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Abstract

Publicly available data on deformation of scour protections around
monopiles has been collected, reviewed, and re-analysed. The review
showed that the studies published over the past two decades are com-
parable and provide results that are overall coherent. The reanalysed
data, all based on physical model tests, has been analysed both in qual-
itative and quantitative ways. The qualitative analysis shows that the
deformation patterns of the tests can be uniquely classified based on
Shields number and wave-current ratio, while the effect of the, rather
low, KC-numbers covered by the data was negligible. The quantita-
tive analysis showed that the magnitude of the deformation follows the
same trend as the qualitative analysis. Finally, an analysis of the time
scale of the deformation shows an overall trend with regards to wave-
current ratio similar to what is reported for live-bed scour, although
the time scales are longer. Based on the analysis formulas to predict
the time scale and equilibrium deformation of the scour protection are
proposed. Based on these formulas it is demonstrated that a time step
model can be used to predict the development of the deformation over
time. A discussion of potential issues with this method, primarily due
to limited available data, and how to reduce the risks associated with
these issues are provided as well.

Keywords

Scour protection stability, scour protection of monopiles, clear water
scour, time scale of scour protection deformation

1 Introduction

Over the past two to three decades there have been significant advancement in the understanding of scour protections
around monopiles exposed to waves and current. This has, to a large degree, been driven by the rapid growth of the
offshore wind industry over the same period of time and the need for constant optimisations of all parts of the wind
farms, including the scour protections, to sustain this growth. This need for optimisation of the scour protections has
resulted in multiple studies of the mechanisms related to the scour protection. Studies of the edge scour was reported
by Raaijmakers et al. (2007), de Sonneville et al. (2012) and Petersen et al. (2015) and for prototype applications by
Raaijmakers et al. (2010), Whitehouse et al. (2011), and Petersen et al. (2015). The sinking of the scour protection
adjacent to the monopile was extensively studied by Nielsen et al. (2010, 2011, 2013, 2014, 2015) and Nielsen and
Petersen (2018), as a reaction to the sinking reported at Horns Rev 1 OWF (Hansen et al., 2007). De Sonneville et al.
(2014); Schendel and Schlurmann (2019) also contributed to the knowledge regarding sinking. Many of these studies,
in particular de Sonneville et al. (2012), Petersen et al. (2015), and Nielsen and Petersen (2018), formed the core part
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of the Recommended Practice on scour protection of monopiles - DNV-RP-0618 (DNV, 2022) within edge scour and
sinking of the scour protection.

Even before the previously mentioned studies the stability of the armour rock was studied extensively. Den Boon
et al. (2004) was among the �rst to study stability of scour protections around monopiles, followed by the studies by
de Vos (2008) and de Vos et al. (2011, 2012), as well as Schendel et al. (2014), de Schoesitter et al. (2014), Whitehouse
et al. (2014), and Riezebos et al. (2016). However, despite the large amount of data provided by these studies it was
not possible to draw a solid conclusion regarding the requirements of an optimised functional design of armour rock
for scour protections of monopiles. In the most recent years a large number of studies have been presented providing
additional data and knowledge: Ferradosa (2018), Arboleda Chavez et al. (2019), Nielsen and Petersen (2019), Mayall
et al. (2020), Wu et al. (2020), Chambel et al. (2023), Nielsen et al. (2023), Broekema et al. (2024), and not least
Deltares (2024), but, again without a solid conclusion.

In addition to the actual studies of armour rock stability around monopiles, studies of clear water scour around
monopiles have been reviewed as both are governed by similar processes. Studies of clear water scour have been
reported by Baker (1986) (via Melville and Sutherland (1988)), Schendel et al. (2018), and de Lemos et al. (2023) in
the case of steady current. In the case of waves, clear water scour was studied extensively by Umeda (2011, 2013)
for regular and irregular waves, respectively, as well as by Corvaro et al. (2018) for both regular and irregular waves.
In addition to the tests of scour protections around monopiles, results of physical model tests of scour protections of
tripods were reported in the same period, e.g. Sarmiento et al. (2021).

This review and re-analysis show that the data from the di�erent studies can be presented as function of the Shields
and ucw -numbers in line with the study by Nielsen and Petersen (2019). This is the case both when the results are
presented in qualitative terms (deformation pattern) and quantitative (deformation depth relative to pile diameter).
Opposite �ndings of Broekema et al. (2024), the deformation is found to be practically independent of the KC-number
in the covered range (0:5 < KC < 5:5), as also found in Nielsen and Petersen (2019). This corresponds well with
live-bed conditions where the variation of the relative scour depth with KC also appears to be small, in the order of
magnitude 10�3 < S eq=Dp < 10 �2 for 2 < KC < 6, see Sumer and Freds�e (2001a). However, given the typical ratio
between rock size and pile diameter, D50=Dp in the order of magnitude 10�2 , this variation in deformation depth can
hardly be seen for a scour protection. The available range of KC-numbers (0:5 < KC < 5:5) is also the relevant range
for many coastal and o�shore applications including monopile and jacket foundations for wind, oil and gas.

The time scale of the deformation and clear water scour has been determined for available tests with su�cient data.
The results show that the non-dimensional time scale follows the same trend as for live-bed scour with relatively short
non-dimensional time scales for wave alone and steady current and longer time scale for combined waves and current.
However, the non-dimensional time scale of the scour protection deformation and clear water scour appears to be
indicatively 5 to 1000 times longer than for live-bed conditions, primarily depending on the current-wave ratio. It is
noted that the time scales for ucw around 0.4 covers a signi�cant range. It has not been possible to identify the reason,
but it may be the general uncertainty of the estimated time scales. Based on the results of a time step model it was
found that the increase of the time scale relative to live-bed conditions appeared in the lower end of the range given
above.

Based on the �ndings, formulas for prediction of equilibrium deformation and time scale of the deformation of the
scour protection around monopiles are proposed. It is, furthermore, demonstrated that these formulas can be used in
a time step model to predict the development of the deformation of the scour protection over time in a similar way
as done by e.g. Nielsen and Hansen (2007); Raaijmakers and Rudolph (2008); Harris et al. (2010); Silva-Mu~noz and
Broekema (2025) for scour. It should, however, be noted that the data for the parametrisations of the equilibrium
deformation and time scale is not well distributed so interpolations of spans with no data has been necessary. This
may of course impact the accuracy of the model in some cases; this and the impact of the general uncertainty of the
parametrisations must be kept in mind if applying the model for design purposes, and it is strongly recommended to
evaluate the results carefully.

The present study is largely based on data from Deltares (2024) and the dataset is therefore frequently referenced.
However, the dataset is very large, involving many subjects so only a part of the entire dataset is relevant for this
study. The relevant part is almost exclusively described in Deltares (2023a), but a minor part is covered by Deltares
(2023b). To avoid long explanations every time a reference to the dataset is given, the reference "Deltares (2024)" is
implicit to the part covered by Deltares (2023a) and it is speci�cally mentioned when data from the part covered by
Deltares (2023b) is applied.

Finally, a reader's guide is given here. This article is longer than most articles and therefore it may be harder to
get and keep the overview of content. Section 2 presents the recent studies that forms the basis of the work and how
di�erent studies are applied; primarily divided into 1) quantitative studies of stability of armour rock, 2) quantitative
studies of the size of deformation of the scour protection, and 3) qualitative studies of the mechanism of scour armour
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layer deformation.

The re-analysis of the data is presented in Sec. 3. This is divided into �ve parts: Sec. 3.1 presents a qualitative
interpretation focusing on the pattern of the deformation of the scour protection and a quantitative interpretation is
given in Sec. 3.2, including a description of the selection of the data suitable for this analysis, followed by the proposed
parametrisation of the quantitative deformation in Sec. 3.3. The time scale of the deformation is investigated in Sec.
3.4, where a parametrisation of the time scale is also proposed. Finally, a time step model is presented in Sec. 3.5
where it is also compared to results of physical model tests.

Comparison with di�erent other design criteria is given in Sec. 4. This covers the criteria proposed by den Boon
et al. (2004), de Vos et al. (2012), Broekema et al. (2024), and Nielsen and Petersen (2019). Sec. 5 covers some
remarks regarding the practical application of the results and Sec. 6 gives the overall conclusions. Three appendicies
(A to C) outline the applied calculation methods and procedures.

2 Recent studies of stability of armour rock around monopiles

As mentioned in the introduction several studies of armour rock stability have been published over the past decades.
Although all the studies had aimed at improving the understanding of the stability of armour rock, the focus have
varied between the di�erent key studies. In this section the methodologies and contributions of the di�erent studies
will be reviewed and discussed. This review and discussion will form the basis of a reanalysis of the available data
considering all the relevant studies.

Studies relevant for armour rock stability can roughly be divided into three categories which are described in more
details in Sec. 2.1 to 2.3:

1. Quantitative studies of stability of armour rock

2. Quantitative studies of the size of deformation of the scour protection

3. Qualitative studies of the mechanism of the mobilisation of armour rock and the pattern of the deformation

Each category will be described in the following sections.

The applied studies are also summarised in Table 1. The table provides an overview of the studies applied in the
review, how it is applied, and how data has been obtained from each study.

2.1 Quantitative studies of stability of armour rock

The �rst category focusing on the actual stability of the armour rock i.e. the initiation of motion of the armour
rock. These studies have been conducted by observing the movements of the armour rock while the 
ow intensity has
been increased in small steps. Each 
ow condition has been applied for a relatively short period of time, typically a
few minutes. The bene�t of this approach is that it provides a lot of data in a relative short period of time and a
reliable set of data of the initiation of motion. However, the initiation of motion of the armour rock is not necessarily
a good measure for the severity of the initiated motion.

For instance, Nielsen and Petersen (2019) reported that the motion of the armour rock increased gradually with
increasing wave height in the case of waves only, without a clearly de�ned threshold for inducing severe damage. On
the other hand, Nielsen and Petersen (2019) also reported that the initiation of motion by the horseshoe vortex was
associated with severe damage to the armour layer in case of steady current.

A major key study in this category is the de Vos et al. (2011) which also provided signi�cant data to the already
mentioned Nielsen and Petersen (2019).

2.2 Quantitative studies of the size of deformation of the scour protection

As mentioned in the previous section, the studies of the initiation of motion of the armour rock does not provide
quanti�cation of the severity of the motion or deformation of the scour protection. However, the magnitude of the
deformation of the scour protection is important information both to be able to evaluate if it is acceptable at all and
also to design a scour protection that can accommodate the magnitude of the anticipated deformation. Several studies
have looked at this over the past two decades with a fairly consistent methodology: The bathymetry of the scour

Journal of Coastal and Hydraulic Structures Vol. 6, 2026, Paper 51 3 of 48



Nielsen, A.W.

Ta
bl

e
1:

O
ve

rv
ie

w
of

th
e

di
�e

re
nt

st
ud

ie
s

ap
pl

ie
d

in
th

is
re

vi
ew

.
T

he
co

lu
m

n
"D

ef
or

m
at

io
n,

S
,

ob
ta

in
ed

"
gi

ve
s

th
e

or
ig

in
of

th
e

de
fo

rm
at

io
n

da
ta

,
if

a
re

fe
re

nc
e

is
gi

ve
n

th
e

de
fo

rm
at

io
n

is
ta

ke
n

di
re

ct
ly

fr
om

th
at

re
fe

re
nc

e.
T

he
qu

an
tit

ie
s

D
p
,

D
50

,
h,

H
m

0
,

T
p
,

an
d

V
ar

e
ap

pl
ie

d
as

pr
ov

id
ed

in
th

e
in

th
e

so
ur

ce
.

N
eg

at
iv

e
cu

rr
en

t
ve

lo
ci

ty
,

V
,

sh
ow

s
th

at
th

e
cu

rr
en

t
w

as
op

p
os

in
g

th
e

w
av

es
,

w
hi

le
"�

"
m

ea
ns

th
e

cu
rr

en
t

di
re

ct
io

n
w

as
ch

an
ge

du
rin

g
th

e
te

st
.

A
ll

te
st

s
ar

e

u

m
e

te
st

s,
i.e

.
w

av
es

an
d

cu
rr

en
t

w
er

e
ei

th
er

co
-d

ire
ct

io
na

lo
r

op
p

os
in

g.
N

ot
e,

on
ly

da
ta

fr
om

te
st

s
ap

pl
ie

d
in

th
e

an
al

ys
es

ar
e

in
cl

ud
ed

in
th

e
in

te
rv

al
s,

no
t

al
ld

at
a

is
ap

pl
ie

d
fo

r
al

la
na

ly
si

s.
T

he
ra

ng
es

gi
ve

n
fo

r
N

ie
ls

en
an

d
P

et
er

se
n

(2
01

9)
co

ve
rs

on
ly

re
le

va
nt

ne
w

da
ta

pr
es

en
te

d
in

N
ie

ls
en

an
d

P
et

er
se

n
(2

01
9)

.

A
ut

ho
r(

s)
Q

ua
l.

Q
ua

n.
T

im
e

sc
al

e
D

ef
or

m
at

io
n,

D
p

D
50

h
H

m
0

T
p

V
an

al
ys

is
an

al
ys

is
an

al
ys

is
S

,
ob

ta
in

ed
[m

]
[m

m
]

[m
]

[c
m

]
[s

]
[c

m
/s

]
D

e
V

os
(2

00
8)

Y
es

Y
es

N
o

W
u

et
al

.
(2

02
0)

0.
1

4.
0

0.
40

6.
9-

14
.6

1.
2-

1.
7

-1
4.

2-
23

.0
Lo

os
ve

ld
t

an
d

V
an

ni
eu

w
en

hu
ys

e
(2

01
2)

Y
es

N
o

N
o

N
/A

0.
05

-0
.1

3
4.

0-
11

.5
0.

2-
0.

5
5.

7-
16

.0
1.

4-
2.

2
-2

8.
0-

31
.0

S
ch

en
de

le
t

al
.

(2
01

4)
N

o
N

o
Y

es
N

/A
1.

0
12

.0
50

0
70

-1
30

8.
0

N
/A

Fe
rr

ad
os

a
(2

01
8)

Y
es

N
o

Y
es

N
/A

0.
1

2.
7-

7.
5

0.
24

-0
.5

0
8.

6-
14

.5
1.

5
14

.7
-2

2.
2

S
ch

en
de

le
t

al
.

(2
01

8)
N

o
N

o
Y

es
N

/A
0.

15
0.

19
0.

5
N

/A
N

/A
16

.6
-2

5.
3

N
ie

ls
en

an
d

P
et

er
se

n
(2

01
9)

Y
es

Y
es

N
o

N
/A

4.
0-

20
.0

0.
18

-2
3

10
.0

-8
0.

0
N

/A
N

/A
6.

2-
12

6.
3

W
u

et
al

.
(2

02
0)

Y
es

Y
es

N
o

W
u

et
al

.
(2

02
0)

0.
3-

0.
6

6.
7-

13
.5

0.
9-

1.
8

18
.8

-4
4.

3
2.

0-
2.

9
-5

7.
0-

37
.7

C
ha

m
b

el
et

al
.

(2
02

3)
Y

es
N

o
N

o
N

/A
0.

1
6.

0
0.

36
10

.5
-1

0.
6

1.
5

10
-1

5
D

e
Le

m
os

et
al

.
(2

02
3)

Y
es

Y
es

Y
es

D
e

Le
m

os
et

al
.

(2
02

3)
0.

08
0.

18
0.

50
N

/A
N

/A
17

.0
-2

1.
0

D
el

ta
re

s
(2

02
3b

)
Y

es
Y

es
N

o
S

ee
S

ec
.

3.
2.

1
0.

2
4.

7-
10

.1
0.

75
N

/A
N

/A
�3

3:
0

D
el

ta
re

s
(2

02
4)

,
A

tla
nt

ic
B

as
in

Y
es

Y
es

Y
es

S
ee

S
ec

.
3.

2.
1

0.
15

-0
.3

0
2.

7-
9.

3
0.

60
-0

.7
5

14
.8

-2
5.

9
1.

8-
3.

0
-3

9.
9-

39
.8

D
el

ta
re

s
(2

02
4)

,
D

el
ta

F
lu

m
e

Y
es

Y
es

N
o

S
ee

S
ec

.
3.

2.
1

1.
0

9.
2-

18
.4

5.
1-

5.
2

82
.0

-1
70

.0
4.

0-
7.

5
N

/A

Journal of Coastal and Hydraulic Structures Vol. 6, 2026, Paper 51 4 of 48



Nielsen, A.W.

protection has been measured before, after, and, in some cases, during the exposure of a hydrodynamic forcing and
the deformation has been found by subtracting the before and after bathymetries. The actual method for measuring
the bathymetry of the scour protection has varied between di�erent studies and the quality has generally increased
over time due to the improved measuring techniques.

The two most applied methods are laser scans (e.g. de Vos et al. (2012), Ferradosa (2018), and Wu et al. (2020))
and photogrammetry (e.g. Nielsen et al. (2023), Chambel et al. (2023) and Deltares (2024) including Broekema et al.
(2024)). Both methods provide high quality measurements, although it is noted that the data from de Vos et al. (2012)
(raw data originated from de Vos (2008)) has a signi�cant lower resolution than the more recent studies (personal
communication with Dr. Minghao Wu). This is believed to be a result of the before mentioned general improvements
of the measuring techniques.

The main di�erence between these studies is the approach to de�ning the required test duration. Two basic
approaches have been applied: 1) a �xed test duration (typically de�ned by number of waves), and 2) test until
equilibrium. The �rst approach was applied by de Vos et al. (2012), Schendel et al. (2014), Ferradosa (2018), Wu et al.
(2020) among others, while the second was applied by Nielsen et al. (2023). Deltares (2024) applied a mix between
the two methods, which gave the opportunity to apply numerous di�erent test conditions, but, as discussed in Sec.
3.2.1, also gave some implications in the interpretation of the results.

The reason the approach of de�ning the test duration is an issue at all is that the deformation develops towards an
equilibrium. The deformation of the scour protection is essential a clear water scour process, which is known to be
very slow. De Lemos et al. (2023) reported more than a day of testing to reach equilibrium of a scour test even in
a relatively small scale. First of all, this means that to run the test to a reasonable representation of an equilibrium
can be very time consuming and secondly it may also provide an, at least at the �rst glance, misleading result as
the time required to reach equilibrium in most cases will be much longer than the duration of a design storm. This
has led to the approach of testing for a �xed duration equal to the duration of a typical design event. The bene�t of
this approach is that it gives more reasonable deformations for direct applications, but it provides little insight into
the accumulated deformation caused by subsequent storms. In this respect it is important to keep in mind that the
time scale of the deformation varies with the actual hydrodynamic conditions as discussed in Sec. 3.2 and 3.4. The
dependency between the actual deformation, equilibrium deformation, and the time scale can be quanti�ed using a
time step model as demonstrated in Sec. 3.5.

2.3 Qualitative studies on the mechanism of the mobilisation of armour rock and the
pattern of the deformation

The qualitative studies are another way of looking at the deformation of scour protections. While the quantitative
studies aim at providing data that can be applied directly in for example a design process, the qualitative studies aim
at improving the general understanding of the processes and what causes, in this case, the deformation of the scour
protections.

Many of the studies include a qualitative analysis but with largely varying extent. De Vos et al. (2012) provides
a brief overall description of the deformation pattern observed for waves alone, co-directional and opposing waves
and current. Van Steijn et al. (2023) and Broekema et al. (2024) made an attempt to classify the deformation
patterns visually and divide the tests into six classes (Class 1 to 6), where, roughly speaking, Class 1 is the mildest
deformation and Class 6 is the most severe. However, the class de�nitions appear not to be easy applicable, at least
in the way it is presented in the two articles. The classes was presented as function of MOBtop and KC tot , which
are the ratio of the undisturbed Shields number to the critical Shields number (�=�cr ) and the modi�ed KC-number
(KC tot = (u m + V )T p=Dp), respectively. Where the wave induced maximum orbital velocity, um , is de�ned similar
to the de�nition applied in this article as outlined in App. A, V is the depth averaged current velocity, T p is the
peak period for the wave condition, and Dp is the diameter of the monopile, see also Fig. 1. Furthermore, the KC-
number is traditionally de�ned as KC = u m Tp=Dp and the Shields number, � = � max =(� w g(s � 1)D 50) where �max

is the maximum bed shear stress for um and V combined. The bed shear stress is, in this article, calculated using
the parametrisation given in Roulund et al. (2016) (see App. B) assuming an undisturbed, in�nity long bed with a
roughness corresponding to the armour rock (ks = 2:5D 50), and the wave period represented by Tp. Van Steijn et al.
(2023) and Broekema et al. (2024) applied a slightly di�erent method, but this has no impact on the overall conclusion,
however, see also Sec. 4.3.1. The two parameters (MOBtop and KC tot ), however, do not separate the classes and all
classes are largely overlapping with at least two other classes, in this representation. For instance, Class 6 is almost
fully overlapping Class 2 to 5.

Nielsen et al. (2023) made an attempt to categorise the deformations of scour protection exposed to waves based on
the categories de�ned by Umeda (2011). They found that the categories de�ned by Umeda (2011) could be applied
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Figure 1: De�nition sketch of the overall measures applied in this study. It should be noted that the data for the
study comes from many sources with di�erent setups. Many datasets do for example not include a �lter layer and
only a few setups include a sand mound.

to the deformation of scour protections by waves, but it was noted that the classi�cation of the deformation patterns
of the scour protections was somewhat di�cult as important features of di�erent deformation patterns would have
appeared outside the area covered by the scour protection.

Nielsen and Petersen (2019) added descriptions of some of the mechanisms causing the deformation. That study
had its main focus on steady current, where they found that the deformation was driven by two mechanisms, namely
the lee-wake vortices and the horseshoe vortex. In the case of only waves the mechanisms was found to be contraction
of streamlines combined with lee-wake vortex shedding in case of high KC-number (KC up to 14 was tested).

3 Re-analysis of the data

The data of the reviewed studies can basically be interpreted in two ways: qualitatively and quantitatively. Both
methods of interpretation have been successfully applied on the data of Wu et al. (2020), including re-analysed
de Vos (2008) data, and Deltares (2024) among others, while the data of Nielsen and Petersen (2019) only allows
a quantitative interpretation in terms of thresholds for initiation of motion. On the other hand, Loosveldt and
Vannieuwenhuyse (2012), Ferradosa (2018), and Chambel et al. (2023) only provides qualitative data (these studies
also provide quantitative results in terms of damage numbers, see Eq. 9).

3.1 Qualitative interpretation

The present qualitative interpretation is based on a visual inspection and classi�cation of deformation pattern of the
scour protections tested by de Vos (2008), Loosveldt and Vannieuwenhuyse (2012), Ferradosa (2018), Wu et al. (2020),
Chambel et al. (2023), de Lemos et al. (2023), and Deltares (2024) (both Deltares (2023a) and Deltares (2023b)). The
bene�t of this method is primarily that it is less sensitive to the duration of the tests compared to the quantitative
interpretation. A recognisable deformation pattern will develop relatively fast, while the test duration required to
reach an equilibrium of the deformation may be very long; the deformation is essentially a clear water scour process
which is known to be very slow and can take days to reach equilibrium, even in small scale model tests, see e.g.
de Lemos et al. (2023).

Two di�erent classi�cations have been applied: one for waves alone and a simpli�ed for waves, combined waves and
current, and steady current. The classi�cation of the deformation pattern for waves alone is based on the classi�cation
system presented by Umeda (2011) for clear water scour around a monopile exposed to regular waves. Umeda (2013)
showed that the method could also be applied in case of irregular waves and Nielsen et al. (2023) showed that it was

Journal of Coastal and Hydraulic Structures Vol. 6, 2026, Paper 51 6 of 48



Nielsen, A.W.

Figure 2: Wave results by Deltares (2024) (Atlantic and Delta 
ume tests) applied on the methodology by Umeda
(2011). The categorization of the scour patterns is based on visual inspection of the measured scour protections.
Scour protections with an extent of less than 3Dp or tests with breakthrough of the scour protection (tsp � D 50 < S)
has been excluded.

applicable for deformations of scour protections around monopiles exposed to regular waves.

Umeda (2011) divided the scour pattern around a monopile into 11 categories depending on KC- and Shields
number. These categories were then placed in groups: clear water (Group I), transitional scour (Group II), live-bed
(Group III) as well as "No bed deformation". The groups were divided into subgroups; of relevance for the study are
I-1 (Small scour), I-2 (Side scour), and II-1 (Detached scour). Furthermore, I-3 (Wake scour), III-1 (Vortex ripples),
and III-2 (Truncated cone scour with vortex ripples) are within the ranges of KC and � shown in Fig. 2 (III-2 are
barely included). The Deltares (2024) study covers four of these categories and the observed patterns �ts reasonable
with the limits given by Umeda (2011), but the match is not perfect as seen in the �gure. It must also be noted that
the categorization is based on visual inspection of the measured scour protections provided by Deltares (2023a) and
important features of some of the categories lay outside the scour protection area and therefore not included in the
measurements, see also Nielsen et al. (2023) for details.

The classi�cation by Umeda (2011) covers only waves alone and it was not possible to extend it to cover combined
waves and current based on the available data. As the available data only cover a relatively small area around the
monopile, some important features of the deformation pattern may develop outside the scour protection. This makes
it impossible to develop a detailed classi�cation, like the Umeda (2011) classi�cation for wave alone, based on the
scour protection data.

Nevertheless, it was possible to develop a simpli�ed classi�cation covering the full range from waves alone to steady
current. This classi�cation has three types of deformation (note, there is no direct link between this classi�cation and
the classi�cation by Umeda (2011)):

ˆ Type 1: No or small, mainly unstructured deformation.

ˆ Type 2: Deformation at the side and downstream (relative to current direction) of the pile. Deposition between
side and downstream deformation.

ˆ Type 3: Deformation caused by horseshoe vortex or similar severe upstream deformation.

The bene�t of this classi�cation is that it is simple and easy to apply based on visual inspection. It is also roughly
dividing the (u cw ; �)-space (ucw de�ned as ucw = jV j=(jV j + u m )) into:

1. Acceptable deformation (Type 1, Seq=Dp typically smaller than 0.1).

2. Potentially critical deformation (Type 2, S eq=Dp typically between 0.1 and 0.2)

3. Unacceptable deformation (Type 3, Seq=Dp > 0.2)
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Examples of the di�erent types of deformations are shown in Fig. 3 and 4. All three types are shown in the two
�gures; examples of Type 1 are Panel H and M-O in Fig. 3, examples of Type 2 are Panel A, C, and E (both �gures),
and Type 3 is, among the examples, only seen in Fig. 4 in Panel F, K, and L.

It is observed in �gs. 3 and 4 that there is a trend that the deformation will be more severe for both increasing ucw

and increasing Shields number. This is in line with previous studies; in the case of ucw the same trend was reported
by Sumer and Freds�e (2001b) for 4 � KC � 26 and de Lemos et al. (2023) for KC � 7:5, both under live-bed
conditions. The Shields dependency is as reported by Baker (1986) (as presented by Melville and Sutherland (1988))
and de Lemos et al. (2023). Categorizing according to the three types and plotting the data as function of ucw and �
shows that this is a consistent trend, see Fig. 5. As the three types of deformation is divided into three zones with
relatively small overlaps.

It should be noted that the KC-number is not included as a parameter in Fig. 5. Detailed analyses have shown
that the KC-number has little impact on the deformation in the tested range of 0:5 < KC < 5:5, see Sec. 3.2.1. In
that section it is shown that the deformation of the scour protection is practically independent of the KC-number in
the range of 2 to 5.5 for a subset of tests from the Atlantic Basin test by Deltares (2024), that otherwise had similar
conditions. The same was observed for combined waves and current by Nielsen and Petersen (2019) where no impact
by the KC-number was found on the initiation of motion of armour rock in combined waves and current. Nielsen and
Petersen (2019) reported for scour protections (critical conditions, transition from clear water to live-bed conditions).
This corresponds to the results reported by Sumer and Freds�e (2001a) for wave induced scour around a large vertical
cylinder in live-bed conditions and waves. It was found that the scour process was governed by wave induced steady
streaming (KC < 2) and was in a transition towards horseshoe vortex and vortex shedding induced scour in the range
2 � KC < 6. The 
ow regimes will be the same in the case of clear water conditions as in live bed, as the transport
mode is governed by the sediment or rock properties for given 
ow conditions (provided that the roughness of the
sediment or rock will not change the main 
ow signi�cantly). However, in live-bed conditions there will be an in
ow
of sediment from the surrounding seabed which may impact the size of the scour or deformation of a scour protection.
Although Sumer and Freds�e (2001a) did not report data in the transitional range (2 � KC < 6) but it is reasonable
to assume that the relative scour will be constant in this range as the relative scour is the same at both sides of the
range and hence the relative scour will be independent of KC in this range which was shown to be the case for ucw

around 0.35 by de Lemos et al. (2023). It is noted that Umeda (2011) found three to four distinctive clear water
scour patterns in the range of 0 < KC < 6, see Fig. 2; however, these are not found to have signi�cantly di�erent
equilibrium scour depths, see Umeda (2011).

For low KC-numbers the di�raction of the waves can have an impact on the results. This is controlled by the ratio
between pile size and wave length (Dp=L) and it is usually considered to have an impact when Dp=L become larger
than around 0.1 to 0.2. For the present results Dp=L <0.08, so the impact by di�raction will be small, see e.g. Sumer
and Freds�e (2002).

Furthermore, Fig. 3 to 5 include data from tests where the deformation was larger than the thickness of the scour
protection and hence some of the deformation has taken place in sand underneath the scour protection. Consequently,
the magnitude of deformation shown in some of the plots in Fig. 3 and 4 is most likely larger than it would have
been if the thickness of the tested scour protection had been su�cient to prevent breakthrough. However, there is no
reason to believe that the deformation pattern would have been signi�cantly di�erent. Tests with an overall extent of
the scour protection of less than 3Dp has been excluded as the primary deformation pattern tends to extent outside
the scour protection in these cases making a classi�cation questionable.

3.1.1 Remarks regarding initiation of rock motion

The mode of sediment and rock motion induced by 
owing water is usually represented by the Shields number or the
relative Shields number (MOB, the ratio of the Shields and critical Shields numbers). In this study the Shields number
has been applied in favour of the relative Shields number, MOBtop (mobility number calculated at the top of the scour
protection) for the following reasons. The relative Shields number is often introduced to compensate for the reduced
critical Shields number in the transition between smooth and rough rock or sediment bed. However, the relatively large
uncertainty of the Shields and critical Shields numbers will propagate to a considerable uncertainty when applying
the relative Shields number. The author �nds that this increased uncertainty will overshadow the bene�ts of the, in
most cases, small correction due to reduced critical Shields number at the transition between smooth and rock bed.
A numerical example can illustrate this. The MOB-scaling can be written as:

MOB =
� model

� cr;model
=

� prototype

� cr;prototype
(1)
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Figure 3: Examples of deformations of scour protections in the ranges of 0 � ucw < 0:45, 0:01 < � < 0:035, and
KC < 5. See Fig. 5 for details on wave-current ratio and Shields for each scour protection. The arrows in the middle
of the plots indicating the direction of waves and current. It should be noted that deformation have exceeded armour
layer thickness in some case (breakthrough). Data from Deltares (2024).
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Figure 4: Examples of deformations of scour protections in the ranges of 0:4 < ucw < 0:7, 0:02 < � < 0:045 and,
KC < 5. See Fig. 5 for details on wave-current ratio and Shields for each scour protection. The arrows in the middle
of the plots indicating the direction of waves and current. It should be noted that deformation have exceeded armour
layer thickness in some case (breakthrough). Data from Deltares (2024).
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