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ABSTRACT: Offshore wind parks are often developed in areas with a highly morphodynamic seabed. In or-
der to keep the pile fixation level within acceptable limits for pile design, sophisticated scour mitigation strat-
egies are required. This paper discusses the scour protection strategy for the Nordergriinde Offshore Wind
Farm, where 10m seabed level drops are predicted at some monopile locations. Physical model tests were per-
formed to validate the scour protection design, focussing on correct falling apron behaviour and the stability
of the loose rock scour protection. The outcome of the tests showed good correlation with a modified relative
mobility parameter. Using this parameter, the scour protection was optimised for the individual pile locations.

1 INTRODUCTION 2. Immediately protect the initial seabed, pre-
venting seabed level variations at the pile
base;

3. Monitor the bathymetry and install scour pro-

tection at a later phase.

Offshore wind farms are often developed in areas
with a highly morphodynamic seabed. The morpho-
dynamic activity can be caused by migrating sand
waves, tidal flats or channels. Sophisticated scour
mitigation strategies are required in order to keep the
pile fixation level within acceptable limits for pile
design. This paper discusses the scour protection |
strategy for the offshore wind turbines of the |~ Initial bed level — Einal bed level
Nordergriinde Offshore Wind Farm (NOWF), which | /-" g
will be installed on monopile foundations in the ]
Jade-Weser-Estuary, offshore Germany. /’/

The bathymetry of NOWF is highly morphody-
namic. Earlier studies by Deltares addressed the
morphology in the area and found potential maxi-
mum seabed level variations in the order of ten me-
tres for some foundations. Relatively abrupt seabed
level lowering can occur due to the migration of a
flood channel adjacent to the park’s outline, more A b
gradual lowering can be caused by erosion of the / \ /
sandbank on which the wind farm is located. The
foundations of the wind turbine generators of NOWF
should be able to cope with the predicted potential
seabed level variations.
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1. Adjust the monopile design to withstand all
potential seabed level variations;

Figure 1. Scour mitigation strategies illustrated for a lowering
seabed: 1) no protection with free scour development (top), 2)
immediate protection (middle), 3) monitor and react (bottom).



Due to the very large predicted variations in sea-
bed level for NOWF both Strategy 1 and Strategy 2
are considered to be not economic. In Strategy 1 the
pile design should be adapted so that the foundation
can withstand the extreme seabed level variations.
However, for NOWF the potential range in fixation
depth is so extreme that a functioning pile design
(e.g. with respect to the resonance frequency) is vir-
tually impossible. Strategy 2 (fixation of the initial
seabed level by means of a scour protection) ensures
a constant fixation depth of the pile, allowing for op-
timisation of the pile design. For this strategy, how-
ever, the design of the scour protection becomes
problematic. Due to the predicted seabed level low-
ering the protection would be located relatively high
in the water column, resulting in very severe hydro-
dynamic loading. To be able to withstand the design
load conditions, very large rock would be required as
armour for the scour protection. Such large diameter
armour rock would then require at least one (and
probably more) filter layers. At the same time this
multi-layered scour protection would have to be able
to resist the predicted seabed level lowering. The
predicted seabed level lowering will have to be con-
trolled by means of a falling apron: material rolls
down at the edge of the scour protection, stabilising
the slope and preventing further lowering. In this
way the seabed lowering is kept at a sufficiently
large distance from the base of the foundation. A
multi-layered falling apron (i.e. an armour layer and
one or more filter layers) is however unfeasible, be-
cause the proper layering of the material throughout
the falling apron process (which is essential for a
correctly functioning filter) cannot be guaranteed.

Strategy 3, allowing a scour hole to develop and
installing the scour protection once the scour reaches
a certain (pre-determined) depth, was selected as the
most viable option. In this strategy the pile experi-
ences a comparatively small variation in fixation
depth, while the required rock volume is reduced.
First a conceptual scour protection layout for NOWF
was developed, according to this strategy. This lay-
out was subsequently tested and validated by means
of physical model tests in Deltares’ Atlantic Basin.

2 SCOUR PROTECTION CONCEPT

As explained in the introduction, the scour protec-
tion should be flexible enough to handle a seabed
level lowering of up to 10 metres. It also has to with-
stand the design storm conditions, both in the initial
situation and in the potential situation when large-
scale morphologic change has occurred. The dimen-
sions of the conceptual scour protection design were
determined based on these boundary conditions.

2.1 Rock grading

It was decided to use a single-graded scour protec-
tion, with 3-9” rock material (Dso = 0.15m). Accord-
ing to Strategy 3, the material will be partly installed
inside a pre-developed scour hole. To our knowledge
there is no theory available to accurately take into
account the effect of the material’s sheltered position
inside the scour hole. Initial mobility calculations
therefore ignored the sheltering effect, thus arriving
at a conservative estimate of the rock mobility. The
calculations showed that in the initial situation
(without large-scale morphological change) the
scour protection would be dynamically stable. Some
reshaping of the scour protection is expected to oc-
cur, but well within acceptable limits.

2.2 Layer thickness

The required thickness of the single-graded scour
protection is mainly determined by the filter criteri-
on. The 3-9” rock grading is a geometrically open
filter, meaning that sediment can escape through the
pores of the grading. Loss of sediment through the
scour protection (the winnowing effect) should how-
ever be prevented. Typically this is achieved by en-
suring a sufficient layer thickness of the protection.

An overview of the applicable theory on the ap-
plication of open filters at circular piers is given in
De Sonneville (2014). There it was found that exist-
ing formulations on the design of open filters either
do not take into account the presence of a
pier/monopile or do not consider the combined ef-
fect of waves and currents. None of the existing
formulations are therefore applicable for open filters
at monopiles in typical offshore conditions. In this
paper the theory by Hoffmans (2012) is used, in
which a relation for geometrically open filters in
non-uniform flow is derived. This relation is visual-
ised in Figure 2. Given the conditions in NOWF, this
would result in a minimum layer thickness of ap-
proximately 1m.
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Figure 2. Logarithmic relation for required filter layer thickness
according to Hoffmans (2012).



The pre-developed scour hole will be filled with
rock till a level of -2m relative to the original seabed.
Based on the predicted scour depth this method en-
sures a layer thickness of several metres at the pile
face. Further from the pile the thickness decreases,
till a minimum thickness of 1m. This concept is il-
lustrated in Figure 3.
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Figure 3. Cross-section of the scour protection concept and
main dimensions.

2.3 Extent

The required extent of the scour protection is formed
by two components: a base extent (Epase) and an ad-
ditional falling apron extent (Eapron). This 1s illustrat-
ed in Figure 3. The base extent forms the minimum
required extent of the scour protection. The addi-
tional falling apron extent is required for dealing
with the predicted large-scale seabed level drops.
The base extent is based on the minimum required
scour protection diameter of four pile diameters
(4*Dyire), which is a commonly accepted value for
the extent of a monopile scour protection. Based on
this, the extent from the pile face is 1.5*Dyje.

For the determination of the falling-apron extent,
use was made of the formula by Van Velzen (2012):
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pile diameter, Dy;i; total extent, rro; base extent, rga;
thickness, Drp; falling apron thickness, Dga (as-
sumed to be equal to D¢y); bed degradation hpgy and
thickness at falling apron base, dfso (assumed to be
0.2m). The formula provides the required extent for
a single-graded scour protection, based on the base
extent, the rock grading and the predicted seabed
level drop. An overview of the corresponding geom-
etry is provided in Figure 4.
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Figure 4. Cross-sections of the initial protection and the falling
apron geometry (Van Velzen, 2012).

The formula by Van Velzen was derived for stati-
cally stable scour protections in current-only condi-
tions. Although it is not necessarily applicable for
the NOWF case (where a dynamically stable scour
protection is exposed to combined current and
waves), this formula was taken as a starting point in
this research to determine the required falling apron
volume. Based on the model tests the falling apron
volumes were adjusted (see next section).

2.4 Additional layouts in the physical model tests

In combined current and waves more rock volume
may be required than the volume based on the for-
mula by Van Velzen for current-only conditions.
Therefore, the following three scour protection lay-
outs were considered in the test programme:
1. Layer thickness (t) of 1m and apron extent
(Eapron) according to Van Velzen, 2012.
2. Layer thickness (t) of 1.2m and apron extent
increased by 20% (i.€. Eqpron = 1.2:(rr,0-TrA))
3. Layer thickness (t) of 1.5m and apron extent
increased by 44% (i.e. Eapron = 1.44+(rg0-5,a)).
Furthermore, to improve the stability of the pro-
tection also the use of high density material (HD) is
investigated in the model tests (with a particle densi-
ty of 3000kg/m’), which was compared to the stabll-
ity of normal density material (ND) with 2650kg/m
To have similar shaped material in the model as in
the field, the rock used in the model tests was ob-
tained from the same quarries which also supplied
the rock at prototype scale.

3 OVERVIEW OF PHYSICAL MODEL TESTS

The viability of the conceptual scour protection lay-
outs introduced in Section 2, was investigated in a
physical model test programme.

3.1 Test facility

All tests were performed in Deltares’ Atlantic Basin.
This basin has a length of 75m and a width of 8.7m.
The sandy test section in the middle of the basin is
15m long and spans the width of the basin. The ba-



sin has three pumps, with a total discharge capacity
of 3m’/s. The basin’s wave generator can create
waves with a significant wave height up to 0.25m, in
water depths up to 1m.

The properties of the Atlantic Basin allow for ac-
curate reproduction of offshore storm conditions;
high waves can be combined with strong currents.
Also tidal conditions can be simulated accurately,
because the pumps can discharge in both directions.
This is vital for investigating the falling apron effect,
as a unidirectional current would result in an asym-
metric launching of the falling apron.

3.2 Test setup and measurement techniques

An overview of the test setup is provided in Figure
5. Two identical models of a monopile are placed
side by side in the basin’s test section. This allows
for testing two different scour protection layouts
simultaneously, under identical conditions. The
models consist of a Perspex tube (diameter 20cm),
which is connected to the concrete floor beneath the
45cm thick sand bed (dso:.sana = 180pm). The models
are equipped with an internal camera system with
fish-eye lens, which enables the measurement of de-
formation along the pile face. This technique was
developed in-house at Deltares in 2006 and was fur-
ther developed since then; see e.g. Raaijmakers et al.
(2008) and De Sonneville (2010). Bathymetry meas-
urements are taken before and after each test by
means of stereophotography. With this technique a
3D bathymetry is obtained, as well as a 3D colour
image. Measurements can be taken both when the
basin is dry, and when a refraction surface is present
(e.g. when there is water in the basin). The stereo-
photography technique (both dry and underwater) is
extensively discussed in Raaijmakers et al. (2012).

During the tests the progression of the falling
apron effect is observed by means of underwater
cameras. Two cameras are installed at each model,
one aimed upstream and one downstream of the
scour protection. Measurement of the hydrodynamic
conditions is done with an array of electromagnetic
flow meters (type EMF-30, developed in-house at
Deltares) and resistance-type wave gauges.

Figure 5. Overview of tests section before the start of test C. At
both piles a 3-9” scour protection is installed.

3.3 Simulation of morphologic change

The scour protection concept involves rock material
installed inside a pre-developed scour hole. To ob-
tain a realistic scour hole shape for the physical
model tests, the test programme started with an un-
protected test investigating the scour hole shape in
NOWE. A conservative scour hole was schematised
based on the results of this first test series. In the fol-
lowing tests this schematised scour hole was exca-
vated artificially, after which the scour protection
was installed. The schematised shape of the scour
hole can be seen in Figure 3. The model dimensions
of the scour hole varied depending on the location
within NOWF, as local variations in flow velocity
and water depth would result in different scour
holes.

The predicted large-scale seabed level lowering is
modelled according to the methodology developed
by Van Velzen (2012). Seabed level lowering is
simulated by means of an artificial sill of sand,
which is eroded under a series of tidal currents.

The followed construction sequence is: 1) placing
a mould of the sill around the monopile, 2) filling
the mould with sand and densely compacting it, 3)
excavating the artificial scour hole from the sill and
4) installing the scour protection inside the scour
hole on top of the sill. The resulting situation before
the tests is visible in Figure 5, where sills of 6m (to
scale) are present. Before filling of the basin steep
45° sandy support bunds were constructed against
the sides of sill to ensure the stability of the sill
when filling the basin. These bunds slowed down the
initial erosion processes, but otherwise did not influ-
ence the falling apron behaviour of the scour protec-
tion.

3.4 Test Programme

The test programme is given in Table 1. With the
exception of the first test series (“O”), which only
considered tidal conditions, each test series involved
two types of tests: 1) tidal tests, in which several cy-
cles of alternating ebb and flood current were simu-
lated to launch the falling apron and edge-scour ef-
fects were investigated and 2) storm tests, which
involved three consecutive storm conditions with in-
creasing severity. A sea state of 6 hours is simulated,
thus testing more than 2000 waves per test.

The hydrodynamic conditions varied depending
on the monopile location investigated in each test se-
ries. Water depths are given in Table 1; the tested
storm conditions can be found in Table 2. The cur-
rent velocity varied in each individual test, and was
further adapted for cases with a morphological sce-
nario. The current velocity was 0.17m/s in the storm
with a return period of 1 year (hereafter RP1-storm)
without morphological scenario and increased up to
0.36m/s in the most severe test.



Table 1. Test programme.

Test Depth, Protection Morphologic hyior/
Series  hy.qotal Layout scenario hy.total
1 - S test 1
0 0422m couries
2 - Scour test 1
A 0.422m 1 1-ND In%t%al s%tuat%on 1
2 1-HD Initial situation 1
1 1-ND Winnowing* 1
B 0.531m .
2 1-ND 0.109m lowering ~ 0.21
C 0.535m 1 2-ND 0.218m lower%ng 0.41
2 1-ND 0.218m lowering  0.41
1 2-ND 0.291m lowering  0.53
D 0.553m .
2 3-ND 0.291m lowering  0.53
1 3—-HD 0.364m lowering  0.49
E 0.738m .
2 3-ND 0.364m lowering  0.49
F 0.393m 1 3-HD 0.291m lower%ng 0.74
2 3—-HD 0.204m lowering  0.52

*The indicative winnowing test is not part of this study.

Table 2. Hydrodynamic conditions in storm tests.

Return period Ho T, Notes
1 year 0.14m 2.16s Used in all test series
10 year 0.17m 2.69s Not used in test series D
50 year 0.18m 2.96s Used in all test series
100 year 0.19m 3.07s Only used in test series D

4 ANALYSIS OF TEST RESULTS

In this chapter three topics regarding the test results
are highlighted: the falling apron behaviour of the
scour protection, the observed deformation patterns
and the overall performance of the scour protection.

4.1 Falling apron effect

Falling apron behaviour for monopile scour protec-
tions has not been tested so extensively, or for such
extreme seabed level variations. The tests show that
the concept works well, even for a seabed level low-
ering of 10m. The falling apron behaviour was ob-
served by means of underwater cameras aimed at
both the upstream and downstream side of the scour
protection. An example image of a launching falling-
apron can be seen in Figure 6.

4.1.1 Falling apron behaviour

Analysis of the movies of the tidal tests showed that
the falling apron launched relatively fast initially.
Especially at the sides of the sandy sill erosion oc-
curred at a high rate. As the first rocks reached the
surrounding seabed (i.e. had travelled all the way
down the slope), the launching process slowed
down. Once stabilised the launched falling apron
covered the slopes all around the scour protection,
resulting in a submerged protection island (see Fig.
7). The slopes have an angle of approximately 30
degrees.

Figure 6. Underwater camera observations of several stages of
launching the falling apron. Note that some sediment ripples
have migrated half way up the slope, this is a scale effect.

Figure 7. 3D colour image of pile 2 after launching the falling
apron in test series D.

During the first wave test the falling apron typi-
cally resettled slightly and the profile became less
steep. This is typically caused by material rolling
down the slope from higher up. The process can also
be seen very clearly in Figure 8, which shows a
cross-section of the bathymetry at the side of the pile
during test series E.
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Figure 8. Cross-sections of the bathymetry perpendicular to the
tidal axis, during different phases of test series E.

The analysis of the underwater camera images
further showed that no segregation of the material
occurred. Both large and small particles in the rock
grading showed the same falling apron behaviour
and arrived at the bottom of the slope at the same
time. This could also be determined by visual in-
spection of the launched falling apron: the larger par-
ticles in the grading (that were painted) and the
smaller particles (unpainted) were distributed equal-
ly along the slopes.

4.1.2 Differences due to rock density

The effect of rock density on the falling apron be-
haviour was also investigated. In test series E, two
identical scour protection layouts, but with different
rock density, were tested under identical hydrody-
namic conditions. In this test there was no observa-
ble difference in the falling apron behaviour of high
density rock (at pile 1) and normal density rock (at
pile 2). Also the end result (the fully launched falling
apron) after the tidal test showed no significant dif-
ference. Under wave conditions the behaviour of the
rock changed, because the high density rock is less
mobile than normal density rock. This manifested it-
self mainly through more pronounced deformation
patterns close to the pile and in the wake of the pile.
At the slopes no deformation was observed and both
protections had a resulting angle of approximately
30 degrees.

4.2 Observed deformation patterns

The stereophotography technique allowed for accu-
rate measurement of the deformation of the scour
protection. Some characteristic deformation patterns
are described below in relation to the hydrodynamic
condition.

4.2.1 Deformation patterns in scour protections

Typically three zones with downward deformation
are observed in dynamically stable scour protections.
A difference plot showing such deformations for a
conventional scour protection on a flat seabed can be

found in Figure 9. The incident wave and current di-

rection is from the left.
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Figure 9. Typical deformation of a scour protection around a
monopile. All dimensions normalised with the pile diameter.
Incident wave direction is from the left.

Two ‘lobes’ can be discerned at approximately 60
degrees from the incident direction. The deformation
that occurred here is caused by amplification of the
bed shear stresses due to flow contraction around the
structure (e.g. Sumer and Fredsee (2001)). In con-
ventional scour protections this deformation is ob-
served under all conditions that are able to mobilise
the protection material. It is independent of the KC-
regime, although the severity of the deformation var-
ies.

Another zone with downward deformation is
found in the wake of the pile. This zone is associated
with lee-wake vortex shedding. In conventional
scour protections this type of deformation is not al-
ways present, because lee-wake vortex shedding on-
ly occurs for higher KC regimes (KC>6, Sumer and
Fredsee (2002)).

Furthermore two lobes with upward deformation
can be observed at approximately 135 degrees from
the incident wave direction. Part of the material that
was removed from the downward deformation zones
is transported towards these two locations.

4.2.2 Observed deformation for NOWF

In the milder storm conditions of the test programme
the two deformation lobes at the upstream side of the
pile were absent. This indicates that the sheltered
position of the rock inside the scour hole (at a level
of -2m relative to the original seabed) indeed reduc-
es the hydrodynamic loading experienced by the
rock. In more severe hydrodynamic conditions the
deformation did appear.

The wake-deformation was observed in all test
series where the scour protection was located higher
in the water column. The two lobes with upward de-
formation were observed in all test series as well;



even when the deformation due to bed shear stress
amplification was absent (i.e. the two upstream
zones with downward deformation). This means that
the rock displaced due to lee-wake vortex shedding
is moved in upstream direction down the slope, to-
wards the more sheltered location close to the pile.

In test series E the rock close to the pile was
painted blue, while the rock further away was paint-
ed green. This was done to investigate which materi-
al is transported towards the two upward defor-
mation zones. It showed that in the first (mild) test,
indeed green rock moved closer to the pile, proving
that at least part of the material in these two lobes
comes from the lee-wake vortex deformation zone.
In the subsequent tests in this series, the material
was removed again and also blue rock (from close to
the pile) was present in the wake-deformation zone
behind the pile. This is illustrated in Figure 10,
which shows a colour image of the bathymetry after
the last test in series E. This image was obtained by
means of stereophotography.

Figure 10. 3D colour image of pile 2 after test series E.

4.2.3 Deformation of the launched falling apron
Close to the pile (<1 pile diameter from the pile
face) the scour protection experienced limited de-
formation. The sheltered position inside the scour
hole ensured that no unacceptable deformation oc-
curred. Further away from the pile, where the mate-
rial is located in the shallower parts of the scour hole
more deformation was observed. While the amplifi-
cation of the bed shear stresses reduces significantly
further away from the pile (Sumer and Fredsoe,
2002), this was apparently offset by the increased
hydrodynamic loading due to its position higher up
in the water column.

The most severe deformation was however ob-
served at the flanks of the submerged scour protec-
tion island. Deformation at the two sides perpendicu-
lar to the incoming wave direction in some cases
caused progressive failure of the scour protection.
The presence of the island causes flow contraction
itself, resulting in locally higher bed shear stresses at
the two flanks of the island. At the same time the
scour protection is located on a slope, reducing the
stability of the rocks. These two effects, combined

with the relatively small layer thickness of the
launched falling apron caused exposure of the under-
lying seabed at the flanks of the submerged island.

Once exposed, the sediment quickly eroded.
When sufficient material was still available higher
up on the slope, the scour protection would self-
repair: new falling apron material would roll down
the slope, covering the exposed sediment and stop-
ping the erosion. In some cases however this new
material was then displaced as well, resulting in a
new local scour hole, gradually reducing the extent
of the island, until the material close the pile began
to function as falling apron material as well. This
type of flank-failure of the scour protection occurred
especially when the scour protection was located rel-
atively high in the water column (test D and F), and
showed less correlation with the actual height of the
falling apron.

4.3 Performance of scour protection

The performance of the scour protection in each test
is classified based on the observations during the test
and the bathymetry measurements before and after
each test. The outcome of each test is defined based
on three criteria:

1. Sufficient remaining base extent (4*Dy;ic);

2. Sufficient remaining layer thickness (0.8m);

3. Pile fixation level maintained.

The first criterion checks whether part of the base
extent of the scour protection was used as falling
apron material, or transported away under severe hy-
drodynamic action. The second criterion is mainly
related to the filter function of the scour protection.
The third criterion specifically checks whether the
fixation level at the pile base is still maintained. It is
possible that scour protection fails close to the pile,
resulting in local scour, which is subsequently
stopped by material rolling from further away into
the newly developed scour hole. In that case the
original pile fixation level is not maintained, while
the layer thickness criterion is not exceeded.

Based on these three criteria, four different classi-
fications were defined:

1. No significant damage. Minor deformation,
the overall shape of the scour protection is
maintained and all criteria are still fulfilled.

2. Increased monitoring recommended. Defor-
mation observed, but no immediate risk is
identified. Increased monitoring is recom-
mended, as an additional extreme event could
cause more severe deformation or even fail-
ure.

3. Maintenance required. The scour protection is
at risk of failure. Immediate repair works are
required to mitigate the situation and prevent
progression towards failure of the scour pro-
tection.



4. Failure of scour protection. The pile fixation
level has been breached close to the pile, or
insufficient rock is available to withstand fur-
ther scouring, even under a normal tide.

The situation after each individual storm test was
analysed and the outcome subsequently classified.
This resulted in a total of 33 data points (6 test series
times 3 storms times 2 piles, minus the indicative
winnowing tests at 1 pile). From the classification
two very obvious conclusions could be drawn: 1)
layouts with a larger rock volume perform better and
2) layouts with high density rock are more stable
than the same layout with normal density rock. In the
following section the results are quantified.

5 RELATION BETWEEN DEFORMATION AND
HYDRODYNAMIC LOAD

Only a weak correlation was found between the out-
come of the test series for NOWF and the relative
mobility of the rock. However, a good correlation
was found between the stability of the scour protec-
tion material and a modified relative mobility param-
eter.

5.1 Relative mobility as indicator of rock stability

The relative mobility (MOB) of the rock is defined
as the ratio between the bed shear stress on the rock
particles exerted by the hydrodynamic load (com-
bined current and waves) and the critical bed shear
stress. Typically, when the undisturbed mobility
(without the presence of a structure) is larger than 1
movement of rock can be expected. For scour pro-
tections one must also consider the amplification of
the hydrodynamic load due to the presence of the
structure. Deformation of a scour protection around
a monopile is typically expected when the undis-
turbed mobility becomes larger than 0.4-0.5. This
makes the relative mobility a valuable predictor of
expected deformation of a scour protection (e.g.
Raaijmakers et al. (2010) and Den Boon et al.
(2004))

5.1.1 Calculation of the relative mobility

The relative mobility of the rock gradings is quite
sensitive to the adopted formulation to calculate the
wave friction coefficient. Two commonly applied
formulations are by Soulsby (1997) and Dixen
(2008). The Soulsby formulation was developed for
gravel and sand, whereas the Dixen approach, in ad-
dition to being more recent, has been explicitly ex-
tended for larger rock sizes. As a rule of thumb, the
Soulsby formulation can be used when the wave
roughness factor (fy,) is higher than 10 and the Dixen
formulation when this factor is lower than 10. The
equation to calculate f,, varies for the two methods,

but both are based on the wave orbital motion at the
bed (Aw.) and the equivalent roughness height (k).
In this paper the equivalent roughness height is taken
equal to twice the value of Dso. The wave orbital
motion comes from the hydrodynamic conditions in
each test. The resulting wave roughness factor (fy,)
was slightly larger than 10 for the mildest storm
conditions, and became higher for the more severe
conditions. Therefore only the formulation by Souls-
by is used, which, compared to the approach by Dix-
en, results in slightly larger relative mobility values.

5.1.2 Derivation of the modified relative mobility
The outcome of the tests showed a weak correlation
with the relative mobility of the rock. This led to de-
velopment of a modified relative mobility, which
takes into account the relative position of the materi-
al in the water column.

The wave orbital velocity is important for deter-
mining both the wave-related bed shear stress and
the wave friction factor in a rough turbulent regime
(Soulsby, 1997). When calculating the mobility one
takes the wave orbital motion at seabed to arrive at
the rock mobility at seabed. For the modified relative
mobility calculation the orbital velocity is calculated
at the level of the sill (i.e. the initial seabed level;
hy.ini), While the wave properties such as wavelength,
height and period are determined by the surrounding
deeper water depth after large-scale morphological
development (hy:max). The underlying assumption is
that the dimensions of the islands are relatively small
compared to the wavelength; the waves will there-
fore not have time to adjust to the smaller water
depth on top of the submerged island. This is illus-
trated in Figure 11. The approach resulted in a good
correlation between modified relative mobility and
the observed deformation of the scour protections.

hw;initial

MOBsiII

hw;max

! MOBbed

Figure 11. Schematisation of the protection island, with the wa-
ter depth on top of the sill (hy:inita), full water depth (hy:max =
hy.initiar + hw.mor) and the locations where the (modified) rela-
tive mobility is calculated, MOB},.q and MOBg,.



5.2 Relation between performance of scour
protection and modified relative mobility

The use of the modified relative mobility at the top
of the island (MOBg;j;) combines the hydrodynamic
loads (e.g. wave climate, current velocity) and rock
parameters (e.g. Dsp, rock density) with the effect of
the position of the scour protection in the water col-
umn. It thus allows for a straightforward comparison
of all tested storm conditions and morphological
scenarios.

Figure 12 graphs the simulated sill height and the
calculated modified relative mobility for each test.
The correlation is a bit occluded due to the different
layouts used in the tests (indicated by the different
colours of each marker). The increased volume of
the larger layouts adds resilience to withstand the
hydrodynamic loading that the scour protection is
subjected to. This can also be observed in the test re-
sults. When looking at the individual layouts, a very
clear correlation between test outcome (discussed in
Section 4.3) and modified relative mobility is found.
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Figure 12. Simulated seabed level lowering versus modified
relative mobility. The markers indicate the outcome of the test,
the colour of the markers indicates the tested layout.

5.2.1 Practical application

Based on a detailed evaluation of the tested condi-
tions a performance-bandwidth was determined for
each scour protection layout: given the modified rel-
ative mobility the performance of each scour protec-
tion layout can be predicted. This is not only used
for predicting the performance of the scour protec-
tion under the design conditions; the approach also
allows for predictions of intermediate conditions
(e.g. milder storm conditions and/or not fully devel-
oped morphological scenarios). This is extremely
useful when planning monitoring strategies, predict-
ing future maintenance costs and allows for optimis-
ing the scour protection layout at each individual
pile location.

An example is given in Figure 13. This figure
graphs the modified relative mobility of a (fictitious)
rock grading for different seabed level drops, given a
certain initial water depth (hy:ini). In this example the
modified relative mobility has been calculated for
two different storm conditions and two different
rock densities. The patches provide an indication of
the outcome should a certain modified relative mo-
bility be exceeded: green indicates no significant de-
formation is expected; orange that maintenance will
be required and red indicates expected failure of the
scour protection.
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Figure 13. Example calculation of the relation between modi-
fied relative mobility and large-scale seabed level drop. The
lines provide the relation for different rock density or hydrody-
namic load, the patches provide an indication of the outcome
should a certain modified relative mobility be exceeded.

6 CONCLUSIONS & DISCUSSION

For Nordergriinde offshore wind farm (NOWF), lo-
cated in the German Bight, a single-graded scour
protection, installed inside a pre-developed scour
hole, is used to mitigate further scour development.
The scour protection is designed to be flexible
enough to handle both the design storm conditions
and the significant morphological changes predicted
for the wind farm area. The scour protection, con-
sisting of a 3-9” rock grading, was subsequently
tested in an extensive physical modelling pro-
gramme. The tests investigated the behaviour of the
dynamically stable scour protection in a highly mor-
phodynamic environment.

Through the tests the scour protection concept for
NOWF was validated. The tests showed that a func-
tioning falling apron can be designed for locations
with extreme seabed level lowering. Scenarios with
a seabed level drop of up to ten metres were tested.
Once launched, the falling apron formed a stable
slope with an angle of approximately 30 degrees.



The rock density did not have an effect on the falling
apron behaviour of the scour protection.

In most of the tested storm conditions no failure
of the scour protection occurred, under wave action
the rock reshaped into a dynamically stable profile.
Three typical deformation zones were observed.
Erosion occurred at two ‘lobes’ on the upstream side
of the pile. This deformation is associated with flow
amplification around the pile and the resulting
horseshoe vortex. Due to the sheltered position of
the scour protection inside the scour hole, this de-
formation was less pronounced than observed for
more conventional scour protections. The third de-
formation zone was observed in the wake of the pile.
This deformation is associated with lee-wake vortex
shedding and occurred even under mild storm condi-
tions. After the initial reshaping of the profile, the
scour protection remained (dynamically) stable.

Local failure of the scour protection sometimes
occurred at the slopes of the protection. The
launched falling apron had a reduced thickness at
these locations, and the position on the slope re-
duced the stability of the rock. This type of failure
was counteracted by increasing the rock volume
available for the falling apron.

The performance of the scour protection layouts
and morphological scenarios was systematically
classified based on several criteria. A correlation
was found between the outcome of each test and the
modified relative mobility of the rock in the tested
conditions. This modified relative mobility is calcu-
lated based on the schematised amplitude of the or-
bital velocities at the original seabed (i.e. at the top
of the submerged protection island). For this sche-
matisation the dimensions of the wave (height, peri-
od and length) are determined for the full water
depth after morphological seabed lowering, but the
orbital velocity decay is schematised according to
the initial water depth. This method simplifies the
rather complex flow of combined current and waves
over the islands, but shows a good correlation with
the test outcome.

The results of physical modelling test programme,
combined with the observed relation between modi-
fied relative mobility and performance of the scour
protection, allowed for optimisation of the scour pro-
tection at each of the foundations in NOWF. Fur-
thermore the knowledge is useful for planning the
monitoring strategy and predicting future mainte-
nance costs after extreme storm events.

REFERENCES

De Sonneville, B., Joustra, R. & Verheij, H. Winnowing at cir-
cular piers under currents. Scour and Erosion: Proceedings
of the 7th International Conference on Scour and Erosion,
Perth, Australia, 2-4 December 2014, 2014. CRC Press,
203.

De Sonneville, B., Rudolph, D. & Raaijmakers, T. C. 2010.
Scour reduction by collars around offshore monopiles. In-
ternational Conference on Scour and Erosion. San Francis-
co.

Den Boon, J., Sutherland, J., Whitehouse, R., Soulsby, R.,
Stam, C., Verhoeven, K., Hogedal, M. & Hald, T. Scour
behaviour and scour protection for monopile foundations of
offshore wind turbines. Proceedings of the European Wind
Energy Conference, 2004.

Dixen, M., Hatipoglu, F., Sumer, B. M. & Fredsee, J. 2008.
Wave boundary layer over a stone-covered bed. Coastal
Engineering, 55, 1-20.

Hoffmans, G. J. C. M. 2012. The influence of turbulence on
soil erosion, Eburon Uitgeverij BV.

Raaijmakers, T., Liefhebber, F., Hofland, B. & Meys, P. 2012.
Mapping of 3D-bathymetries and structures using stereo-
photography through an air-water-interface. Coastlab, 12,
17-20.

Raaijmakers, T. & Rudolph, D. Time-dependent scour devel-
opment under combined current and waves conditions-
laboratory experiments with online monitoring technique.
Proc. 4th Int. Conf. Scour Erosion, ICSE, Tokyo, 2008.
152-161.

Raaijmakers, T., Van Oeveren, M., Rudolph, D., Leenders, V.
& Sinjou, W. Field performance of scour protection around
offshore monopiles. Scour and Erosion, 2010. ASCE, 428-
339.

Soulsby, R. 1997. Dynamics of marine sands: a manual for
practical applications, Thomas Telford.

Sumer, B. M. & Fredsee, J. 2001. Scour around pile in com-
bined waves and current. Journal of Hydraulic Engineer-
ing, 127,403-411.

Sumer, B. M. & Fredsee, J. 2002. The mechanics of scour in
the marine environment, World Scientific.

Van Velzen, G. 2012. Flexible scour protection around cylin-
drical piles, Delft University of Technology.



	1 Introduction
	1.1 Scour mitigation strategies

	2 Scour protection Concept
	2.1 Rock grading
	2.2 Layer thickness
	2.3 Extent
	2.4 Additional layouts in the physical model tests

	3 Overview of Physical model tests
	3.1 Test facility
	3.2 Test setup and measurement techniques
	3.3 Simulation of morphologic change
	3.4 Test Programme

	4 Analysis of Test Results
	4.1 Falling apron effect
	4.1.1 Falling apron behaviour
	4.1.2 Differences due to rock density

	4.2 Observed deformation patterns
	4.2.1 Deformation patterns in scour protections
	4.2.2 Observed deformation for NOWF
	4.2.3 Deformation of the launched falling apron

	4.3 Performance of scour protection

	5 Relation between deformation and hydrodynamic load
	5.1 Relative mobility as indicator of rock stability
	5.1.1 Calculation of the relative mobility
	5.1.2 Derivation of the modified relative mobility

	5.2 Relation between performance of scour protection and modified relative mobility
	5.2.1 Practical application


	6 Conclusions & discussion

