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Abstract: The stability of scour protections is, potentially, an important issue during the design of
fixed foundations for offshore wind turbines. One of the failure mechanisms observed at placed
scour protection around offshore foundations is suction of sediment through the scour protection
and subsequent sinking of the scour protection. Incipient motion of sediment and the initiation
of suction underneath scour protections around piles in the marine environment were studied
under waves, current and combined waves and current conditions. The motion of a thin layer of
sediment underneath the scour protection was studied through the glass bottom of the test flume,
which provided a clear view of the initiation of the motion of the sediment. The results show
that the mobility depends on the Keulegan–Carpenter (KC) number for the pile, the ratio between
waves and current flow and the ratio between the thickness of the scour protection and the base
sediment. The critical mobility number is smaller for the wave-dominated situation compared
to current-dominated conditions, which again are smaller than for combined waves and current
conditions. Consequently, larger KC-numbers cause larger critical mobility numbers than smaller
KC-numbers. Design diagrams are presented for the threshold of incipient motion of sediment
underneath a scour protection in waves, current and combined waves and current.
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1. Introduction

Over the last few decades, offshore wind energy has become an important source of energy
supply. During the same period, the construction of offshore wind farms has moved from protected
near-shore locations (e.g., inner Danish waters) to highly exposed locations tens of kilometers offshore
(e.g., the North Sea), in some cases even 100–200 km offshore. Consequently, the design and installation
of offshore wind farms are more complex and comprehensive as they depend on several parameters
such as water depth, metocean design conditions and soil conditions, to mention a few. Although the
conditions at the different locations have become more diverse and complex, the cost of energy from
offshore wind has decreased rapidly over the last decade. However, there is still room for optimization
of the key components of the structure, including the foundation, which may be monopiles driven into
the seabed at up to around a 40–50 m water depth. These optimizations have to be materialized to
ensure that offshore wind energy will be competitive compared to other sources of energy.

One way to reduce the costs (CAPEX and OPEX) of offshore wind energy is by improving the
management of local scour at the foundations. The CAPEX costs can be reduced by an improved
design allowing less offshore operations and materials. The coastal sediments in the areas, where the
foundations are installed, are often fine sand or silt, making the seabed very mobile and subject to
severe scour.
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Scour around unprotected foundations such as monopiles has been studied extensively over the
years, and the findings have been compiled and discussed in the books of Breusers and Raudkivi [1],
Hoffmans and Verheij [2], Whitehouse [3], Melville and Coleman [4] and Sumer and Fredsøe [5].
Recently, Sumer et al. [6] added data on back-filling to this knowledge base. Most of the material
in these books and the papers is based on physical model tests, but during little more than a
decade, numerical studies have been added: Roulund et al. [7], Liu and Garcia [8], Kirkil et al. [9],
Zhao et al. [10], Khosronejad et al. [11] and Baykal et al. [12].

Offshore wind turbine foundations are usually protected by a scour protection, typically placed
graded rock. The placed rock can protect against the removal of the surrounding seabed, and a
well-designed scour protection system secures short-term and long-term stability of the foundation
structure itself and the secondary structures such as array cables. The design of a scour protection
system should cover three failure modes: (1) instability of cover stones due to hydrodynamic loading;
(2) subsidence of the scour protection into the seabed due to suction removal of the base sediment
through the voids of the stone material; and (3) the loss of stones at the periphery of the scour protection
caused by edge scour. It should be noted that some changes due to the three failure modes (dynamic
design) may be acceptable and in some cases even beneficial, e.g., in the case of a falling apron and
edge scour. In all cases, changes to a scour protection related to the three failure modes should be
limited and within the limitations provided in the design to ensure that the development is acceptable
for the entire structure. It should be mentioned that foundations without scour protection are seen
when metocean and soil conditions allow for this; however, this will often require longer piles.

Field investigations of scour protections over longer periods (years) have been reported by
Hansen et al. [13], Raaijmakers et al. [14,15], Bolle et al. [16], Whitehouse et al. [17], Nielsen et al. [18]
and Petersen et al. [19], among others, and these studies reveal the dynamic response of the scour
protections to the mentioned failure modes. Some cases of deformation were expected from design
considerations, while others involved significant settlements, and costly repair measures of the scour
protections have been made to ensure the structural stability of the foundations. These studies have
also, in some cases, confirmed the results from physical model tests, while in other cases, revealed the
need for additional tests for better understanding of the processes in and around the scour protections.

The considerable cost of a scour protection system and the observed failure in field applications
have been the basis of several research studies to explain the failure of scour protections and ultimately
optimize future scour protection designs.

The first studies of the stability of scour protections around piles originated from bridge scour in
river hydraulics, where several empirical criteria exist such as Wörman [20], Chiew [21], Hoffmans and
Verheij [2] and May et al. [22]. The stability of scour protections in the marine environment involves also
the hydrodynamic loading by waves and combined waves and current. The failure mechanisms have
been presented by Chiew [21], Chiew and Lim [23], Lauchlan and Melville [24], De Vos et al. [25,26],
Nielsen et al. [27–29], Sumer and Nielsen [30] and Petersen et al. [19,31]. As in the case of unprotected
monopiles, numerical models to predict the dynamic response of a scour protection over long time
spans have been presented and validated against field measurements; see Petersen and Nielsen [32].

The present study aims at improving the knowledge of the second failure mode of scour protection,
where the sediment underneath the scour protection is mobilized and sucked out through the
overlaying scour protection. The process of incipient motion of sediment underneath the scour
protection is studied in order to determine the onset of motion for the case of current, waves
and combined waves and current. Data are collected to establish design diagrams.

2. Experimental Setup

The experiments were conducted in a combined wave and current flume. The flume was 0.6 m wide,
0.8 m deep and 35 m long (excluding inlets and outlets). A sketch of the flume is shown in Figure 1.
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Figure 1. Sketch of the combined waves and current flume. Not to scale. Measures in meters. WG,
Wave Gauge.

The flume was equipped with a recirculation pump with a capacity of up to 0.5 m3/s and a
piston-type wavemaker capable of generating waves higher than 10 cm with periods in the range from
1.0–3.5 s.

The current velocities were measured using a 3-cm diameter propeller manufactured by OTT
placed 0.37 of the water depth above the bottom. In addition to the propeller, the current flux was
measured using a magnetic flowmeter installed in the return pipe of the flume. The current velocity
in the flume was calibrated undisturbed, without pile and scour protection, at the position of the
pile. During this calibration, the velocity profile was measured by moving the propeller to different
elevations; the current profile was found to be logarithmic. The propeller was placed at the center of
the pile during the calibration.

Regular waves were used in the wave-alone and combined wave and current experiments,
and they were generated by a programmable piston-type of wave generator placed in the far-offshore
end of the flume. The wavemaker in the wave flume was controlled by a DHI Wave Synthesizer
with AWACS Version 2.15 (Active Wave Absorption Control System, DHI, Hørsholm, Denmark).
This made it possible to generate desired incident waves and absorption of the associated reflected
waves. The AWACS system was active during all wave tests including combined waves and current
tests and was found to work as desired under all the applied conditions. A wave absorber, of the
Dutch-beach type, was placed in the onshore end of the flume to handle reflection. The wavemaker
was calibrated prior to the tests without monopile and scour protection in the flume.

Three conventional resistance-type wave gauges were used to monitor the surface elevation.
Wave Gauge 1 (WG1) was placed upstream of the pile; WG2 was placed at the pile between the pile
and the wall; and WG3 was placed downstream of the pile. The accurate positions of the wave gauge
are seen in Figure 1. Note that WG2 was placed at the center position of the pile during the calibration
of the wave maker, before the installation of the pile. The orbital velocity in the waves was calculated
based on linear wave theory and the wave heights from the time series of surface elevation obtained
from the measurements obtained from WG2; note that no disturbance was observed when comparing
wave heights with and without the pile.

The pile, with a diameter Dp = 5 cm, was placed directly on the glass base bottom of the flume
and glued to it to ensure that no water passed between the inside and outside of the pile. The pile
diameter was selected to accommodate a reasonable range of: (1) the stone-size-to-pile-size ratio
(Dc/Dp); (2) the boundary-layer-to-pile-size ratio (δ/Dp or h/Dp in the case of a fully-developed
boundary layer) in the case of current-alone tests; and (3) the Keulegan–Carpenter number (KC) for
the pile in the case of waves and combined wave and current tests.

Scour protection consisting of stones was placed in a circle at the base of the pile. The scour
protections consisted of crushed angular stones of sizes Dc = 7.5 (d15 = 6.5 mm and d85 = 8.3 mm)
and 11.0 mm (d15 = 9.1 mm and d85 = 12.0 mm); both types of material used for scour protection were
narrow graded with σg < 1.4 (in which σg = d84/d50).

The width of the scour protection was Wsp = 20 cm, enabling a berm-width-to-pile-size ratio of
the test series Wsp/Dp = 4. The height of the scour protection berm was tsp = 8, 23 and 30 mm.
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A camera was placed under the flume to monitor the initiation of the motion of the sediment
through the glass bottom of the flume. A sketch of the setup is shown in Figure 2. The camera field of
view was based on findings in [27,28] and was verified by regular checks during the tests.
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Glass bottom

A) B)

Pile

Camera field of view

Figure 2. Sketch of the camera setup for monitoring the initiation of the motion of the sediment.
(A) shows a longitudinal section of the setup, and (B) shows a plan view.

3. Procedure for Evaluation of the Onset of Motion

The motion of the sediment beneath the scour protection was observed through the glass bottom
of the flume. A thin layer of sediment (0.5–1 mm) was placed around the pile, and the scour protection
was installed on top of this before the flume was filled. The thin layer of sediment could easily be
removed when the critical value was reached, and the development of a spot without sediment could
be seen through the glass bottom of the flume. The sediment underneath the scour protection was
video recorded through the glass bottom during the tests. This procedure was similar to the procedure
applied by Nielsen et al. [28]; however, that study was based on observations of single particles placed
in single pores in between the stones. This allowed a more detailed view of the trajectory of the
particle; motion was defined as the particle being moved to another pore or trapped in between one of
the stones forming the pore and the bottom of the flume. Such a detailed view of the trajectories of
individual particles was not possible in the present study. On the other hand, the present procedure
provided a better spatial view of the process as all pores were covered by sediment and therefore used
in each test. Regardless, the results (see Figure 5) showed that the two methods gave almost identical
results. The smooth glass bed of the flume could cause sliding of the sediment en masse; however, this
was not observed during the tests. Furthermore, the very thin layer of sediment on the base bottom of
the flume did not represent the actual conditions in the field as the base bottom did not allow any flow
through it. However, the effect of the flow through the base sediment was very limited: Burcharth and
Andersen [33] presented the following equation for flow in porous media:

I = α
(1 − n)2

n3
ν

gd2 V + β
1 − n

n3
1

gd
V2 (1)

where I is the pressure gradient (adverse pressure gradient from the cylinder, set to 0.3), α is a coefficient
(set to 240 for sand and 0 for the stones assuming fully-turbulent flow [33]), n is the porosity (set to 0.4),
ν is the kinematic viscosity (set to 10−6 m2/s), g is the acceleration due to gravity (9.81 m/s2), d is the
grain size (set to 0.2 mm for sand and 10 mm for stones), V is the discharge velocity of the water and β

is a coefficient set to zero for sand (assuming fully-laminar flow) and 3.6 for the stones [33]. Solving
Equation (1) using these numbers shows that discharge velocity through the sand will be less than
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0.1 mm/s or more than 100-times smaller than the flow through the stones. Based on this, it can be
concluded that the effect of the impermeable bottom in the flume was neglectable.

The onset of motion was determined by gradually increasing the loading. In the case of current,
the velocity was increased in small steps of around 2 cm/s, which was the smallest velocity step
practically achievable. Each velocity step was kept constant for at least 2 min, which was found to be
sufficient to reach steady state conditions during a sensitivity test. The sediment was observed visually
and the motions recorded on video, as previously mentioned, during this period. The sensitivity test
was made in a similar way as the actual tests, but with a longer duration (5 min) at each velocity step.
The sensitivity test showed that the sediment reacted very quickly (clearly visible within 30–45 s) to the
change in the flow conditions, while no movements were observed after a long duration at milder
flow conditions.

The wave tests were conducted in a similar manner using regular waves; the wave height was
increased while the wave period was kept constant. The wave height was increased by approximately
0.5–1.0 cm, and each wave height step consisted of 40 waves during which the mobility of the stones
in the scour protection was observed.

For the combined wave and current tests, the current and wave period was kept constant, while the
wave height was gradually increased as for the wave-alone tests. This was done, as a change in current
velocity would change the water level.

4. Test Conditions

Tables 1–3 summarize the test conditions for the current, waves and combined wave and current
tests, respectively. The main results are included in the tables, as well. Some parameters are kept
constant throughout the tests: the diameter of the monopile, Dp, was constant at 5 cm; the horizontal
extension of the scour protection (overall outer diameter) was constant at 4Dp = 20 cm; the water
depth, h, was constant at 40 cm; and the relative density, s, of the sediment was kept constant at 2.65.

Table 1. Test conditions and main results for the current tests.

Test no Dc (mm) d50 (mm) tsp (cm) Vcr (cm/s) tsp/d50 Ωcr Recr

1 7.5 0.18 2.3 29.3 125 4.4 53
2 11.0 0.18 3.0 16.4 167 2.0 30
3 11.0 0.62 3.0 25.6 48 1.4 159

Table 1 comprises the following parameters and results: Dc is the median diameter of the stones
and the scour protection; d50 is the median size of the sediment under the scour protection; tsp is the
thickness of the scour protection; Vcr is the critical depth-averaged-current velocity for onset of motion;
Ωcr is the critical non-dimensional mobility number defined as:

Ωcr =
V2

cr
g(s − 1)d50

Dc

Dp
(2)

1/Dp is, together with V2
cr, proportional to the pressure gradient caused by the approached

velocity and driving the flow in the scour protection. Dc is the size of the stones directly on the seabed
and proportional to the pore size of these; they represent the hydraulic friction in scour protection.
It should be noted that the mobility number defined above is similar, but simplified compared to the
mobility number used by Nielsen et al. [28], where a term taking the porosity of the scour protection
into account was included. However, the porosity of the stones is largely constant and very often
unknown in the design phase; for this reason, omitted in the present definition.

Where the mobility number represents the local conditions at the seabed underneath the scour
protection, tsp/d50 represents the scour protection as a whole. The thickness of the scour protection is,
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in relation to suction, the most important parameter describing the entire scour protection. It represents
the hydraulic friction of the entire scour protection, together with Dc in the mobility number.

The critical Reynolds number for the sediment grains, Recr, is defined as:

Recr =
Vcrd50

ν
(3)

where ν is the kinematic viscosity of the water (ν = 10−6 m2/s).

Table 2. Test conditions and main results of the wave tests.

Test no Dc (mm) d50 (mm) tsp (cm) Hcr (cm) T (s) tsp/d50 Ωcr,m KCcr Recr

4 7.5 0.18 3.0 5.3 2.5 167 0.76 6 22
5 7.5 0.18 3.0 5.4 3.5 167 0.85 9 23
6 7.5 0.18 0.75 4.9 1.5 42 0.44 3 17
7 7.5 0.18 0.75 4.9 2.5 42 0.63 6 20
8 11 0.18 3.0 4.4 1.5 167 0.51 2 15
9 11 0.18 3.0 4.8 2.5 167 0.90 6 20

10 11 0.18 3.0 5.6 3.5 167 1.34 9 24
11 11 0.62 3.0 4.2 1.5 48 0.14 2 49
12 11 0.62 3.0 6.7 2.5 48 0.51 8 94
13 11 0.62 3.0 9.8 3.5 48 1.18 16 144
14 11 0.62 3.0 6.7 1.0 48 0.14 2 49
15 7.5 0.18 2.3 4.5 1.5 125 0.37 3 15
16 7.5 0.18 2.3 6.0 2.5 125 0.97 7 25
17 7.5 0.18 2.3 6.7 3.5 125 1.31 11 29
18 7.5 0.18 2.3 6.2 1.0 125 0.27 1 13

In Table 2, Hcr is the wave height between the measured crest and trough level of the regular
waves during the tests, and T is the wave period. Note that the wavemaker was calibrated without the
monopile installed, as well as during the tests. It was found that the influence of the pile on the surface
elevation was neglectable at the point of measuring, and for this reason, the measured waves from the
tests were reported. Ωcr,m is the critical mobility number defined as:

Ωcr,m =
u2

m,cr

g(s − 1)d50

Dc

Dp
(4)

where um,cr is the maximum undisturbed orbital wave velocity at the bed calculated using small
amplitude linear wave theory:

um,cr =
πHcr

T
1

sinh(kh)
(5)

in which k is the wave number obtained from the dispersion relation:

ω2 = gk tanh(kh) (6)

where ω is the angular wave frequency, ω = 2π/T, and g is the gravitational acceleration. Hcr in
Equation (5) is the critical wave height where the motion of the cover stones was observed.

The KC-number is defined as:
KCcr =

um,crT
Dp

(7)

The Reynolds number, Recr, associated with the critical mobility number is defined equivalently
to the steady current case.
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Table 3. Test conditions and main results of the combined waves and current tests.

Test no Dc (mm) d50 (mm) tsp (cm) Vcr (cm/s) Hcr (cm) T (s) tsp/d50 Ωcr,m ucw,cr KCcr Recr

19 7.5 0.18 2.3 16.3 3.7 1.5 125 2.8 0.70 2 12
20 7.5 0.18 2.3 16.3 6.0 2.5 125 4.6 0.54 7 25
21 7.5 0.18 2.3 12.1 5.8 1.5 125 2.7 0.52 3 20
22 7.5 0.18 2.3 12.1 8.7 2.5 125 5.2 0.38 10 35
23 11 0.18 3.0 16.1 7.6 1.5 167 7.0 0.53 4 26
24 11 0.18 3.0 16.1 4.5 2.5 167 5.2 0.61 5 18
25 11 0.18 3.0 11.9 4.3 1.5 167 3.0 0.59 2 15
26 11 0.18 3.0 11.9 5.5 2.5 167 4.5 0.49 6 22
27 11 0.62 3.0 16.4 5.0 1.5 48 1.5 0.63 3 59
28 11 0.62 3.0 16.4 6.2 2.5 48 2.0 0.54 7 88
29 11 0.62 3.0 10.0 7.4 1.5 48 1.3 0.42 4 86
30 11 0.62 3.0 10.0 7.3 2.5 48 1.5 0.38 8 102

Ωcr,m and ucw,cr in Table 3 are the critical mobility number and wave-current ratio, respectively,
and defined as:

Ωcr,m =
(Vcr + um,cr)2

g(s − 1)d50

Dc

Dp
(8)

and:
ucw,cr =

Vcr

Vcr + um,cr
(9)

The critical Reynolds number is defined equivalently to the wave and the current cases.

5. Results

5.1. Effect of Waves

Figure 3 shows the critical mobility number, Ωcr,m, for the case of waves alone, as a function of the
relative thickness of the scour protection, tsp/d50. The mobility depends on the Keulegan–Carpenter
number (KC-number) and the thickness of the scour protection relative to the size of the base material.
The critical mobility number increases for large KC-numbers (more current like motion). This is
expected as waves tend to mobilize sediments at lower velocities and bed shear stresses compared to
steady current. Furthermore, the very low KC-numbers do not allow the development of the horseshoe
vortex; see, e.g., Sumer and Fredsøe [5]. Furthermore, the critical mobility number increases for a
relatively thicker scour protection. A thicker scour protection can be expected to provide a better cover
of the base sediment.

40 60 80 100 120 140 160 180

0

0.5

1

1.5

Figure 3. Stability of sediment underneath a scour protection around a monopile exposed to waves.
The data are valid for tsp/Dp ≤ 0.6.
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5.2. Effect of Combined Waves and Current

Figure 4 shows the critical mobility as a function of the current-to-wave ratio represented by the
ucw-number. The main point of interest is the fact that the critical mobility is higher in the cases of
combined waves and current compared to both waves and current alone. A similar phenomenon
was observed by Dixen et al. [34] in the case of the seabed protected by stones without a monopile.
Dixen et al. [34] suggested that this is linked to the reduced near-bed velocity in current-dominated
regimes of combined wave and current flow; see also Fredsøe et al. [35].

0 0.2 0.4 0.6 0.8 1
10

-1

10
0

10
1

Figure 4. The critical mobility in the case of combined waves and current. The results are valid for
tsp/d50 < 180. The dashed lines indicate the trends of the mobility. The data are valid for tsp/Dp ≤ 0.6.

5.3. Effect of Current, Waves and Combined Waves and Current

Figure 5 shows the critical mobility as a function of the relative thickness of the scour protection,
tsp/db, in the case of current alone, waves alone and combined waves and current. The figure shows a
similar trend as for the waves alone. A dependency of the relative thickness of the scour protection,
tsp/db, on the critical mobility number is seen. The critical mobility number in the case of current is
increasing for tsp/db up to around 600, where it becomes constant. For larger relative thickness of the
scour protection, the critical mobility number seems to be constant at about five in the case of current.
It is also seen that the critical mobility number is smaller in the case of waves alone, while it increases
in the case of combined waves and current, as also seen in Figure 4. The critical mobility number
for waves alone was increasing with increasing KC-number as expected, while the combined wave
and current tests seemed to be more or less independent of the KC-number within the tested interval
(KC = 2–9 and ucw = 0.25–0.65).

Some scatter was seen in the data for all three cases (current, waves and combined waves and
current); however, the scatter was approximately the same as was seen for the standard Shields curve;
see, e.g., [5], p. 10.

Of special interest are the two tests with only one layer of stones (marked with an ‘x’ and a ‘+’).
Especially in the case of very low KC-numbers (‘+’), the critical mobility number was found to be
significantly larger than for scour protections with two or more layers of stones. A similar effect was
seen for the higher KC-numbers (‘x’), but much less pronounced. It has not been possible to explain the
reason for this based on these two data points. It indicates, however, that the method is not applicable
for very thin scour protections with only one layer of stones.
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Wörman [20], cover

Figure 5. Critical mobility number as a function of tsp/db. The trend lines are: (A) combined waves
and current; (B) current; (C) waves KCp < 5; (D) waves 5 < KCp < 9; and waves 9 < KCp < 17.
Data from Nielsen et al. [28] for very large stones in the scour protection have been omitted as these
tests have a very large spreading due to the testing method and conditions; see [28], p. 30, for details.
The data are valid for tsp/Dp ≤ 0.6.

5.4. Comparison with Other Design Methods

The amount of data on the stability of sediment under open filters around monopiles was very
limited. The limited access to relevant data resulted in the use of alternative data for the design of
open filters around monopiles. An often-applied method is the method described by Hoffmans [36].
The method provides the stability threshold for a granular open filter exposed to a current and without
a monopile or other structure. The method includes the effects of the size of the filter and base material,
as well as the thickness of the filter layer. Figure 6 shows the stability data from this and some previous
studies (Wörman [20] and Nielsen et al. [28]) together with the Hoffmans criterion. It is seen that
the criterion suits the data from the Wörman study, as well as the present study (including results
from waves and combined waves and current conditions). Opposite these studies, the data from
the Nielsen et al. study [28] were within the stable conditions according to the Hoffmans criterion;
however, a few data points were close to the threshold. The main difference between the studies was
the size of the monopile; the present study used a pile of 5 cm in diameter; Wörman applied 15- and
28-cm piles; and Nielsen et al. 55- and 100-cm piles. The larger piles applied by Nielsen et al. allowed a
more realistic scaling of the stone size of the filter layer relative to the pile size (smaller stones relative
to the pile). Nielsen et al. (2011) [27] showed that the stability of the sediment underneath a scour
protection around a monopile exposed to a current was controlled by the horseshoe vortex penetrating
into the scour protection; furthermore, Nielsen et al. (2011), [27] showed that the near-bed velocities
were increased by a factor of ten or more when the pile was present compared to the situation without
a pile. This, and the data shown in Figure 6, showed that the Hoffmans criterion cannot be directly
applied for a filter layer around a structure like a monopile as the important effect of the structure was
not included in the Hoffmans criterion.
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Figure 6. The stability of the base sediment together with the Hoffmans criterion [36].

6. Conclusions

The following conclusions can be drawn:

1. The critical mobility number for the onset of the motion of sediment underneath a scour protection
around a monopile was determined for current, waves and combined waves and current.

2. The onset of motion of the sediment underneath the scour protection was found to depend on:
(a) hydrodynamic forcing; (b) base sediment properties; (c) the stone sizes of the lower most layer
of stones in the scour protection; (d) pile diameter; and (e) the thickness of the scour protection.

3. The lowest critical mobilities were found for waves with low KC-numbers, followed by waves
with increasing KC-numbers and current alone. The highest critical mobility numbers were found
for combined waves and current.

4. Open filter rules like that of Hoffmans (2012) [36] cannot be applied directly as they do not take
the effect of the pile into account.
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