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Abstract: The present paper provides a reliability assessment of scour protections applicable to
both the static and dynamic stability design. As a case study, Horns Rev 3 hindcast data is used to
simulate different failure criteria for an exemplary scour protection suitable for an offshore monopile
foundation. The results show that the probability of failure is influenced by several factors, namely
the wave friction factor, the definition of the acceptable damage number or the formulations used
to calculate the bed shear-stress. The reliability assessment also indicates that annual probabilities
of failure, associated to each criterion, might be comparable with the values presented in reliability
standards for marine structures. Based on the results, this paper highlights future recommendations
to improve the reliability-based design and analysis of scour protections for offshore foundations.
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1. Introduction

In offshore wind turbines, the foundation costs typically can range from 20 to 35% of the overall
venture, for example, References [1,2]. A part of these costs is related to the scour protection, which
affects the capital expenditures (CAPEX) and the operation and maintenance expenditures (OPEX).
Scour protections are an indispensable part for many offshore wind turbines, namely the ones with
monopile foundation, focused in this research. Therefore, the optimization of the scour protections is a
key contribution to increase the sector’s competitiveness. A recently proposed optimisation lies in the
use of dynamically stable scour protections.

Dynamic scour protections allow for movement of the armour layer stones, without exceeding
a pre-defined acceptable damage number. This design enables smaller stones when compared to
statically stable protections. The static scour protections fail when wave and currents induced shear
stress surpasses the critical shear stress [3], while the dynamic failure occurs when the maximum
acceptable exposed area of the filter layer is exceeded [4]. According to Reference [4], dynamic scour
protections can be designed by defining a pre-determined acceptable damage number (S3Daccept). In
References [4,5], it was found, through physical modelling, that dynamic scour protections could
be achieved for S3Daccept ≤ 1. Still the authors recognized that further research should be carried
out for a proper generalization of this limit. Moreover, it was also found that statically stable scour
protections could be obtained for a damage number (S3D) lower than 0.25. Dynamic scour protections
were successfully tested in References [6–8].

However, there are very few comparative studies regarding the reliability and safety assessment
of statically and dynamically stable scour protections. Moreover, the influence of the failure criteria in
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the reliability of the protection has not been thoroughly addressed for these types of design. A reason
for this is the fact that the majority of the design techniques for scour in waves and current environment
have a remarked empirical nature [8]. The literature shows a lack of studies performed on the
probabilistic design and reliability (safety) assessment of scour protections at marine environments [9]
but several works have been performed for scour under current alone, for example, References [10,11].
Recently, reliability design and analysis of scour protections for offshore wind foundations has been
addressed in References [9,12]. Both researches, outline the fact that the design choices on empirical
variables, such as the failure criteria or the wave friction factor, have an influence on the evaluation
of the reliability. However, in other areas of maritime engineering, reliability methods are already
common in the design of several structures, unlike scour protections, such as ships [13] and offshore
platforms [14]. These techniques are also becoming more frequent in coastal engineering [15], namely
in rubble-mound structures as breakwaters, which have similar behaviour to scour protections. The
traditional design of scour protections is mainly based on characteristic values of the hydrodynamic
loads, for example, the significant wave height (Hs) associated to a specific return period (Tr) [3]. Also,
the lack of data, concerning the sea-state or current time series limits the probabilistic assessment of
the protections’ safety, commonly designed for a lifetime of 20 years [16]. Therefore, a pure reliability
assessment is rarely performed in these components of offshore wind foundations. This topic remains
a knowledge gap that is yet to be deeply understood, before a proper reliability methodology is
implemented in practical case studies.

Performing the reliability analysis of scour protections enables the quantification of the protection’s
safety, usually expressed as a probability of failure (Pf) that accounts for the uncertainty of the
environmental loads and the protections’ features. Moreover, this could be extended to design the
scour protection based on a pre-determined probability of failure. This was recently proposed in
Reference [9], which concluded that more knowledge and a deeper discussion was required on the
impact of the design choices on the output of the probabilities of failure. In Reference [9], preliminary
conclusions indicate that reliability analysis could be used to optimise the mean diameter of the
armour stones, thus providing a potential contribution to cost savings without compromising the
systems’ safety.

This paper performs the reliability study of a scour protection inspired in the case study of Horns
Rev 3 offshore wind farm [16], with the sea-state data being modelled with non-parametric bi-variate
version of the Kernel Density Estimation Method. Monte-Carlo simulations are used to understand the
influence of the failure criteria and the wave friction factor in the protection’s reliability. These aspects
are recognized in the literature [17] as two important sources of influence in the protection’s reliability.
The probability of failure is computed for the statically stable and the dynamically stable criterion
proposed in References [3,4], respectively. The main goal of this research is to determine whether both
criteria provide a similar measure of safety for the protection and to discuss the influence of the wave
friction factor (fw), opening the way for future research and discussion on the application of reliability
design in similar rubble-mound armoured structures.

2. Materials and Methods

2.1. Failure Criteria

2.1.1. Statically Stable Scour Protections

The stability of the armour layer typically implies the definition of the thickness of the scour
protection and the mean stone diameter (D50) used for the rock material. The present study is focused
on the latter. In statically stable scour protections, the armour stones are not allowed to move [3].
Therefore, one must ensure that the wave and current induced shear-stress (τwc) does not exceed the
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minimum shear-stress necessary for movement to occur, that is, the so-called critical shear-stress (τcr).
The critical shear-stress was originally introduced by Reference [18] and is obtained with Equation (1).

g(ρs − ρw)D50θcr = τcr (1)

which depends on the Shields critical parameter (θcr), the median diameter of the rock material (D50),
the gravitational acceleration (g), the density of the sediments (ρs) and the water’s density (ρw). A
comprehensive review of the methods available to perform a statically stable design is provided in
Reference [5]. This work is focused on the methodology presented in Reference [3].

Assuming that τcr is the maximum shear-stress that can occur on the top layer without failure,
then the critical shear-stress can be interpreted as the resistance of a static scour protection. If the wave-
and current-induced shear-stress overcomes the resistance of the protection, then failure is assumed
to occur. This interpretation leads to Equation (2), which can be seen as a failure criterion for static
stability according [3].

τwc < τcr (2)

According to Reference [3], for a current-induced (τc) and a wave-induced shear-stress (τw), the
combined shear-stress (τwc) is obtained from Equation (3).

τwc = 83 + 3.569× τc + 0.765× τw (3)

Assuming that a scour protection is designed according to Equations (1) and (3), it is possible to
define the ultimate limit state function f(.) of the scour protection as in Equation (4).

f (τcr; τw; τc) = τcr − τwc (4)

Note that if the limit state function is negative or null then the scour protection fails, since
movement is occurring in the top layer. Conversely for positive values of f(.) the static stability is
ensured. An important aspect of the present approach is the fact the wave- and current-induced
shear-stress is dependent on the formulation adopted for the friction factor (fw). While the proposed
approach computes the current friction factor as in Reference [19], the wave friction factor can be
obtained as in References [20–23], depending on the orbital bottom velocity (Um), the wave period
(T) and the bed roughness (ks) computed as 2.5D50. The different approaches for the wave friction
factor influence the wave-induced shear-stress, eventually leading to different probabilities of failure.
Figure 1 shows that for a common Dn50 of 0.40 m a maximum variation of roughly 30% is obtained for
τw. Equation (3) was obtained by regression with the best results being obtained for the formulation of
fw presented in Reference [23] (also see Reference [3]). In the present case, Dn50 is the nominal median
stone diameter, defined as 0.84D50 and applied in References [3,4]. However, the formulation [23] is
only applicable to values of the wave stroke to the bed roughness ratio, A/ks, between 0.2 and 10, where
A = UmT/(2π). Therefore, the analysis of other formulations is of greater importance for practical cases.

Figure 1 provides a comparison between the waves induced shear-stress for the referred approaches
used to obtain fw. The example is established for Hs = 6.5 m, Tp = 11.2 and Um calculated as in
Reference [24], assuming a JONSWAP spectrum, with a peak enhancement factor, γ = 3.3. It can be
seen that for an increasing D50, the lower limit tends to the formulation given by Reference [22], while
the upper limit tends to Reference [20]. However, note that for small values of D50 the upper and
lower limits of fw tend to References [21,23], respectively. The adopted formulations concern to rough
turbulent flow (see Reference [22] for further details on the flow regime).
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means of the bottom roughness (ks), if the ultimate limit state function is evaluated with critical shear-
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Figure 1. Wave induced shear-stress for different formulations of the wave friction factor, as function
of the stone mean diameter D50 (Hs = 6.5 m, Tp = 11.2 s). Methodology adapted from [20–23].

Not only this has an effect on τw and τwc but it also leads to differences in the wave boundary
layer thickness (δ), which is used to obtain τwc in alternative approaches to Equation (3) (e.g.,
References [21–23]). For example, the maximum bed shear-stress (τwcmax) can be obtained as in
Reference [21] and use it instead of Equation (3), as an input to Equation (4). Then, the limit state
function f(.) can be simulated by using the τwcmax instead of the τwc proposed by Reference [3].

Another important difference concerns the calculation of τcr. While typical approaches use
Equation (1), the procedure proposed by Reference [3] recommends the use of D67.5 instead of D50.
This is justified by the fact that the stones of the armour layer with a smaller grading tend to move
faster than those of a scour protection with a wide grading. Reference [3] states that in wide graded
scour protections the smaller stones are better sheltered thanks to the larger stones, thus it recommends
that the critical bed shear-stress is obtained with D67.5. Recently, References [25,26] conducted a
physical model study, concluding that wide graded scour protections provide high stability against
wave loading, thus being suitable for a dynamically stable design. Although using D67.5 increases the
resistance parcel (τcr), the approach proposed in Reference [3] considers θcr = 0.035 instead of 0.056,
which contributes to a decrease in the critical shear-stress. Figure 2 computes the critical shear-stress
for both situations.

Figure 2 shows that the critical shear-stress according to Reference [3] leads to lower values than
the ones given by Equation (1). For the same value of θcr, calculating the critical bed-shear stress
with D67.5, leads to larger values of τcr than the ones obtained with D50. However, using θcr equal to
0.035 leads to smaller values of τcr than using θcr equal to 0.056 even if D67.5 is considered instead of
D50. Figure 2 shows that τcr evaluated as in Reference [3] leads to smaller values of the protection’s
“resistance” to the initiation of movement. Therefore, contributing to a conservative assessment of the
probability of failure. Note, however, that the D50 is still considered in the failure criteria, by means of
the bottom roughness (ks), if the ultimate limit state function is evaluated with critical shear-stress
according to References [21,22]. Then it seems reasonable that Equation (1) is directly applied, that is,
with D50 and θcr = 0.056.
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Figure 2. Critical shear-stress computed with D67.5 and θcr = 0.035 instead D50 and θcr = 0.056.

2.1.2. Dynamically Stable Scour Protections

The majority of the design methodologies for statically stable scour protections are based on
the bed shear-stress evaluation, namely, the ones concerning the dimensionless stone diameter (D*),
for example, References [27,28]. However, in dynamic scour protections, since a certain degree of
movement is allowed, the threshold of motion cannot be considered a suitable criterion to define
failure. In this case, it is possible to adopt the damage number (S3D) proposed in Reference [4].

In Reference [4], an extensive data set of 85 scour tests is presented, concerning a physical model
study at a Froude scale of 1/50. This study proposed a predictive formula (Equation (5)) for the
non-dimensional damage number of at the scour protection, which provided close estimations to the
damage number directly derived from the bathymetric measurements in the model (S3Dmeas). Further
details on the methodology to analyse and calculate S3Dmeas, are given by Reference [4]. In this study, it
was considered that the failure of the scour protection occurred if the exposed area of the filter layer is
equal or greater than 4D50

2. This criterion had already been in used in References [3,29]. The approach
proposed in Reference [4] enables one to obtain the dimensionless predicted damage number for a
certain scour protection (S3Dpred) with Equation (5).
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Nb0
= a0

U3
mT2

m−1,0√
gd(s− 1)

3
2 D2

n50

+ a1

a2 + a3

(
Uc
ws

)2
(Uc + a4Um)

2√d

gD
3
2
n50

 (5)

where N is the number of waves in a considered storm, Uc is the depth-averaged current velocity, s is
the ratio between sediment’s density (ρs) and water density (ρw), g is the gravitational acceleration, d
is the water depth, Um is the orbital bottom velocity and ws is the sediments’ fall velocity. Tm-1,0 is
the energy spectral wave period, which for a JONSWAP spectrum, with γ = 3.3 can be obtained from
the peak period (Tp) as Tm-1,0 = m-1/m0 = 1.107Tp. In Equation (5) b0, a0, a2 and a3 are equal to 0.243,
0.00076, −0.022 and 0.0079, respectively. The constants a1 (Equation (6)) and a4 (Equation (7)) depend
on the existence of following or opposing waves and current. Ur stands for the Ursell number.

a1 =

 0 f or
Uc√
gDn50

< 0.92 and waves following current

1 f or
Uc√
gDn50

≥ 0.92 or waves opposing current
(6)
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a4 =

{
1 for waves following current
Ur
6.4 for waves opposing current

(7)

Despite the reasonable agreement between the predicted and the measured damage number, the
test conditions performed by Reference [4] did not include a wide range regarding the water depth
(d) or the mean diameter of the armour stones. Later on, References [6,7,30] applied Equation (5)
to a wider range of the same variables, concluding that increasing departures from the best fit line
(S3Dmeas = S3Dpred) could be noticed. A discussion for possible reasons leading to this is provided in
Reference [17], including the influence of the analysis performed on the bathymetric measurements.

In Reference [4], it was found that for S3D between 0.25 and 1 there was movement of the armour
layer stones without failure, that is, dynamic stability was achieved. For S3D below 0.25 no movements
occurred (statically stable scour protection). The study also reported that dynamic scour protections
were obtained for S3D > 1 (also see Reference [5]). However, a transition zone was reported for which
dynamic profiles were developed in some cases whereas failure occurred in others.

Often in practical real situations, there is no bathymetric data that enables the assessment of the
actual damage number at a scour protection. Moreover, in design cases, the interest lies in finding the
proper D50 associated to the previously defined acceptable damage. Typically, the acceptable damage
number is previously defined and Equation (5) is solved in order to D50. Then, physical modelling
activities are used to assess if the damage number in the model is in agreement with the acceptable
one. In order to calculate the reliability assessment of a dynamic scour protection around a monopile,
through Equation (5), one can assume the acceptable damage number (S3Daccept) and then compare it
with the predicted damage number for the loading conditions acting on the protection. If the predicted
damage number exceeds the acceptable level, then risk mitigation measures must be taken, since
failure of the protection may occur. This leads to the limit state function for dynamic scour protections
in Equation (8).

f (Um; Uc; Tm−1,0; Dn50;ρs;ρw; d; g; ws) = S3Daccept − S3Dpred (8)

Similarly, to the limit state function presented in Equation (4), if negative or null values are
obtained in Equation (8), then failure is considered to occur. Note however, that such event, does not
necessarily means that there is an actual failure in terms of the filter layer exposure. There is a failure
in the sense that the design criterion is not being respected as it should [9].

In the present study, S3Daccept = 0.25 and S3Daccept = 1 are assumed as reasonable limits for no
movement and movement without failure at the armour layer. However, the authors recognize that
the influence of S3Daccept should be further analysed, since it affects the probability of failure for the
same range of predicted damage numbers. In addition, the literature shows that the transition between
dynamic stability and failure occurrence is not clear in some cases. Nevertheless, assuming S3Daccept

= 1 seems a conservative choice, because for the tested range in References [4,6] no failure occurred
below this limit and still some dynamic profiles were developed above it. The damage number derived
as in Reference [4] can be interpreted as the number of layers of armour stones that have been removed
from the top layer. Thus, for scour protections with different armour layer thicknesses the reference
value S3Daccept may require a proper adjustment. In Reference [4], scour protections with an armour
thickness of 2.5Dn50 and 3Dn50 were tested. For an exposure of the filter layer, approximately values of
2.5 and 3 should be defined as the minimum value for filter exposure and potential failure. However,
Reference [4] reported failure below that level. Since the exposure of 4D50

2 was formerly identified by
visual observation, uncertainties can be present in the proposed assessment. Alternatively, the scour
protection may indeed fail before the armour layer thickness is completely removed over the 4D50

2.
In addition to the reduction of the median diameter employed in the protection, the dynamic

approach poses some advantages in comparison with the static approach [3]. On one hand, it does
not require the assumption of a specific formulation for the bed shear-stress calculation, which is
also applicable to the friction factor. On the other hand, the modifications made to Equation (1) by
Reference [3] are not relevant, because [4] does not imply the direct calculation of τcr.
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However, some uncertainties can be identified in the dynamic approach. An extensive discussion
of those is given in Reference [17]. The choice made regarding S3Daccept is not always evident and
it may depend on prior evaluation through a physical model study. This choice is also very much
dependent on the designer’s experience in scour protections. Also, Equations (6) and (7) only account
for following or opposing waves and current, while a static criterion based on the combined maximum
wave and current induced shear-stress (τwcmax) provided for example by Reference [22] is able to
account for different angles between flow components. Also, the definition of N, that is, the storm
duration in number of waves, influences the predicted damage number. In Reference [6], several tests
were performed until 5000 and 7000 waves and it was concluded that the damage rate tends to decrease
with the increasing number of waves, eventually leading to a stabilization. However, it was not
possible to prove beyond doubt that damage stabilization was indeed occurring. In References [25,26]
tests are performed until 9000 waves, still it was not possible to prove that stabilization occurred. The
present study concerns to N = 3000 waves as applied in Reference [4].

2.2. Non-Parametric Probability of Failure

In order to obtain the probability of failure, the Monte-Carlo simulation was applied to Equations
(5) and (8). For details on the Monte-Carlo simulation method, Reference [31] is recommended. If one
generates random values of the variables encompassed in the ultimate limit state functions previously
defined, for example, Uc, Tm-1,0 or Um, then Equations (5) and (8) can be calculated for each set of
generated values. Noticing that for f(.) ≤ 0 the scour protection fails, that is, the top layer is eroded,
then the probability of failure can be obtained with Equation (9), where n is equal to the number of
simulations performed and I(.) is an indicator function equal to 1 if f(X) ≤ 0 or 0 if f(X) > 0. X is the
vector of random variables used to compute each ultimate limit state function.

P f =
#( f (X) ≤ 0)

n
=

n∑
1

I( f (X))

n
(9)

The accuracy of Pf depends on the number of simulations performed. In this study, the simulations
were conducted for several sizes of n, between 1000 and 1,000,000, to analyse the minimum number of
simulations required for Pf to stabilize.

3. Case Study

The case study used to exemplify the reliability assessment of scour protections is based on the
environmental conditions at Horns Rev 3 offshore wind farm. Details on this case study are available
in References [16,32,33].

Horns Rev 3 is located in the Danish sector of the North Sea, 20–35 km north-west of Blåvands
Huk and 45–60 km from the city of Esbjerg [16]. This area is relatively shallow and the water depth
ranges closely from 10 to 20 m. The local seabed is dominated by non-cohesive sands [32]. The position
for hindcast modelling corresponds to the following coordinates: Latitude of 55.725 ◦N and Longitude
of 7.750 ◦E. The available database resulted in a total of 90,553 pairs of significant wave height and peak
period. This corresponds to an hourly output resolution within the period of 01-01-2003 to 01-05-2013,
that is, 124 months [16]. The water depth at the referred coordinates was considered to be d = 18 m.

Due to the complexity of scour phenomena and the associated met-ocean conditions, it is practically
impossible to build a full probabilistic model for reliability assessment. Instead it is common to select
the most important correlations and the dominant variables, in terms of loads calculations [34]. The
challenges of building a full probabilistic model to assess the reliability of scour protections are
discussed in Reference [17]. In marine and offshore structures, the wave height is often considered
as the dominant variable and its correlation with the wave period should be addressed for a proper
joint model of the sea-states. Here the non-parametric bi-variate Kernel Density Estimation Method
(BKDE) was applied in order to simulate the significant wave height (Hs) and the peak period (Tp),
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which are further used to compute the variables included in Equations (5) and (8), for example, Um or
Tm-1,0. The Kernel density estimation has been consistently applied to describe statistical properties of
oceanic waves, for example, References [35,36] used it for wave heights and periods and [37] applied it
to extreme significant wave heights. This method was implemented with the “MASS R” package [38].

In Figure 3, the hindcast data concerning Hs and Tp is provided, as well as a random sample of
10,000 pairs of (Hs; Tp). A visually good agreement is found between the sample and the random
generation. Since the same sample is used to generate the random variable, this does not lead to
differences in the failure probability assessed with the static or the dynamic approach. The same data
series are used in both cases.
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The depth-averaged current velocity was considered as an independent variable from the wave
height and period. This is a model simplification, because when currents are imposed to waves, their
characteristics tend to change, namely the wave period. Only characteristic values, such as the average
flow velocity, were available from Reference [16]. Therefore, the marginal distribution of Uc was
modelled with a Weibull distribution, with an equivalent mean of 0.40 m/s and a standard deviation of
0.20 m/s. In order to consider the cases “following” and “opposing” currents to waves, a random angle
of 0◦ or 180◦ was associated to each generated value of the current velocity.

The information available in References [33,39] suggests a possible configuration for the scour
protections with D50 = 0.40 m and 0.35 m, respectively. In this case, the D50 is assumed as 0.40 m and
the nominal mean diameter is calculated as Dn50 = 0.84D50 as in Reference [40]. In order to simulate
the variability of the stone’s diameter, a triangular distribution was assumed between 0.179 and 0.621
and centred in D50, so that D15 and D85 are equal to 0.30 m and 0.50 m, respectively, as mentioned in
Reference [39]. This corresponds to a uniformity parameter of the protection’s sediments equal to 1.67,
which is within the range tested in References [3,4]. The density of the rock material was considered
deterministic and equal to ρs = 2650 kg/m3. Other deterministic variables are considered, namely N =

3000 waves, ρw = 1025 kg/m3 and g = 9.81 m/s2.

4. Results and Discussion

4.1. Reliability Assessment

4.1.1. Statically Stable Scour Protections

In order to assess the influence of the wave friction factor in the probability of failure, for the
statically stable criterion proposed in Reference [3], the wave induced shear-stress was computed
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according to the formulations presented in References [21,22], which gave the highest and the lowest
wave induced shear-stress respectively, for the example presented in Figure 1, D50 = 0.40 m.

Figure 4 presents the probability of failure obtained with both calculations of fw. It is possible to
conclude that the wave friction factor significantly influences the probability of failure. The probability
of failure given according to Reference [22] is clearly in the order of 10−4. However, if the wave friction
factor from Reference [21] is used, then the probability of failure increases. Although Pf is still in the
same order of magnitude, since 10−4 is close to the order 10−3. This is in agreement with Figure 1,
where it was seen that for D50 = 0.40 m, the fw defined according to Reference [21] gives a wave induced
shear-stress, which is roughly 30% higher than the one provided in Reference [22]. Note that for a
larger D50, the influence of fw increases due to increasing disparities in the wave induced shear-stress,
which is also reflected in τwc.
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The wave friction factor from Reference [23] was not used to estimate the probabilities of failure,
as wave data occasionally presented a ratio of A/ks smaller than the minimum of 0.2, for which the
formulation is developed. Moreover, in Reference [5] it was concluded that [20] provided unexpectedly
high values of τw as the wave period tended to 0 s. Therefore, this formulation was also excluded from
the analysis.

In Figure 4, the probability of failure seems to be stable for a small number of simulations.
Regardless of the wave friction factor, n = 200,000 simulations seems to be enough to stabilize Pf. The
most significant fluctuations occur below the 100,000 simulations.

When using Equation (3), with the maximum combined wave and current induced shear-stress
(τwcmax) as computed in References [21,22], the probability of failure increases and is very much
dependent on the amplification factor (α), used to obtain the amplified bed shear-stress at the
protection, due to the presence of the pile. In References [3–5], it was also noted that the formulation
used to obtain τwc and the value of α were major contributions for the differences between the required
D50, computed with the approach presented in Reference [3], when compared with the traditional
design, for example, References [21,22].

In Reference [5] it is noted that the difficulty of knowing the amplified bed shear-stress often
leads to an oversized D50 and that improvements could be made, with other approaches, as the one
presented in Reference [3]. In this study it is observed that traditional approaches lead to higher values
of the probability of failure. Those values might indeed be conservative, because in Reference [3]
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statically stable scour protections were obtained with a lower D50 when compared with the approaches
adopted in References [21,22].

Table 1 compares the probabilities of failure with varying amplification factors. The probabilities
are higher when [21] is employed, due to the effect of the wave friction factor. Typically, α = 4 is used
for steady current and α = 2.2 to 2.5 is used for waves [3]. Note that the order of magnitude of Pf

may change depending on the value of α. The probabilities from Reference [21], are alarming when
compared with typical values found for other offshore systems, for example, References [41,42]. This is
also indicative on the very conservative perspective inherent to this approach, when compared with
the optimized approach from Reference [5].

Table 1. Probabilities of failure according to different formulations for τwc and with different α (n =

200,000). Methodology adapted from [3,21,22].

α
Traditional

Approach [21]
Traditional

Approach [22]
Static Approach [3]

fw [21] fw [22]

2 3 × 10−4 1 × 10−5

9 × 10−4 2 × 10−4
3 1 × 10−2 2 × 10−3

4 3 × 10−2 7 × 10−3

However, Table 1 covers a low range of amplification factors and further research should be
performed to better assess the influence of this parameter in the probability of failure of statically stable
scour protections. In fact, the proper values for α in waves and current combined are yet to be fully
defined [43]. In addition, the values presented concern to the hindcast of 124 months. If those values
are converted to an equivalent annual probability of failure (Pf0), then Pf decreases.

The probabilities of failure can be converted into annual probabilities of failure (Pf0), based on the
simplification that the failure of a scour protection is a continuous time-stochastic process, with failure
events being independent from each other and following a Poisson process, according to Reference [44].
This leads to Table 2, which can be compared with the reference values provided in standards such
as [45,46]. These standards indicate that Pf0 may vary from 10−4 to 10−6, depending on the existence of
life losses and the systems’ redundancy. Regarding the results reported for the reliability of static scour
protections (Table 2), the main point is that the optimized approached from Reference [3] is giving
reasonably low values.

Table 2. Annual probabilities of failure according to different formulations for τwc and with different α
(n = 200,000). Methodology adapted from [3,21,22].

α
Traditional

Approach [21]
Traditional

Approach [22]
Static Approach [3]

fw [21] fw [22]

2 2.9 × 10−5 1 × 10−6

8.7 × 10−5 1.9 × 10−5
3 9.7 × 10−4 1.9 × 10−4

4 2.9 × 10−3 6 × 10−4

Considering an offshore wind turbine as an unmanned structure and the scour protection as
a system without redundancy, for which there is no prior warning to failure, then Pf0 according to
Reference [45] should be lower than 10−5. Table 2 shows that the annual reference values obtained
from Reference [3] are in the order of 10−5.

Therefore, the approach proposed in Reference [3] might be considered safe, in the case studied.
However, the discussion on the acceptable probability of failure for scour protections in offshore wind
foundations is not systematically addressed in the literature. Moreover, no specific guidelines or
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standards exist for this exact purpose. In this sense, the values provided in this work, also open the
way for further discussion of this aspect.

4.1.2. Dynamically Stable Scour Protections

The reliability assessment of dynamic scour protections was performed with the failure criteria
defined by Equation (8). Previously, it was seen that physical models showed that an acceptable
damage number of 0.25 corresponded to the static stability of the scour protection. Assuming this is
the case, then similar results are expected for the probability of failure given by Equations (5) and (8)
with S3Daccept = 0.25.

The probabilities of failure calculated for the data set and the annual probabilities are given in
Table 3. For S3Daccept = 0.25, the probability of failure is in the same order of magnitude (10−3) as the
one provided by the traditional approach given in Reference [22], for an amplification factor α = 3 and
α = 4 (see Table 1). When converting this probability of failure to annual values, Pf0 is in the order
of (10−4), slightly above the values given for the criteria in the static approach in Reference [3] (see
Table 2).

Table 3. Stabilized probability of failure and annual probabilities of failure for the dynamic approach.

S3Daccept Pf Pf0

0.25 5.2 × 10−3 4.8 × 10−4

1 4.2 × 10−4 4.07 × 10−5

In Table 3, since the dynamic approach proposed in Reference [4] is designed to allow for some
movement of the armour stones, it seems reasonable that the probabilities are smaller than the ones
obtained with the criteria proposed in Reference [3]. This occurs because the dynamic design criteria is
not as restrictive as the static one. It is interesting to note that Pf0 for S3Daccept = 0.25 is in the order of
10−4, which is above the 10−5 for unmanned structures and without redundancy, for which there is no
prior warning before failure. Therefore, to design or to assess the reliability of a static scour protection
it is recommended that the static approach is followed rather than the dynamic approach based on
Equation (8) with S3Daccept = 0.25.

Figure 5 shows the probabilities of failure (Pf) for an acceptable damage number equal to 0.25
and equal 1, considering the same D50 = 0.40 m. The probability of failure is fairly stabilized after n =

200,000. Of course, when attempting to design a dynamic scour protection, the aim is to reduce the
size of the armour stone, for example, by lowering the D50. Therefore, the most accurate comparison
in terms of reliability, should be performed for a statically stable (D50) and S3Daccept = 0.25 and a
dynamically stable (D50*) and the S3Daccept = 1.

Using a smaller acceptable damage number, for the same D50, leads to a more conservative
criterion, thus increasing the probability of failure. Several sizes of D50 were tested for the same
simulation conditions, in order to analyse which reduced diameter could be used for S3Daccept = 1,
without exceeding the probability of failure given by the conservative limit of S3Daccept = 0.25. A D50

could be reduced to D50* = 0.25 m for S3Daccept = 1 and still maintaining the probability of failure equal
to 5 × 10−3, which is very close the value reported in Table 3 (D50 = 0.40 m; S3Daccept = 0.25; Pf = 5.2 ×
10−3).
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The probability of failure of the scour protection using S3Daccept = 1 and D50 = 0.40 m was calculated
for N = 1000, 3000, 5000 and 7000 waves, that is the same number of waves tested in References [4,6].
The results respectively showed that Pf increases with N, that is, Pf = 2.5 × 10−4 for N = 1000, Pf = 4.2 ×
10−4 for N = 3000 waves, Pf = 6.9 × 10−4 for 5000 waves and Pf = 7.8 × 10−4 for 7000 waves (Figure 6).
This aspect was identified in References [9,17] as potentially having an effect on the probability of
failure, which is hereby shown as being the case. For the present case study, although varying within
a considerable range, it is interesting to note that the magnitude of Pf remained within the order of
10−4. This highlights the importance of performing a reliability assessment for a proper definition of a
design storm, which is yet to be addressed extensively in the literature.
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5. Conclusions

The present paper presents a methodology to quantify the reliability of scour protections, using the
probability of failure as a measure of safety. The application to a case study inspired in the met-ocean
conditions of Horns Rev 3 was performed. The reliability assessment compared two failure criteria,
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one for statically stable scour protections, as presented in References [3] and one for dynamic scour
protections [4].

In static scour protections, the results showed that the wave friction factor, the calculation of the
combined wave- and current-induced shear-stress and the amplification factor considerably affect the
probability of failure of the scour protection. The results are in agreement with the former research
presented in References [9,12], which concluded that the order of Pf may change depending on these
variables. From a practical point of view, the reliability assessment is still much dependent on the
designer’s choices and experience, since no mandatory guidance on the amplification factor and the
method used to combine wave- and current-induced stresses is given in the literature. Moreover, the
present research did not focus on other important influences, as the calculations and assumptions
related with the bottom roughness or the wave orbital velocity. The sensitivity of the probability of
failure to these is a crucial aspect of future developments in reliability analysis of scour protections.
The optimized statically stable design [3] led to annual probabilities of failure, which are comparable
to the ones provided in offshore wind standards, such as [45,46]. However, these standards are not
specifically developed for the application of rip-rap scour protections for offshore wind foundations.
Nevertheless, they can be seen as a starting point for the discussion on what it could be acceptable
safety level of similar marine rubble-mound structures. The results shown for both static and dynamic
criteria do not fall far from the probabilities of failure often discussed in other similar structures, for
example, in References [47,48].

When the static stability criterion is compared with the dynamic one for an acceptable damage
number of 0.25, the probability of failure is not the same, for the same D50. In dynamic scour protections,
it was found that increasing the acceptable damage number from 0.25 to 1 leads to a decrease in
the probability of failure, for the same size of D50. This occurs, because a higher level of damage is
considered as acceptable, thus making the failure criteria less restrictive. It was also found that, for
S3Daccept = 1 the D50 could be reduced from 0.40 m to D50* = 0.25 m without increasing the probability
of failure.

If a static scour protection is being designed, then it is recommended to use the static approach [3],
rather than the dynamic one [4] with S3Daccept = 0.25. As an alternative, the traditional quantification
of the wave-current-induced shear stress can be performed through [21,22], which leads to a statically
stable design that can be seen as more conservative. These methodologies are very restrictive, as they
do not allow for any movement, thus providing higher values of Pf. However, the dynamic criterion
enables the reduction of D50 towards a dynamically stable protection and still holding an annual
probability of failure that is in the order of 10−4 to 10−5, depending on the acceptable damage number.

The present work showed that reliability methodologies can provide useful insights on the
safety associated to the several design choices and criteria adopted for scour protections. Moreover,
a contribution is made on highlighting knowledge gaps, namely the definition of the acceptable
probability of failure and the influence of the failure criteria, that need further assessment to move
the reliability based design of scour protections towards the same mature level as in other fields of
offshore engineering, for example, References [41,42,49].
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Nomenclature

# number of times [−]
A wave stroke [m]
ai regression coefficients [−]
b0 regression coefficient [−]
d water depth [m]
D* dimensionless grain size [−]
D50 median stone diameter [m]
D15 stone diameter for which 15% is finer by weight [m]
D67.5 stone diameter for which 67.5% is finer by weight [m]
D85 stone diameter for which 85% is finer by weight [m]
Dn50 nominal median stone diameter [m]
f limit state function [−]
fw wave friction factor [−]
g the gravitational acceleration m/s2

Hs significant wave height [m]
I indicator function equal to 0 or 1 [−]
ks bottom roughness [m]
N number of waves [waves]
n number of simulations [simulations]
Pf probability of failure [−]
Pf0 annual probability of failure [−]
s specific density ratio [−]
S3D damage number [−]
S3Daccept acceptable damage number [−]
S3Dmeas measured damage number [−]
S3Dpred predicted damage number [−]
T wave period [s]
Tm-1,0 Energy wave period [s]
Tp wave peak period [s]
Tr return period [years]
Uc depth-averaged current velocity [m/s]
Um wave orbital velocity [m/s]
Ur Ursel number [−]
ws fall velocity of sediments [m/s]
X vector of random variables [−]
α amplification factor [−]
γ JONSWAP peak enhancement factor [−]
δ wave boundary layer thickness [m]
θ Shields critical parameter [−]
ρs density of the sediments or rock material [kg/m3]
ρw density of water [kg/m3]
τc current induced shear-stress [N/m2]
τcr critical shear-stress [N/m2]
τw wave induced shear-stress [N/m2]
τwc combined wave and current induced shear-stress [N/m2]
τwcmax maximum wave and current induced shear-stress [N/m2]
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