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This paper summarises the results of an experimental study on scour protection around offshore wind turbine

foundations, with special emphasis on the sinking failure of the scour protection work in Horns Rev 1 offshore wind

farm (Denmark). The paper reviews previous results obtained by the author (AN), and is organised as follows.

Section 2 addresses flow around a pile with a scour protection. Section 3 looks at the initiation of sand motion

beneath scour protection. Section 4 discusses sediment motion beneath scour protection and resulting sinking.

Section 5 investigates the Horns Rev 1 case. A brief account is also given of filter criteria and their application to the

Horns Rev 1 case, whereby the present results and the filter criteria results are linked.

Notation

D, Dv pile diameter

Dh grain size of bed sediment

Dc cover-stone size

Df filter-stone size

e sinking of scour protection

ATiiax maximum sinking of scour protection

g acceleration due to gravity

h water depth

1 hydraulic gradient in horizontal direction

/cr critical value of I, corresponding to initiation of
sediment motion beneath filter layer

KC Keulegan-Carpenter number, Equation 2

k turbulent kinetic energy, k = \(Tt2+ v2 + w'2)

Nc¢ number of cover layers

Nf number of filter layers

n{ porosity of filter material

P pressure

Reg grain Reynolds number based on approach velocity,
Reg= UooDhjv

S specific gravity of sand grains

T wave period

tc thickness of cover layer

if thickness of filter layer

t/cc, UQ approach current velocity

170

um maximum value of orbital velocity of water
particles at bed

it stream-wise velocity

Itt, \}7 VI/ fluctuating components of stream-wise, transverse
and vertical components of velocity, respectively

RV coordinate system; see Figure 3 for definition sketch
vV kinematic viscosity of water

(1 sediment mobility defined by Equation 4

Der critical value of fl, corresponding to the initiation

of sediment motion beneath filter layer

1. Introduction

During the past decade, more and more wind farms have been
erected offshore. An ever-increasing number of offshore wind
farms (OWFs) will be added to the already existing farms,
because offshore wind energy has proven to be one of the key
elements in the future renewable energy supply in Northern
Europe. Many of these new OWFs will be placed in harsh
environments and in order to reduce the costs without
compromising the safety it is important to have a detailed
understanding of the entire structure, including scour and
scour protection around the foundations.

Although foundations of offshore wind turbines (OW Ts) with
no scour protection are considered to be a viable option
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Cover layer, t;
Filter layer, ft
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Figure 1. Definition sketch. Scour protection around foundation
of offshore wind turbine

(Wittrup, 2012), a large percentage of OWT foundations are
almost invariably designed to have scour protection. Rock/
stone dumping is one of the methods widely used for scour
protection, in which a stone cover is installed around the pile
(with or without a filter layer between the seabed and the
stone layer), extending over an area of three to four times the
pile diameter, Figure 1.

As a consequence of the lessons learned from the first OWFs, a
substantial amount of research on scour and scour protection
has accumulated in recent years. Several studies have reported
seabed measurements from the installed OWFs, see Flansen
et al. (2007), Raaijmakers et al. (2007) and Whitehouse et al
(2011a, 2011b). The first two comprise data from specific wind
farms (Florns Rev 1 and Egmond aan Zee, respectively).
Whitehouse et al. (2011a) compiled data from several farms,
with and without scour protection, whereas Whitehouse et al
(2011b) provide a review of the experience with gravity-based
foundations, both prototype and model scale. Other studies have
focused on prediction ofthe scour development, including Nielsen
and Flansen (2007), Raaijmakers and Rudolph (2008a, 2008b),
Flarris et al. (2010), Nielsen et al. (2012) and Sumer et al. (2013)
among others. A third group of studies have reported results
from physical model tests with scour protections around the
monopile foundations: Chiew (1995, 2002) and Chiew and Lini
(2000) studied the stability of scour protection under current
conditions, whereas de Vos ef al. (2011, 2012) studied the stability

ofscour protections around a monopile under offshore conditions.

One of the first larger OWFs is the Florns Rev I installed at
14km off the
Danish west coast in the North Sea, consisting of 80 OWTs,

relatively shallow water (6-5-13 m) about

supported by 4-2 m diameter monopiles. This area is exposed
to tidal currents and large waves from the North Sea. The
wind farm was installed in the summer of 2002. A control
survey in 2005 showed that the scour protections adjacent to
the monopiles sank up to 1-5m, another important failure
mode of scour protection different from that studied by
Chiew (1995, 2002), Chiew and Lini (2000) and de Vos et al
(2011, 2012). The damaged protection work has been sub-

sequently repaired, and no significant sinking has been reported
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after the repair. An example ofthe survey results can be seen in
Figure 2. Flansen et al. (2007) report that the 50-year-return-
period tidal current velocity is 0-88 m/s. The same authors
also report that the following set of wave parameters represents
a typical storm situation at this locality: significant wave height,
H = 3-5in; peak wave period, 7= 10s; and water depth,
h= 10m. Important features of the scour protection as well
as the sand size at Horns Rev 1 are given later in Tables 3

and s, while Figure 2 illustrates the plan view dimensions.

The above-mentioned incident prompted the present research,
with the focus on obtaining an understanding of the mechan-
isms governing the sinking of scour protection of OWT foun-
dations. The present research, a PhD project (Nielsen, 2011),
is one of the research projects undertaken as part of the
programme ‘Seabed and wind farm interaction’ (http://sbwi.
dhigroup.com/), a 4-year (2008-2012) research programme
financed by Danish Strategic Research (DSF), and coordinated
by the first author.

The present paper essentially provides a review of Nielsen
(2011) (also reported in Nielsen et al., 2011), highlighting the
key results. The paper further includes a detailed comparison
between the results of Nielsen (2011) and the observed sinking
at Horns Rev I OWF, and often-used design criteria for scour
protections (de Graauw et al., 1984).

2. Flow around a pile with scour protection
Observations show (Nielsen, 2011; Nielsen et al, 2011) that
when a pile with a scour protection at the bottom is placed on

a bed, three major changes will occur, as follows.

(a) A horseshoe vortex will be formed in front of the pile,
which penetrates into the scour protection (Figure 3); an
accompanying, small horseshoe vortex also will be formed
in front of the scour protection, as sketched in Figure 3.

(b) A lee-wake vortex flow will be formed behind the pile
(Figure 3).

(c) The flow will contract in plan view at the sides of the pile.

Each flow feature will now be considered individually.

21 Horseshoe vortex flow

The horseshoe vortex, the key element in scour around piles, is
caused by the adverse pressure gradient owing to the presence of
the pile (Sumer and Fredsoe, 2002). Flow visualisation and flow
measurements (using laser doppler anemometry (LDA)) made
inside the scour protection (including several multi-layer
cases) in Nielsen (2011; also reported in Nielsen et al, 2011)

indicate the flow picture, as illustrated in Figure 4.

Figure 4(a) illustrates a two-layer scour protection where the
horseshoe vortex penetrates across the entire thickness of the
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Figure 2. Horns Rev 1 (Denmark). Results of surveys at Turbine 44:

(a) 2002 survey; (b) 2005 survey. White circle: design limit of scour
protection. Scale to right: surface elevation (bed or scour
protection) In metres (Nielsen, 2011)

protection layer, while Figure 4(b) illustrates a multi-layer scour
protection where the top horseshoe vortex with a limited
penetration depth drives the bottom vortex underneath.

Figures 5 and ¢ display the measured mean velocity and turbu-
lence profiles inside the scour protection, respectively, obtained
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Surface elevation: m

in Nielsen (2011), with and without a filter layer (circles without
the filter layer and crosses with the filter layer). The exact
location where the data are taken is given in the figure captions.
This location is not at the point where the pile-generated
adverse pressure gradient is largest (see point A later in

Figure 16), but rather at 9-9 cm upstream of that point,
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Figure 3. Schematic description (Nielsen etal., 2011)

corresponding to x = —/9cm. The pile-generated adverse
pressure gradient and its maximum value will be discussed in
detail in Section 6.2. The current velocity in these tests was
40 cm/s and the flow depth was 30 cm for one- and two-cover
layer cases, and 45 cm for four-cover layer cases (Nielsen, 2011:
p. 51). The quantity u is the mean streamwise velocity, and &
is the turbulent kinetic energy, defined by

1. k= \u2+ v2+ w)

in which u'2 is the mean-square value of the fluctuating com-
ponent of u, and so on. The role of the filter layer is described
as follows.
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Pile Pile

(@ (b)
Figure 4. Schematic illustration of flow inside the scour
protection (Nielsen etal., 2011)

(@) In the case of the one-cover layer, the mean velocity
profile in the flow-reversal region is displaced upward
with the introduction of the filter, and the near-bed
velocity is reduced (Figure 5). (The reverse flow here is
essentially the upstream-directed flow of the horseshoe
vortex inside the scour protection; see the illustration in
Figure 4(a).)

(b) In the case of two- and four-cover layers, the role of the
filter layer is not as described above. By contrast, the
upstream-directed flow of the horseshoe vortex is rather
weak in the case of the two-cover layer without the filter,
and it essentially changes direction in the case of the
four-cover layer (see the illustration in Figure 4(b) for the
latter). The near-bed mean flow actually remains
practically unchanged when the filter layer is introduced
(Figure 5), simply because the thickness of the cover layer
in these two cases is too large.

(¢) Regarding the turbulent-kinetic-energy profiles, Figure ¢
clearly shows that the turbulence is reduced quite
considerably near the base bottom (Figure ¢) for one- and

18 18 18
One cover layer Two cover layers Four cover layers
16 16 16
14 14 14
12 12 12
10 10 10
8 8 8
6 6 6
4 4 4
2 2 2
0 0 0
0 20 40 0 20 40 0 20 40
u: cm/s u: cm/s u: cm/s

Figure 5. Mean velocity profiles at 12 ¢cm upstream from the
leading edge of the Dp= 14 cm pile inside the scour protection
(i.e. the data are taken at the location x= -19 cm, x being
measured from the centre of the pile, Figure 3). z is the vertical

distance from the rigid base bottom. Circles: without a filter layer.
Crosses: with a filter layer. Cover stone size: Dc 50 = 4-3 cm. Filter
layer of thickness 2 cm with filter stone size DffS0= 1-1 cm
(Nielsen, 2011)
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One cover layer

50
k: cm2s2

Figure 6. Profiles of turbulent kinetic energy at 12 cm upstream
from the leading edge of the Dp= 14 cm pile Inside the scour
protection (Le. the data are taken at the location x = —19 cm, x
being measured from the centre of the pile, Figure 3). z Is the

two-cover layers, as expected. The reduction in the
turbulence is largest for the one-cover layer case. As for
the four-cover layer case, however, the turbulence level is
already very small without the filter layer, and it remains
unchanged (very small level of turbulence) with the
introduction of the filter layer because of the very large

thickness of the protection layer.

Although no wave and combined wave and current measure-
ments were made in Nielsen’s (2011) study, drawing an analogy
to flow around a pile without scour protection (Sumer et al.,
1997), it can be inferred that the horseshoe vortex in the case
of waves is expected to be small. The horseshoe vortex may
not even be formed, owing to small values of the Keulegan-
Carpenter number in the present case (Sumer et al., 1997),
KC < 0(10) in which KC is defined by

where Um is the maximum value of the far-field orbital velocity
of water particles at the bed, T is the wave period and Dv is the
pile diameter. This is chiefly because ofthe very small boundary
layer thickness in the case of waves, o(10 cm) at most, in the
field. Here, the symbol O means order of magnitude.

In the case of current and waves, the picture described for cur-
rents is expected to remain essentially practically unchanged
even for very small values of the current-to-wave-velocity
ratio, UJUnl, simply because of the presence of the current
boundary layer, and more importantly, because of the presence

of a low-momentum region inside the scour protection, which
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Four cover layers

50 100
k: cm2s2

vertical distance from the rigid base bottom. Circles: without a
filter layer. Crosses: with a filter layer. Cover stone size:

Dcso = 4-3 cm. Filter layer of thickness 2 cm with filter stone size
Df.so =1-1 cm (Nielsen, 2011)

will respond to the adverse pressure gradient generated by the
pile, creating a similar horseshoe-vortex flow. In this context,
it is interesting to note that, for the ‘plain’ pile case, Sumer
et al.’s (1997, see Figures 10, 13 and 16 later) study showed
that the horseshoe-vortex flow resembles that in the current-
alone case for the values of the current-to-wave-velocity ratio,
UJUnl, as small as 0-5. It may be expected that, in the present
scour-protection case, the horseshoe-vortex flow will remain
practically unchanged for even smaller values of UJUnl, like
0(0-1). Although based on physical considerations only, and
with no direct evidence, it may be stated that the horseshoe-
vortex flow inside the scour protection will resemble that of
the current-alone case when Uc/Unl > 0(0-1).

2.2 Lee-wake vortex flow

Figures 7 and s display the results of velocity measurements
inside a one-layer scour protection in front of the pile
(Figure 7) and behind the pile (Figure s) obtained in the
same test. Note that the velocity scales in the two figures are
different.

From the figures, it can be clearly seen that the maximum
velocity inside the scour protection in the lee-wake area
behind the pile is 0(5 cm/s), whereas that in front of the pile,
in the horseshoe-vortex area, is of the order of magnitude
0(20 cm/s). This is an important point to note.

No wave and combined wave and current measurements were
made in Nielsen’s (2011) study in the lee-wake area. This is
mainly because no significant sinking occurred in the lee-wake
area in the sediment-bed tests of Nielsen’s (2011) study. This

point will be discussed again later.
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-60 -50 -40

Figure 7. Velocity profiles Inside a one-layer scour protection
with stones sized 4-3 cm In front of the pile. Note the velocity scale
top right (Nielsen et al, 2011)

2.3 Side flow

The flow towards the side of'the pile takes place in a convergent
geometry. This convergent geometry creates a large, ‘favour-
able’ pressure gradient over the pile surface at the sides, with
the contraction of streamlines, combined with the presence of

Scour protection

30r
0 cm/s
25 -> ->
20
Pile
15
Scour
protection
0 10 20 30 40 50

Figure 8. Velocity profiles Inside a one-layer scour protection
with stones sized 4-3 cm behind the pile. Note the velocity scale
top left (Nielsen et al., 2011)
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Scour protection

40 cm/s

Pile

-30 -20 10 0

X: cm

the horseshoe-vortex flow, resulting in concentration of flow
near the pile. To illustrate the latter, two figures borrowed
from Sumer et al. (1997) are included in Figures 9 and 10
where the amplification of the bed shear stress around a
circular ‘plain’ pile is given in the form of a contour plot, with
a very broad range of the Keulegan-Carpenter number,
KC = 2-8 to 20-1 in Figure 9, and with KC = oo, the current

case, in Figure 10.

From the figures, the following can be noted. First, although the
undisturbed bed shear stress is amplified by as much as a factor
of 5in the horseshoe vortex area in the current case (Figure 10),
this amplification is even higher, as much as 11, at around 45°
10). This point will be
addressed again later. This area is associated with the combined

from the stagnation point (Figure

effect of contraction of streamlines and the horseshoe vortex
where the swirling horseshoe vortex around the pile eventually
trails off downstream. Second, the amplification of the bed
shear stress in the lee-wake area in the current case is fairly
small (Figure 10), consistent with the result discussed in con-
7 and s. Third, the
of the bed shear stress in the case of waves (Figure 9) is

junction with Figures amplification
generally substantially smaller than that in the case of current
(Figure 10).

3. Initiation of sand motion beneath scour
protection

Consider a scour protection consisting of armour stones over a

sand bed with filter stones between the armour cover and the
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x/D

(d)
Figure 9. Amplification of the bed shear stress around a
circular,'plain' pile. Waves, KC= 2-8 to 20-1 (Sumer et al, 1997):
(a) KC = 2-8; (b) KC=6-1; (c) KC = 10-3; (d) KC=20-1.
Copyright Cambridge University Press

sand bed. Increase the flow velocity. When the velocity reaches a
certain point, the sand particles beneath the filter stones begin to
move, the so-called initiation of motion, similar to the notion of

initiation of motion in sediment transport. From Figure 10, it
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may be inferred that the initiation of motion first begins at
the sides, possibly at around 45°, and in front of the pile.

Nielsen (2011) made an extensive series of experiments where
the initiation of motion of small plastic particles (with very
small specific gravities) introduced onto the base bottom was
observed through the glass bottom of the experimental flume,
using a large-scale set-up. This was done at the areas where
the bed shear stress is largest in front of the pile. It is important
to note that no sediment layer was present in these experiments;
the scour protection (with or without the filter layer) was placed
on the rigid, glass bottom of the flume. The test conditions in

Nielsen’s experiments will be given later in the section.

Now, on dimensional grounds, the initiation of motion of the
base sand in the field can be described by the following non-

dimensional parameters

(ICI=f[Reg Nc, N{, ~ , »

in which ilcr is the critical value of the mobility parameter {1,
corresponding to the initiation of motion of the sediment
beneath the scour protection in which I1 is defined by

. Ui 1 «f
il = - -Dr
4. g(s- YDh Dp I11l-nr

In Equation 3, Regis the grain Reynolds number corresponding
to the bed sediment

UooDu
5 Reg =

in which Uoo is the approach flow velocity, Db is the bed sedi-
ment size and v is the kinematic viscosity of water. The quantity
Ncin Equation 3 is the number of armour stones (cover) layers,
defined by

6. Ng = pt.

Nris the number of filter layers, defined by
VE= —
7. b

in which #c and #are the thickness of the armour (cover) layer,
and that of the filter layer, respectively, Dcis the armour (cover)
stone size, Dfis the filter stone size, while Dp is the pile size. In
Equation 4, s is the specific gravity of sediment grains, g is the
acceleration due to gravity and «fis the porosity of the filter
(appearing in Equation 4 in the form of «f/(1—wf); see the
next paragraph for the physical meaning of the latter quantity).
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Flow

0-5

-1-0 -0-5

Figure 10. Amplification of the bed shear stress around a circular,
'plain’ pile. Current, KC= oo (Sumer et al., 1997)

It should be noted that the flow through the scour protection
(armour and filter layers) occurs in the turbulent regime, and
therefore the Reynolds number associated with this flow is not
included in the above non-dimensional formulation. The
large- and medium-scale experiments conducted in Nielsen’s
(2011) study satisfy the latter condition, with even the smallest
filter stone size being Df> 1cm. With the latter filter stone
size, considering the velocity in the pores as being like O
(1 cm/s), the grain Reynolds number will be larger than
0(100) in Nielsen’s experiments. This Re number is large com-
pared with Recr= 20, the critical Re number below which the
flow around a sphere occurs in the so-called creeping flow
regime. (The authors note that the corresponding field Reynolds
numbers are evidently an order of magnitude larger than that
experienced in the laboratory.) Considering also that filter
stones will, for the most part, have sharp-edged shapes, it may
be concluded that the role of the Reynolds number associated
with the flow around individual members of stone protection
(for both the filter layer and the cover layer) will not be very

significant, and therefore can be omitted.

The mobility number in Equation 4, {2, is an extended version of
the familiar Shields parameter; the friction velocity in the Shields
parameter is replaced by the approach velocity for convenience.
Also, the product Df«f/(1 —nf) represents the ‘void ratio’
associated with the filter stone size; the larger the value of this
quantity, the more susceptible the base sediment to the incipient
motion. Likewise, the non-dimensional quantity formed by Uoo, g
and Dp in Equation 4, namely (Ul0/g)/Dv; represents the adverse
pressure gradient in front ofthe pile, or the pressure gradient over
the surface ofthe pile discussed previously in Section 2 above, the
agitating force; the larger the value of this quantity, the larger the
mobility of the base sediment.

The grain Reynolds number, Reg, in Equation 3 is involved
because the initiation of motion is also governed by this

quantity, reflecting the degree of the embedment of the sand
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x/D

grains in the viscous sublayer, in the same way as in the familiar
Shields diagram of the initiation of motion at the bed.

The number of armour layers, N¢, and that of filter layers, Nf,
should also be involved because these quantities along with
their corresponding stone sizes, D¢/Dp and Df/Dp, are central
in the penetration of the horseshoe-vortex flow and the side
flow inside the scour protection. Here the cover/armour stone

size and the filter stone size are normalised by the pile diameter.

Figure 11 displays the initiation-of-motion data extracted from
Nielsen (2011). The data presented in Figure 11 are selected
from Nielsen’s (2011) overall data such that the values of the
non-dimensional parameters that govern the initiation of
motion match with (or close to) those in the field, with
Nc=2, Nf= 9, D¢/Dp = 0-08 to 0-09 and Df/Dp = 0-02, corre-
sponding to the selected set of data (see legend of Figure 11).
(This point will be revisited later in conjunction with the
check for sand motion beneath scour protection in the Horns
Rev 1 case.) The test conditions (Nielsen, 2011) for the data
plotted in Figure 11 are summarised in Table 1. It is noted
that experimenting with the pile, the size D = Im (see the last
row in Table 1) will be at the expense of a blockage effect, as
the pile diameter in this case is not small. From the potential
flow theory, this blockage effect is estimated to be less than
7%, meaning that the velocities in this experiment will be
increased slightly, by a small amount, similar to the latter
figure. When inspected closely, no clear trend is observed,
however, of any blockage effect in Figure 11, and, if anything,
it seems that this effect is overshadowed by the scatter in the data.

The large scatter in Figure 11 is due to the random orientation
of the pores in the scour protection and the random position of
the location on the bottom where the particle was released. (By
the random position, it is meant that the particle release position
in the pore is random with respect to the pore geometry.)

Nevertheless, the data exhibit a fairly well-defined trend.
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Symbol Al De/Dp Df/Dp
0-08 0-02
0-08 0-02
0-09 0-02
Motion
o o
000 X
o
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o
No motion
10- ;S I S, I
102 103
DA
Figure 11 [Initiation of motion of sand beneath scour protection

around foundation of offshore wind turbine. Current. Data
extracted from Nielsen (2011) such that the values of the non-
dimensional parameters governing the initiation of motion (see
the legend in the figure) match with (or close to) those in a typical
application to offshore wind farms

According to this trend, the critical mobility number decreases
with increasing Reg. This is not unexpected. The critical value
of the mobility number decreases because the particles beneath
the filter layer are more and more exposed as Regincreases, and
therefore they will be more susceptible to the agitation ofthe flow.

The area above the trend in Figure 11 corresponds to the
‘motion’regime, and that below corresponds to the ‘no-motion’
regime. The diagram in Figure 11 can be used as a first screening
to check whether the sand beneath the scour protection can

Sinking failure of scour protection at
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move or not, as will be demonstrated later for the case of

Horns Rev 1.

The range of the parameters used in Figure 11 is given in the
figure legend for Nc¢, Nf, Dc¢/Dp, and Df/Dp. The range of Reg,
on the other hand, is Reg= 80 to 550. Clearly, caution must
be observed when using the given diagram outside the indicated
range of the parameters. For the test conditions corresponding

to the actual tests, the reader is referred to Table 1.

3.1 Discussion of other parameters influencing the
initiation of motion

There are other parameters which can influence the initiation of
motion. The water depth is one potential parameter when
considering very shallow waters. This is because the horseshoe
vortex is influenced by this parameter. Unless the water-
depth-to-pile-diameter ratio, A/Dp, is smaller than 0(4), the
effect of this parameter will not, however, be
(Sumer and Fredsoe, 2002: Figure 3.4). The latter publication
shows that the size of the horseshoe vortex decreases with

significant

decreasing 4/Dp, meaning that the mobility of sand grains
decreases with decreasing A/Dp. It may be noted, however,
that the reduction in the size of the horseshoe vortex is only
20% even with a water-depth-to-pile-diameter ratio as small
as h/Dp = 1 (Sumer and Fredsoe, 2002: Figure 3.4). Therefore,
although neglecting the influence of the water depth will be
slightly on the conservative side, this effect may be ignored

for all practical purposes.

Another parameter is the effect of waves. In the case of waves
alone, the initiation of motion will be much delayed because
the agitating flow features such as the horseshoe vortex and
the concentration of flow at the sides are significantly smaller
than in the case of currents. (Recall the discussion in Section 2
in conjunction with waves; see Figures 9 and 10.) Therefore, the
wave-alone case is insignificant, as far as the initiation of motion
is concerned. It must be pointed out, however, that the effect of
steady streaming, which may be induced by waves similar to
Sumer and Fredsoe (2001), is unknown.

Symbols in Pile Cover stone Cover layer Filter stone Filter layer Approach Bed sediment Specific
Figure 11 diam., size, Dc: thickness, size, Df: thickness, velocity, size, Db: gravity

DP: cm fc = Nc Dc: cm it = NfDf: oo’ mm of bed

m cm cm cm/s sediment, 5
(¢} 0-55 4-3 4 1-1 10 16-5-28-4 0-49-0-85 1-045
. 0-55 4-3 =X 1-1 10 44-2-52-9 0-62 1-310
0 10 9-0 180 2-3 20 18-5-25-7 0-44-2-45 1-045

Table 1. Test conditions corresponding to the laboratory data
plotted in Figure 11. Water depth was & = 0-9 m, and the
flume width was 3-0 m (Nielsen, 2011)
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The effect of waves, when superimposed on a current, will be simi-
lar to the case of waves alone when the current-to-wave-velocity
ratio is very small, like Uc/Um < 0(0-1); see the discussion in
Section 2.1. Otherwise, the effect of a wave will probably be
to increase the agitation owing to the phase-resolved com-
ponent of the wave. Hence it is expected that the initiation of
sand motion at the base bottom will start earlier than in the
current-alone case. In the absence of data, therefore, caution
should be observed when checking the initiation of the motion

based on the current-alone data.

4. Sand motion beneath scour protection
and resulting sinking

When the mobility number is larger than the critical value
(Figure 11), 11 > ilcr, the sand will begin to move. The mechanism
of sediment motion involves the flow inside the scour protection
discussed in Section 2. The sediment is stirred up by the mean
and turbulence components of the flow (Figures 5 and ¢), and
removed off the bed, and the mean component of the flow
inside the scour protection (Figures 4 and 5) will carry the sedi-
ment away. The end result is the sinking ofthe entire scour protec-
tion, as discussed in Section 1. In the presence of waves in a
combined current and wave environment, the phase-resolved
component ofthe flow inside the scour protection will help further
agitate the sand on the bed. The mechanism of sediment motion
and the resulting sinking, however, will largely be unaffected.

As in the case of the initiation of motion, the sinking is, for the
most part, expected to take place more strongly in front of the

pile and at the sides. See the discussion in the preceding section.

Let <4nax be the maximum equilibrium sinking of the scour
protection. On dimensional grounds, this quantity is described
by the following non-dimensional parameters

in which £max is normalised by the armour stone size, Dec.

Nielsen (2011) carried out extensive experiments with a sand
bed with scour protection, where he measured the sinking of
the scour protection. He did two kinds of experiments, as

follows.

(a) Experiments were conducted without filter stones where
the current was strong enough to cause sediment motion
underneath the scour protection and therefore sinking of
the protection layer.

(b) He repeated these experiments in a limited number of
tests where filter stones also were used. Of the six tests
conducted with filter stones, three tests had a cover stone
size of D¢/Dp = 0-4 to 0-5, too large a value to represent a

Sinking failure of scour protection at
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typical field situation. Therefore, these three tests will not
be considered in the present analysis.

Incidentally, Nielsen (2011: p. 14) reports that, in his sediment
bed experiments, the sinking took place in front of and along
the sides of the pile adjacent to the scour protection. This is
obviously not unexpected, and it is consistent with the discus-
sion in the preceding paragraphs.

Figure 12 presents data from Nielsen’s (2011) experiments,
plotted according to the non-dimensional formulation given in
Equation s. The set of data plotted in Figure 12 is selected so

Symbol Nc Af Dc/Dp DfDp Q Reg
O 1 14 0-09 0-06 2-7 72
v I 29 021 0-095 43 72

A 1 23 021 0-06 27 72

Do/Dp = 0-09
0-2 0-3 0-4 0-5 0-6
— = ANf—
Dp Dp
@
5
4
3
Q
2
1
0
0 0-1 0-2 0-3 0-4 0-5 0-6
_5-= Nf—
Dp D
(b

Figure 12. Maximum sinking of scour protection. The origin of
the horizontal axis, ff/Dp= 0, corresponds to the no-filter case.
The filter-case symbols (see the legends) are also used for the no-
filter case as well, for convenience. Data extracted from Nielsen's
(2011) data; data for tfDp= 0 are taken according to the best-fit
line through the data
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that the test conditions are closest to typical conditions
encountered in OWFs; the order of magnitude values of typical
conditions in the field may be summarised as Nc= 0(2),
N{= 0(10), Dc¢/Dp = 0(0-1), and Df/Dp = 0(0-01). The test
conditions corresponding to the data plotted in Figure 12 are
given in Table 2. It is noted that Nielsen (2011) (also reported
in Nielsen et al., 2011: Figure 11) gives the entire set of data
for the no-filter experiments, plotted in the form of emax/A:
against Dp/Dc, with Nc taking the values of 1, 2 and 3.

Figure 12 illustrates very clearly the role of the filter used in
scour protection. The figure shows that the sinking of scour pro-
tection with an armour cover with D¢/Dp = 0-09 is drastically
reduced from emax/Dc= 4*5 to 1-5 by introducing filter stones
with //Dp = 0-1. Likewise, the sinking in the case of D¢/Dp =
0*21 is even more dramatically reduced from emax’D = 3 to
about 0*2 by introducing filter stones with #//Dp = 0*2. Clearly,
the latter results are linked to the reduction of the agitating
forces with the introduction of the filter stones, as discussed in

Section 2 (see Figures 5 and o).

Nielsen (2011) carried out a small number of experiments with
waves. Two of the wave tests (Nielsen, 2011: tests ¢ and 10,
Table 7.1) are selected such that the properties of the scour
protection match with those corresponding to the current case
presented in the previous figure so that comparison can be
made on the same basis. The data are plotted in Figure 13
where the properties of scour protection as well as the sediment
are the same as in the current tests, with the exception that no
filter

number was KC = 1-5 in one test, and 4 in the other (the

existed in the wave case. The Keulegan-Carpenter
upper and lower data points, respectively, in Figure 13). Nielsen

(2or11:p.
the sides, adjacent to the pile, as opposed to the current case

122) reports that the maximum sinking occurred near

where the maximum sinking occurred both in front of and

along the sides of the pile.

Even with the absence of the filter stones in the wave tests, the
sinking is apparently small compared with that in the current
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DcoDp = 0-09, current

Dp
a
£ Q P
Dc/Dp = 0-09, wave
| | 1 I | L
0 0-1 0-2 0-3 0-4 0-5 0-6
= Af—
Dp ~ Dp

Figure 13. Wave-induced sinking compared with current-induced
sinking

(Figure 13), the general trend observed in the limited number
of tests in Nielsen’s (2011) study. This is linked to the fact
that the horseshoe vortex is very weak owing to the small
boundary layer thickness in waves, and furthermore the ampli-
fication of the bed shear stress in the case of waves (Figure 9) is
substantially smaller than that in the case of current (Figure 10).
It is to be noted, however, that the sinking pattern may change
substantially in the case of combined waves and current, with
larger sinking resembling more closely that experienced in the
current-alone case. Also, the location of sinking of the stones
may differ from current-alone and wave-alone cases, depending
on the wave-current climate. However, no data are yet available
to substantiate this.

5. Horns Rev 1 case. Sand motion beneath
scour protection and resulting sinking

The purpose of this section is to test and validate the previously

mentioned new findings from Nielsen’s study (2011) against

the Horns Rev 1 case, to gain confidence in the use of this

information in practice.

Symbols in  Pile Cover stone Cover layer Filter stone Filter layer Approach Bed sediment

Figure 12 diam. size Dc: cm thickness size Df. cm thickness velocity (o' size Db: mm
Dp. m tc= NADC cm tf = NfDf cm cm/s

ul 0-20 1-9 1-9 1-1 1-5 0-40 0-18

T 0-20 4-3 4-3 1-9 5-5 0-40 0-18

A 0-20 4-3 4-3 1-1 2-5 0-40 0-18

Table 2. Test conditions corresponding to the laboratory data
plotted in Figure 12. Water depth was # = 0-56 m and the
flume width 4-0 m (Nielsen, 2011)
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Pile Cover Cover Filter Filter layer Bed

diameter, stone layer stone thickness, sediment

Dp: m size, thickness, size, t#. m size, Db:
Dc: m tc: m Df: m mm

4-2 0-40 10 0-10 0-50 0-5

Table 3. Input parameters, Florns Rev 1 case. Note that all
D values in the table are D50

5.1 Initiation of motion beneath scour protection

Table 3 presents the input parameters for the Horns Rev 1 case
(Hansen et al., 2007). Three velocity values are adopted in the
calculations, Uoo = 0-88, 1-0 and 1-5m/s in which 0-88 m/s is
the 50-year-return-period velocity, as mentioned previously
(Hansen et al, 2007). The latter authors, however, also state
that maximum currents up to 1 m/s may be encountered.
The stone sizes and the grain size of the seabed sediment in
Table 3 all correspond to D50, the size at which 50% of the
sediment weight is finer. The mobility number, ft, the Reynolds
number, Reg, and other non-dimensional parameters, Ne, Nf,
Dc¢/Dp, Df/Dp, that govern the initiation of motion beneath
scour protection, are calculated, based on the input parameters
in Table 3. The calculated values of these parameters for the

three different velocities are given in Table 4.

Comparison of the values of the governing parameters in
Table 4 with those given in Figure 11 shows that the values prac-
tically match, with the exception that the number of filter layers
in Horns Rev lis Nf = 5 whereas that for the data in Figure 11
is Nf=9. Nevertheless comparison can be made, bearing in
mind that the Nfin Horns Rev 1is a factor of 2 smaller than
the critical mobility data of Figure 11.

Figure 14 displays the results. In Figure 14, the symbol H
represents the mobility for the Horns Rev 1 for the three vel-
ocities, Uoo = 0*88, 1-0 and 1-5 m/s in Table 4, while the rest
of the data in Figure 14 are reproduced from Figure 11.
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Symbol Ae Af  Dc/Dp Df/Dp
0 2 9 0-08 0-02
. 2 9 0-08 0-02
(o) 2 9 0-09 0-02
Motion
o o
00%

° H
«

No motion

J i iiiiM J T 11111
10 102 103

Rea =

Figure 14. Check for initiation-of-motion on the sediment
beneath scour protection, Florns Rev 1 case. Symbol H
corresponds to the points for Florns Rev 1, for velocities

Lo = 0.88 m/s (lowermost point), {bo = 1 m/s (middle point) and
for Lo = 1-5 m/s (uppermost point). The values of ft indicated in
the diagram for these three points are: 0=1-2 with Reg= 440
for o= 0-88 m/s; 0=1-6 with Reg= 500 for L/ = 1-0 m/s; and
O = 3-6 with Reg= 750 for Coo = 1-5 m/s. Rest of data are
reproduced from Figure 11, the data corresponding to the
initiation of motion of Nielsen (2011)

Figure 14 clearly shows that the sediment underneath the scour
protection in Horns Rev 1 is certainly not in the ‘no-motion’
state, even with the critical mobility data of Figure 11, which
are obtained for a filter layer with Nf=9, a value that is a
factor of 2 larger than the field value at Horns Rev 1. The
analysis in Section ¢ in connection with filter criteria will also

confirm this finding.

Approach Mobility Grain Number of cover Number of Normalised cover Normalised Thickness
velocity parameter Reynolds (armour) layers, filter layers, (armour) stone size, filter stone size, of filter
Uoo- m/s ft number, Reg AC Af De/Dp Df/Dp layer, if/Dp
0-88 1-2 440 2-5 5 0-095 0-02 0-1

1-00 1-6 500 2-5 5 0-095 0-02 0-1

1-50 3-6 750 2-5 5 0-095 0-02 0-1

Table 4. Non-dimensional parameters governing the initiation

of motion beneath scour protection, Florns Rev 1 case
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Mobility Grain Number of cover
parameter Reynolds (armour) layers,
n number, Reg N¢

Symbols in 2-7 72 1

Figure 12(a)

Horns Revi 1-6 500 2-5

Table 5. Governing parameters for laboratory tests and

Horns Rev 1 case

5.2
As mentioned in the preceding paragraphs, the sinking data

Sinking of scour protection

with filter stones present, plotted in Figure 12, are very limited,
with only three data points. Of these, the top panel is closest
to the Horns Rev 1 case, with the cover armour stone size
Dc/Dp = 0-09, which is very much the same as in Horns Rev 1
(Table 4). Yet, it is noted that there are significant differences
between the values of the governing parameters in Nielsen’s
12(a), Table 5) and in Horns

Rev 1 case (Tables 4 and 5). Therefore comparison between

(2011) experiments (Figure
the reported sinking at Horns Rev 1 and Figure 12(a) should
be treated with extra caution. Nevertheless, comparison is pre-
sented in Figure 15 where the standard deviation sign represents
the range of the observed sinking at Horns Rev 1, namely from
practically zero up to 1-5m, or alternatively, when scaled with
the armour cover stone size, emax’A: = o to 3*8. Although
there are significant differences between the values of the
governing parameters, the two sets of data appear to lie over

the same range.

Symbol Q
Data from

Figure 12(a) m] 2-7

Horns Standard
Rev 1 dev. sign  1-6

£Q

0-2

Dp

Figure 15 Maximum sinking of scour protection. Comparison
between observed Horns Rev 1 and Nielsen's (2011) laboratory
data (reproduced from Figure 12(a)). For the laboratory data, the
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Thickness of
filter layer,

Number of Normalised cover Normalised

filter layers, (armour) stone filter stone

Af size, Dc/Dp size, Df/Dp if/Dp
1-4 0-09 0-06 0-075
5 0-095 0-02 0-1
6.  Filter criteria

6.1 A design approach

A detailed design strategy for the filter layer may be adopted,
following the work of de Graauw et al. (1984). This is summar-
ised below.

First, determine Df3s of the filter material from

9- Dcis < 5T)fss

(known as the Terzaghi criterion) in which Dc 15 corresponds to
15% of the armour/cover weight being finer. This criterion is
essentially based on geometrical considerations. The armour
stone size is, by definition, large compared with the filter stone
size, but nevertheless, it should not be too large to allow the
filter stones to be washed out through the pores of the armour

material. The above criterion ensures that the filter stones will
not be washed out.

Reg Ac Af Dc/Dp DfDp  tf/ip
72 1 14 0-09 0-06  0-075
500 2-5 5-0 0-095 0-02 01
0-3 0-4 0-5 0-6
Dp

filter-case symbol also is used for the no-filter case (fDp= 0), on
the vertical axis
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Second, determine Z>fi5 of the filter material from

10. /< /a

in which / is maximum hydraulic gradient in the horizontal
direction present in the filter layer, and /¢ is the critical value
of the hydraulic gradient corresponding to the initiation of
motion at the interface between the filter layer and the base
sand bed. This criterion ensures that the base sand of the
size Di>15 (and coarser) will not be washed out as a result of
the flow that takes place inside the filter layer (see Section 2).
The quantity 7cr is given by de Graauw et al (1984) as

follows

006 DY
. T mangd 1000

in which wfis the porosity of the filter material, taken in the
present application as 0-35, and Z*fi5 and T)b & are given in

metres.

The bed-sediment size in the above equation is taken as
A>85 rather than Tb,s0- This is on the recommendation of de
Graauw et al. (1984), who argue that, in the case of graded
base material, it may be assumed that the base material will
1984:
p. 84). Furthermore, the quantity V*(Tis the critical shear

be better characterised by Typ.ss (de Graauw et al,

velocity approximated from the Shields diagram by

12. Ffar = 13T + 83 x 10-8250

for sand in which V*oris in metres per second and Dk 50 is in
metres. Equation 12 given by de Graauw et al. (1984) actually
represents the critical curve (corresponding to the initiation of
motion) in the familiar Shields diagram where the grain size is
the mean sediment size (Shields, 1936).

The above criterion, Equation 11 given in de Graauw et al.
(1984), was based on their extensive experiments under steady

current conditions.

6.2 Horizontal hydraulic gradients in currents

There are two kinds of horizontal hydraulic gradients which are
potentially capable of moving the base sediment at the bed
underneath the filter layer

(a) hydraulic gradient in front of the pile
(b) hydraulic gradient over the surface of the pile.

These hydraulic gradients are, from the potential flow theory

(Sumer et al, 1997), given as follows (see Figure 16 for

definition sketch).
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0-15D

Figure 16. Definition sketch. Point S: stagnation point. Point A:
location where the horizontal hydraulic gradient in front of the

pile (the adverse pressure gradient) becomes maximum. Point B
location where the horizontal hydraulic gradient over the surface
of the pile (the favourable pressure gradient) becomes maximum

First, the horizontal hydraulic gradient in front of the pile (the
upstream-directed, adverse pressure gradient that drives the

horseshoe vortex system)

;= d/ly) 11 1
13. dx 2¢ D 4(x/D)2]

It can readily be shown that the maximum value of this gradient
occurs at a distance 015D from the upstream edge of the pile,

point A in Figure 16.

Second, the horizontal hydraulic gradient over the surface ofthe
pile (the downstream-directed, favourable pressure gradient
over the surface of the pile caused by the ‘convergent’ geometry
of the flow from the stagnation point towards the sides of the

pile)

Jj=9(Vr) =
14. dx'

1 sin(2V/D) cos(2
2gD

in which x is the distance over the surface of the pile, measured
from the stagnation point (point S in Figure 16). The maximum
value of this hydraulic gradient occurs at 45° from the stagna-
tion point, point B in Figure 16.

The above hydraulic gradients can be considered to ‘penetrate’
through the granular protection layer, and therefore are present
at the seabed level. No data are available yet to confirm this
assumption. However, there is experimental and theoretical,
‘indirect’ evidence supporting this assumption (Sumer and
Fredsoe, 2002: pp. 484-485; Sumer et al, 2010: p. 870) in the

case of waves.
An important point in connection with the above hydraulic

gradients is that the hydraulic gradient over the surface of the
pile, Equation 14, is a factor of 5 larger than that in front of
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the pile. Equation 13 (Sumer et al, 1997). The hydraulic
gradient over the surface of the pile is, in real life, associated
with the combined effect of contraction of streamlines and the
horseshoe vortex where the swirling horseshoe vortex around
the pile eventually trails off downstream, as discussed in Section

2 in conjunction with Figure 10.

6.3 Horizontal hydraulic gradients in waves

The horizontal hydraulic gradients, both in front of the pile
and over the surface of the pile, in the case of waves can be
calculated from MacCamy and Fuchs (1954) potential flow
solution, see for example, Sumer and Fredsoe (1997: p. 276).
The analytical expressions are somewhat cumbersome, and
therefore will not be given here. Only the results (obtained for
the horizontal hydraulic gradients at the bed) will be presented
in Section 7 where the implementation of the filter criteria is

discussed for the Florns Rev 1 case.

7.  Filter criteria applied to Horns Rev 1 case
The stone sizes of the scour protection and the sand sizes of the
sediment bed for Florns Rev 1case are reproduced from Flansen
et al. (2007) in Table 6, including D 50 values given already in
Table 3.

71 Terzaghi criterion

For the filter material to remain stable, Equation 9, the Terzaghi
criterion, should be satisfied. From Table 6, Dci5 = 370 mm,
and Dfss = 200 mm. It can be seen that the Terzaghi criterion,
71¢,15'v 5Df g5, is satisfied. Hence the observed failure of the
scour protection cannot be linked to the Terzaghi criterion.
(For an extensive account of filter criteria (the stability, internal
stability and permeability) and the use of filters in hydraulic
engineering, the reader is referred to CIRIA/CUR/Cetmef
(2007).)

7.2 de Graauw et al. criterion

Table 7 lists the horizontal hydraulic gradients obtained from
Equations 13 and 14, for three current velocities, (7co= 0-88,
1-0 and 1-5m/s. On the other hand, taking the stone/grain
sizes from Table 6, and the porosity of the filter as iif= 0-35,
the critical Shields velocity and the critical hydraulic gradient
are obtained from Equations 11 and 12, respectively, and the

results are given in Table 8.

OIS: mm D50: mm D85: mm
Armour cover 370 400 550
Filter 20 100 200
Seabed 0-1 0-5 1-0

Table 6. Scour protection and base sediment, Horns Rev 1
(taken from Hansen et al. (2007))
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(Too: Maximum value of / In Maximum value of /over

m/s front of the pile, from the surface of the pile,

Equation 13 from Equation 14

0-88 0014 0075
10 0018 0097
1-5 0040 0-218

Table 7. Maximumvalues of thehorizontal hydraulic

gradient: current,Horns Rev Icase

Comparison between the critical hydraulic gradient (Table 8)
and the values given in Table 7 indicates that, with the 1m/s
velocity, the sediment beneath the filter layer will move at
areas 45° from the stagnation point (at areas around point B
in Figure 16), and therefore the scour protection will fail, a
result consistent with Section 5and Figure 14. (As noted earlier,
current velocities up to 1 m/s can occur at Horns Rev 1 (Hansen
et ai, 2007).)

Direct comparison of the present criterion given in Figure 11
and that of de Graauw et al. (1984) is not possible. However,
an indirect comparison can be made with reference to the
Horns Rev 1 case. The results of the latter are summarised in
Table 9. Although the present criterion indicates that the sedi-
ment motion is at the threshold for the velocity Ubo= 0-88 m/s
while de Graauw et al.’s criterion indicates that there is no sedi-
ment motion for this velocity, both criteria show, however, that
there is sediment motion for the other two velocities. No clear
explanation has been found for the discrepancy for the velocity
Ua, = 0-88 m/s. While the present criterion was obtained from a
laboratory experiment simulating precisely the same process as
in the field (i.e. the initiation of motion beneath the scour-
protection filter layer around the foundation of an offshore
wind turbine), de Graauw et al.’s (1984) criterion was obtained
from an experiment where the sediment motion beneath a filter
layer was studied in a horizontal pressure gradient field. Despite
the completely different experimental settings, it is remarkable
that the two criteria give similar results. The current authors
believe that the new set of information described in the present
paper (including the hydrodynamics described in Sections 2 4)
and the filter criteria of de Graauw ef al. (1984) form a comp-
lementary source of information on scour protection with

special reference to OWT foundations.

Df.is Hb, 50 Db,85 V. fer

20 mm 0-5 mm 10 mm 1-8 cm/s 0-083

Table 8. Critical hydraulic gradient; Horns Rev 1 from
Equation 11
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oo’ Present criterion according to Figure 11 de Graauw ef a/.'s (1984) criterion
m’s Mobility,  Critical Is sand underneath Maximum value of Critical hydraulic Is sand underneath
fl mobility from the filter In motion? hydraulic gradient over the gradient from the filter In motion?

Figure 11, (Le. f1 > fler) surface of the pile, from Equation 11, /er (Le. /> /er)
f1G Equatlon 14, /

0-88 1-2 ~1-2 Critical 0-075 0-083 No

1-0 1-6 ~1-2 Yes 0-097 0-083 Yes

1-5 3-6 ~0-7 Yes 0-218 0-083 Yes

Table 9. Comparison of the present criterion in Figure 11 and
that of de Graauw et al. (1984), with reference to the

Horns Rev 1 case

Clearly, when applying de Graauw et al.’s (1984) criteria,
caution must be observed with regard to the hydraulic gradient
involved in the formulation of de Graauw ef al. This has been
determined in the present study from a potential-flow approach,
Equation 14, and the agreement between the present study and
the de Graauw et al.’s work implies that this approach is evi-
dently reasonable. However, another approach may be to use
directly computed values of the hydraulic gradient from a com-
putational fluid dynamics (CFD) exercise whereby the flow
within and around the scour protection layer (and therefore
the hydraulic gradient) is calculated.

7.2.1

As pointed out earlier, the two horizontal hydraulic gradients in

Discussion of the effect of waves

the case of waves can be calculated, using MacCamy and Fuchs’
(1954) solution (e.g. see Sumer and Fredsoe, 1997: p. 276). The
maximum values of these hydraulic gradients, obtained from
MacCamy and Fuchs’ solution, are indicated in Table 10 for
the following wave conditions: wave height, the significant
wave height, H = 3-5m; the wave period, the peak wave
period, T'= 10s; and the water depth, # = 10 m, representing
a typical storm condition, as mentioned previously (Hansen
et al, 2007: section 4.1.4). For this wave period and water
depth, the wave length from the small-amplitude wave theory
is found to be L = 92-4 m.

Maximum value of / In front Maximum value of /over

of the pile at the seabed, surface of pile, at the seabed,
from MacCamy and Fuchs

(1954) solution

from MacCamy and Fuchs
(1954) solution
-0-1 0-195

Table 10. Maximum values of the horizontal hydraulic

gradient: waves

The MacCamy and Fuchs’solution indicates that the maximum
value ofthe hydraulic gradient over the surface ofthe pile at the
bed occurs at approximately 88° (almost at the sides) from the
offshore edge of the pile. This result is consistent with the fact
that Nielsen (2011) consistently observed that the sinking of
scour protection (albeit small) always occurred at the sides of
the pile in the case of waves, contrary to what occurred in
currents, namely that the sinking occurred at the sides and in
front of the pile.

Comparison between the critical hydraulic gradient (Table 8)
and the values given in Table 10 indicates that the sediment
beneath the filter layer will move, as I = 0-195 is considerably
larger than the critical value 7cr = 0-083, and this will occur at
areas almost at the sides of the pile, as pointed out earlier.
Therefore the scour protection will fail at these areas, a result
consistent with Nielsen’s (2011) experiments in waves. However,

see the following discussion.

7.2.2 Discussion of the applicability of Equation 11

in waves
The present authors believe that the applicability of Equation
11 for the waves-alone case may lead to somewhat conservative
results for the following reasons. First of all, the de Graauw
et al. equation, Equation 11, was obtained for steady current
conditions, not for waves, and therefore is, in principle, not

applicable for waves.

Second, in de Graauw ef al.’s (1984) study, critical horizontal
hydraulic gradients also are determined from oscillatory flow
experiments, de Graauw et al. (1984) stated that the behaviour
of the critical hydraulic gradient was similar to that of currents
only during the first cycle of motion. With the completion of
the first cycle, the filter resistance was increased, becoming so
large that the critical hydraulic gradient became almost unity,
Ter «s 1. This is clearly because, with the reversal of the flow,
the grains will rearrange, and therefore the filter material will
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be compacted, and hence the critical hydraulic gradient will be
increased.

Third, the preceding consideration implies therefore that the
critical hydraulic gradient for waves alone cannot be approxi-

mated by that obtained under current conditions.

It may be argued that the current critical hydraulic gradient,
Equation 11, may be used for the first cycle of motion. But
obviously, the sinking is a long-term process; even if sediment
motion is obtained under the given set of wave conditions,
this does not have any significance because the sediment
motion will stop in the next cycle because the filter resistance
will be increased quite considerably after the first cycle, and
therefore no further motion of the sediment will take place,

and therefore no sinking of the scour protection.

Fourth, although (2011)

indicated that the wave-induced sinking was small compared

limited, Nielsen’s experiments
with that in currents (Figure 13). Therefore, a wave-induced
hydraulic gradient like / = 0-195 (Table 10), causing sediment
motion and resulting sinking as opposed to the current-induced
hydraulic gradient 7=0-097 (Table 7), is not consistent with

Nielsen’s (2011) observations.

Regarding the case of combined waves and current, no study is
yet available investigating the initiation of motion and the
resulting sinking in combined waves and current, as discussed
earlier. As already pointed out, the effect of wave, when super-
imposed on a current, will be similar to the case of waves alone
when the current-to-wave-velocity ratio is very small (wave-
dominated case); see the discussion in Section 2.1. Therefore,
the discussion in the preceding paragraphs for the case of
waves alone will be valid for this case, too. When the latter
ratio is large, however, larger than 0(0-1), the horseshoe-
vortex flow inside the scour protection will resemble the
current-alone case (as discussed in Section 2.1), and therefore
the maximum horizontal hydraulic gradient can be calculated
from Equation 14, with possibly the approach velocity taken
as the sum of the current approach velocity and the wave-
induced velocity at the bed, + Um. As already stated, no
data are available yet to substantiate these physical consider-
ations, and therefore extreme caution must be observed when

implementing this recommendation.

7.2.3 What isthe filter stone size to satisfy the de Graauw
criterion?
W ith a back calculation, it is possible to work out the filter stone
size, Dfj 5, which satisfies the de Graauw criterion. For this, the
maximum value ofthe hydraulic gradient over the surface ofthe
pile from Equation 14 is put equal to the critical hydraulic
gradient, Equation 11, and the equation is solved for the filter
stone size DfJs. This gives a Dil5 of 17-8 mm for the velocity
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UW>= 1-0m/s. Thus, a filter stone size 7)f 15 equal to or smaller
than 17-8 mm will be stable.

8.  Discussion

The total sinking at Horns Rev lis about 1-5 m. Stability calcu-
lations can readily indicate that the armour stones cannot be
moved even with the harshest wave and current conditions
present at this location. Diver inspection also confirmed that
no armour stones were displaced as a result of instability of
the armour layer. Therefore, the failure in the form of the
observed lowering of the scour protection was presumably
caused by the sinking of the entire protection into the seabed
adjacent to the monopile base. However, it is interesting to dis-
cuss whether the sinking has taken place owing to the movement
of filter stones into the cover layer, or movement of bed sand
into the filter, or movement of sand up from between filter

stones and cover stones.

Regarding the first question, whether or not sinking has taken
place owing to the movement of filter stones into the cover
layer, the present authors have, in Section 7.1, discussed the
Terzaghi criterion in the context of the interaction between
the filter layer and the cover layer, and found that the Terzaghi
criterion is satisfied. This ensures that no filter stones will move
into the cover layer. Furthermore, when implemented for the
Horns Rev 1 conditions, the design guidelines given in Dixen
et al. (2008) will indicate that the filter stones will not be

winnowed out from between cover stones.

As for the movement ofbed sand into the filter layer, or move-
ment of sand up through both filter layer and cover layer, what
happened during the period between the two surveys (see
Section 1) is unknown. However, from Nielsen’s (2011) physical
model observations, it is likely that the sand mobilised by the
horseshoe vortex inside the protection layer entrained con-
stantly into the main body of the flow along the entire outer
boundary of the horseshoe vortex (‘encircling’ the upstream
half of the pile) until the sinking process attained a steady
state, and from then on the sand deposited inside the protection

layer.

Another issue is that the 50-year current speed of 0-88 m/s is

too fast for normal conditions (e.g. see the synthetically

generated but calibrated current time series representing
current as well as tide and surge data given in Nielsen and
Hansen (2007)), and therefore the normal current will lie
below the critical motion trend in Figure 14 (or Figure 11).
Although the data in Figure

where the number of filter layers, Nf, is a factor of 2 larger

11 were obtained from tests

than the Horns Rev case, the observed sinking at Horns
Rev 1can also, in part, be explained by the presence of waves
in ordinary current conditions, discussed in the preceding
paragraphs.
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9. Conclusions

(a) Flow around a pile with scour protection, initiation of
motion at the sediment bed beneath the scour protection,
and sediment motion beneath the scour protection and
resulting sinking have been described in the light of the
recent work of Nielsen (2011), which is also summarised
in Nielsen ef al. (2011).

(b) The findings of the above work were formulated in the
form of a set of non-dimensional parameters for (i) the
initiation of motion beneath the scour protection, and (ii)
sinking of the scour protection. The results were
compared with the Horns Rev 1 case. Good agreement
was obtained, with the results revealing the potential
cause of failure observed from the field surveys conducted
in 2002 and 2005. The latter gave confidence in the use of
the results in practice.

(c) Scour protection has also been studied from the point of
view of filter criteria, based on the work of de Graauw
et al. (1984).

(d) According to the latter criteria, it was found that the filter
criteria are not satisfied in the Horns Rev 1 case,

consistent with the observed failure.
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