at BH8 (Example 2).

If we assume that the clay layer at BH4 exists from the seabed level downwards,
the maximum predicted scour depth using this approach is between around 2 m to
3 m depending on the hydrodynamic conditions, whereas the using the Earth
Materials approach, the stream power is not of sufficient magnitude to get through
the clay layer limiting the scour to 2 m or less.

The prediction for scour development at BH8 using the method of
Annandale corresponds to the limiting condition of /S, = 1 (Figure 3). From
measurements at the site the scour depth after 270 days is around 2.1 m suggesting
either infilling has occurred or that the scour depth is being limited by the
geotechnical conditions. However, without knowledge of the metocean conditions
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existing at the time of the survey, as well as the time history of the metocean
conditions that have occurred since installation of the foundation, it is unclear as
to whether the scour hole as measured can be associated with typical
hydrodynamic conditions at the site.

Example 3:

This example site comprises mainly sand with concretions overlying tillite
and clays, and an area where exposures of tillite and clays dominate and the
surface sand becomes patchy. The depth of surface sediment reaches 10 m in
some parts but this depth includes bedded muddy sands as well as the surface
layer of sand.

Geophysical surveys including borehole sampling revealed the bed
material at the western side of the site consists of medium dense becoming very
dense brown silty fine sand with occasional shell fragments. This layer extends to
10.8 m beneath the surface, with patches of very dense sand and occasional other
material, such as coal fragments and quartz granite fine to coarse gravel. The sand
at this location is very fine at 1.75 m below the surface, with a significant fraction
smaller than 0.06 mm (the boundary between sand and silt). The sand increases in
size on going down through the layer. Beneath the sandy layer is a thick layer of
stiff, becoming very stiff, slightly gravelly clay with occasional cobbles.

At borehole (BH8 — whilst this is the same nomenclature as in Example 2
it is a different site) the top 3 m of seabed consists of very silty, fine sand.
Beneath the top layer of sand is a 6 m deep layer of slightly laminated, slightly
sandy clay. Within the clay dominant area of the site some of the borehole data
shows a sand veneer extending only around 0.1 m below the surface. Beneath this
veneer of sand is another 0.1 m deep layer of very gravelly, sandy clay and
underlying this layer is a 6.1 m thick layer, also of very gravelly, sandy clay.
Underneath this are alternate layers of sand and clay.

The rectilinear tidal currents over the site have peak spring and neap
current speeds reported to be 0.67 m/s and 0.34 m/s. The 1-year return period
significant wave height, H,, is 4.8 m at the offshore edge of the site, with a
corresponding peak wave period of 7, = 9.8 s. Based on the analysis of wave
statistics a significant wave height of 0.5 m is only exceeded 25% of the time.

Prediction of scouring at BHS using the method of Annandale gives a
scour depth of 2.3 m, approximately, for normal hydrodynamic conditions (Figure
4). From bathymetric surveys of the site the scour depths in the vicinity of the
borehole have been shown to vary over time but are typically in the range of 1 m
to 3 m (Figure 5). Figure 5 also shows a general change in seabed scour depth
over time due to bed erosion and infilling. The clay layer acts to inhibit scouring
beneath the upper sand layer as discussed previously by Whitehouse ez al. (2008).

DISCUSSION

Three case examples have been presented demonstrating the application of
the Earth Materials approach of Annandale (1995; 2006). The studies represent
first order assessments supported with some post-construction surveys of
scouring. Uncertainty in scour prediction and assessment arises from a number of
factors. These include metocean and soils data, the modelling methods applied,
details of the structure and the influence of the foundation installation phase.
Methods based on purely sand soils cannot be applied with certainty at those sites
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where a range of soils are found as they are conservative predicting a maximum
scour depth (e.g. Equation (4)), which of course may be appropriate for design.

Stream power (kW/mz)
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—»— Annandale (2006) - typical conditions (currents)
o —— Annandale (2006) - typical conditions (waves)
Figure 4. Plot showing the extent of scour for typical hydrodynamic

conditions at BH8 — Example 3.
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Figure 5: Variation of scour depth over time at two foundation positions.

The method of Annandale has great potential for predicting scour in
complex marine soils, but to reduce uncertainty in its application requires further
detailed testing for a wide range of conditions. For scour assessments in general it
is very important to know the surficial soil characteristics and data analysis
starting from 1 m below the seabed or deeper in a foundation site investigation
may not be representative of the surface sediment properties required for a scour
assessment. However, knowledge of the sediment properties below the bed level
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will be important for predicting scour development with depth through the seabed.
The quality of assessment will depend on the number N and thickness of soil
layers distinguished and characterised within the depth range to at least Sy
(Equation (4)). Geotechnical parameters such as SPT blows may be accurate to
within + 25 %, whilst for clays there will be some uncertainty in the values
typically obtained as part of site investigations for bed density and vane shear
strength, with accuracy in the order of + 5%. Uncertainty will also arise from
spatial variability within and between samples at a given site, and temporal
variation in sediment properties. The influence of layering in sandy and silty soils
or the presence of a veneer of mobile sediment overlying, for example, stiff clay
can be taken into account in the scour assessment if detailed site survey data is
available. The rate of erosion has not been evaluated and hence the prediction is
of potential depth.

CONCLUSIONS

Scour is a physical process related to the movement of sediment by the
flow of water away from a structure. The soil conditions are described by
geotechnical parameters, therefore, scour is of a geotechnical nature as it relates to
the reduction in ground level around a structure. Soil mechanics testing provides
workable definitions of the complete spectrum of soil types from pure
cohesionless sands to clays.

The approach of Annandale (1995; 2006) has been used to assess the scour
potential at three contrasting offshore locations. The approach allows for the
physical properties of the soil to be considered and although the method does not
directly take into account the chemical properties of the material, the mass
strength number, Ms, represents the relative influence of chemical bonding
properties of the soil through the unconfined compressive strength. The method
represents an engineering methodology that can be applied using information
obtained during geotechnical site investigations. Key considerations for
application include:

o The requirement for good information on the soil properties with depth
through the seabed, including grain size distributions, density, undrained
shear strength, internal angle of friction, etc from the seabed surface to the
depth (at least) of Sy

o Knowledge of the metocean conditions for both typical and extreme
events.

Furthermore:

o The method relies on previously calibrated formula for the stream power at
the seabed P; and shape of the curve P, with depth in the soil. The curve
retains values of Py = 1.3P, at the base of the scour hole at depth S,y and
theoretically scouring may continue (if Pg < 1.3P,). Hence an alternative
approach is to solve for Pg = Py at S/S,.ax =1, which is being considered by
the authors elsewhere (paper in preparation).

o The determination of the development of scour through time in complex
marine soils requires further research, especially for soils with multi-modal
grading distributions and with distinct layering.
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o It is important to determine any adjustment to soil properties that might
occur during foundation installation that could affect resistance to
scouring.
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Excessive scour is a threat to the stability of monopile foundations, e.g. in
offshore windparks. Particularly in shallow waters with strong tidal currents such as
the North Sea, protection against excessive scouring is required. Commonly applied
scour protection consists of loose rock. Little is known about alternative scour
protection measures. One of the alternatives is to use a collar installed around the
base of the monopile at seabed level. Indicative laboratory experiments were
conducted to investigate whether collars reduce pile scouring under combined
current and waves. This paper summarizes the experimental set-up, monitoring
techniques, test program and results of the conducted experiments. The analysis
focused on the equilibrium scour depth and the rate of scour development. The
results showed that collars prevented pile scour under currents. Under extreme
storm conditions scour occurred, but with a significant time delay, at a lower rate
and a reduced equilibrium scour depth.

INTRODUCTION

Global climate change and the related endeavour of many European
governments to stimulate sustainable energy generation have drawn the attention of
politics and industry to offshore wind park development. Wind turbine foundations
usually consist of monopiles, which are equipped with scour protection because
excessive scour can threaten their stability and affect their resonance frequency. The
commonly applied scour protection consists of several rock layers.

In recent years, several alternatives have been proposed in order to control
scour at piles. They are generally characterized as either altering the flow (e.g.
splitter plates, slots, vanes, helical wires) or armouring the seabed (e.g. gravel bags,
block matrasses, tetra pods). One of the alternatives might be to use a pre-fabricated
collar installed around the base of the monopile at seabed level. The idea of such a
collar under current attack is to armour the seabed by preventing downflow and
horseshoe vortex development from reaching the seabed. Under waves, the collar is
expected to limit wave-induced vortices and turbulence from reaching the seabed.

460
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Previous studies on the scour reduction of collars mainly focused on
current-induced scour around bridge piers (e.g. Kumar, 1999). According to these
studies, collars can be particularly effective with collar widths larger than 0.5 times
the pile diameter when placed close to the bed (see Figure 1 for definitions). A more
recent study (Simon et al., 2009) investigated the effect of multiple discs installed at
the base of a monopile on current-induced scour with beneficial results for collar
widths larger than one pile diameter. Research performed for a comparative concept
(cylindrical piles with cone shaped footings) indicated a 50-80% reduction in scour
depth compared to a single pile (Rudolph and Raaijmakers, 2007).

To the authors’ knowledge, to date there has been no study of the
performance of collars under forcing by a combination of a current and waves, as
typical in the offshore environment, and the effect of a collar on the time scale of the
scour development. The aim of the study presented here is to focus on both aspects.
The study was based on indicative laboratory experiments. This paper describes the
conducted laboratory experiments (sections 2 and 3), analysis of the results (section
4), conclusions (section 5) and a discussion (section 6).

SETUP OF LABORATORY EXPERIMENTS

Until a few years ago, one of the major shortcomings of laboratory
experiments in a wave basin was that scour development was not visible during test
execution because of the turbidity of water at high sediment concentrations. Scour
hole inspection required drainage of the wave basin. Since this process takes
relatively long (several hours, due to the low permeability of the fine sand in the
basin), it was not feasible to monitor scour development without time-consuming
drainings of the basin.

In 2007, a scour monitoring technique was developed, based on installing a
rotating downward facing digital camera with an inclined mirror inside a transparent
model during a test (Raaijmakers and Rudolph, 2008). Recently, this technique was
innovated by equipping the camera with a fish-eye lens (see Figure 2). High
frequency recording of images, combined with automatic image processing
software, currently allows for continuous 360° monitoring of the scour development
during each test. On each image the interface between water and seabed is detected
automatically based on the colour gradient, and converted to a scour depth using
calibration functions. This makes it possible to observe whether equilibrium was
reached, at which location around the pile maximum scour depths occurred and at
which rate the scour developed.
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Figure 1 Schematic overview of the pile, collar and skirt Figure 2 Design of system showing the
setup and definitions. camera mounted inside the transparent pile

(a) and the transparent collar (b).

In the experiment setup, four transparent circular piles with a diameter of
200mm were equipped with the above described camera system and mounted at the
bottom of the facility. During each test, one pile was left unprotected, while at the
other three piles different configurations of transparent collars were installed. The
solid collar discs, installed at a fixed vertical level, had a thickness of 10mm with
outer diameters ranging from 2-3 times the pile diameter (2D, to 3D,— see Figure 1).
In some cases, a skirt was attached to the outer diameter of the collar. All tests were
performed in Deltares’ Scheldt basin (30m x 14m - see Figure 3), which is equipped
with a wave generator, several pumps to generate a cross-flow of up to 2m’/s and a
bed of fine, non-cohesive sediment (dso=130um). Five wave height meters and five
electromagnetic current velocity meters were installed at the outer edges of the test
section.
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Figure 3 Overview of Scheldt Basin with wave generator at the left, current inflow
from above, wave guidance walls and test section in the middle, wave spending

beach at the right and outflow weirs at the bottom.

The test programme comprised six tests (see Table 1). The test conditions
were guided by typical (storm) conditions occurring at the North Sea, scaled with
the Froude criterion with a scale factor of 1:20. Due to limited water depth in the



SCOUR AND EROSION 463

facility, however, for the water depth a distorted Froude scaling was applied. The
first test represented a current-only condition, with a flow velocity of about 0.30m/s.
Tests 2-6 comprised storm conditions with a significant wave height of about 0.27m
and a peak wave period of 2.3 or 3.0s.

RESULTS OF LABORATORY EXPERIMENTS
(1) Introduction

After all tests, the measured significant wave heights, peak wave periods and
current velocities were processed and spatially interpolated to the locations of the
structures in the basin. The scour development at each of the piles was processed
from the camera images with the system described above (see Figure 4).

o ) ol
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Figure 4a Camera image taken from inside pile

(looking downward) at start of test 2a. The dark

area around the bottom of the pile indicates the

penetration of the pile in the sand. No scour has
occurred yet.
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Figure 4c Camera image taken 33 minutes into the
test. Additional scouring still occurs, although at a
slower rate than at the start of the test.

Figure 4b Camera image taken 13 minutes into the
test. Scour has occurred, indicated by red arrows.
The white dots show the automatically detected
interface between sand and water.

SO0 wd0 1200 1400 1600 1600
Figure 4d Camera image taken at the end of the test
(after about 100 minutes), when the scour depth

approaches equilibrium.
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In the following analysis the maximum pile scour at the structure (S, - see
Figure 1) is considered, and not the edge scour hole that occurs at the edge of the
collar (S¢). Scour at the pile is assumed the most relevant threat for the stability and
resonance frequency of offshore monopiles.

According to a commonly adopted approach (e.g. Hoffmans and Verheij
1997, Whitehouse, 1998 and Sumer and Freds¢e, 2002), scour development can be
described by an exponential function. In this function, the timescale of scouring is
described by the characteristic time (7q- - when 63% of the equilibrium scour depth
has been reached). We adapted this function to include a delay before scouring starts
(1), related to the scour protection provided by the collar:

cq char

For each test and each of the four piles, Tcherand to were determined by fitting
this function to the measured data. The function appeared to fit the data rather well
(see Figure 5). This confirms the suitability of the assumed exponential function.
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Figure 5 Example of time scale fit (test 1d) at the upstream side of the pile perimeter.

(2) Test results overview

Table 1 shows the results of the six performed tests. The piles are indicated
by letters ‘a’ to‘d’. In test 1, 2 and 5 pile ‘a’ represented the unprotected pile. Test 6
comprised a single pile. In some cases the scour data was not sufficient to provide a
reasonable fit for the scour development, which does not mean that no scour
occurred (see scour parameters marked ‘n/a’).
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Table 1: Test results showing the collar specifications, the processed measured hydrodynamics and the

rocessed scour develop t
test id. collar hydrodynamics scour
D.[m] Ly [m] z [m]|hy [m] H. [m] T,[s] uc[m/s] teg[min] Use [m/s] KC[-] Uui[-]] Scqp [m] to (5] Tenar [5]

1a 0.00 0.00  0.00| 0.75 0.000 0.00 028 120 0.000 0.0  0.00 0.16 0 3500
1b 0.40 0.00 0.00| 0.75 0.000 0.00 0.28 120 0.000 0.0  0.00 000 n/a na
lc 0.50 0.00  0.00| 0.75 0.000 0.00 0.29 120 0.000 0.0  0.00 0.00 n/a n/a
1d 0.60 0.00  0.00] 0.75 0.000 0.00 0.29 120 0.000 0.0 0.00 000 na  na
2a 0.00 0.00  0.00]| 075 0269 3.08 025 100 0.486 75 034 0.15 0 1300
2b 0.40 0.00  0.00] 0.75 0280 3.06 027 100 0.503 77 035 na 3000 n/a
2c 0.50 0.00  0.00]| 075 0267 3.00 029 100 0.477 72 037 na 3600 n/a
2d 0.60 0.00 000 ] 075 0254 295 030 100 0.450 6.6 040 n/a_ 3400 n/a
3a 0.40 0.04 000|075 0283 293 028 60 0.497 73 036 0.00 n/a n/a
3b 0.50 0.04 000|075 0273 296 029 60 0.482 7.1 0.37 0.00 n/a n/a
3¢ 0.60 0.00 0.10] 075 0262 299 028 60 0.467 7.0 038 0.15 200 400
3d 0.60 0.04 000 075 0270 2.94 0.27 60 0.476 7.0 036 0.00 n/a n/a
4a 0.40 0.04 0.00 | 0.75 0286 3.10 0.28 120 0.515 8.0 0.35 n/a 5000 n/a
4b 0.50 0.04 000 075 0276 3.03 0.29 120 0.493 75 037 n/a 2000 n/a
4c 0.60 0.04 004 ] 075 0266 295 0.28 120 0.471 70 038 0.21 0 2500
4d 0.60 0.04 0.04) 075 0271 299 028 120 0.483 7.2 036 0.20 0 3000
5a 0.00 0.00 0.00| 075 0276 240 020 120 0.432 52 032 0.09 400 1800
5b 0.40 0.04 0.00| 075 0280 231 020 120 0.427 49 032 0.00 n/a w/a
Sc 0.60 0.00 0.00] 075 0273 233 0.20 120 0.418 49 032 0.00 n/a wna
5d 0.60 0.04 000 075 0265 234 0.20 120 0.410 48 032 0.00 n/a_ nAa
6 0.60 0.00  0.00] 0.75 0265 3.00 0.31 330 0.473 7.1 0.39 0.10 6000 5500

ANALYSIS OF RESULTS

(1) Governing processes
Scour around a slender cylindrical pile is governed by three hydrodynamic
phenomena (Sumer and Freds¢e, 2002):

- a horseshoe vortex upstream of the pile,
- vortex shedding at the downstream side of the pile and
- streamline contraction

The horseshoe vortex is the dominant phenomenon in case of current-only.
As the current encounters the pile, pressure gradients drive it downward around the
pile and scour occurs as result of a locally enhanced sediment transport gradient.
The size of the horseshoe vortex and consequently the scour depth is mainly
determined by the separation distance of the bed boundary layer of the upstream
flow. The separation distance is typically in the order of the pile diameter.

In case of waves, the dominating phenomenon is vortex shedding. Each shed
vortex sweeps up sediment while it is transported downstream, causing a net
increase in scour depth each half wave period. The intensity of vortex shedding
depends on the wave-induced water motion at the seabed relative to the pile
diameter. This ratio is typically defined as the Keulegan-Carpenter number:

XC = Wi -Tp
D

in which KC = Keulegan-Carpenter number, up.q = amplitude of undisturbed
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bed orbital velocity (based on the significant wave height), T, = peak wave period
and D = pile diameter.

In combined current and waves, the relative velocity is often used to indicate
whether the current action or the wave action is dominant:

u

— @

U, +u,,

rel

in which U, = relative flow velocity and u. = depth-averaged current
velocity

(2) Scour at unprotected pile

A significant amount of scouring (0.8D,) occurred at the unprotected pile
under the current-only condition (test la). The scour was distributed relatively
symmetrically around the pile perimeter with a maximum at the upstream side and a
minimum at the downstream side (see Figure 6). The characteristic time of test la
(3500s) indicates that at the end of the test (7200s) the equilibrium scour depth was
almost reached. Although the scouring was significant, it was well below the rule of
thumb often used in literature, independent on the current velocity: 1.3D, (Sumer
and Fredsge, 2002), and the scour prediction computed with the formula of
Sheppard (2006), which is dependent on the current velocity: coincidentally also
1.3D;, for test 1a. A possible reason is that the current velocity of test 1a corresponds
with a hydraulic regime between the clear-water scour peak and the live-bed scour
peak, for which slightly lower scour depths were previously observed by various
researchers, e.g. Sumer and Freds¢e (2002). This is not accounted for in the

formulae.
. g . current

Figure 6 Scour at unprotected pile (test 1a - Figure 7 Scour at unprotected pile (test 2a-
current-only). wave-dominated).

Under combined current and waves (KC = 7), a more or less similar
equilibrium scour depth occurred (test 2a) as in the current-only test (test 1a). The
extent of the scour hole was slightly less distinct, probably because of enhanced
turbulence (see Figure 7). When compared to recent formulae on scour at
unprotected circular piles under waves (Raaijmakers and Rudolph, 2008) the scour
depth and scour development were in the range of predicted values.
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(4) Effect of collar in current

The effectiveness of collars was considered by comparing the scour depth at
the unprotected pile with the pile scour depth at the piles protected by collars. Test
1b-d demonstrate that collars are effective under current-only conditions (see Figure
8-9). As opposed to the unprotected pile, no pile scour occurred at the piles protected
by collars. Limited edge scour holes (in the order of a few cm) were observed
downstream around the edges of the collar (as found in Kumar et al, 1999). This
indicates that the scouring is effectively shifted away from the pile and occurs in a
zone where the horseshoe vortex is significantly weaker.

Figure 8 Edge scour at pile protected by smallest Figure 9 Edge scour at pile protected by largest
collar (test 1b - current-only). collar (test 1d - current-only).

(5) Effect of collar in combined waves and current

Under combined current and wave conditions (tests 2-6) collars also proved
effective. Although in some cases pile scouring was not prevented completely, in all
cases it was significantly delayed and reduced in depth. The general scour pattern at
the end of the tests was characterised by a shallow wide depression around the edges
of the collars (see Figure 10). This indicates that the scour development was not
governed by the horseshoe vortex, but by wave-induced vortex shedding and
turbulence. In test 3 collars with skirts were installed. With skirts, in test 3, the delay
was sufficiently long to prevent undermining (compare Figure 10 with Figure 11).
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Figure 10 Scour at pile protected by smallest Figure 11 Scour at pile protected by largest collar
collar (test 2b - wave-dominated). with skirt (test 3a - wave-dominated).
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Analysis of the scour development of test 2 revealed that under combined
current and wave conditions, after a significant time delay, pile scour occurred at the
piles protected by collars (see Figure 12). Two phases were distinguished: during the
first phase the collar effectively protected the bed near the pile against wave-induced
shed vortices while the edge scour depression grew. In the second phase, the edge
scour depression presumably reached a depth at which the vortices were able to
protrude under the collar and sediment was removed from underneath the collar.
Test 6, which had a long duration (5.5hrs), confirmed that a 30-35% lower
equilibrium scour depth was reached at the end of the test (see Figure 13).

* Collar width 2.5D R Sy
Caollar width 3,00,
+ Unprotected pile.

~ Collar width 2.00, Soow a3 D 14 4 [ Collarwidih 3.00

scour depth [cm)
{

4 P
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0 1000 2000 3000 4000 5000 6001 5000 7500 10000 12500 15000 17500 20000
time [s] time [5]
Figure 12 Scour development at unprotected pile ~ Figure 13 Scour development for pile with a collar
(shown in black) and the piles protected by width of 3.0D for long duration test. Note that the
different collar widths (test 2). x-axis starts at 5000s (test 6).

With respect to a collar at a fixed height above the bed, Kumar et al. (1999)
report positive results in terms of scour reduction under current-only conditions. In
our study, we did not investigate the effect of a higher collar in current-only
conditions. Under combined current and wave conditions (test 3c), however, the
collar placed at a height of 0.5D above the bed was not effective; the final scour
depth was about similar to the unprotected pile, but the rate was even higher (i.e.
faster scour development). It appears that a collar at a fixed height is less effective at
disrupting the (horizontal) shed vortices under wave-dominated conditions than at
disrupting the (predominantly vertical) horseshoe vortex under currents.

Installing skirts at the outer edge of the collars proved to be effective in terms
of a larger time delay (test 2b vs. 4a), but when undermining occurred pile scour
developed (test 4a,b). Collars with skirts placed at 0.5D above the ground (test 4c-d)
proved to have an adverse effect: the final scour depths were even larger than at the
unprotected pile under the same conditions (test 2a).

CONCLUSIONS

Laboratory tests were performed to investigate the effectiveness of collars to
prevent scour around offshore monopiles. Four transparent piles (200 mm) were
placed in the Scheldt basin at Deltares and equipped with cameras with fisheye
lenses. At selected piles, collars were installed with different widths, vertical levels
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and skirt dimensions. Several tests were performed with current-only and combined
current and wave conditions. During each test, the scour development around the

unprotected pile was derived from the camera images and compared to the pile scour
development at the piles protected by collars.

The comparisons indicated that collars are quite effective against scour
under currents. Only slight edge scour was observed. Under combined current and
wave conditions after a significant time delay scour developed, at a lower rate and
with a lower equilibrium scour depth.

Placing the collar at a certain fixed level above the bed significantly
increased the scour rate under combined wave and current conditions, compared to
the unprotected situation. Installing a skirt at the outer diameter of the collar worked
beneficially as pile scouring was delayed, but when the skirt was undermined pile
scour occurred. With the collar and skirt at a fixed level above the bed, the pile scour
depth became even larger than in the unprotected scenario.

DISCUSSION

The results clearly indicate that collars have potential to provide effective
offshore scour protection. Compared to conventional rock dumping, they may have
the advantage of a lower material cost and, possibly, a simplified installation
procedure. However, the tests also identified aspects that are in need of further
investigation. One example is the importance of a good understanding of the time
scale of the scour development when collars are present. The tests indicated that the
severity and time duration of a storm will ultimately determine whether scour occurs
at a collar-protected pile. Recommendations for future research are summarized
below:

- Further testing with longer time durations and varying conditions is
recommended to better understand the rate of pile scour development when a collar
is present. This should include a current test with a long duration to verify whether
the edge scour hole is able to undermine the collar and finally reach the pile
perimeter and a series of subsequent tests with a storms and current-only conditions
to s