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ABSTRACT 35 

Scour protection is an important component of fixed bottom foundations for offshore wind 36 

turbines. Depending on the hydrodynamic conditions, they might be indispensable to avoid the 37 

structural collapse of the foundation due to scour phenomena. The design of scour protections 38 

is typically deterministic, which often results in overestimated mean diameters of the armour 39 

layer. Moreover, the design methodologies currently applied do not provide a measure of safety 40 

associated with the proposed design. The present research proposes a novel methodology to 41 

assess the safety of the protection and to perform the probabilistic design of static and dynamic 42 

scour protections. A case study based on Horns Rev 3 offshore wind farm is used to show how 43 

to select the mean stone diameter according to a pre-defined probability of failure of the 44 

protection. The results show that a dynamic scour protection could be safely designed with a 45 

reduction of the mean stone diameter up to 15 cm, when compared with the statically stable 46 

protection. 47 

 48 
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1. INTRODUCTION 51 

 52 

The majority of offshore wind turbines with fixed-bottom foundations are based on monopile 53 

foundations, i.e. about 81% of the installed substructures [1]. These fixed foundations are often 54 

subjected to scour phenomena, which may lead to structural problems related to loss of moment 55 

bearing capacity and fatigue induced instability [2]. Scour phenomena may also lead to 56 

significant changes in the natural frequency of the wind turbine. In order to mitigate scour 57 

phenomena, one may use a scour protection which typically consists of a filter layer and rock 58 

material placed around the monopile to avoid the general loss of sand-bed material [3], as 59 

shown in Figure 1. 60 

 61 

 62 

Figure 1. Scour protection with armour and filter layer 63 

 64 

A major aspect of scour protection design is the definition of the mean diameter of the stones 65 

(D50) of the armour layer placed above the filter [4]. Scour protections are typically designed in 66 

a deterministic way, mainly based on empirical methodologies that account for the wave and 67 

current induced bed shear stress, which may drag the armour stones and eventually, lead to the 68 

erosion of the scour protection and the soil around the foundation, e.g. [5], [6] and [7] . 69 

The foundation of an offshore wind turbine roughly corresponds to 30% of the overall cost (e.g. 70 

see [8] or [9]) and an important part of those costs is related to the scour protection. Therefore, 71 

several works have been performed aiming at optimising the mean stone diameter, e.g. [10], 72 

[11] and [12] tried to improve cost-benefit ratios of the scour protection by means of a 73 

reduction in the D50. One of the most recent optimisation methods consists in designing a 74 

dynamic scour protection, instead of the static one, commonly used in the industry, e.g. [13] 75 

and [14]. 76 
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In static scour protections, the top layer stones are not allowed to move. This means that the 77 

mean diameter of the stones is defined so that, for a specific weight of the rock material, the 78 

wave- and current-induced shear stress in the foundation’s vicinity is not enough to overcome 79 

the critical shear stress of the stones [6]. The critical shear stress defines the threshold of 80 

motion, i.e. the minimum shear stress necessary to drag the stones from their initial position 81 

[5]. In this sense, the failure of a static scour protection is considered to occur when there is 82 

movement of the armour stones. 83 

Alternatively, dynamic scour protections allow for a certain degree of movement of the armour 84 

stones, without exceeding a maximum exposed area of the filter layer defined by [10] and [14] 85 

as 4D50
2. Allowing for some movement of the stones enables one to reduce the mean diameter, 86 

because there is no need to ensure that the acting shear stress is not equal or larger than the 87 

critical one. Dynamic scour protections were extensively studied in [3], which introduced a 88 

design criterion based on the dimensionless damage number (S3D). The damage number 89 

provides a measure of the damage expected to occur in the protection for specific 90 

hydrodynamic conditions and the mean diameter used. Moreover, [14] conducted a large series 91 

of scour tests, based on a physical model of a monopile foundation at a scale of 1:50 (with 92 

Froude similitude) and concluded that dynamic scour protections could be obtained for S3D≤1. 93 

The feasibility of dynamic scour protections was later confirmed by [12] and [15], using a 94 

similar physical model that encompassed a larger range of the mean stone diameter. 95 

However, despite the optimisations proposed in the literature, the reliability and failure analysis 96 

of static and dynamic scour protections have not been extensively addressed. Performing the 97 

failure analysis of scour protections not only enables quantifying the safety level of the 98 

protection, but it also enables one to perform a probabilistic design, which may solve the 99 

problem of the uncertainty and overestimated mean diameters that come from deterministic 100 

methodologies. In this paper, a case study utilizing in met-ocean data from the Horns Rev 3 101 

offshore windfarm is used to perform the reliability assessment of a scour protection designed 102 

according to deterministic methodologies. Furthermore, a novel probabilistic design method is 103 

proposed for static and dynamic scour protections. The new methodology is based on Monte-104 

Carlo simulations combined with the failure criteria proposed in [6] and [14], and provides the 105 

mean stone diameter of the scour protection for a pre-defined probability of failure. 106 

This paper is a contribution to the very few existent studies concerning the maritime 107 

environment and the failure of the protection itself, e.g. [11]. Hence, this paper aims to 108 
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contribute to optimise the design of the protections, under waves and currents combined, by 109 

means of failure analysis. 110 

 111 

2. DETERMINISTIC DESIGN AND FAILURE OF SCOUR PROTECTIONS 112 

The traditional design of scour protections implies the definition of several parameters of the 113 

protection, e.g. the thickness of the filter and the armour layer, the extent of the protection and 114 

mean diameter of the rock material (i.e. D50). The present research is focused on the latter, 115 

which must be designed to avoid erosion of the armour layer. There are several deterministic 116 

methodologies to determine the value of D50, e.g. [16], [17], [18] or [19]. The current paper is 117 

focused on the methodologies defined in [20], due to its wide use and simplicity and in [6] and 118 

[14], which correspond to optimised design approaches for static and dynamic scour 119 

protections, respectively. For further details on the methodologies applied in this paper, one 120 

refers to [3]. 121 

 122 

2.1 Static scour protections 123 

As previously stated the design of statically stable scour protections generally involves the 124 

assessment of the bed shear stress induced by the combined effect of waves and currents (τwc). 125 

If the protection is intended for static stability, the armour stones are not allowed to move. 126 

Hence, the stones placed in the armour layer must be large enough to ensure that their critical 127 

shear-stress (τcr) is higher than the bed shear stress acting on the protection [21], including the 128 

effect of the monopile’s presence [20]. 129 

In order to account for the monopile’s presence, the amplification factor (α) is typically 130 

employed. The amplification factor is defined as the ratio of the undisturbed bed shear-stress to 131 

the increased shear-stress in the presence of a structure, in this case the monopile foundation. 132 

The amplification factor may vary depending on the hydrodynamic condition. According to 133 

[14], physical model studies show that for waves alone α varies between 2.2 and 2.5, but when 134 

the effect of currents is included one commonly uses α equal to 4. Note, however, that the 135 

amplification factor may be larger depending on the case, e.g. [5] and [18] report other 136 

situations where α is larger than 4, e.g. for monopiles under waves and current combined. 137 

One of the problems of dealing with waves and currents combined lies in obtaining the 138 

maximum bed shear stress caused by their simultaneous action (τwcmax). In current practice, one 139 

of the most widely used methodologies used to obtain τwcmax, due to its simplicity and accuracy 140 

is the one presented by [20], which is also discussed in [22] and adapted to account for non-141 
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linear effects in [23]. In order to perform the deterministic design of a scour protection 142 

according to [20] the critical shear stress can be defined by Eq.1. 143 

 144 

50( )cr s w crg D              (1) 145 

 146 

where g is the gravitational acceleration, ρw is the water density, ρs is the density of the rock 147 

material and θcr is the non-dimensional critical Shields parameter as introduced in [21]. As 148 

showed in [6] for sufficiently large non-cohesive sediments, one can use θcr=0.056. Then the 149 

maximum shear stress, under waves and currents combined, can be assessed according to Eq. 2, 150 

where τm is the mean combined bed shear-stress (Eq. 3), τw is the wave-induced bed shear 151 

stress, τc is the current-induced bed shear-stress and   is the angle between waves and currents 152 

[20]: 153 

 154 
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 158 

The design value of D50 is the minimum value that complies with Eq. 4, which depends on the 159 

selected amplification factor (α). 160 

 161 

maxcr wc              (4) 162 

 163 

In a similar way, an optimisation for statically stable scour protections was proposed by [6], 164 

which introduces an alternative formula (Eq. 5) for τwcmax and a modification of Eq. 1 for the 165 

critical shear stress. According to the deterministic design implemented in [6], the critical 166 

shear-stress is computed for θcr equal to 0.035 and using a stone diameter for which 67.5% of 167 

the stones (by weight) are retained in the sieving process (D67.5). These changes are made to 168 

account for the fact that stones in a scour protection with smaller grading tend to move faster 169 

than those in a scour protection with a wide grading [6]. The maximum bed shear stress, in this 170 

case, is obtained from Eq. 5. The mean stone diameter D50 is related with D67.5 by means of Eq. 171 

6, where D85 and D15 are defined in the same way as D50 and D67.5 for the 15% and the 85% 172 
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percentiles. Then the minimum value of D50 is the one that complies with Eq. 7, noting that D50 173 

depends on D67.5, which is included in Eq. 1. Moreover, it must be noted that the wave- (τw) and 174 

current-induced bed shear stresses (τc) are dependent on the diameter D50, which is used to 175 

calculate the bed roughness (ks), assumed as 2.5D50 in the absence of ripples formation [14]. In 176 

the methodology presented by [6] no amplification factor is employed. Research showed that 177 

the design proposed by [6] led to smaller stone sizes when compared with the one proposed by 178 

[20]. In Eq. 5, 6 and 7, the bed shear stresses are expressed in N/m2. 179 

 180 

max 83 3.569 0.765wc c w               (5) 181 

 182 

67.5 85

50 15

log 0.25log
D D

D D

   
   

   
         (6) 183 

 184 

67.5 max( ; 0.035)cr cr wcD             (7) 185 

 186 

2.2 Dynamic scour protections 187 

In order to reduce even more the stone size required for scour protections in marine 188 

environment, innovative works have been performed aiming at dynamic scour protections, 189 

which allow the armour stones to move. The concept was primarily studied in [13] and later 190 

developed and extended by [3], [14] and [15]. The design methodology presented by [14] is 191 

still deterministic and mainly based on the definition of the damage number of the protection 192 

(S3D). The damage number corresponds to a non-dimensional measure of the volume eroded 193 

per subzone of the scour protection defined as in [14]. 194 

The research performed by [14] presented an extensive set of 85 scour tests, including a 195 

physical model study at a Froude scale 1/50. This study proposed a formula (Eq. 8) to provide 196 

the predicted damage number (S3Dpred), 197 

 198 
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where N is the number of waves in a storm, Uc is the average current velocity, s is the ratio 201 

between sediment’s density (ρs) and water density (ρw), g is the gravitational acceleration, d is 202 

the water depth, Um is the orbital bottom velocity and ws is the sediments’ fall velocity. Tm-1,0 is 203 

the energy spectral wave period, which for a JONSWAP spectrum, with γ=3.3 can be obtained 204 

from the peak period (Tp) as Tm-1,0=1.107Tp. In Eq. 8, b0, a0, a2 and a3 are equal to 0.243, 205 

0.00076, -0.022 and 0.0079, respectively. The constants a1 (Eq. 9) and a4 (Eq. 10) depend on 206 

the existence of following or opposed current (C) to waves (W). Ur stands for the Ursell 207 

number. Dn50 is the nominal value of the mean stone diameter equal to 0.84D50. Regarding the 208 

number of waves in a storm, a value of 3000 waves was assumed. This was identified in [14] 209 

and [15] as the number of waves for which the damage number stabilises. However, the authors 210 

recognise that the minimum N for the S3D to stabilise is yet to be fully understood, e.g. [24] 211 

performed physical model studies of wide-graded scour protections, concluding that damage 212 

still increased after 9000 waves. However, the damage increase reported in [24], for single 213 

layer wide-graded scour protections, might not be directly comparable to the type of damage in 214 

a scour protection with filter and armour layer tested in [14]. Regarding the latter, [12] noted 215 

that the rate of damage development is typically larger in the first 1000 waves and that between 216 

3000 and 5000 waves the damage development significantly decreases. 217 

 218 
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 224 

Eq. 8 provided close estimates of the actual damage number (S3Dmeas) measured in the 225 

physical model. The reader is referred to [12], [14] and [15] for details on the physical model 226 

and the assessment of the measured damage number. 227 

In [14] it was found that for S3D between 0.25 and 1 there was movement of the armour layer 228 

stones without failure, i.e. dynamic stability was achieved. For S3D below 0.25, no movements 229 
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occurred (statically stable scour protection). It was also reported that dynamic scour protections 230 

were obtained for S3D>1 (also see [12] and [15]). However, a transition zone was identified for 231 

S3D>1 in which dynamic profiles were developed in some cases and failure occurred in others. 232 

Therefore, a conservative limit of S3D≤1 was proposed for the successful design of dynamic 233 

scour protections. The majority of the tests performed by [14] were done with a geotextile filter 234 

layer. However, in [12] it was found that dynamic scour protections based on the earlier study 235 

could be obtained when designing with a granular filter layer. One should note that the 236 

proposed limits for the damage number might not be applicable to wide-graded single layer 237 

scour protections, since such configuration was not tested in the original data [14] that led to 238 

the damage number formula, Eq. 8. Further research should be performed to address the 239 

damage behaviour on such type of protections, which are not addressed in the present research. 240 

According to the proposed design, the mean diameter of the armour stones is the one that 241 

complies with Eq. 11. 242 

 243 
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 245 

2.3 Brief note about the deterministic design of scour protections 246 

There are several random variables included in the deterministic design of both static and 247 

dynamic scour protections. When calculating the bed shear-stress for static protections or the 248 

damage number for dynamic ones, it is crucial to define the values of the design wave height 249 

(Hd) and the associated wave period (T), which are used to determine the orbital bottom 250 

velocity (Um). Moreover, the design current velocity (Uc) should also be addressed, among 251 

several other variables. The deterministic design of scour protections often uses the wave 252 

height associated to a specific return period (Tr), usually 50 years [6]. In the methodology used 253 

for static scour protections, [6] the authors calculate Um for H1/10, which refers to the mean 254 

wave height of the 10% highest waves in a sea state, for the location where the protection is 255 

going to be implemented. On the other hand, [14] uses the orbital bottom velocity calculated 256 

from the wave JONSWAP spectrum, with a peak enhancement factor of 3.3, defined by the 257 

H1/3 and the peak period (Tp). The H1/3 is analogous to H1/10 but it refers to the 33.3% 258 

percentile. It is also often referred to as the significant wave height (Hs). The reader must note 259 

that despite Hs and H1/3 are often assumed to be equivalent, they might be slightly different, 260 
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because Hs is directly obtained from the wave spectrum. In the present research, for the sake of 261 

simplicity, one makes no distinction between these parameters, which is in agreement with the 262 

procedure adopted in [3] when analysing static and dynamic scour protections. The energy 263 

method was used to obtain Hs. However, for further details on the wave spectral parameters the 264 

reference [3] is recommended. 265 

Although the wave spectrum corresponds to a probabilistic short-term analysis of the sea state 266 

characteristics, it does not represent a long-term probabilistic analysis. Hence, even when using 267 

spectral analysis, these methodologies do not account for the long-term evolution of the design 268 

wave height. Moreover, they do not include the long-term dependence between the wave 269 

heights and the peak periods. Also the correlation between waves and current environment is 270 

not taken into account. The present research did not focus on waves and current correlation. 271 

However, recent works have been performed concerning this subject, e.g. in [25] a conditional 272 

model is proposed to perform the joint model of waves and currents. It is concluded that the 273 

joint behaviour of these variables produces differences in hydrodynamic loads estimation. In 274 

[26] it is concluded that offshore standards tend to overestimate the ultimate limit state loads, 275 

because they do not account for long-term correlation between waves and current environment. 276 

The deterministic methodologies presented are also not able to consider the combined 277 

variability of the environmental factors and the structural parameters of the protection, e.g. the 278 

D50, the uniformity parameter of the sediments, the density of the rock material or the 279 

protection’s thickness (see [3] for details on the structural parameters). However, in a 280 

probabilistic design the simulation procedure enables the combination of different possible 281 

values of these random variables. Therefore, a probabilistic design allows for the analysis of the 282 

occurrence of failure in multiple loading scenarios combined with different characteristics of 283 

the protection. However, it is important to note that such probabilistic analysis should be 284 

performed within the limits of applicability of the methodologies used to predict damage 285 

occurrence in scour protection [27]. 286 

 287 

3. RELIABILITY ANALYSIS AND PROBABILISTIC DESIGN OF SCOUR 288 

PROTECTIONS 289 

As stated before, the deterministic design of scour protections does not provide any probability 290 

of failure related to the mean stone diameter used in the armour layer. Therefore, one is not 291 

able to know how reliable the protection is, neither if the value of D50 is overestimated, namely 292 

when using the methodology proposed by [20]. As a consequence, when innovative design 293 
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methodologies are proposed, as in [6] and [14], however, it is not possible to understand if the 294 

smaller size that is obtained complies with an acceptable level of safety when compared with 295 

the traditional design. 296 

Probabilistic design and reliability assessment of scour protections is a key parameter in order 297 

to safely optimise the scour protection. Considering Eqs. 4, 7 and 11, one is able to define the 298 

failure criteria of static and dynamic scour protections according to Eqs. 12 and 13, 299 

respectively. These equations are referred to as limit state functions. Note that in Eq. 12, the 300 

amplification factor must be used if the maximum bed shear stress is calculated according to 301 

[20]. This equation also requires knowledge about the wave height and period, which are used 302 

to obtain the orbital bottom velocity that is required to calculate τwcmax, τw and τc. Details about 303 

this calculation are given in [6]. 304 

 305 

max( ; ; )cr w c cr wcf              (12) 306 

 307 

1,0 50 3( ; ; ; ; ; ; ; ; ) 1m c m s w s Dpredf U U T D d g w S         (13) 308 

 309 

If the limit state function f(.) is lower than zero, then the failure of the scour protection occurs, 310 

either because the critical shear stress is exceeded or because the damage number of the 311 

protection exceeds the acceptable reference value for dynamic stability. 312 

If one has a data record of the variables included in Eqs. 12 and 13, one may establish 313 

distributional models for the various variables and the limit state functions for different 314 

combinations of those variables can be simulated. The data record may correspond to hindcast 315 

or observed field data of wave heights and periods, current velocity, stone sizes, water depth or 316 

other variables. In practical situations, it is sometimes difficult to have a complete record of all 317 

variables. This is particularly evident for offshore locations and met-ocean data [28]. This often 318 

forces the designer to consider some of those variables as deterministic ones, e.g. ρw or ρs, 319 

while the most important ones are analysed from a statistical point of view, e.g. Hd, Tp, Um or 320 

Uc. 321 

The reliability of the scour protection can be quantified by determining the probability of 322 

failure (Pf) of the protection. In the present research one considers this as the probability of the 323 

design criterion of the protection not being met. One can use Monte-Carlo simulations to 324 
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generate the random variables and compute the limit state functions. Then, for a large enough 325 

number of simulations (n), the probability of failure (Pf) is provided according to Eq. 14. 326 

 327 

 
1

( ( ))
# ( ) 0

n

i
i

I f X
f X

Pf
n n


 


   (14) 328 

 329 

where Xi is the vector of random variables and I(f(Xi)) is an indicator function equal to 1 if 330 

f(Xi)<0 and equal to 0 otherwise. The number of times that f(Xi)<0 is denoted by # f(Xi)<0. For 331 

details on the minimum number of simulations (n) to obtain the stable value of Pf the reader is 332 

referred to [29]. 333 

The results obtained from Eq. 14 provide the probability of failure for a certain mean diameter 334 

of the armour stones. Furthermore, one can derive the probability associated to a range of mean 335 

diameters, for specific design conditions, and then design the protection in a probabilistic 336 

manner by choosing the value of D50 that corresponds to a certain admissible probability of 337 

failure. In the following section a case study is addressed for which the deterministic and 338 

probabilistic design is performed and discussed. 339 

 340 

4. CASE STUDY: SCOUR PROTECTION AT HORNS REV 3 341 

The met-ocean conditions at Horns Rev 3 offshore windfarm, fully available in [30], [31] and 342 

[32], are used in order to illustrate how the reliability assessment of a scour protection and its 343 

probabilistic design can be performed. 344 

This offshore windfarm is under development and located in the Danish sector of the North Sea 345 

(Figure 2), 20-35 km north-west of Blåvands Huk and 45-60 km from the city of Esbjerg. This 346 

area is relatively shallow and the water depth ranges from 10 m to 20 m [30]. The local seabed 347 

is dominated by non-cohesive sands [32]. The position for hindcast modelling corresponds to 348 

the following coordinates: Latitude of 55.725ºN and Longitude of 7.750ºE. The available 349 

database resulted in a total of 90 553 pairs of significant wave height and peak period. This 350 

corresponded to an hourly output resolution for the period of 01-01-2003 to 01-05-2013, e.g. 351 

124 months. The water depth at the referred coordinates was considered to be d=18 m. 352 

 353 
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 354 
Figure 2. Location of Horns Rev 3 offshore windfarm at the North Sea. [33]. 355 

  356 

The Conditional model, commonly used in offshore wind turbines design [34] was applied in 357 

order to simulate the significant wave height (Hs=H1/3) and the peak period (Tp), which are 358 

further used to compute the variables included in Eqs. 12 and 13, e.g. Um or Tm-1,0. For details 359 

on this model, the reader is referred to [35] or [36]. Regarding the methodology presented in [6] 360 

the value of Hd=H1/10 is considered to be equal to H1/10=1.27Hs, which is valid for the 361 

JONSWAP spectrum with a peak enhancement factor of 3.3. The conditional modelling 362 

approach is important as it enables one to obtain a model that allows for the variables 363 

extrapolation. One only has 10 years and 4 months of data. Thus, being possible that extreme 364 

events are not present in the dataset. The use of other models such as the ones based on copulas 365 

approach, e.g. [37] or normal transformations, e.g. [38], ultimately influences the probability of 366 

failure obtained. It is not the aim of the present paper to address this subject. However, the 367 

authors recognise that the analysis of this influence is also a knowledge gap in the literature 368 

concerning the reliability of scour protections. A review on possible statistical models for long-369 

term analysis of Hs and Tp is given in [39]. 370 

Regarding the relative comparison between the probabilities of failure given by each failure 371 

criteria, no influence from the actual model is expected since the same generated series are used 372 

to simulate the different limit state functions. 373 

The hindcast data concerning Hs and Tp is provided in Figure 3, as well as a random sample of 374 

50 000 pairs of (Hs; Tp) obtained from the Conditional Model. A visually good agreement is 375 

obtained between the sample and the generated data (Figure 3). The same generated samples of 376 

size n are used to simulate the limit state functions, when determining the probability of failure 377 

for the static and dynamic scour protections. It is important to note that when applying the 378 

conditional model, some of the generated values may fall outside the original range for which 379 
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the damage number formula, Eq. 8, was derived by [14]. For example, Figure 3 shows that 380 

some of the smaller wave heights may present very large peak periods, e.g. 22 to 30 s. 381 

However, it is unlikely that such pairs of Hs and Tp contribute to damage numbers that exceed 382 

S3D equal to 1. This occurs because, although the peak periods might be overestimated, the 383 

significant wave height is not large enough to produce damage numbers above 1, according to 384 

Eq. 8. Nevertheless, the future research should also be focused on the effects of the generation 385 

model in the predicted damage numbers given according to [14], i.e. Eq. 8. 386 

The statistical model, used to generate the random values of significant wave height and peak 387 

period, will also affect the reliability assessment of the scour protection. For example, if 388 

extreme wave heights (or periods) are underestimated, one may underestimate the probability 389 

of failure associated to each criterion. Conversely, if the extreme wave heights (or periods) are 390 

overestimated, the estimated probabilities of failure might be too conservative when compared 391 

to the truthful (and unknown) value. Since the same model is used for all methodologies this 392 

does not pose a problem in terms of the criteria comparison. However, it does influence the 393 

assessment of each probability per si. Nevertheless, this remains as a problem of the model 394 

fitting more than the methodology of reliability assessment discussed in the following sections. 395 

Regarding this matter one must also note that the accuracy of the probabilities is also dependent 396 

on the quality of the hindcast data, which in this case only has 10 years and 4 months. 397 

However, for offshore locations the available data is often scarce and one has to fit the 398 

statistical model to the records available, in spite of them being rather short.  399 

 400 
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 401 

Figure 3. Hindcast data concerning the significant wave height and peak period at Horns Rev 3 402 

and random generated sample with n=50 000 pairs of (Hs;Tp). 403 

 404 

As a model simplification, the current velocity is considered independent from the wave height 405 

and the peak period. No time series were available for the current velocity (Uc). Based on the 406 

values reported in [30], this study considered that the current velocity followed a Weibull 407 

distribution, with an equivalent mean of 0.4 m/s and a standard deviation of 0.2 m/s. While the 408 

methodology presented in [20] considers different angles between Uc and the wave’s direction, 409 

the methodology presented in [14] only considers unidirectional or opposing waves and 410 

currents. Therefore, a random angle of 0º and 180º was assigned to each simulation of the limit 411 

state functions. This is also a simplification of the present model but the authors recognise that 412 

improvements can be made if one considers a wider range of this angle. Nevertheless, this must 413 

be seen as a limitation of the criteria studied previously, more than a limitation of the reliability 414 

assessment proposed here. If concurrent directional wave and current data are available, it is 415 

possible to establish a probability distribution for the angle and simulate this accordingly. Note 416 

that the failure criteria influence the probability of failure, as shown in [27]. 417 
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The water depth is also an important varying parameter that may influence the damage number 418 

and the acting bed shear stress at the armour layer. However, in the present model and as a 419 

simplification, this parameter was assumed to be deterministic variable in the process. At the 420 

present stage of the research, a preference was given to the accurate model of the significant 421 

wave height and the correlated values of the wave peak period. Nevertheless, it must be noted 422 

that reductions in the water depth may lead to an increasing severity of the scour process on the 423 

armour layer of the scour protection, eventually, contributing to reduce the reliability of a scour 424 

protection, with the same thickness and the same mean stone diameter. On the other hand, the 425 

water depth decrease may lead to limitations on the non-breaking wave heights at the 426 

protection’s location. Therefore, if the water depth is reduced one also has to account for the 427 

effects on the wave’s characteristics, which may difficult the straightforward identification on 428 

the immediate effect on the damage number and the combined bed shear stress. To avoid a 429 

possible bias on the interpretation of such effects from the water depth and the wave height, the 430 

model was simplified to assume a constant water depth. 431 

Horns Rev 3 windfarm is under development at the present date. However, [31] and [40] 432 

suggest D50=0.4 m or 0.35 m as possible mean stone diameters for the protection, respectively. 433 

Moreover, in the present case study the following variables are analysed as deterministic, 434 

according to the methodologies previously mentioned: the density of the rock material was 435 

considered as ρs=2650 kg/m3, N=3000 waves, ρw=1025 kg/m3, g=9.81 m/s2. The uniformity 436 

parameter (σU=D85/D15) was defined as 2.5 as in [6]. In the following section the results 437 

concerning the deterministic and the probabilistic design are presented and discussed. The 438 

simulated values of Hs, Tp and Uc are provided from the conditional model fitted to the hindcast 439 

data available for Horns Rev 3, as seen before. 440 

 441 

5. DESIGN RESULTS 442 

5.1. Deterministic design of scour protections 443 

The deterministic design of scour protections typically uses the design wave height as the 444 

significant wave height associated to a return period (Tr) of 50 years. In [30], the Peak Over 445 

Threshold based on the Generalised Pareto distribution determined that, for this location, Hd 446 

was equal to Hs50year=6.7 m. The concurrent wave peak period was calculated as for a 447 

JONSWAP spectrum with a wave enhacement factor of γ=3.3, i.e. Tp=4.4(Hs)
0.5=11.4 s. 448 

However, the hindcast data available concerns to 10 years and 4 months only. Therefore, one 449 
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should keep in mind that a considerable uncertainty is inherent to the estimated values for 450 

Tr=50 years. 451 

The design performed with [6] uses the mean wave height of the 10% highest waves in order to 452 

calculate the orbital bottom velocity. Thus, Um is calculated for H1/10=1.27H50year=8.5 m, 453 

assuming a JONSWAP spectrum with a peak enhancement factor of 3.3. The methodology [14] 454 

was applied with the significant wave height associated to Tr=50 years as in [20]. Both of these 455 

methodologies use the peak period associated to the selected Hs. The orbital bottom velocity for 456 

[6] is obtained with the linear wave theory, while in [14] is directly obtained from the wave 457 

spectrum (also see [3]). 458 

Table 1 provides the results for the deterministic design, which depends on the characteristic 459 

values used to calculate the shear stress on the protection. Moreover, for the methodology 460 

presented in [20], the mean diameter of the armour stones is calculated for several 461 

amplification factors (α). A similar application is shown in [14]. One can see that the values 462 

obtained in this case are similar to the ones reported for the referred deterministic design. 463 

Table 1 shows that the innovative methodologies proposed by [6] and [14] lead to smaller 464 

diameters when compared with the one obtained by the methodology from [20], which is more 465 

conservative. This is a result of the different failure criteria that were selected and of the 466 

different design values that were used. It is also possible to confirm that the dynamic scour 467 

protection corresponds to the smallest stone size. In dynamic scour protections the difference 468 

between the design for opposing waves and currents is not very noticeable, due to the small 469 

mean current velocity (Uc=0.4 m/s). For large values of Uc, say 1-1.5 m/s, the differences in 470 

D50 are larger, as shown in [3]. Nevertheless, the largest stone size given by [14] is associated 471 

to waves opposing current. This is consistent with the fact that the damage number tends to be 472 

larger for waves opposing currents than for waves following currents, as shown in [3] and [14]. 473 

For a typical rip-rap scour protection, commonly placed with fall-pipe vessels [12], the 474 

diameters given by the methodology in [20] for an amplification factor of 3 and 4 are rather 475 

large. Moreover, the diameters obtained (D50=1.41 m and D50=2.56 m) are also very large when 476 

compared with the size of rock material commonly used. Typical diameters of the armour 477 

stones reported in the literature range from 0.15 m to 0.60 m depending on the site conditions 478 

[7]. Table 1 provides acceptable diameters when compared to existent scour protections for 479 

waves and currents combined, e.g. the offshore windfarms of Horns Rev 1 (Hs=5.2) and 480 

Egmond aan Zee (Hs=3.6) use D50=0.40 m. An extensive review of some design examples can 481 

be found in [7] and [41]. The designs obtained by the methodologies from [6] and [14] seem 482 
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more appealing since the corresponding diameter of the stones is considerably smaller. 483 

Furthermore, the dynamic design of the scour protection enables one to use D50=0.26 m, which 484 

is less than half of the size obtained by the methodology from [20] with α=2. 485 

A question arises from Table 1: “Are the reduced diameters proposed by [6] and [14] as safe as 486 

those proposed by [20]?” In order to answer this question, the reliability of the proposed 487 

solutions is assessed. One considers that the wave height and the peak period are randomly 488 

generated from the Conditional model [35], while the mean current velocity follows the 489 

previously mentioned distribution. Random series of these variables were used to simulate the 490 

limit state functions, i.e. Eqs. 12 and 13. The probability of failure of each diameter was then 491 

calculated according to Eq. 14. The results are summarized in Figure 4 which presents the 492 

probability of failure as a function of the number of simulations performed. 493 

 494 

Table 1. Deterministic design of the scour protection at Horns Rev 3. 495 

[20] [6] [14] 

Static Scour Protection Static Scour Protection Dynamic Scour Protection 

θ 0.056 [-] θ 0.035 [-] Direction 0;180 º 

σu 2.5 [-] σu 2.5 [-] N 3000 waves 

ρs 2650 [kg/m3] ρs 2650 [kg/m3] ρs 2650 [kg/m3] 

ρw 1025 [kg/m3] ρw 1025 [kg/m3] ρw 1025 [kg/m3] 

d 18 m d 18 m d 18 m 

Dp 6.5 m Dp 6.5 m Dp 6.5 m 

γ 3.3 [-] γ 3.3 [-] γ 3.3 [-] 

Hs 6.7 m Hs 6.7 m Hs 6.7 m 

Tp 11.4 s Tp 11.4 s Tp 11.4 s 

Uc 0.4 m/s Uc 0.4 m/s Uc 0.4 m/s 

Um Um(Hs;Tp) m/s Um Um(H1/10;Tp) m/s Um(Hs;Tp) Um(Hs;Tp) m/s 

g 9.81 m/s2 g 9,81 m/s2 g 9.81 m/s2 

Result Result Result 

D50 (α=2) 0.610 

[m] D50 0.540 [m] 

D50(0º) 0.250 

[m] D50 (α=3) 1.410 

  
D50 (α=4) 2.560 D50(180º) 0.260 
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 496 

Figure 4. Probability of failure for each design methodology versus number of simulated values 497 

of Hs, Tp and Uc. 498 

Figure 4 shows that the methodology from [6] leads to the lowest probabilities of failure. The 499 

values of the probability seem rather stabilised after n=300 000. The probabilities are plotted in 500 

the logarithmic scale. It is somehow counterintuitive that D50=0.54 m yields a lower probability 501 

of failure (Pf=1.7×10-4) that D50=0.61 m (Pf=2.2×10-4). However, the failure criteria that leads 502 

to those probabilities is different and as also noted by [27] the failure criteria does influence the 503 

probability of failure. Therefore, the probability of failure must be understood as the chance of 504 

a design criterion is not being met, under the random loading conditions given by Hs, Tp and 505 

Uc. This means that D50=0.54 has a smaller probability of not meeting the design criterion 506 

given by [6], than the D50=0.61 has of not meeting the design criterion given by [20]. 507 

Nevertheless, Figure 4 seems to indicate that both methodologies for static design lead to 508 

diameters that have very similar probability of failure, i.e. the same probability that each design 509 

criterion is not being respected. This suggests that the optimised solution provided by [6] not 510 

only gave a smaller D50 than [20], but it seems to be within the same level of safety, i.e. Pf in 511 

the order of 10-4. 512 

However, the reliability assessment was performed for an amplification factor of 2. Note that 513 

several authors typically employ α=4 in several design situations, e.g. [3], [42] or [43], which 514 

means that those solutions tend to be more conservative than D50=0.61 m. One can argue that 515 
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the curve given by [20] with α=2 is not directly comparable to the curve given by [6]. As it will 516 

be discussed further, this argument is reasonable due to several differences between the static 517 

design criteria. 518 

The probabilities associated to the methodology [14] are slightly larger than those obtained 519 

with the statically stable solutions from [6] and [20]. The D50=0.26 m has Pf=5×10-4. However, 520 

if one takes into consideration the variability and the uncertainty of the met-ocean environment, 521 

the values obtained might be considered acceptable in light of the substantial reduction of the 522 

mean stone diameter. An important aspect that can be noted is the consistency in the criteria 523 

provided by [6] and [14]. The design of a dynamic scour protection with a reduced diameter 524 

(D50=0.26 m) gives a slightly larger probability of failure (Pf=5×10-4) than the static scour 525 

protection (Pf=1.7×10-4) with a larger mean diameter (D50=0.54 m). Once again, note that the 526 

failure of both protections is analysed under different failure criteria. In the present case, it 527 

seems that a dynamic scour protection has a reliability level, which is in the same order as the 528 

static one designed according to [14], i.e. both of them in order of 10-4. This is of great 529 

importance, because not only the size reduction may lead to lower costs of the scour protection, 530 

but it also minimizes the occurrence of other problems, e.g. the edge scour phenomenon, which 531 

increases for large stone diameters due to the sudden increase of the bed-roughness [44]. 532 

The results from Table 2 are somehow difficult to compare with other cases in the literature, 533 

because there is an evident lack of research performed on the reliability and safety assessment 534 

of scour protections analysed by means of the probabilities of failure. A reliability assessment 535 

of statically stable scour protections, designed according to [6], is presented by [11]. However, 536 

the authors do not consider the correlation effects between the significant wave height and the 537 

peak period. Moreover, Hp, Tp and Uc were assumed to follow Gaussian distributions. The 538 

minimum probability of failure obtained by [11] was in the range of 10-3 for a global safety 539 

factor of 1.5, defined as the ratio of the acting bed shear stress to the critical shear-stress. These 540 

values seem to indicate that the model chosen for the random variables considerably affects the 541 

probability of failure. Such evidence was also confirmed in studies related to other offshore 542 

components, e.g. in mooring lines by [45]. 543 

 544 

Table 2. Stabilized probability of failure calculated with the Conditional model model (124 545 

months). 546 

Design Methodology D50 [m] Pf (n=1 000 000) 
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Static Scour Protection [20] 0.61 2.2×10-4 

Static Scour Protection [6] 0.54 1.7×10-4 

Dynamic Scour Protection [14] 0.260 5×10-4 

 547 

The scour protection at a monopile foundation consists of a system designed to mitigate scour 548 

related failures. However, if the scour protection fails, the monopile is not expected to fail 549 

immediately nor results in loss of human life (offshore wind turbines are unmanned structures). 550 

In this sense, one could argue that probabilities of failure in the order of 10-4 might be 551 

acceptable for the scour protection. 552 

The probabilities of failure presented in Table 2 are computed based on a 124 months record. 553 

Regarding the probability of failure in scour protections there is no guidance or obligatory 554 

offshore standards to be followed, typically, in marine structures the annual probability of 555 

failure may range from 10-3 to 10-6, depending on the systems redundancy, the warning prior to 556 

failure and the possibility of loss of life, e.g. see [46] and [47]. The values obtained for the 557 

present design might be difficult to convert to equivalent annual values for a proper comparison 558 

with the mentioned references. This is due to the fact that there is a dependence between the 559 

sea-state conditions for each simulation, because one is using hourly data. Since the event from 560 

hour (ti) might be dependent from the event of hour (ti-1), one is not able to assume a constant 561 

rate of failure. Thus, the annual probability of failure will not be equal to the number of hours 562 

in a year multiplied by the probabilities obtained in Table 2. Of course the time step used to fit 563 

the joint model of Hs and Tp also leads to an influence in Pf. Regarding the comparative 564 

analysis between criteria this does not pose a problem, because the same hourly data is used for 565 

the three design situations. However, when trying to analyse the probability of failure 566 

associated to extreme values, e.g. Hs associated to Tr=100 years or similar, the values of Pf are 567 

not directly comparable with the ones being focused in this research. 568 

The effects of the temporal resolution used to compute the probability of failure in offshore 569 

engineering applications are analysed in [48]. Although favouring models, which are fitted to 570 

annual maxima or clustered data, may lead to a better assessment of the extreme events, it must 571 

be recognised that this may also lead to uncertainties when the records are rather short, as this 572 

one with only 124 months. Nevertheless and as stated before, the main idea from the 573 

comparison presented in Figure 4 and Table 2 is that the deterministic solutions seem to present 574 

similar reliability measures. The authors recognise that further research considering other data 575 
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records and other temporal resolutions of Hs and Tp should be carried in order to properly 576 

compare these probabilities of failure with the annual return period values currently employed 577 

in structural design of offshore foundations. 578 

 579 

5.2. Probabilistic design of scour protections 580 

Instead of solely assessing the probability of failure of the scour protection, it might be relevant 581 

to analyse the values of the mean stone diameter associated to a specific probability. This can 582 

be performed by determining the relationship between D50 and Pf according to each 583 

methodology.  584 

In Figure 5, this relationship is established for the design of a static scour protection according 585 

to the methodologies presented by [6] and by [20], with an amplification factor of 2 applied to 586 

the latter. Results are obtained for a number of simulations set to 300 000, which is large 587 

enough to ensure a stabilised value of the probability of failure (see Figure 4). 588 

 589 

Figure 5. Safety comparison between static design criteria (n=300 000). 590 

 591 

Figure 5 indicates there is a decrease of the probability of failure for increasing values of the 592 

mean stone diameter, which is expected since larger diameters exhibit higher critical bed shear 593 

stresses, therefore, being less likely to be dragged away from the armour layer. This behaviour 594 

is in agreement with the results obtained by [11]. 595 
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The deterministic design, previously presented, indicated that the methodology in [20] yielded 596 

more conservative sizes of the mean diameter. However, Figure 5, indicates that this 597 

methodology seems to be more conservative only for mean diameters larger than 0.42 m 598 

(vertical line in Figure 5). Conversely, as D50 decreases, the methodology in [20] yields smaller 599 

probabilities of failure than the methodology in [6]. Moreover, the methodology in [6] leads to 600 

a probability of failure of 1 for a mean diameter of 0.1 m, while according to the methodology 601 

in [20] the probability is much smaller, roughly 0.03. This difference points to a considerable 602 

uncertainty between both methodologies [6] and [20]. Such difference should be the aim of 603 

further research.  Given these results, one may ask “are these two curves comparable?” i.e. can 604 

they be used to assess the same design situation? It is possible to argue that they are not since 605 

several different factors influence both criteria and may contribute for this somehow peculiar 606 

behaviour. Firstly, the results in Figure 5 considers an amplification factor of 2, which may not 607 

be the most reasonable choice for the waves and currents combined. As can be shown in Figure 608 

6, the probability of failure for the same mean stone diameter is highly dependent on the 609 

amplification factor, which is often determined by physical models adapted for a specific 610 

construction site. 611 

 612 

Figure 6. Influence of the amplification factor in the probability of failure for the methodology 613 

in [20] (n=300 000). 614 

 615 
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Figure 6 shows that when the amplification factor increases, a larger mean diameter must be 616 

chosen to obtain the same probability of failure. This emphasises the fact that the methodology 617 

proposed by [20] tends to be more conservative when the amplification factor is increased. 618 

Nevertheless, the authors note that the definition of the amplification factor may represent a 619 

drawback to the probabilistic design of static scour protections according to the methodology in 620 

[20]. Although, several authors use α=4, this value can be larger or smaller, depending on the 621 

hydrodynamic conditions [18]. The fact that its evaluation is still assessed based on the 622 

empirical knowledge of the designer, makes it harder to define standard values of α that should 623 

be used to obtain the curve showed in Figure 5, which is intended to be comparable with the 624 

methodology in [6]. The effect of the amplification factor on the probability of failure increases 625 

for an increasing D50. 626 

In agreement with the deterministic design previously performed, Figure 6 shows that 627 

amplification factors of 3 or 4 leads to very large mean stone diameters, which for a rip-rap 628 

scour protection may not be a feasible material to be placed with the fall-pipe vessels, as 629 

mentioned by [11]. 630 

Another aspect that may contribute to the behaviour showed in Figure 5 is the calculation of the 631 

critical bed shear stress. Figure 7 shows the critical bed shear stress as a function of the 632 

diameter of the stones. Note that, according to [6], the critical bed shear stress is calculated 633 

with θcr equal to 0.035 and using the diameter D67.5. On the other hand, the methodology in [20] 634 

uses θcr equal to 0.056 and the mean stone diameter D50. One can think about the critical bed 635 

shear stress as being the resistance component of the limit state function (Eq.12). Figure 7 636 

shows that, for smaller diameters, the difference between the resistance values obtained by both 637 

methodologies is less significant. This difference becomes more relevant as D50 increases. 638 

When the mean stone diameter increases, the resistance given by the methodology in [6] can be 639 

seen to increase less than the resistance obtained by the methodology in [20] (Figure 7). This 640 

should lead to larger probabilities given by the design according to [6] than according to in 641 

[20]. However, this effect may be opposed by the different calculation of the acting bed-shear 642 

stress which varies non-linearly with the increasing D50. 643 

Moreover, the non-linearity of the combined wave- and current-induced bed shear stress with 644 

the variation of mean stone diameter may also contribute for the different behaviour between 645 

the curves shown in Figure 5. Further research should be carried to fully address the influence 646 

of this aspect. Note that the non-linear effects are mainly due to the influence of D50 on the 647 

wave and current friction factors, as shown by [49] and [50]. 648 
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 649 

 650 

Figure 7. Comparison of the critical bed shear stress calculated by the methods in [6] and [20]. 651 

 652 

Finally, one must also note that the wave orbital bottom velocity (Um) is calculated for the 653 

significant wave height (Hs) in the methodology in [20], while in the methodology in [6] it is 654 

calculated for the mean wave height of the top 10% of the waves (H1/10). Therefore, the orbital 655 

bottom velocity used in [6] is more conservative than the one used in [20]. In non-cohesive 656 

sediments, as the ones studied in this case, research shows that the combined bed shear stress 657 

increases faster for smaller stone diameters, e.g. [3] and [6]. Therefore, when the diameter 658 

decreases, the effect caused by the different calculation of Um may also contribute to the larger 659 

values of the probability of failure showed by the methodology in [6]. When the mean diameter 660 

increases, the effects associated to Um dissipate and the methodology in [20] yields larger 661 

values of the probability of failure. 662 

Figure 8 shows the probabilities of failure obtained with the methodology in [6] compared to 663 

those obtained with the methodology in [20] calculated with an amplification factor equal to 4 664 

and Um calculated with H1/10. As expected, the probabilities of failure for the methodology in 665 

[20] increase considerably since Um(Hs) < Um(H1/10). For the sake of comparison, Figure 8 is 666 

limited to D50=0.9 m, because the methodology in [20] only yields smaller probabilities of 667 
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failure for very large diameters (see Figure 6). In the case of Figure 8, it is possible to see that 668 

the intersection point between both methodologies occurs sooner than showed in Figure 5, 669 

close to D50=0.16 m. 670 

 671 

 672 

Figure 8. Influence of Um in the probability of failure for the methodology in [20], compared 673 

with the standard application of the methodology in [6] (n=300 000). 674 

 675 

These results show that, for static scour protections, it might be difficult to select a D50 for a 676 

pre-defined probability of failure. Nevertheless, in the present case study, for probabilities of 677 

failure smaller than 10-3, the methodology in [6] consistently leads to smaller mean stone 678 

diameters (see Figure 5 and Figure 6). In practical situations, it is recommended that both 679 

curves are established and analysed before selecting the design value of D50. Moreover, it is 680 

also noted that selecting D50 may also depend on factors such as the available material, the 681 

transportation cost and the construction technique (e.g. fall-pipe vessels, cranes, lifters), which 682 

may lead the designer into avoiding the use of very large diameters, e.g. above 0.8 m. 683 

When designing a dynamic scour protection, it is important to establish the relation between the 684 

stone diameter and the probability of failure for the criterion presented in [14]. Moreover, since 685 

the methodology presented in [14] is an improvement of the method for static scour protections 686 

proposed in [6], it is also important to understand if both criteria provide an equivalent safety 687 
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level, i.e. is there a relation between a static scour protection designed with a certain D50 and a 688 

dynamic scour protection designed with a reduced D50*, for any D50
*<D50. 689 

Figure 9 presents the comparison of both methodologies for the case study introduced in the 690 

previous section. For the tested range of mean stone diameters, it can be seen that the criterion 691 

proposed by the static design consistently leads to larger probabilities of failure for the same 692 

mean stone diameter. This is expected since the dynamic design allows for the movement of the 693 

stones, which means that smaller diameters can be used in the design without considering that 694 

failure occurs. However, a fair comparison between criteria must be performed for different 695 

diameters, i.e. the one used for a static design and the reduced one used in the dynamic design. 696 

Point A (0.26 m; 5×10-4) and Point B (0.54 m; 1.7×10-4) in Figure 9 correspond to the 697 

deterministic design values previously presented for the dynamic and static scour protections, 698 

respectively. As seen before, these two points show that the probability of failure is larger for 699 

the reduced diameter D50*. However, one is able to see that other values of D50 could be used, 700 

smaller than D50=0.54 m but larger than 0.26 m, still yielding probabilities of failure which are 701 

are in the order of 10-4. For example, if the designer is not comfortable with using a D50*=0.26 702 

m, he may still use, for instance, a D50=0.45 m, which yields a value of Pf in the order of 10-5 703 

for the dynamic criteria and 10-4 in the static one, but still represents a smaller mean diameter 704 

when compared with the one required for static stability, i.e. D50=0.54 m. In this sense, and for 705 

design purposes, one is now able to select the mean stone diameter for a pre-defined probability 706 

of failure from the curves showed in Figure 9. 707 

Figure 9 shows that, depending on the level of safety, i.e. for the same probability of failure, the 708 

“static mean stone diameter” can be approximately reduced by 10 to 15 cm if one uses a 709 

“dynamic mean stone diameter”. This is of great importance as, for the present case study, it 710 

helps to validate that a solution based on a dynamic scour protection yields a similar level of 711 

reliability as the one based on the static design. Furthermore, it enables the designer to 712 

understand how the proposed reduction in the diameter is influencing the safety level according 713 

to the statically stable or dynamically stable criteria. Eventually, the designer may adopt an 714 

intermediate solution between both diameters and he is still optimising the dimension of the 715 

protection when compared with the traditional static design. 716 

As seen when dealing with the reliability assessment of the deterministic design approach, the 717 

authors note that further research should be performed in order to generalize this procedure for 718 

other case studies. The lack of research addressing the probabilistic design of scour protections 719 

for offshore wind turbines leaves space to improve these results and to compare them with 720 
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different design conditions. However, the confidential policies concerning data sharing, design 721 

procedures and the occurrence of failures in the offshore wind industry do not facilitate the 722 

increase in the number of case studies to be analysed. Therefore, only a confined group of 723 

people has experience and knowledge to design scour protections [6]. Nevertheless, the 724 

successful development of physical model studies concerning dynamic scour protections, e.g. 725 

[12], [13], [14] and [15], as well as the consistent levels of safety that were identified for the 726 

present case study justify the need for further research on the matter as a possible way to 727 

optimise the design of scour protections. 728 

 729 

 730 

Figure 9. Probabilities of failure as a function of the mean stone diameter, comparison between 731 

static [6] and dynamic design [20]. 732 

 733 

CONCLUSIONS 734 

A methodology to perform the reliability assessment and the probabilistic design of static and 735 

dynamic scour protections was performed by means of a case study. The research was based on 736 

the met-ocean data available for Horns Rev 3 offshore windfarm. For the considered case 737 

study, it was concluded that it is possible to design a dynamic scour protection, according to 738 

[14], with a similar reliability of a static scour protection designed according to [6]. Moreover, 739 

both design methodologies showed that the reduction of the mean diameter, from a static 740 
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stability towards a dynamic stability, may be used for practical purposes. One is able to use a 741 

mean diameter between the statically stable and the dynamically stable one within the same 742 

order of the probability of exceeding the design criterion. 743 

It was also concluded that further research should be carried in order to properly address the 744 

comparison between the probabilistic design made with the methodology [6] and [20]. It was 745 

found that the probability of failure was considerably influenced by the amplification factor, the 746 

Shields critical parameter, the diameter used to compute the critical bed shear-stress and the 747 

calculation of the orbital bottom velocity. The design options made regarding these aspects may 748 

invalidate a straight comparison between the criteria adopted by [6] and [20]. Nevertheless, for 749 

probabilities smaller than 10-3, regardless of the amplification factor the methodology [20] 750 

tended to provide larger mean diameters than the methodology [6]. However, it is advisable to 751 

perform the reliability assessment for several values of the amplification factor, so that the 752 

design decisions are better informed. Also the proposed design should always be validated by 753 

means of physical model studies, as it is common in scour protection studies, e.g. [11] and [15]. 754 

The findings of this paper suggest that in practical situations one should calculate the 755 

relationship between the mean stone diameter and the probability of failure for several 756 

methodologies, in order to make an informed design decision. Moreover, the analysis of the 757 

influence of the time resolution of the records of Hs and Tp on the probabilities obtained 758 

remains to be fully understood. Further research should address this aspect, since typical 759 

guidelines for structural design are referred to annual values. The influence of the statistical 760 

model used to generate correlated wave heights and periods, as well as the correlation between 761 

the sea-state and the current velocity, are also key aspects to improve the accuracy of reliability 762 

analysis applied to scour protections. Finally, it should also be noted that the reliability analysis 763 

based on different design criteria and the possible probabilistic design require a clear definition 764 

on the general rules that define the required protection’s safety level, which are yet not found in 765 

the literature and should be the aim of future research. 766 
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