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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-
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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.
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1 Introduction ISSN: 2667-047X online

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

Journal of Coastal and Hydraulic Structures Vol. 6, 2026, Paper 51 1 of 48


https://orcid.org/0000-0003-2323-3264
mailto:awni@niras.dk
https://doi.org/10.59490/jchs.2025.0051

% ="
Nielsen, A.W. _TU Defft OPEN

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 first 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 different studies can be presented as function of the Shields
and uq,-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 findings of Broekema et al. (2024), the deformation is found to be practically independent of the K C-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 K C also appears to be small, in the order of
magnitude 1072 < S.;/D, < 1072 for 2 < KC < 6, see Sumer and Fredsge (2001a). However, given the typical ratio
between rock size and pile diameter, Dso/D,, in the order of magnitude 1072, this variation in deformation depth can
hardly be seen for a scour protection. The available range of K C-numbers (0.5 < KC < 5.5) is also the relevant range
for many coastal and offshore 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 sufficient 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 u.,, around 0.4 covers a significant 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 findings, 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-Mufioz 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 specifically 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
different 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 five 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 different 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 different key studies. In this section the methodologies and contributions of the different 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 first 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 flow intensity has
been increased in small steps. Each flow condition has been applied for a relatively short period of time, typically a
few minutes. The benefit 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 defined 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 significant 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
quantification 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
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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 different 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 significant 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 difference between these studies is the approach to defining the required test duration. Two basic
approaches have been applied: 1) a fixed test duration (typically defined by number of waves), and 2) test until
equilibrium. The first 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 different 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 defining 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 first 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 fixed duration equal to the duration of a typical design event. The benefit 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 quantified 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 definitions 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 MOB;,, and KCyy, which
are the ratio of the undisturbed Shields number to the critical Shields number (6/6.,) and the modified K C-number
(KCiot = (um + V)T,/D,), respectively. Where the wave induced maximum orbital velocity, w,, is defined similar
to the definition applied in this article as outlined in App. A, V is the depth averaged current velocity, T}, is the
peak period for the wave condition, and D, is the diameter of the monopile, see also Fig. 1. Furthermore, the KC-
number is traditionally defined as KC = w,,T,/D,, and the Shields number, § = Tyq4/(pwg(s — 1)Dso) where Tpes
is the maximum bed shear stress for u,, 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, infinity long bed with a
roughness corresponding to the armour rock (ks = 2.5D5¢), and the wave period represented by T,,. Van Steijn et al.
(2023) and Broekema et al. (2024) applied a slightly different method, but this has no impact on the overall conclusion,
however, see also Sec. 4.3.1. The two parameters (MOB,,, and KC\,), 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 defined by Umeda (2011). They found that the categories defined by Umeda (2011) could be applied
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Figure 1: Definition sketch of the overall measures applied in this study. It should be noted that the data for the
study comes from many sources with different setups. Many datasets do for example not include a filter layer and
only a few setups include a sand mound.

to the deformation of scour protections by waves, but it was noted that the classification of the deformation patterns
of the scour protections was somewhat difficult as important features of different 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 classification 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
benefit 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 different classifications have been applied: one for waves alone and a simplified for waves, combined waves and
current, and steady current. The classification of the deformation pattern for waves alone is based on the classification
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
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Figure 2: Wave results by Deltares (2024) (Atlantic and Delta flume 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 3D, or tests with breakthrough of the scour protection (ts, — Dso < 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), ITI-1 (Vortex ripples),
and ITI-2 (Truncated cone scour with vortex ripples) are within the ranges of KC and 6 shown in Fig. 2 (III-2 are
barely included). The Deltares (2024) study covers four of these categories and the observed patterns fits reasonable
with the limits given by Umeda (2011), but the match is not perfect as seen in the figure. 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 classification 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 classification, like the Umeda (2011) classification for wave alone, based on the
scour protection data.

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

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

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

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

The benefit of this classification is that it is simple and easy to apply based on visual inspection. It is also roughly
dividing the (Uey, 0)-space (e, defined as ue, = |V|/(|[V] + um)) into:

1. Acceptable deformation (Type 1, Se,/D, typically smaller than 0.1).

2. Potentially critical deformation (Type 2, Seq/D, typically between 0.1 and 0.2)

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

It is observed in figs. 3 and 4 that there is a trend that the deformation will be more severe for both increasing .,
and increasing Shields number. This is in line with previous studies; in the case of wu, the same trend was reported
by Sumer and Fredsge (2001b0) 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 e, and 6
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 K'C-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 K C-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 K C-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 Fredsge (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 flow 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 flow conditions (provided that the roughness of the
sediment or rock will not change the main flow significantly). However, in live-bed conditions there will be an inflow
of sediment from the surrounding seabed which may impact the size of the scour or deformation of a scour protection.
Although Sumer and Fredsge (2001¢) 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 K'C' in this range which was shown to be the case for
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 significantly different
equilibrium scour depths, see Umeda (2011).

For low K C-numbers the diffraction of the waves can have an impact on the results. This is controlled by the ratio
between pile size and wave length (D, /L) and it is usually considered to have an impact when D, /L become larger
than around 0.1 to 0.2. For the present results D, /L <0.08, so the impact by diffraction will be small, see e.g. Sumer
and Fredsge (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 sufficient to prevent breakthrough. However, there is no
reason to believe that the deformation pattern would have been significantly different. Tests with an overall extent of
the scour protection of less than 3D,, has been excluded as the primary deformation pattern tends to extent outside
the scour protection in these cases making a classification questionable.

3.1.1 Remarks regarding initiation of rock motion

The mode of sediment and rock motion induced by flowing water is usually represented by the Shields number or the
relative Shields number (M OB, 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, M OB;,, (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 finds that this increased uncertainty will overshadow the benefits 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 M O B-scaling can be written as:

MOB — emodel _ eprototype (1)
gcr,model ocr,prototype
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Figure 3: Examples of deformations of scour protections in the ranges of 0 < ug,, < 0.45, 0.01 < 6 < 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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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 5: Deformation type of the scour protections as function of u., and Shields numbers; included data in the
range 0.5 < KC < 5.5. Three types of deformations, Types 1, 2 and 3 are indicated and the solid lines are the
estimated border lines between these three types of deformation. Filled symbols with black edge show that the plot
of the scour protection is shown in Fig. 3 and 4, the letters next to the data points refer to the relevant panels in the
figures. Points without filling and filled points with black edges are from Atlantic Basin test by Deltares (2024),
points with light grey filling (u.,, = 0) are from Delta Flume tests by Deltares (2024), points with darker grey filling
(0.0 < uey < 0.8) are from de Vos (2008) (deformations types based on photo in Appendix VI, the deformation type
was not identifiable for tests 24, 37, 38%, 39, 40, 41, and 51), filled points (0.65 < ue, < 0.8) are from Wu et al.
(2020), points with a black dot at ., = 1 are from the initial tests of Deltares (2023b) (part of Deltares (2024)),
point with a plus (*+’) are from Ferradosa (2018) (rock densities found via de Schoesitter et al. (2014)), points with
a black 'x” are from Loosveldt and Vannieuwenhuyse (2012) (deformations types based on photo in Appendix E, the
deformation type was not identifiable for test 35), points with a black star ("%’) are from Chambel et al. (2023), and
the point with dark grey filling (ue, = 1) is from de Lemos et al. (2023). Both u.,, and 6 is based on w,, as
representative for the wave motion. The bars at u., = 1 covers the ranges of initiation of motion by the lee-wake
vortex and the horseshoe vortex based on Nielsen and Petersen (2019).
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where 0p04er is the Shields number and 6cr moder is the critical Shields number the model scale rock, and Oprototype
and Ocr prototype are likewise for the prototype rock.

The propagated error of this when finding 6,,,ot01ype Will be (assuming that the errors are dependent):

A9;07’ototype o Aecr,model + Aemodel + Aecr,prototype (2)
oprototype Gcr,model omodel ecr,prototype

where A6 is the estimated error of the relevant Shields number.

Similarly, by applying the definition of the Shields number (6 = 7/(gpw (s — 1)D50)) to Eq. 1, the relation between
model scale and prototype rock size can be found:

ecr,model Tprototype Pw,model (Smodel - 1)

D50,p7‘ototype = ) D50,model (3)

ocr,prototype Tmodelpw,prototype(Sprototype -1

where 7 is the bed shear stress, p,, is the density of the water, and s is the relative density of the armour rock.

The error of the estimated Dsg prototype can then be estimated, assuming that the estimated critical Shields numbers
and the bed shear stresses are independent of each other:

ADE’)O,prototype _ \/(Aacr,model + Aecr,prototype)2 + <A7—model + AT;wototype)2 (4)

DSO,prototype gcr,model ecr,prototype Tmodel Tprototype

This estimate is valid under the assumption that the errors of the bed shear stress and critical Shields numbers will
dominate the total error as the of the density of water, relative density of the rock and the rock size are typically small
and can be left out of the estimate of the propagated error.

The effect of the M OB and Shields scalings can then be compared based on Egs. 2 and 4 as listed in Table 2. The
"Direct Shields scaling” is based on 0cr modet/bcr prototype = 1, the ” M OB based on Soulsby and Whitehouse (1997)”
is based on the parametrisation of the Shields curve by Soulsby and Whitehouse (1997):

0.30

where D, = (g(s—1)/v*)'/3Dsy) and v is the kinematic viscosity of water. The error of the critical Shields numbers
is based on Figs 2 to 4 in the same article. This parametrisation by Soulsby and Whitehouse (1997) has been applied
by many studies, including Wu et al. (2020) and Broekema et al. (2024). The ” M OB based on Sumer and Fredsge
(2002)” is likewise based critical Shields numbers and corresponding errors found in Fig. 1.2 in the book.

The results in Table 2 shows that there may be an actual effect of applying the M O B-scaling. If the parametrisation
by Soulsby and Whitehouse (1997) is applied the prototype median rock size will be around 80% of the rock size found
using a direct Shields scaling. However, if the Shields curve presented in Sumer and Fredsge (2002) is applied there
is no effect other than an increased uncertainty of the result. The increased uncertainty is in fact the case for both
Soulsby and Whitehouse (1997) and Sumer and Fredsge (2002) Shields curves. Furthermore, it cannot be determined
which of the two Shields curves there are predicting the actual critical Shields number best, but it can be said that
the data presented in Soulsby and Whitehouse (1997) indicate that the Shields curve is different for regular waves
and current. This is, at least partly, due to the definition of Shields in waves applying the maximum bed shear stress
which only appears for very short time, too short to actually mobilise and move sediment and rocks. To actually
move the rock, a duration of time is needed and that will in practice result in a higher maximum bed shear stress and
critical Shields number, as also described by Soulsby and Whitehouse (1997). It should also be mentioned that, to
the knowledge of the author, no data is available for critical Shields in irregular waves and combined irregular waves
and current, so the MO B-scaling is basically based on an assumption that a certain Shields curve (typically based
on steady current test and in some case also regular waves) are valid for combined current and irregular waves, where
the waves are represented by statistical wave induced velocity, for example u,, as defined in App. A. However, as seen
in Table 2, two different, but equally valid Shields curves can give very different results. To reduce the uncertainty
as much as possible the Shields scaling will be applied. This also means that the results in this article are practically
only valid for rough bed conditions.

It is noted that this only applies for the rock. Other scaling methods are applied for all other quantities like
pile size, water depth, wave and current conditions, storm duration etc. Usually, the Froude scaling law is applied
for these quantities, however, other parameters can be of relevance e.g. the Reynolds number. Both the Froude
and Reynolds numbers has associated uncertainties, but these are relatively small as the quantities applied for these
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numbers are relatively well-defined and usually with relatively small uncertainties, opposite the Shields number where
the determination of the bed shear stress is in most cases relatively uncertain.

3.2 Quantitative interpretation

As already mentioned in Sec. 3.1 a quantitative analysis of the deformation of scour protections is much more
sensitive to the test duration than the qualitative analysis presented in Sec. 3.1. Two different strategies are often
applied to ensure consistent and comparable data: 1) Testing constant conditions until equilibrium or 2) testing of a
fixed period of time (often defined as a specific number of waves). The strategy of testing to equilibrium is common
practice when testing scour in live-bed conditions, see e.g. Sumer et al. (2013) and de Lemos et al. (2023) among
others, and it has also been applied for various scour protection tests, e.g. Nielsen et al. (2011, 2013, 2015) and
Petersen et al. (2015) covering sinking of scour protections and edge scour. The method has only been consistently
applied for armour rock stability in the study by Nielsen et al. (2023). Other studies such as de Vos (2008), de Vos
et al. (2012), and Wu et al. (2020) have applied the strategy of testing for a fixed period of time.

It can be discussed which strategy is best. The duration required to reach equilibrium depends on the actual
mobility of the armour rock, represented by the Shields number and indirectly the w., ratio. However, if moderate
deformation is accepted the duration required to reach equilibrium will often be very long in the case of scour protection
deformations and in many cases at least an order of magnitude longer than the expected duration of the design condition
for practical applications. Hence, if this strategy is applied, the results will probably be the most consistent, but the
deformation is likely to be large compared to what will be seen in practical applications. The strategy of a fixed test
duration is likely to give somewhat more uncertainty in the results as the time scale of the deformation varies for
different conditions, see Sec. 3.4. On the other hand, the magnitude of the deformations is likely to be more realistic
provided that the test duration has been selected correctly relative to typical storm durations.

This means that for example the studies of Wu et al. (2020) and Nielsen et al. (2023) both can be expected to
be internally consistent, but not necessarily directly comparable. It appears to be more complicated in the case of
Deltares (2024). In this study the tests were conducted in test series where the hydrodynamic conditions were changed
from test to test without rebuilding the scour protections (as in the case of Nielsen et al. (2023)), but without ensuring
that equilibrium was reached after each test).

However, as demonstrated in Sec. 3.5 it is possible to setup a time step model based on equilibrium deformation
and time scale of the deformation process to overcome the issue of test duration and achieved deformation.

The selection of data for the quantitative analysis from the different studies applied in the analysis is discussed in
detail in the following sections. Note, only studies where the maximum equilibrium deformation, Seq/D,, is available
is considered.

3.2.1 Selection of data from Deltares (2024) in Atlantic Basin, Deltares

As mentioned in the previous section, the data in Deltares (2024) obtained from tests with varying test conditions
applied for durations not always long enough to reach equilibrium of the deformation process. This has resulted in a
large dataset with multiple wave and current conditions, but with the drawback that not all the tests can be directly
compared. Two tests with similar test conditions but in different test series can have significantly different sizes of
the deformation of the scour protection as the conditions of the previous tests in the two test series have been very
different and not reached equilibrium, at least in one of the cases. It is described, in the following how comparable
tests has been identified for the further analyses.

The first step was an analysis of Test Series A. The test series included six tests with practically constant test
conditions (Test AOla to A01f), which gives an indication of whether the equilibrium was reached. It should be noted
that the test series, as all the test series in the Deltares (2024) Atlantic Basin tests, included four individual piles with
scour protections, see Deltares (2023a) for details.

The development of the maximum observed deformation over the duration of the tests of the four scour protections
are shown in Fig. 6. As seen in the figure, the deformation around Pile 2 and 3 seems to have reached equilibrium
after around 2 to 2.5 hours, but the deformation around Pile 1 and 4 continues to develop and it not possible from
this information to determine if the deformation has reached equilibrium at the end of the test.

It should, however, be noted that the deformation may remain stable adjacent to the pile or even back-filling while
developing further away as seen in Fig. 7. This is also the case for Pile 1 and 4 in Test AOle to AO1f, see Fig. 6
where the largest deformation takes place away from the pile (fully drawn lines), while the deformation adjacent to
the piles is more or less constant (dashed lines). This also means that additional care should be taken before the data
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Figure 6: Relative deformation in the armour layer as function of the duration of the test series for Test Series A0la
to AO1f. The fully drawn lines and filled symbols are the maximum scour within 1.0D,, from pile centre while the
dashed lines and open symbols are the maximum scour within 0.55D,, + 2D5( from the centre of the pile (adjacent to
the pile). Data from Deltares (2024)

is applied. Diagrams are provided in Appendix F in Deltares (2023a) showing the development of the deformation
adjacent to the pile with a high temporal resolution, but as shown in this paragraph it may not give a correct picture
of the deformation development.

Given the test methodology applied for Deltares (2024) the realistic analysis of the data will have to focus on a
equilibrium strategy. An attempt to determine deformation at a fixed duration is simply not found feasible given the
varying test durations and accumulative deformations covering different test conditions. In order to find the tests,
there are likely to be at equilibrium the relative deformation, S/ D, was plotted as function of two relevant parameters:
accumulated test duration, %t and Shields number, 6, as seen in Fig. 8. The accumulated test duration is individual
for each test series and is accumulated duration of the present and previous tests.

The upper panel of Fig. 8 shows the relative deformation as function of accumulated test duration. The deformation
is generally increasing for increasing accumulated test duration, this is an indication that equilibrium is only reached
at the end of each time series, but it can also be caused by the fact that most of the time series had increasingly severe
conditions and hence expected larger deformations. Furthermore, a more detailed inspection of the results shows that
in the case of Type 1 deformation, the relative deformation remains below 0.1, where in several cases the equilibrium
is reached after a short duration of less than a couple of hours.

The lower panel (relative deformation as function of Shields number) shows a similar tendency with increasing
deformation for increasing Shields number, so it is reasonable to conclude that there is a dependency of the Shields
number on the deformation, which is also seen in Fig. 10.

Based on Fig. 8 it can be concluded that for the Deltares (2024) Atlantic Basin data the:

e Deformations depends on the Shields number.
e Reported deformations are representative for the equilibrium deformation in case of Type 1 deformations.

e Measured deformations appears representative of equilibrium scour when the accumulated test duration exceeds
6.5 h in case of Type 2 and 3 deformations.
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Figure 7: Difference in bathymetry of the scour protection between Test A01f and AOle for Pile 1. Data from
Deltares (2024)
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Figure 8: The relative deformation, S/D,, as function of accumulated duration, ¥t and 6. Filled symbols are Type 1
deformation pattern and the lines connects tests of representative test series. Test with scour protection extent less
than 3D, are excluded, as edge scour might have a major impact on the stability of the scour protection. Likewise,
individual tests with (S > ts, — Dso) are excluded as this large deformation indicates breakthrough of the armour
layer and scouring of the much more erodible underlaying sand or filter material. Data from Deltares (2024).
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The requirements to the accumulated test duration to have a reasonable representation of the equilibrium situation
is to some degree uncertain for Type 2 and 3 deformations. The accumulated test duration is just an indication
of the required duration to reach equilibrium, and the same accumulated test duration may cover a broad range
of conditions. Hence, the deformations for two scour protections and piles of the same design may, after a certain
accumulated test duration, be very different if the hydrodynamic conditions have been different and the time to reach
equilibrium may be very different for the two cases. This means that equilibrium may be reached after relatively short
time for some test series while it will take much longer for others. There may also be situations where a certain test
reached equilibrium, while the following in the same test series did not. However, to find and remove these cases from
the data set will require a manual assessment of each test which will almost certainly be arbitrary, at least to some
extent. To avoid arbitrary sorting of the data it was decided to apply constant threshold for the accumulated test
duration. This threshold was set to 6.5 hours, which is found to be a reasonable compromise between avoiding too
many underdeveloped tests and keeping as much reliable data as possible. For accumulated test durations of less than
6.5 hours there appears to be a relative high spreading of the deformations for higher Shields number (6 > 0.025);
this is much less pronounced for accumulated test durations of at least 6.5 hours, where most of the data points at
the upper part of the data cloud, indicating that the results are closer to equilibrium. Tests of Type 1 are included
in the dataset independent of the accumulated test duration. Furthermore, data from Deltares (2024) Test AOla to
AOQle has been removed as these are represented by Test A01f.

In addition to the Shields number, the deformation is sometimes described as dependent on the K C-number, see for
example Broekema et al. (2024) or the wu,,-ratio, see Nielsen and Petersen (2019). The dependency on the ue,-ratio
will be discussed in Sec. 3.2.6 while the effect of the KC-number will be considered here. Fig. 9 shows the same
data as in Fig. 8 but with the relative deformation as function of Shields and K C-number. Most of the deformation
intervals lays within a narrow range of K C-numbers, for example, all equilibrium tests within the deformation range
of Seq/Dp < 0.05 lay in the interval 1 < KC < 2.5, which make it difficult to determine the dependency on the KC-
number. The deformation range 0.15 < S,/D,, < 0.21 is also in a narrow range of K C-numbers (2.7 < KC < 4.0),
while 0.10 < S¢q/D, < 0.15 covers a broader range of 1.6 < KC < 3.4, but these tests covers a relative larger range
of uep-number (0.56 < ., < 0.71) which in it self can cause a larger difference in relative deformation, see Fig. 11.
However, a subset of the range 0.05 < S.,/D,, < 0.10 provides a broad range of K C-numbers (2.1 < KC < 5.4) and
a reasonable narrow range of ey, (0.37 < ug, < 0.44); the data points of this subset of tests are marked as filled
sqaures.

The only trend of these data points appears to be that they are within the same range of Shields numbers and hence
independent of the K C-number. This is also illustrated by the best linear fit to the data point shown as a thick black
line that is almost horizontal. The thin black lines are the one standard deviation confidence interval. This shows that
the deformation is practically independent of the K C-number in case of combined waves and current in the studied
range of KC (1.5 < KC < 5.5) and u¢, around 0.4, which is inline with the finding for waves alone shown in Fig.
10 and the finding for combined waves and current by Nielsen and Petersen (2019). Based on this it is reasonable to
conclude that the results can be considered independent of the K C-number for KC' < 5.5 and clear water conditions.
Furthermore, the deformation intervals 0.10 < S;/D,, < 0.15 and 0.15 < S,;/D,, < 0.21 shows the same trend and as
mentioned before the range of KC-numbers for S.,/D, < 0.05 is too narrow to be conclusive.

It is noted that Deltares (2024) provided bathymetrical measurements of the scour protections. The deformation,
S, was taken as the maximum deformation within 0.8D,, from the pile centre. The exclusion of data further away
than 0.8D,, from the pile centre was made to avoid effect of edge scour. The distance of 0.8D,, is based on experience
and visual inspection of the plotted bathymetries, see e.g. Appendix E in Deltares (2023a), where it is seen that the
deformation caused by the pile takes place within this zone, see also Fig. 7.

The selected data has grain Reynolds numbers in the range 75 < Re < 635. This means that the scour protections
were hydraulic rough and that the critical Shields numbers were at the constant part of the Shields curve as practically
all full scale structures. The grain Reynolds number is defined as Re = U;Dso/v where Uy is the friction velocity
based on the bed shear stress found using the parametrisation given in Roulund et al. (2016) (Uy = /7/p), and v is
the kinematic viscosity of the water.

3.2.2 Selection of data from Deltares (2024), Delta Flume

The duration of both the individual test and accumulated test series of the Deltares (2024) Delta Flume test series
was shorter than the tests in the Atlantic Basin. The duration of the individual tests varied from a little more than 30
min to around 50 min and the accumulated duration of the two test series was a little less than 2 and 3 hours for Test
Series A and B, respectively. In this context it should also be recalled that the wave peak period in the Delta Flume
was two to three times longer than in the Atlantic Basin and consequently the scour protections in the Delta Flume
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Figure 9: The relative equilibrium deformation, S.,/D,, of the data in Fig. 8 found to be equilibrium but as
function of the Shields and K C-numbers. A subset of these tests is further highlighted with filled markers. These
tests lays in the range of 0.37 < ¢y < 0.44 so the influence of the u.,-ratio on the deformation can be considered
small. The thick black line is the best linear fit of these points, and the thinner black lines indicate one standard
deviation confidence. Data from Deltares (2024).

tests have been exposed to significantly fewer waves than in the Atlantic Basin tests. However, Test AO1 and B0O
resulted in Type 1 scour and based on the analysis of the Atlantic Basin results (Sec. 3.2.1) it is reasonable to assume
that the deformations measured after these tests are representative for the equilibrium. Of the remain five tests, two
(A03 and B03) were discarded due to breakthrough of the armour layer by the deformation, the three last tests were
kept in the quantitative analysis as they seem to follow the trend of previous tests (see Fig. 10). Furthermore, the
analysis of the time scale of the deformation process (Sec. 3.4) indicates that the time scale of waves may be shorter
than deformation by combined waves and current, perhaps as much as a factor of ten, although this is rather uncertain.
Nevertheless, it is found plausible that the results are representative of the equilibrium scour to the same degree as
the Atlantic basin tests.

Inline with the findings by Nielsen et al. (2023), the deformation appears to increase linearly with the Shields number
for irregular waves. The trend line in Fig. 10 is the best straight line through the data by Deltares (2024) (Atlantic
Basin and Delta Flume) and Umeda (2013) for Shields numbers up to 0.04:

Seq

P

= 3.30 — 0.008 (6)

It should be noted that the transition between clear water and live-bed in Fig. 10 tends to take place at a higher
Shields number (6 = 0.05 to 0.06) than the critical Shields number given by the Shields curve for current and rough
bed (0. = 0.03 to 0.06), see e.g. Sumer and Fredsge (2002). Similar effects have been observed when testing for the
critical Shields number in case of oscillatory motion, see e.g. Rance and Warren (1969); Willis (1978) as presented
by Soulsby and Whitehouse (1997). The same effect was reported by Vithana (2013) and can be seen in the data
by Sumer et al. (2001); Dixen et al. (2008) (only tests with particles of similar size as the surrounding rocks are to
be considered), all studies of initiation of motion of single particles among otherwise stable particles. This effect is
usually attributed to the definition of the Shields number in waves based on the near bed horizontal wave velocity
amplitude; although the bed shear stress is large enough to mobilise the material, it is only large enough for a very
short period of time for each wave cycle; not long enough to mobilise and transport a grain to a new position, hence
a higher bed shear stress is required to actually initiate motion of the material.

The selected data has grain Reynolds numbers in the range 400 < Re < 1300. As for the Atlantic Basin tests (Sec.
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Figure 10: Clear water scour and deformation of scour protections as function of the Shields number in case of waves
alone. Note, tests with KC > 8 presented in Sumer et al. (1992); Umeda (2013); Schendel et al. (2020); Nielsen et al.
(2023) are left out for clarity; this is also the case for tests from Sumer et al. (1992) with relative scour depth
presented as '~ 07, as well as tests with 6 > 0.12.

3.2.1), this means that the scour protections were hydraulic rough and that the critical Shields numbers were at the
constant part of the Shields curve as practically all full scale structures.

3.2.3 Selection of data from Wu et al. (2020)

The Wu et al. (2020) tests including reanalysed results from de Vos (2008). These tests were conducted with
3000 waves (30007},) and according to de Vos (2008) this is an insufficient test duration to reach equilibrium, and the
deformation was reported to be up to around 1.25 times larger after 5000 waves compared to 3000 waves. Furthermore,
equilibrium was probably not reached even after 5000 waves. The tests by Loosveldt and Vannieuwenhuyse (2012)
were conducted under similar conditions and gave similar results for up to 9000 waves. The deformation appears to
be developing even after 9000 waves, but slowly, and the damage number was again around 1.25 time higher at 9000
waves compared to 3000 waves.

Wu et al. (2020) found the deformation directly by subtracting the before and after bathymetrical measurements of
the scour protections (personal communication with Dr. Minghao Wu), while a moving average disk filter was applied
for Deltares (2024). The moving average disk filter will remove the most extreme elements of the bathymetrical
measurements, for example holes between rocks and a single rock at the top of the scour protection, which can appear
as very large deformation when two bathymetrical measurements are subtracted. This also means that Wu et al. (2020)
including the reanalysed data from de Vos (2008) will include some extreme deformations that have been filtered out of
the Deltares (2024) data, see Deltares (2023a) for details. The effect of applying the unfiltered data can be as much as
S/D,, = 0.08 (or 2D50/D,), but in most cases around 0.05D,, or less. However, the underestimation due to the short
test duration is estimated to be around 30% or 0.03 for a typical reported deformation of 0.1D,. Comparing these
numbers shows that the Wu et al. (2020) data is likely to be comparable to the deformations found in the Deltares
(2024) measurements, although Wu et al. (2020) might find slightly larger deformations for the same condition.

Based on the discussion in the previous two paragraphs, it was decided to include these results as: 1) the bias of the
deformation due to the relatively short test duration is assumed to be similar to the bias of the other datasets, and 2)
the methodology to find the deformation was slightly different and will result in a larger maximum deformation.

The selected data has grain Reynolds numbers in the range 300 < Re < 960 for the original Wu et al. (2020)
data and 105 < Re < 185 for reanalysed data from de Vos (2008). So, also in this case the scour protections was
hydraulic rough and the critical Shields numbers were at the constant part of the Shields curve as practically all full
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scale structures.

3.2.4 Selection of data from de Lemos et al. (2023)

Two data points from de Lemos et al. (2023) has been included. De Lemos et al. (2023) studied clear waters scour
in current and the tests were therefore conducted in fine sand (dsy = 0.18 mm) where the scour appeared as a conical
shape hole. The scour development was measured with a high temporal resolution so the equilibrium scour, and time
scale of the process could be found to an accuracy at least as good as for the other datasets.

The grain Reynolds numbers for these two data points are much lower than for the other studies as they were
conducted in sand. The Reynolds numbers were 1 and 2, which corresponds to a smooth bed and maybe also a higher
critical Shields number than the remainder of the tests. However, Eq. 5 gives a critical Shields number of 6., = 0.06
while de Lemos et al. (2023) reported 0., = 0.035 based on experimentally determined critical velocity. Both values
are within the scatter of the Shields curve for current presented in Soulsby and Whitehouse (1997) (0.03 < 6., < 0.1)
and also in the case of rough bed where the scatter spans approximately (0.02 < 6., < 0.07), so the results can be
compared with other results considered, based on the Shields number.

3.2.5 Selection of data from Deltares (2023b) (part of Deltares (2024))

Four points from the test campaign on flexibility of loose rock scour protection Deltares (2023b), which is a part of
Deltares (2024), is included as well. These points originate from the initial tidal current tests, intended to erode a sill
of sand to form a falling apron, however, the results are found to be useful in this study as well. The scour protections
have been exposed to 12 or 18 hours of constant current speed, but the direction was changes 180° every hour. Given
the small deformation, this is found to be enough to reach equilibrium.

The selected data has grain Reynolds numbers in the range 95 < Re < 230. Which is within the rough bed regime.

3.2.6 Deformation in combined waves and current

For live bed scour the equilibrium scour for combined waves and current is often presented as a function of e
and KC, where the latter appears as contour lines in the plot, see e.g. Sumer and Fredsge (20015). Wu et al. (2020)
attempted to present the deformation of the scour protections in the same way, but without success. This is because
the deformation is essentially a clear water scour process, and the Shields number has a major impact on the magnitude
of the deformation. Nielsen and Petersen (2019) showed that initiation of motion of armour rock around a monopile
is a function of Shields and uq,-numbers, in case of low K C-numbers (1 < KC < 10). This is discussed in details in
Sec. 3.2.1 (Fig. 9) Nielsen and Petersen (2019) furthermore showed, that a descriptive damage (categorized as “Low
Damage”, “Some Movements”, and “Failure”), as defined by den Boon et al. (2004) and applied by de Vos (2008),
de Vos et al. (2012) among others, could be described in the same way. As the deformation types can be organised
in this way (Fig. 5) it is reasonable to plot the quantitative deformation in the same way. This is shown in Fig. 11
where the data selected according to the criteria established in Sec. 3.2.1 to 3.2.5, where it is seen that magnitude
follows the expected trend of increasing deformation with increasing Shields and w¢,,-numbers.

Nielsen and Petersen (2019) showed that the critical Shields number has a dependency on the rock size relative
to the pile diameter (Dso/Dp) in case of current. This may also be the case for waves and combined waves and
current. However, the tests applied have Dso/D, < 0.06 where the critical Shields number was almost constant in
case of current and plausible also for waves. Nielsen and Petersen (2019) did not present data on this for combined
waves and current, but it is assumed that the critical Shields number was constant in this case as well and that
deformation of the scour protection was unaffected by the rock-size-to-pile-diameter ratio within the applied interval
0.002 < Dso/D,, < 0.06.

3.2.7 Remarks on current dominated conditions

Wu et al. (2020), Nielsen et al. (2023) and Deltares (2024) are all focusing on waves and combined waves and current.
To cover the entire range from waves alone to steady current studies focusing on current must be included. Nielsen
and Petersen (2019) presented a large dataset on initiation of motion of armour rock on scour protections around
monopiles exposed to current as well as descriptions of the deformation mechanisms in both waves and steady current
but did not quantify the deformation. However, the limits for the different motion from this dataset has been applied
to establish the limits between Deformation Type 1, 2, and 3 in Fig. 5 and 11.
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Figure 11: Maximum deformation relative to the pile diameter as function of the u.,, and 6 (both based on w,,);
included data in the range 0.5 < KC < 5.5. Points without filling are from Atlantic Basin test by Deltares (2024),
points with light grey filling (ue, = 0) are from Delta Flume tests by Deltares (2024), points with darker grey filling
(0.3 < ey < 0.8) are from de Vos (2008) as reanalysed by Wu et al. (2020), filled points (0.65 < ue, < 0.8) are from
Wu et al. (2020), points with a black dot at ue, = 1 are from the initial tests of Deltares (2023b) (part of Deltares
(2024)), and the points at 1., = 1 are from de Lemos et al. (2023). The bars at u., = 1 cover the ranges of
initiation of motion by the lee-wake vortex and the horseshoe vortex based on Nielsen and Petersen (2019). The
trend lines are based on Eq. 7.

The deformation mechanism in waves was found to be very different from steady current, see Nielsen and Petersen
(2019). In waves the deformation evolved gradually with increasingly larger waves (Shields number) without a sudden
failure. This is also seen in Fig. 11 where the deformation of the scour protection increased gradually for increasing
Shields number.

This is different from the steady current case as described by Nielsen and Petersen (2019). In the study it was found
that the first motion of the rock appeared in the lee-wake of the monopile for Shields numbers around 0.005. The
motion of the armour rock was, however, found to cause little or no accumulative damage to the scour protection as the
lee-wake vortices tended to move the rock back and forth, rather than in a certain direction. This is in major contrast
to the deformation caused by the horseshoe vortex, Shields number around 0.011, which causes a sudden mobilisation
of the rock adjacent to the upstream side of the pile that removed all rock in the scour protection. Opposite the wave
dominated situation where even relatively high Shields number will cause little deformation of the scour protection, it
is reasonable to believe that the horseshoe vortex generated by current slightly above the critical velocity can cause a
significant scour hole in the scour protection.

The deformation or scouring of the scour protection is basically a clear water scour process. Although there are no
deformation tests of scour protections in current available, tests of clear water scour around monopiles can be used.
Baker (1986) as presented in Melville and Sutherland (1988) provided equilibrium scour depths for different current
speeds covering both clear water and live-bed conditions. The results show a rapid increase in the scour depth with
increasing velocity in the clear water regime; these results were recently confirmed by de Lemos et al. (2023). It should
here be noted that Yao et al. (2018) found the critical Shields number for initiation of scour around a monopile in
current to be 0.016 (for a pile truncated at 5D,), somewhat higher than what was found by Nielsen and Petersen
(2019).

It must be kept in mind that the consequence of exceeding the critical Shields number in current dominated
conditions is much higher than in wave dominated conditions. A relatively small exceedance of the critical Shields
number can result in an almost sudden destruction of the scour protection if scouring of the scour protection material
by the horseshoe vortex is initiated, see Nielsen and Petersen (2019) for details. Furthermore, the deformation of
the scour protection can be large, in some situations more than S/D, = 1, see e.g. Fig. 11. It will in practice
not be feasible to accommodate such large deformation in a scour protection as the required thickness of the scour
protection will be around a pile diameter or more. Based on the current knowledge it is recommended to design scour
protections in current dominated conditions stable in both upstream side (horseshoe vortex) and down-stream side
(lee-wake vortices), i.e. the critical Shields number should be less than approximately 0.004. If motion of the rock in
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Figure 12: The performance of Eq. 7 on the data presented in Fig. 11. The correlation is 0.9 and RMSE=0.3.

the lee-wake is accepted the critical Shields number can be increased to around 0.008. It is under all circumstances
important to consider the consequences of a failure as minor deviations from the design conditions may result in severe
damage to the scour protection. It is also noted that the numbers given are without any safety factors.

3.3 Parametrisation of the scour protection deformation

Based on the data presented in Fig. 11 it is possible to develop a parametrisation that provide an estimate of the
equilibrium relative deformation as function of the u., and Shields numbers. To do this, some assumptions must be
made; little data is available for the most wave dominated situations (ue, smaller than around 0.3), but the available
data show a tendency that a certain deformation requires an increasing Shields number for increasing wu., number.
This is also in accordance with the trend seen for deformation type in Fig. 5 where more data is available for waves
alone. However, the little data make it impossible to determine the actual size and shape of the variation except
for waves alone where Eq. 6 provides an estimate of the equilibrium relative deformation as function of the Shields
number for waves alone. This is applied and a linear relation is assumed between these deformations at ., = 0 and
the current dominated conditions found for ., > 0.4. For u., > 0.4 the required Shields number to obtain a certain
deformation tends to decrease with increasing u.,, number. This gives a basic set of formulas:

Seq {014(0.4 — Uei)(3.30 — 0.008) + g tiew (a1a20920.47 W(a2/0")/I(0A4"))  for 4, < 0.4 o

D, a1a29“3u&,}n(a2/0a3)/1n(0'4a3) for e, > 0.4
where a; = 140, ag = 0.45, and a3 = 1.14 are fitting parameters determined by minimizing the root-mean-square-error
(RMSE) for cases with ., > 0.4. The formula is valid for 0.5 < KC < 5.5, 0.010 < 6 < 0.025, and rough bed of the
scour protection (in practice constant critical Shields number).

For the formula to provide the best possible estimate of the relative equilibrium deformation it is important to use
the correct input parameters, see Sec. 4.3.1 for details. The procedure for calculating the parameters is outlined in
App. C.

The performance of Eq. 7 on the data shown in Fig. 11 is plotted in Fig. 12. The correlation between the observed
and predicted relative deformation is high, 0.9. However, this is also the case for the RMSE=0.3. Both numbers are
strongly influenced by the two data points from de Lemos et al. (2023). Removing these two data points reduces the
correlation to around 0.6 and the RMSE to around 0.05 but it will not influence the coefficients a; to ag, significantly.

3.4 Time scale of the deformation

The time scale of the deformation is important for the assessment of the actual deformation during a storm, see
also Sec. 5. The development of scour over time is often assumed to follow a exponential development, see e.g. Sumer
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and Fredsge (2002):

S () = Se (1 — exp (-é)) (8)

Where S, is the equilibrium scour depth, ¢ is the time, and T is the time scale of the scour process. To apply
this definition in practice requires that the time scale and equilibrium scour depth are known. The time scale can be
estimated from physical model tests, but it requires, for it to be accurate, that the scour development is measured with
a high frequency to capture the actual development. There is not much data of this kind available for deformation of
scour protections, but Deltares (2024) provides a little in form of Test AOla to f, as already presented in Sec. 3.2.1
(Fig. 6). Furthermore, tests D04 to D04b Pile 2 and 4 (also from Deltares (2024)), data from Schendel et al. (2014),
Schendel et al. (2018) (tests UniOl to Uni03 and Tide 01), and de Lemos et al. (2023) (tests B1 and B2) were found
to be applicable for estimating the time scale based on maximum deformation, S. Ferradosa (2018) provided time
series with three to four steps that were found suitable for estimating the time scale, but these time series were based
on the damage number, Ssp, originally introduced by de Vos (2008); de Vos et al. (2012) and defined as:

Vs
Ssp = - 9
P ADn,SO ( )
where V; is the scoured volume, A is the subarea of which the measurement is taken, and D, 50 is the nominal size
of the median rock. It is noted that the area A is defined differently in different studies, see Ferradosa (2018) for the

definition applied in that study.

It must be noticed that most of the time scales are estimated based on only three or four data points and in some
cases the starting time has been estimated as well, as the data is taken from a longer test series. It is also noted
that tests D04 to D04b Pile 2 and 4 (Deltares, 2024) had reasonable constant Shields and w.,, numbers, but the
K C-numbers increased slightly from test D03 to D04a and b.

Fig. 13 shows the measured deformation of the scour protections over time for the tests from Deltares (2024)
and Schendel et al. (2014) mentioned above. The deformation development is shown together with the development
according to eq. 8 for time scale from 0.25 h to 8.0 hours, from which the time scale of each test has been estimated. A
similar plot for the 10 applicable tests from Ferradosa (2018) is shown in Fig. 14. The time scales, corresponding non-
dimensional time scales, and other basic data for each of the tests are listed in Tables 3 and 4. The non-dimensional
time scale is defined as, see e.g. Sumer and Fredsge (2002):

(9(s=1)D%)""”

T* =
Dy

(10)

It is note that the temporal resolution of most of the cases listed in Tables 3 and 4 is relatively low for these kinds of
analyses and it is also noted that the scour protection may have settled slightly when submerged at the first time which
may led to a slight overestimation of the deformation between initial condition and the deformation after the first test.
If this is the case, the time scales based on the first test will tend to be underestimated. As for the deformation, see
Sec. 3.2.6, there may be an effect of the Dsy/D,, ratio, but it is not possible to identify it due to the limited amount
of data. Furthermore, if there is an effect, it is likely not to affect the present results for the same reasons presented
in Section 3.2.6.

The non-dimensional time scales, T%, listed in Tables 3 and 4 are varying significantly by five orders of magnitude.
The variation is mainly depending on the Shields and wu.,-number; however, by introducing the adjustment for the
Shields number (T*/6~3/?) suggested by Larsen and Fuhrman (2023) the numbers become more aligned. The main
variation is then due to the uc,-number as for the live-bed conditions reported by Petersen et al. (2012) and Sumer
et al. (2013) (as presented by Larsen and Fuhrman (2023)). However, as discussed in Sec. 3.1.1 regarding the
MO B-number, the Shields number comes with a significant uncertainty that will be added to the uncertainty of the
non-dimensional time scale, so the uncertainty of the time scale will be larger. This is found acceptable as the time
scale depends on the mobility of the rock, usually represented by the Shields number, so it is not found possible not
to have to add the uncertainty associated with the Shields number at some point during the process of predicting or
estimating the time scale, as it is the case for predicting time scales of live-bed scour, see e.g. Larsen and Fuhrman
(2023) and Sumer and Fredsge (2002).
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Table 4: Dimensional and non-dimensional time scales and various parameters for the time scale based on Ferradosa
(2018) as shown in Fig. 15. The time scale, T*/673/2 estimated using Eq. 15 (Column 5) is based on the
coefficients: W, = 0.02, b; = 0.36, and by = 5. The pile diameter, D,,, was 10 cm for all tests, the K C-number was in
the range og 2 to 3 and h/D, in the range 2.4 to 5.0.

Test Est. T [h] T* T*/073/2  T*/073/2 Eq. 15 Est S3g.q 0 Uew KC S Ds5p [mm]

S1-001 1.2 1.1 3.5 0.20 0.45 0.021 049 26 2.65 7.5
S1-005 1.0 0.20 1.3 0.16 14 0.034 053 25 2.56 2.7
S1-006 0.95 0.36 1.5 0.14 2.0 0.025 055 24 2.60 4.1
52-005 1.0 0.20 1.4 0.21 8.8 0.037 049 2.7 256 2.7
52-006 0.70 0.27 0.94 0.15 3.4 0.023 0.57 2.2 2.60 4.1
53-002 1.0 0.38 2.2 0.17 2.3 0.033 0.55 2.1 2.60 4.1
S3-003 1.1 0.42 14 0.13 1.9 0.022 062 2.1 2.60 4.1
S3-004 0.40 0.15 0.49 0.13 2.4 0.022 062 21 2.60 4.1
53-005 0.50 0.010 0.47 0.14 3.8 0.028 0.60 2.2 2.56 2.7
53-008 0.30 0.12 0.54 0.14 1.05 0.022 0.61 2.2 2.60 4.1
F1-007 0.40 0.15 0.78 0.020 0.33 0.030 0 2.8 259 4.1
F1-008 0.45 0.17 1.0 0.020 0.30 0.033 0 3.0 2.59 4.1

3.4.1 Prediction of time scales

Larsen and Fuhrman (2023) provided a formula for estimating the time scale of scour around a monopile in combined
waves and current under live-bed conditions:

T U(KC) [(q}g%))ﬁr“ for ey < 0.44, KC > 4, - < 27 "
_ 11
— In( 28 ) /1n(0.44
0= ) (/D yuen ™ O o e > 044, KO > 4, - < 27,
where:
U (KC)=8-10"°KC?® (12)

and (h being the water depth):

o(5)-s(5)

Equation 11 for live-bed conditions has the same trend as the time scales for clear water scour and scour protection
deformation, see Fig. 15. For both clear water and live-bed conditions the time scale is relatively low for waves alone
and steady current, but somewhat higher for combined waves and current. It should, however, be noted that the
amount of clear water data is limited, so it cannot be confirmed that the peak of the time scale in clear water and
live-bed conditions appears at the same u.,,-number. Looking at the available data it seems like the non-dimensional
time scale for clear water is around 100 to 1000 times longer than for live bed in case of waves alone, around 1 to 100
times longer at wu¢, around 0.4, and approximately 1 to 20 times longer in steady current.

The relatively longer time scale for waves compared to steady current should be seen in relation to differences
between equilibrium scour depth in clear water contra live-bed conditions for waves and steady current. In the case
of steady current, the maximum relative equilibrium scour depth is approximately the same for clear water and live-
bed conditions, see e.g. de Lemos et al. (2023). In case of waves the maximum equilibrium scour depth in clear
water conditions are up to around three times larger than the live-bed equilibrium scour for the present range of
KC-numbers, see e.g. Fig. 10. The larger relative equilibrium scour depth for clear water scour compared to live-bed
conditions will take longer to scour and the time scale will consequently have to increase more for waves compared to
steady current.

It must, furthermore, be noted that the estimated time scales are associated with considerable uncertainty. This is
especially the case for the time scales estimated on the basis of data of relatively poor temporal resolution, which is
the case for all data presented in the entire Sec. 3.4 except the de Lemos et al. (2023) data. For this reason, and due
to the low numbers of datapoints, it is strongly advised to apply these data with great care. The necessity of verifying
works based on these data by reliable methods, e.g. physical model tests and suitable numerical simulations should

Journal of Coastal and Hydraulic Structures Vol. 6, 2026, Paper 51 26 of 48



% ="
Nielsen, A.W. _TU Defft OPEN

@®  Deltares (2024) Series AOla to f Pile 1 to 4

B Deltares (2024) series D03 to D04b Pile 2 and 4
Schendel et al. (2014) Spectrum 1 to 3 position 1

A Schendel et al. (2018) UniO1 to Uni03 and Tide 01

V¥  deLemos et al. (2023) Test B1 and B2

Ferradosa (2018) S1-001 and 005 to 006, S2-005 to 006,
$3-002 to 005 and 008

[>  Ferradosa (2018) F1-007 and 008

Eq. 5 (Larsen and Fuhrman (2023) KC=4 and h/Dp=3)

— — — — Eq. 5 (Larsen and Fuhrman (2023) KC=2 and h/Dp=6.25)
—_———— Eq. 9 (clear water h/Dp=6.25)
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Figure 15: Non-dimensional time scales of scour protection deformation and clear water scour from different studies
plotted together with predicted time scales for live-bed conditions according to Larsen and Fuhrman (2023). Data
for each point can be found in Tables 3 and 4. The data for Ferradosa (2018) is based on Ssp rather than S/D,,.

also be considered. This can include evaluating the safety level of the design, consequences of failure, type of failure
among other issues.

3.4.2 Adaptation of equation 11 for clear water conditions

The value of a formula for estimating the time scale is high, especially if it can be combined with the formula for
equilibrium deformation, Eq. 7. If both the time scale and the equilibrium deformation can be predicted, it can be
used in a time step model to predict the development of the deformation over time and thereby work around the issue
that it is difficult to assess the actual deformations from actual storms as the deformation depends both on intensity
and duration of the storm, see also Sec. 3.2. Therefore Eq. 11 is adapted to clear water conditions, despite the
relatively high uncertainty of the available data and the limited number of data points.

As for the formula by Larsen and Fuhrman (2023) the formula for clear water deformation will give 7*/673/2 as
function of u.,. The formula will also consist of two parts: one for wave dominated and one for current dominated
conditions. In the case of wave dominated conditions the time scale presented by Larsen and Fuhrman (2023) depends
on the K C-number. However, as discussed in Sec. 3.2.1, the KC-number had little impact on the deformation for
the small KC-number in the present study; this is also found to be the case for the time scale where there is no clear
trend between T /6~3/2 and the K C-number in the dataset or the wave dominated (., separated, see Tables 3 and
4. Analyses have shown that both the correlation and M ALE (Mean Absolute Logarithmic Error, Eq. 14) improves
when the dependency on the KC-number is omitted.

P;
In ( Oi) ‘ (14)

where Ngps is the number of observations, P is the predicted value, and O is the observed value.

The best correlation and M ALE for the data in Table 3 and 4 was found to be for the coefficients ¥, = 0.78,
b1 = 7.47, and by = 4.4 in Eq. 15 and 16. It was also found that both correlation and MALE improved slightly by
reducing the change from wave to current condition from ., = 0.44 in Larsen and Fuhrman (2023) to e, = 0.4.
This gives a correlation of 0.6 and M ALE = 0.8.

1 Nobs

Nobs Z

i=1

MALE =

Fig. 15 includes an example of a result of Eq. 15 with the coefficients given in the previous paragraph. The formula
is generally following the data points fairly well with an exception of three data points from Deltares (2024) test series
A, which appears to have a relative time scale, 7% /0~3/2, around ten to fifty times smaller than the rest of the data.
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It has not been possible to identify a reason for the large spreading of the dimensionless time scale, T*/0~3/2, for
Uew around 0.4, but seen in Figs. 13 and 14 the time scale based on the tests series A in Deltares (2024) is the best
temporarily resolved time series for determining the time scale (except for the time scales by de Lemos et al. (2023)
time scales for steady current with very high temporal resolution). Inspecting Fig. 13 shows that the development of
the deformation in case of Deltares (2024) test series A is uneven with many changes and even reduced deformation
over time in some cases, similar to the variations often seen in scour tests, see e.g. Silva-Mufioz and Broekema (2025).
Silva-Mutioz and Broekema (2025) in fact suggest a more detailed definition of the time scale that takes variations
like this into account. However, while Deltares (2024) test series A may have sufficient data to conduct an analysis
as described in Silva-Munoz and Broekema (2025), the remaining data set will not provide sufficiently high resolution
time series for this kind of analysis and it is therefore decided to apply the traditional definition of the time scale in
Eq. 8.

Nevertheless, the above coefficients found in the analysis provide a poor result of the time step model (see Sec.
3.5). The time scale based on these coefficients is too long and leads to a significant underestimation of the scour
protection deformations in the time series provided by Deltares (2024) and Schendel et al. (2014). To account for this,
the coefficients were modified to provide a better result when applied in the time step model, but on the expense of
the capability to reproduce the estimated time scales in Table 3 and 4. The modified formula reads:

1

s ‘Pc{(%) 0.4} cw for e, < 0.4, KC < 5.5, DL,, <6 15)
—3/2 In(s—2——)/In(0.4
0-3/ Qc(h/Dp)quwcm/Dm)/ OD for upy > 04, KC <55, £ <6.

where:

i by B\ 0
Ql—=—)=—=| = 1
(5,) =5 (5,) s

and ¥, = 0.02, b = 0.36, and b2 = 5. Valid for rough bed on the scour protection (in practice constant critical Shields
number) and Shields numbers smaller than approximately 0.035.

An example of the time scale calculated by Eq. 15 is shown as a thick black line in Fig. 15. It is clear that it
is not following the data as closely as previously given parameters, but it is still within the scatter of the data for
current dominated conditions where it follows the time scales of Deltares (2024) Test Series A better; time scales that
are considered of higher quality. It should also be recalled that the time scale based on data from Ferradosa (2018)
is based on Ssp instead of S/D,, and this may have impacted the magnitude of the time scale. For wave conditions,
the proposed formula gives a time scale 10 to 100 times smaller than the data in Table 3. The time scales for waves
in the table is based on a few time steps and is consequently uncertain, which is found to be the main reason for the
difference.

For the formula to provide the best possible estimate of the time scale it is important to use the correct input
parameters, see Sec. 4.3.1 for details. The procedure for calculating the parameters is outlined in App. C.

3.5 Time step model for deformation of scour protections around monopiles

When formulas are established to determine equilibrium deformation (Eq. 7) and the time scale of the process (Eq.
15) with a reasonable accuracy these can be used to estimate the development over time. The methodology is the
same as applied in time step models for scour development, see e.g. Nielsen and Hansen (2007); Raaijmakers and
Rudolph (2008); Harris et al. (2010) and most recently Silva-Munoz and Broekema (2025) for time step models for
scour around monopiles.

The basic concept is that deformation goes towards a certain equilibrium deformation and time scale given by the
hydrodynamic conditions, monopile, and scour protection material. This is described by the equation:

dt

Sn = Seq,n + (Sn—l - Seq,n) €Xp <_T> (17)
n

where S5, and Scq,,, are the deformation and equilibrium deformation after the nth time step, respectively, S,_; is the

deformation in the previous time step, dt is the time step, and 7}, is the time scale of the deformation for the nt® time

step.

The time step model has been applied to the test series provided by Deltares (2024) for Atlantic Basin tests, as shown
in Fig. 16. The accuracy of the model varies from test series to test series as could be expected from the accuracy of
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the prediction of the equilibrium deformation and time scale of the deformation, Eqs. 7 and 15, respectively. However,
overall the model follows the trend of the deformation observed in the model tests. The model is also applied for the
results from Delta Flume provided in Deltares (2024) and the results from Grofler Wellenkanal (GWK) by Schendel
et al. (2014) as shown in Fig. 17. It is clear that there is a significant difference between the time scale of the Deltares
(2024) Delta Flume results and the Schendel et al. (2014) GWK results. This is despite that the tests are conducted
in almost similar wave conditions and scale. The main differences were the peak wave periods, which were 4.0 to 5.3
s in the Delta Flume and 8.0s s in GWK, however, not enough to explain the large difference (the K C-numbers were
1 to 2 and 2 to 4 for the Delta Flume and GWK, respectively. The median rock sizes were also similar: 9 mm and 18
mm for Delta Flume and 12 mm for GWK. However, the gradation varied a lot; the GWK tests had D1g/Dg4 = 7.4
and the Delta Flume was Di5/Dsgs = 3.5 and 25.3. Again, not a good explanation as the GWK gradation was in
between the two Delta Flume results.

A final difference was identified as the placement of the rock. In Delta Flume the rock was placed as a traditional
scour protection with an overall extent of 3D,,, while it in the GWL tests was place as an elevated bed over the entire
width of the flume and 4.5 m up- and downstream of the pile centre. This may explain the result as the larger extent
reduces the risk of loosing rocks over the edge of the scour protection, a process that will speed up the deformation
process.

The performance of the model on the time series shown in Figs. 16 and 17 is shown in Fig. 18. The correlation
(0.7) and an RMSE = 0.05 which are both reasonable. The model provides reasonable accurate results with a weak
tendency to overpredict the deformation in case of large deformation, S/D,, larger than around 0.15.

3.5.1 Limitations to the time step model
The time step model is fully based on empirical data which does not cover the entire span of the model and also

come with some uncertainty. The lack of data and general uncertainty of the data will impact the accuracy of the
model and also limit the conditions of which it can be applied. The overall limitations of the model are:

e Little data on equilibrium deformation for the most wave dominated conditions (ucy, < 0.35).

Little data on equilibrium deformation for current dominated conditions (e > 0.75)

Little equilibrium deformation data for Shields numbers above 0.028 and no data above 0.036

Generally little data on the time scale

Generally high uncertainty on the time scale data

No data on time scale for most wave dominated conditions (0 < ue, < 0.35).

No data on time scale for most wave dominated conditions (0.65 < ¢, < 1.0).

Of these limitations the most important are assessed to be the limit on the Shields number and the general un-
certainty of the time scale. Given the available data it is not possible to improve the time scale coverage, so until
additional time scale data become available this uncertainty has to be accepted, if the model is applied.

For the equilibrium deformation it must be kept in mind that the deformation may be underestimated in general
and this may influence the entire result of the model. The actual impact on the result depends on the actual metocean
conditions as well as how big the error in the assumed wave induced deformation actually is, which is unknown. In
general it is strongly recommended not to apply the model for Shields numbers larger than 0.025, as larger Shields
numbers tends to give significantly increased uncertainty of the output. Furthermore, the model cannot be considered
valid outside the range of 0.5 < KC < 5.5 and should only be applied for hydraulic rough scour protections (constant
critical Shields number).

In addition to the requirement of 8 < 0.025 it must be kept in mind that the model is only valid for scour
protections around monopiles with an extent of minimum 3 times the pile diameter, w,,/D, > 3. It is also important
to emphasise that the model is only valid for deformation of the armour layer. Any deformation into layers under the
armour layer (filter layer and natural seabed materials) is not included in the model and the deformation is likely to
be underestimated if this happens. Likewise, effects of seabed level changes (general seabed level changes and moving
bed forms) as well as edge scour is not included.
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Test series A
0.15} ' ' ]

Test series B

S/D

Test series E Test series F
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Figure 16: The time step model applied on the time series from the Atlantic Basin tests provided by Deltares (2024).
The observed development is shown with dashed lines, and the predicted deformation is shown with fully drawn
lines. Tests with a scour protection extent less than 3D,, are omitted. Tests with breakthrough of the armour layer
(S > tsp — Do) are likewise omitted.

Journal of Coastal and Hydraulic Structures Vol. 6, 2026, Paper 51 30 of 48



% =
Nielsen, A.W. _TU Defft OPEN

0.18 - - .

0.16

0.14

0.12

a 0.1

S/D

0.08

0.06

0.04

0.02

0 1 1 1
0 5 10 15 20

t [h]

—4— Test Series A, Delta Flume, Deltares (2024)
Test Series B, Delta Flume, Deltares (2024)
—@®— Schendel et al. (2014)

Figure 17: The time step model applied on the time series provided by Deltares (2024) for the Delta Flume tests and
the tests by Schendel et al. (2014). The observed development is shown with dashed lines, and the predicted
deformation is shown with fully drawn lines. Tests with breakthrough of the armour layer (S > t,, — Dsg) are
omitted.
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Figure 18: The performance of the time step model on the time series presented in Figs. 16 and 17. The correlation
between the observed deformation and the predicted is 0.7 while RMSE=0.04.
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4 Comparison of different design criteria

Over the past decades different design criteria have been proposed. Common design methods are the criteria
proposed by den Boon et al. (2004) and de Vos et al. (2012). Where the criteria by den Boon et al. (2004) is
recommended in DNV (2022). Also, the criteria proposed by Broekema et al. (2024) must be mentioned among
well-known methods. Finally, Nielsen and Petersen (2019) presented criteria primarily based on data from de Vos
et al. (2012). These criteria are similar to the present model for equilibrium deformation, as it is based on e, and
the Shields number, but instead of providing the relative equilibrium deformation, Se,/D,, it provided a qualitative
description of the damage: ”Low damage”, ”"Some motion”, and ”Failure”, based on the criteria defined by de Vos
et al. (2012).

It is relevant to compare the equilibrium deformation formula (Eq. 7) and the time step model with these deformation
and design criteria. It is noted that not all the above-mentioned criteria can be compared directly as they do not
provide directly comparable outputs. The present model and Broekema et al. (2024) can be compared as both provide
the relative deformation, S/D,. The formula by de Vos et al. (2012) provides the dimensional number S3p, which is
essential also S/D, but averaged over an area equal to the cross-sectional area of the monopile. There is of course a
relation between the maximum deformation S/D,, as applied in this study, and Ssp, but the relation is uncertain,
so it is not found feasible to derive and apply this relation. However, the criteria will be compared qualitatively and
based on an a rough relation between S3p and the qualitative description of the deformation also adapted by Nielsen
and Petersen (2019).

Furthermore, only Nielsen and Petersen (2019) and the present model provides the results directly as function
of the Shields number and ., while the other criteria depend indirectly on these parameters. It is therefore not
feasible to make a general comparison between the criteria, but to compare different examples by varying u,,, and V'
50 0 < ugy < 11is covered while other input parameters are kept constant. The selected examples and the parameters
are listed in Table 5 and the results for the different criteria are shown in Fig. 19.

4.1 Design method proposed by den Boon et al. (2004)

Den Boon et al. (2004) proposed a simple design method based on the relative Shields number MOB = 6/6..,. and
has three limits:

1. Limited movement: MOB < 0.415
2. Some movement: M OB < 0.460
3. Significant movement: M OB > 0.460

As seen in Fig. 19 the method appears reasonable for wave dominated conditions, ¢, smaller than around 0.4 to 0.5.
Although it should be mentioned that it allows a larger deformation for waves alone compared to combined waves
and current. For higher u., numbers the criteria have some significant limitations. If applied for current dominated
conditions (e, larger than around 0.5) it will result in significant deformations of the scour protection up to around a
pile diameter. Such large deformation will in most practical applications be regarded a failure of the scour protection.
Scour protections in current dominated conditions will be discussed further in section 3.2.7.

As the criteria is based on M OB it is necessary to determine the critical Shields number to compare it to the present
results and to apply it for practical applications. As discussed in Sections 3.1.1 and 3.2.2 this comes with a significant
uncertainty. As shown in Section 3.2.2 the critical Shields number varies from 0.03 to 0.06 at the constant and, for
this purpose, most relevant part of the Shields curve, and as previously shown, this interval may even be larger when
waves and combined waves and current are considered. However, just considering the interval of the critical Shields
number of 0.03 to 0.06 may result in both ”Limited movement” and ”Significant movement”, just depending on the
selection of critical Shields number. A similar variation appears for ., numbers from 0 up to around 0.5, where the
variation is larger than the difference between the two limits.

It seems reasonable to apply the criteria for conditions with ., smaller than around 0.4 to 0.5. In this case a
deformation around S.,/D, = 0.05 can be expected; however, it is not likely that there will be a practical effect of
differentiating between ” Limited movement” and ”Some movement” given the small difference and general scatter of
the deformation.
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Figure 19: Results of different methods for predicting armour rock sizes for monopiles compared to the method given
by Eq. 7. The comparison is based on the cases listed in Table 5. It should be noted that the Shields and e,
numbers for results of Broekema et al. (2024) has been adjusted to account for the different definition of u,, in the

study by Broekema et al. (2024) and this study, see Sec. 4.3.1 for details.
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4.2 Design method proposed by de Vos et al. (2012)

The criteria by de Vos et al. (2012) is an empirical formula based on relatively small scale physical model tests. The
formula reads:

SSD*CL ud Trn—1,0 tala+a
Nbo — O gh(s —1)3/2D2,, 2T

2
(wl) (V + a4um)2\/ﬁ>
> 18)
572 (
90550

where S3p is a non-dimensional damage number, IV is the number of waves, 1},,_1 o is the energy spectral wave period,
Dy, 50 is the nominal median size of the rock, and w; is the fall velocity of the armour rock. by, ag, a1, a2, as, and
ay are fitting coefficients. According to de Vos et al. (2012) the different coefficients and parameters can be set or

calculated as follows: by = 0.243, ap = 0.00076, a; = —0.022, and a3 = 0.0079. The coefficient a; is defined as:

\%
a1 =0 for ——— < 0.92 and waves following current

V3Dns50

v (19)
a1 =1 for ———= > 0.92 or waves opposing current
V9Dns50
In the examples in this article waves following current is applied.
The parameter a4 is:

a4 =1 for waves following current
Ur . (20)

ag = for waves opposing current

where Ur = L?H,,0h® is the Ursell number and L is the wave length calculated for a regular wave with period
T =T,,—1,0. Again, in the examples in this article waves following current is applied.

The energy spectral wave period is assumed to be T}, = 1.1077},,_1¢ (as for a standard JONSWAP spectrum). The
fall velocity of the armour rock is set to:

ws = 1.1[(s — 1)gDsp)® for D5y > 1 mm (21)

Three cases of the result of Eq. 18 are shown in Fig. 19. It is noted that Fig. 19 present the damage as function
of u., and the Shields number but that these numbers are not direct input parameters to Eq. 18. To be able to plot
the result of the equation this way all input parameters and the result (damage number) have been kept constant for
each case, except the velocities, wu,, and V which has been varied to cover 0 < wu¢, < 1. The input parameters for
each case is listed in Table 5. Considering Case 1 it is seen that the formula tends to follow the overall trend of Eq. 7.
The obtained relation between the Shields number and w.,-ratio is reasonable for the entire range of ucy,, although
it is to the low side for the intermediate range 0.3 < u¢, < 0.6. Considering that S3p was set to 1 corresponding to
damage level 3: ”significant movement of stones, without failure of the protection” (de Vos et al., 2012), the obtained
Shields numbers is also reasonable with a relative deformation of the scour protection, S.q/Dp, a around 0.05. For
this description a Shields number around 0.04 would be expected for wave dominated conditions.

It is also noted that Eq. 18 takes the duration of a condition into account in terms of number of waves. However, the
predicted damage number S3p, does not go towards an equilibrium but continues to increase for increasing number
of waves. This is misleading as the deformation will go towards an equilibrium if the exposure is long enough in the
clear water regime for the armour rock. The time scale is discussed further in Sec. 3.4.

Furthermore, Eq. 18 appears to be sensitive to variations in both the rock size (Case 2) and the wave period (Case
3), which make results of the formula unreliable and questionable for practical applications when Froude scaling is
most often applied.

It is noted that the discontinuity of the curves representing Eq. 18 is due to a discontinuity in the formula when
the parameter a; change between 0 and 1.

4.3 Discussion of the design formula for deformation of scour protections by Broekema
et al. (2024)

Based on the Deltares (2024) data and data not publicly available, Broekema et al. (2024) presented a design formula
for prediction of deformation of the scour protection around a monopile (50% confidence):
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S
o= f (KChot) - 0.07TM OBy (22)
P
Where S is the deformation of the scour protection, M OB,,), is the ratio of the undisturbed Shields number to
the critical Shields number measured at the top of the scour protection and f(KCy) is a function of a modified
Keulegan-Carpenter number, K Ci,;, defined as:

(um + V)T

KCtot = D
P

(23)

Where u,, is the amplitude of the horizontal wave induced orbital velocity at the top of the scour protection as
defined in eq 8 in Brockema et al. (2024), V is the depth averaged current velocity, T), is the peak period, and D, is
the diameter of the monopile. The function f(KCy.) is defined as:

3.93

KCio) =1
F(BCrot) =1+ 7 + exp (—=0.74K Cyoy + 4.75)

(24)

The function, f(KCiu), is, according to Broekema et al. (2024), introduced to account for the increasing ampli-
fication of the flow around the pile for increasing KC-numbers, as reported by Sumer et al. (1997). However, it
must be noted that Sumer et al. (1997) applied the traditional definition of the K C-number (KC = u,,T/D,) and
did not report amplifications in the case of combined waves and current. The results from Sumer et al. (1997) and
Broekema et al. (2024) can therefore not be compared directly, but it is correct that Sumer et al. (1997) reported
increasing amplification for increasing K C-number which is in line with the fact that the flow become more and more
current-like with increasing K C-numbers. As an argument for applying f(K Cy.:) Broekema et al. (2024) furthermore
states: “Wave related bed shear stress amplification as a function of the KC-number is shown by Sumer et al. (1997)
to steadily increase from a value of KC), = 2.8 until it stabilizes at a value of KC\, =~ 10. Given that in the present
study the combined effect of the waves and current are considered, the values described here match remarkably well
with the findings from Sumer et al. (1997).” However, it is unclear which data in Sumer et al. (1997) this refers to as
Fig. 18 in Sumer et al. (1997) indicates that the amplification continues to increase for KC-numbers up to at least
100. Also Fig. 14 in Sumer et al. (1997) shows that the separation distance will continue to increase until at least
KC = 20. It is also noted that the stabilisation of f(KCys) for KCly larger than around 9 takes place outside the
range of Ky, (and also KC as this is, by definition, the same or smaller than K C},) covered by the dataset as the
dataset covers K Cyy¢ from little more than 0 to just below 8 with a single data point at around KC},; = 10.5, see
Fig. 6 in Broekema et al. (2024). The definition of the f(KC}nt) does also have the implications that the predicted
deformation will not increase for K Cy,; larger than approximately 15 and constant M OB;,,. The maximum predicted
deformation will be S/D, = 0.35 (M OBy, = 1 and KCy, > 15), but this is much smaller than have been reported
for clear water current and waves, where S/D, = 1.18 (de Lemos et al., 2023) and 0.5 (Nielsen et al., 2023) were
reported for current and waves, respectively.

By replacing the traditional representation of the flow by the KC and uc, with the KCy,;, Broekema et al. (2024)
loses important information. KC} is firstly unphysical as the product of V'T}, has no physical meaning, as there is no
direct relation between current speed and wave period. Secondly, as wave induced velocity and current speed is only
represented by a sum and not a ratio (e.g. uey), the K Cro does not differentiate between wave and current dominated
conditions, which have been demonstrated in Sec. 3.1 and 3.2.6, and by Nielsen and Petersen (2019) to be important
for scour protection deformation.

An example can illustrate this. Consider test conditions with co-directional waves and current where the sum of
wave induce velocity and current velocity is constant (u,, +V = 1.5 m/s), the same monopile (D, = 8.0 m) and
Shields number large enough to cause deformation but not live-bed, set to & = 0.03, of the scour protection, and a
peak period, T}, = 12 s. Ds is varied to account for the variations of the bed shear stress over the range of . The
result of this is shown in Fig. 20 where the upper panel shows the deformation as function of u., while the lower
panel shows the required median rock size to obtain a constant Shields number of 0.03 again as function of uc,. Eq.
22 (Broekema et al., 2024) provide a constant deformation for all values of us,,, while the present formula provides an
almost constant deformation for the wave dominated conditions (e, < 0.4) but slightly increasing for increasing tey,.
The increase in deformation in the current dominated conditions can also be expected; Nielsen and Petersen (2019)
showed that the horseshoe vortex will initiate motion for Shields numbers larger than around 0.006 to 0.018 in steady
current. De Lemos et al. (2023) reported scour of S/D, = 1.18 for a similar Shields and M OB-number, and similar
results were reported by Qu et al. (2024), based on several previous studies.

The lower panel of Fig. 20 show the required median rock size to obtain the target Shields number (6 = 0.03) as
function of u,. The overall trend is that the required rock size decreases with increasing wu.,. The required rock
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Figure 20: Relative deformation (upper panel) and required median rock size (lower panel) to keep a constant
Shields number of 0.03 for different combination of waves and current when the summarised velocity (u,, +V = 1.5
m/s). Pile diameter, D,, = 8.0 m, peak wave period, T, = 12 s, water depth, h = 20 m, density of water, p,, = 1000
kg/m3, and the relative densitty of the rock, s = 2.65, were kept constant.

size in waves alone is found to be 0.24 m and 0.29 m for Eq. 22 (Broekema et al. (2024)) and Eq. 7, respectively.
The required rock sizes reduce to 10 mm and 9 mm for steady current. This reflect the fact that the bed shear
stress for a given summarised velocity (u,, + V') and roughness is smaller for current dominated conditions than for
wave dominated conditions provided typical wave periods. Nevertheless, given the small median rock size for current
dominated conditions and the high amplification of the of the bed shear stresses under these conditions (see e.g. Hjorth
(1974) compared to waves (see e.g. Sumer et al. (1997)) it is clear that a significant deformation will develop.

This is further supported by the previously mentioned test reported by de Lemos et al. (2023) (Test B2). The
water depth, current velocity, and sediment size of the test were approximately Froude scale 1:40 of the example above
(the pile diameter was smaller), and had a relative scour depth of S/D, = 1.18 or 39 times larger than the relative
deformation predicted using Eq. 22 by Broekema et al. (2024). Furthermore, it should be recalled that for the present
data (0.5 < KC < 5.5) the influence of the KC-number on the scour protection deformation has been found to be
small, see Sec. 3.1 and 3.2.1.

Broekema et al. (2024) did notice that there could be an effect of the wave-current ratio not covered by the
methodology outlined in Eq. 22 to 24. In Table 2 and Fig. 12 in Broekema et al. (2024) three cases with similar
MOB;,, and KC: but varying wave-current ratios were given. These tests were identified as seen in table 6 listed
as Case 1 to 3, where the key parameters as well as deformation type is listed. The table does also include other
tests with lower Shields numbers and while the deformation type for the three tests considered by Broekema et al.
(2024) are all categorised as Type 2, all three deformation types are represented when the Shields number is reduced
from around 0.03 to around 0.02 with practically constant KCy.. This is a strong indication that KCj,; is not a
good representation for the flow conditions. It should be noted that not all of the tests in Table 6 are at equilibrium
according to the criteria given in Sec. 3.2.1; this is the case for Test ID: G04-Pile 4, B03-Pile 3 both Deltares (2024),
and 08B (Wu et al., 2020).

The formula has been tested for variations in rock size and wave period and the impact on the result is small.
In addition, the result of the Base Case in linear scale 1:55 has been added to illustrate the effect of Shields versus
MO B-scaling, see Sec. 3.1.1. If Shields scaling was applied there would be no difference between Base Case and the
scaled Base case, but as seen in Fig. 19 the scaled results have lower Shields numbers for the same deformation, i.e.
it is conservative.

Finally, it is seen in Fig. 19 that it tends to overestimate the stability of the rock. The Base Case is set to have
a relative deformation of 0.05 but it has Shields number around the 0.1 relative deformation curve in case of wave
dominated conditions. In case of current the difference increases and the formula by Broekema et al. (2024) fails to
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Table 6: Examples of deformation types with Shields numbers around 0.03 (examples from Table 2 in Broekema
et al. (2024)) and tests with Shields numbers around 0.02, both cases with varying wave-current ratios. ”case” in
column two of the table refers to the Case number in Broekema et al. (2024) Table 2.

Test ID Case MOB,) 0 KCit KC  uey Est. Seq/D, Deform.
Type
G04, Pile 4 3 0.68 0.031 5.1 51 0.00 - 2
A03, Pile 2 1 0.69 0.031 6.4 4.0 0.38 0.16 2
B04, Pile 2 2 0.65 0.027 5.6 1.6 0.70 0.15 2
A01f, Pile 4 - 0.43 0.020 5.1 29 043 0.08 1
B03. Pile 3 - 0.43 0.018 5.1 1.7  0.64 - 2
08B (Wu et al., 2020) - 0.38 0.020 5.4 1.2 0.78 - 3
B1 (de Lemos et al., 2023) - 0.50 0.018 - - 1.00 0.75 3

predict the trend as the effect of the horseshoe vortex is not included in the formula. Given this, the formula can be
considered unreliable for uc, > 0.4. For smaller u.,-ratios, it is closer to a reliable, but not significantly better than
e.g. den Boon et al. (2004), which is much simpler. Nevertheless, it is important to apply the right definition of u,,
as this can have a major impact on the results.

As for de Vos et al. (2012), Eq. 22 does not depend directly on wu., and the Shields number, so as in Sec. 4.2
the curves have been calculated by applying most input parameters and the resulting deformation as constants while
varying u,, and V to cover 0 < u., < 1. The input parameters for each case is listed in Table 5.

4.3.1 Reproducebility and sensitivity of the model by Broekema et al. (2024) and the present study

The Broekema et al. (2024) formula (Eq. 22), the present formula for equilibrium deformation (Eq. 7), and the
time step model (Eq. 17) all provide relative deformation, S/D,,. For this reason, these formulas can be compared
more or less directly for a given relevant dataset.

Broekema et al. (2024) reported a correlation of 0.85 and an RMSE = 0.016D,, for the formula in Eq. 22 and
the dataset applied by Broekema et al. (2024). However, only parts of that dataset is publicly available, as described
in Sec. 4.3, so a more detailed comparison of the results of the two methods is shown in Fig. 21, based on the
Atlantic Basin test series in Deltares (2024) dataset. It is seen in the left panel that the time step model has less
good correlation, 0.69, compared to Eq. 22 with a correlation of 0.77 (right panel), however, it should be noted that
the Atlantic Basin test series in Deltares (2024) dataset only covers a narrow range of ue,, primarily in the wave
dominated part.

For a more general dataset the Broekema et al. (2024) method is performing significantly worse than the time step
model can be expected to do. Fig. 22 shows the performance of Eq. 22 on the dataset applied for Figs. 11 and 12 and
it is clear that the equation underpredict the deformation by de Lemos et al. (2023) significantly by a factor around
3.5, while Eq. 7 provided a reasonable prediction, see Fig. 12, and this is also the case for the time scale (Eq. 15)
so the time step model will give reasonable results in the case. This also shows that Broekema et al. (2024) method
should be applied with great care as it may underpredict the deformation significantly, without any clear indications
as no limitations for the formula is provided.

It must also be noted that the predicted relative deformation, S/D,, depends strongly on w,,. Predicted by the
Broekema et al. (2024) method it will for example be underestimated by around a factor of 1.7 if w,, is calculated in
the way apply in this article compared to the way it is defined in Broekema et al. (2024). This is due to a difference
of around 10% to 20% in the predicted u,, which results in a difference of the Shields number around 10% which
consequently also apply for M OB;,p,. This shows that both methods are rather sensitive to even smaller variations in
the definitions of hydrodynamic forcing and it is strongly adviced to follow the definition applied for the development
of the method used, see also App. C for the present methodology. Furthermore, it is noted that the definition of u,,
applied by Broekema et al. (2024) is applied when results of Eq. 22 is presented in this article to show the correct
performance of the equation.

4.4 Design method proposed by Nielsen and Petersen (2019)

Going back to Fig. 19, the lowermost panel compare the present results with the criteria by Nielsen and Petersen
(2019). Nielsen and Petersen (2019) presented the stability of the armour in the similar way as the present study,
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Figure 21: The performance of the time step model (Eq. 17) and the model by Broekema et al. (2024) (Eq. 22) for

different input parameters. The upper right panel shows the performance of the time step model with present S/D,
and u,,. The upper left panel shows the same, but for Eq. 22. The lower panels show likewise the time step model

and the Eq. 22 but with u,, directly from Deltares (2024) and the observed S/D,, reduced by a factor of 1.15.
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Figure 22: The performance the model by Broekema et al. (2024) (Eq. 22) on the dataset of equilibrium

deformations applied in the present study and as presented in Fig. 11. KC},; = 20 was applied for steady current
cases, giving maximum f(KC), Eq. 24.
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as function of the wu,-ratio and the Shields number, which was divided into three groups: ”"low damage”, ”some
movements”, and ”failure” based on data from de Vos et al. (2012), which again is based on the definition of damage
proposed by den Boon et al. (2004). The two limits between the three categorizes of deformation is given in the panel
together with the present results.

There is a good agreement for combined waves and current (u., around 0.4) where the estimated upper limit of
”some movements” follows the S.,/D, = 0.05 curve which seems reasonable, also if compared to Fig. 5 where this
limit is at the estimated limit between Type 1 and 2 damage. However, as for den Boon et al. (2004); de Vos et al.
(2012); Broekema et al. (2024) the criteria by Nielsen and Petersen (2019) do not get the reduced stability in the most
wave dominated conditions and it is likely that the deformation will be the same for ”estimated upper limit for low
damage” in waves alone as it is for "estimated upper limit for some movements” in the case of combined waves and
current.

For more current dominated conditions, us, > 0.4 the present study and Nielsen and Petersen (2019) is not
aligned. The criteria by Nielsen and Petersen (2019) for these conditions have higher Shields values than expected
from the present study. It is noted that the present study is based on a larger dataset in the relevant range of ¢y
(0.4 < Uy < 0.7).

It is, furthermore, noted that the results in Nielsen and Petersen (2019) were based on u; = v/2u,,. The curves
have been adjusted to follow the definition of the orbital wave induced velocity applied in this article (u,,).

5 Remarks regarding practical applications of the results

This article presents three main results that can be of practical use in the design of scour protections. The three
results are:

e Estimated equilibrium deformation depth
e Estimated time scales of the deformation process

e A time step model for predicting the development of the deformation

However, these results cannot be applied directly without due consideration of the conditions of which they are
applied as well as the associated uncertainties of the results. As mentioned previously, the equilibrium deformation
can in many cases be a conservative estimate of the actual deformation; especially if it is designed for a relative
infrequent event and the time scale of that event is long. In some cases, a time scale of several days for full scale
conditions are reasonable to assume. This should be compared to a typical duration of the design storm around 3 to 6
hours in which case the actual deformation caused by a single storm can be as little as 5% to 10% of the equilibrium
deformation, assuming the deformation according to Eq. 8.

The potential conservatism by applying equilibrium deformation can be reduced by applying the time step model,
see Sec. 3.5. However, while the equilibrium deformation comes with some uncertainty, this can built-up in the time
step model resulting in an increased uncertainty of the results. This is especially the case if only one or a few time
series are applied in the time step model. It is recommended to apply a large number of realistic time series to get an
estimate of the uncertainty of the model. It is also important to ensure that the limitations of the model are respected
(0 < 0.025 and 0.5 < KC < 5.5) and consider if the model is seriously affected by the limitations described in Sec.
3.5.1. With a large number of realisation, it is possible to assess the expected deformation of the scour protection over
the life time, considering the required safety and in this way optimise the rock size in the scour protection. If this
outlined method is applied, especially if the resulting deformation is large, it is recommended to identify the events
causing the large deformations and have these tested by physical model tests or suitable numerical simulations. In the
decision on whether such events shall be tested, the u.,-ratio and Shields numbers of the event can also be considered;
are they in a well-documented space (see Fig. 11) or are the predicted deformation based on significant interpolation
in which case additional verification in terms of physical model tests or suitable numerical simulations is strongly
recommended, especially if the design accept high Shields numbers or are current dominated.

5.1 Other effects on the deformation of scour protections

The present re-analysis of data in the literature focuses on the three classic non-dimensional parameters: Shields and
K C-numbers and the wave-to-current ratio u.,. The application of these parameters, in particular Shields number and

Journal of Coastal and Hydraulic Structures Vol. 6, 2026, Paper 51 40 of 48



% ="
Nielsen, A.W. _TU Defft OPEN

Uep-ratio, has shown good results. However, it is also clear that these three parameters do not cover all relevant aspects
of the deformation of scour protections and other effects may be important, at least in some situations. Examples
of effects that are not considered in the re-analysis but is likely to influence the deformation in some cases are 1)
gradation of the rock material, 2) shape of the rock, 3) edge scour, scouring and possible armouring of the surrounding
seabed, and 4) marine growth on the scour protection.

In the re-analysis the rock size is represented by the median rock size, Dsg. However, if the gradation of the rock
becomes wide enough there may be an armouring effect of the scour protection where the finest fractions of the scour
protection is washed away while the coarser materials remain in place, as described by Petersen et al. (2018) for
current. If an armouring process take place to a significant degree, the Dsq of the initial rock gradation will no longer
be representative for the stability of the remaining rock and if a sufficiently large amount of the coarser material
remain in place it will reduce the deformation of the scour protection. However, most of the model tests are conducted
with narrow or fairly narrow graded rock so this effect has not been considered in the present study.

The shape of rock will also have an impact om the stability. However, the vast majority of the model tests are
conducted with angular crushed rock and this and blasted rock is also the most common material for prototype scour
protections. This effect has not been considered, first of all because very limited data are available for other than
crushed rock and secondly because the practical relevance of other shapes is limited.

The interaction between the scour protection and the surrounding seabed is an important factor in the scour
protection design, especially for scour protections with small extent (typically wsy/D, < 3)., as it may have had for
the time scale in case of Schendel et al. (2014), see Sec. 3.5. If the horizontal extent of the scour protection becomes
small enough, dynamic rocks in the amplified flow around the pile on top of the scour protection will reach the edge
and roll down the scour protection. This can eventually reduce the thickness of the scour protection to a critical level.
This effect is largely governed by edge scour (see e.g. Petersen et al. (2015)), and seabed lowering due to moving bed
forms and general seabed lowering, all process that can be reduced by armouring of the seabed in a similar way as
armouring of the scour protection as described in the paragraph above. However, this is a specialised effect that is
not covered systematically by the available model tests.

Finally, marine growth could have an effect. Usually, marine growth is not considered for scour protection design,
as also stated in DNV (2022). That said, marine growth may have both positive and negative effects on the stability
of the scour protection. In general, marine growth will have a lower density than the rock and combined with an
increased surface area, it will reduce the stability of the rock. On the other hand, some types of marine growth may
connect the individual rock in a way that increases the overall stability, although this is usually not considered for
design as the development of this marine growth takes time and is uncertain. Furthermore, no relevant data is found
so it has not been considered.

6 Conclusions

Studies of armour rock stability around monopiles from the past two decades have been reviewed and re-analysed.
The review has shown that the available studies cover many relevant aspects of the stability of armour rock around
monopiles, including descriptions of the mechanisms causing deformation of the scour protections, qualitative descrip-
tion of the deformations of the scour protections under different conditions and well as quantitative descriptions of the
deformations. Furthermore, the review did also show that the approach of the physical model testing and postpro-
cessing of the results applied in the different studies has varied. This has caused some issues in comparing the results
of different studies and should be kept in mind when working with these data to avoid misleading interpretations.

The re-analysis of the data has shown that the data is well inline with the methodology outlined by Nielsen and
Petersen (2019). The results of the different studies all appear to be a function of the Shields number and the we,-
number, while the KC-number has a smaller impact on the results; this is attributed to the low K C-numbers applied
in the applied studies (0.5 < KC < 5.5). Both the qualitative (pattern of deformation) and quantitative (Seq/D))
deformation are presented as function of Shields number and the uq,-number, with a good correlation between the
two representations.

The time scale of the scour protection deformation has been determined and presented together with time scales
of clear water scour. It was found that the non-dimensional time scales for clear water scour and scour protection
deformation followed the same trend as live-bed scour with relatively short time scale for waves alone and steady
current and slightly longer time scales for combined waves and current. However, the time scales appeared, depending
primarily on the uq,-number, to be around 1 to 1000 longer than what was predicted by Larsen and Fuhrman (2023)
formula for live-bed scour. The largest increase in time scale is found to be for waves alone.
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Parametrisations of both the equilibrium deformation depth and the time scale have been proposed. The parametri-
sations have been applied in a time step model to predict the development of the deformation over time. The model
provided results in reasonable agreement with results of physical model tests after an adjustment of the parametrisation
of the time scale, which reduced the difference between clear water and live-bed conditions significantly.

The review and re-analysis have unveiled some lack of data that would improve the prediction of the deformation,
especially the prediction by the time step model if available. Most of the available data for equilibrium deformation
data are concentrated in the range 0.3 < uc,, < 0.7, which make predictions outside this range extra uncertain. There
is also a general lack of data for Shields numbers above 0.035 and below 0.01; however, the latter is less important as
the deformations can be expected to be very small.

The time scales are generally very uncertain as they are for the most part based on very little data. At the same
time, the time step model is rather sensitive to the time scale. For this reason, it is found to be a major benefit for the
time step model if better time step data was available. This applies for the entire range of u.,-ratio and the relevant
range of Shields numbers.

Acknowledgements

Acknowledgements to Dr. Minghao Wu for his support in understanding the data behind the Wu et al. (2020)
study as well as his, Dr. Leen de Vos’, and Prof. Peter Troch’s effort of providing the reanalysed data from de Vos
(2008) and Dr. Yorick Broekema for his support in the understanding of the JIP HaSPro dataset (Deltares, 2024). 1
acknowledge Dr. Niels Gjgl Jacobsen and Mr. Palle Martin Jensen for fruitful discussions on this subject and Prof. B.
Mutlu Sumer, Dr. Thor Ugelvig Petersen, Dr. Niels Gjgl Jacobsen, and Dr. Yorick Broekema for the many relevant
comments that have helped improving this article significantly. I thank the reviewers for their effort and thorough
reviews.

Author contributions (CRediT)

Not applicable for single-author paper.

Funding
This study was financially supported by DHI A/S through a grant from a research contract with the Danish
Ministry of Higher Education and Science (contract 1034-00001B) and by NIRAS through a grant (Grant Agreement

No. 101136087) from the European Commission to the budget of the Infdinity project (https://infdinity.com/). The
support is gratefully acknowledge.

Use of AI

No AI was used in the preparation of this work.

Data access statement
Source and processed data are available at Zenodo: https://doi.org/10.5281 /zenodo.17387774. The material includes

a datafile for each of the data sources and a readme file describing the data in the datafiles and provide the references
to the original sources.

Conflict of interest (COI)

There is no conflict of interest.

Journal of Coastal and Hydraulic Structures Vol. 6, 2026, Paper 51 42 of 48


https://inf4inity.com/
https://doi.org/10.5281/zenodo.17387774

=
TU Defft OPEN

e

Nielsen, A.W.

Notations
Name Symbol Unit
Coefficients for parametrisation of equilibrium deformation ai,as,as -
Area for calculation of S3p A m?
Coefficients for parametrisation of time scale by, bo -
Median rock size Dsg m
Nominal median rock size Dy, 50 m
Pile diameter D, m
Acceleration due to gravity g m/s?
Keulegan-Carpenter number KC -
Total Keulegan-Carpenter number (including steady current) KCiot -
Hydraulic roughness of scour protection ks m
Wave length L m
Mean Absolute Logarithmic Error MALE -
Mobility number (6/6,,.) MOB -
Mobility number (6/6.,) at the initial top of scour protection MOB,,p -
Number of waves N -
Number of observations Nops -
Observed value (0] ”Depends”
Predicted value P ”Depends”
Reynolds number Re -
Relative density of rock s -
Maximum deformation of scour protection S m
Maximum equilibrium deformation of scour protection Seq m
Damage number Ssp -
Equilibrium damage number S3D,eq -
Thickness of scour protection tsp m
Time t s and h
Time scale of the deformation process T s and h
Non-dimensional time scale of the deformation process T* -
Energy spectral wave period Tm-1,0 S
Peak wave period T S
Ratio between wave and current velocities Uy -
Wave induced orbital velocity amplitude at the initial top of scour protection Un m/s
Friction velocity Uy m/s
Depth averaged current velocity \%4 m/s
Volume of deformation 74 m?
Fall velocity Wy m/s
Overall extent of top of scour protection Wep m
Kinematic viscosity v m?/s
Maximum wave and current induced bed shear stress Trmax N/ m?
Shields number 0 -
Critical Shields number Ocr -
Density of water Puw kg/m?
Grain density of rock Dr kg/m?
Estimated error of the number A -
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Appendix

A Calculating u,, in irregular waves

In this article the oscillatory flow induced by irregular waves is, unless noted otherwise, defined as:

U = V20, (25)
where

7t = [ suns (26)
where S,, is the power spectrum of the velocity calculated using linear wave theory:
k(= + 1)\
Sy = (%) S (27)

where Sy is the power spectrum of the surface elevation, in the present case a standard JONSWAP spectrum is applied,
w = 27 f is the angular wave frequency, h is the water depth outside the scour protection, z is measured from the
initial top of the scour protection, and k is the wave number defined as:

w? = gk tanh(kh) (28)
where g is the acceleration due to gravity.

B Calculating bed shear stress in combined waves and current

The maximum bed shear stresses for combined waves and current, 7,4, are calculated using the method proposed
by Roulund et al. (2016). The method is outlined in the following;:

Tmaz = Tm T Tw (29)

where 7, is the bed shear stress due to waves and 7, is defined as:
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- 3.2
T = Te (1 +1.2 ( v ) ) (30)
TC + Tw

where 7. = py Uj% and p,, is the density of the water and Uy is the current induced friction velocity:

\%
Uy = 31
77 6.0+ 25n(h/ks) (31)
where h is the water depth (see Fig. 1) and ks = 2.5D5; where D5 is the median rock size.
The wave induced bed shear stress, 7,, is calculated as:
Tw = 0.5p fuu?, (32)

where u,, is the amplitude of the wave induced velocity as defined in App. A. The velocity shall be calculated for the
water depth at the surround seabed, h in Fig. 1 while z = —(h — t;,), again, see Fig. 1.

The wave friction factor, f,,, is calculated as:

—0.8
0.32 (ké) for 0.2 < (kA <2.92
—0.52
fw=140237(2 for 2.92 < (A ) < 727 (33)
ks ks
—0.25
0.04 (ké) for (ké) > 797

where A is the amplitude of the wave motion:

Um Ty
2

A— (34)

C Procedure for calculating equilibrium deformation and time scale

The procedure for calculating the equilibrium deformation and the time scale is outlined in this appendix. As
shown in Sec. 4.3.1 it is important to apply the same procedure for the calculations to ensure the correct input for the
empirical formulae to provide as accurate as possible results. When calculating the relative equilibrium deformation
and the time scale using the methods proposed in this article, the following procedure shall be applied:

1. Determine the depth average current velocity, V' (it shall be averaged over the depth, h, as defined in Fig. 1. It
is assumed that the boundary layer is fully developed over the entire depth.

2. Calculate the wave induced velocity, w,,, as outlined in App. A. The velocity shall be calculated for the water
depth at the surround seabed, h in Fig. 1 while z = —(h — t;,), again, see Fig. 1.

3. Determine the maximum bed shear stress, Tj,q2, as defined in App. B where ks = 2.5D5¢ and Dsg is the median
rock size of the scour protection.

4. Calculate the Shields number: 0 = Tp,4./(pwg(s—1)Dsg) where p,, is the density of the water, g is the acceleration
due to gravity, and s is the specific density of the rock.

5. Calculate the wave-current ratio: uey = V/(V + ).
6. Calculate the relative equilibrium deformation, S/D,, using Eq. 7.

7. Calculated the dimensionless time scale, T, using Eq. 15 with parameters as defined in Eq. 16 as well as
\I/C = 0027 b1 = 036, and b2 =5

8. Calculate the time scale using Eq. 10
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