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Abstract 

 

This paper investigates the inherent inaccuracy in the estimation of various extreme response 

variables for different sea defence structures using joint exceedance curve approaches in 

common use around the UK.  Utilising stochastically generated nearshore data sets that include 

extreme wave and sea level conditions determined at regular intervals around the English 

coastline as part of a previous study, and asset information from the Environment Agency’s 

AIMS database, this paper assesses 592 sea defence structures and their associated extreme 

response using different joint exceedance curve approaches when compared against the 

response variable approach.  This paper highlights that extreme response variables are often 

under-estimated when using a joint exceedance curve approach, which in many cases can be 

significant.  This suggests that the performance of many sea defence structures are incorrectly 

estimated.  As a consequence, joint exceedance curve approaches may under-design sea 

defence structures to a greater level than previously indicated, or significantly underestimate 

extreme response variables when assessing the performance of existing structures. 
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1. Introduction 1 

It has long been recognised that it is necessary to account for extreme sea conditions (waves 2 

and sea levels), in the design of sea defence structures and in the assessment of flood risk.  3 

However, until the introduction of simplified joint exceedance curve approaches (commonly 4 

known as joint probability curves) in the mid-late 1980s, there were no formal methods to 5 

quantify the joint occurrence of extreme waves and sea levels and their effect on the 6 

performance of sea defence structures, Hames et al., (2019).  With the introduction of these 7 

approaches, and the increased availability of wave and sea level data from about this time, 8 

these approaches started to become established within the coastal engineering community.  9 

This was particularly the case following the Towyn floods in February 1990, and the widely 10 

disseminated report looking at the joint probability relationship between waves and sea levels 11 

following this event, Hydraulics Research Ltd (1990). 12 

 13 

The increased awareness and ease of use of these approaches, as well as their more sound 14 

scientific principles compared to previous approaches based on “engineering judgement” meant 15 

that they quickly became embedded in many engineering studies, forming the basis of many 16 

engineering designs and risk & probability analyses over the 1990s, Hames et al., (2019).  The 17 

similarities to previous approaches based on engineering judgement may also have explained 18 

the rapid acceptance and adoption of these approaches at this time. 19 

 20 

However, these approaches, developed at a time when a lack of data and computing power 21 

meant that more rigorous approaches were not feasible, contained a known inaccuracy in that 22 

they are based upon defining the likelihood of extreme wave and sea level combinations which 23 

do not directly relate to extremes of the response variable (RV) of interest.  This could include 24 

such things as wave overtopping, economic damage, loss of life, Hawkes et al., (2002) and 25 

Gouldby et al., (2017).  In addition, the application of these methods commonly had to rely on 26 

restrictive assumptions regarding other wave parameters such as wave period and direction.  27 

The introduction of JOIN-SEA, HR Wallingford/Lancaster University (2000a and 2000b) and 28 

Hawkes et al., (2002), as well as the more recent use of the Heffernan and Tawn (2004) 29 

approach in directly assessing extremes of RVs, using robust, risk-based, statistical methods 30 
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has removed these limitations, and these have been increasingly used in coastal engineering 31 

studies since their introduction, Hames et al., (2019). 32 

 33 

However, despite the introduction of these RV approaches, joint exceedance curve approaches 34 

continue to be used extensively in studies. This can lead to the potential under-design of sea 35 

defence structures and the underestimation of the performance of sea defence structures to a 36 

greater level than previously suggested, unless correction factors are applied.  It is of note 37 

however, that currently there is limited information on which to base these correction factors. 38 

 39 

This paper therefore investigates the potential inaccuracy in the use of the different joint 40 

exceedance curve approaches  in most common use around the UK today. Utilising multivariate 41 

extreme nearshore sea condition data from a previous study, HR Wallingford (2015) and 42 

Gouldby et al., (2017), and asset information from the Environment Agency AIMS database, 43 

Environment Agency (2019), estimates of three different responses using different joint 44 

exceedance curve approaches are compared to the RV approach for 592 different sea defence 45 

structures across England.  This gives an indication of the potential errors when using the 46 

different joint exceedance curve approaches in terms of their overtopping performance, as well 47 

as estimation of levels of damage for rock armoured revetments and wave forces for vertical 48 

walls. 49 

 50 

1.1 Approaches considered 51 

Two different joint exceedance curve approaches  are currently believed to be in common use 52 

around the UK coastline.  These are briefly described below, with a more detailed description 53 

given in Hames et al., (2019). 54 

• Composite Marginal Joint Exceedance Curve (CoMJEC) Approach 55 

The probability of the response, pE,, is represented in terms of combinations of wave 56 

heights and sea levels that have the same exceedance probability over the same unit of 57 

time. This gives a continuous curve of combinations with pE defined as: 58 

 59 

𝑝𝐸 = 𝑝(𝐻𝑠 ≥ 𝑦 ∩ 𝜂 ≥ 𝑥) 60 
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1. 61 

 62 

• Intuitive Joint Probability Assessment (InJoPA) or Correlation Factor Approach 63 

The probability of the response is defined as a product of the marginal probabilities of 64 

the wave height (Hs) and the sea level (η) multiplied by a correlation factor (CF).  This  65 

therefore approximates the continuous curve of combinations, pE as: 66 

 67 

𝑝𝐸 ≈ 𝐶𝐹𝑝(𝐻𝑠 ≥ 𝑦)𝑝(𝜂 ≥ 𝑥) 68 

2. 69 

 70 

Of these approaches, the InJoPA can be applied in two different ways known as the simplified 71 

approach or the desk-study approach.  In addition, each approach has to rely on assumptions 72 

regarding wave period and direction.  Three different approaches are therefore considered, and 73 

these are assessed based on three different assumptions on how wave period and direction are 74 

assessed.  This gave a total of nine comparisons to assess against the RV approach, which are 75 

outlined in Section 4. 76 

 77 

2. Assessment methodology 78 

2.1 Introduction 79 

To investigate the potential inaccuracy in the use of the different joint exceedance curve 80 

approaches, firstly, benchmark results were established using the RV approach.  This approach 81 

involves the stochastic simulation of all the relevant input parameters using a nationally 82 

consistent data set .  The different joint exceedance curve approaches were then applied, as 83 

they would be in practice, Hames et al., (2019).  The results were then compared to the 84 

benchmark. 85 

 86 

Comparing the joint exceedance curve approaches against the RV approach for a large number 87 

of sea defence structures therefore gives a measure of investigating the distribution of the 88 

potential error in their application.  The comparative approach means that the robustness or 89 

otherwise of the response functions used is not considered significant.  This therefore also 90 
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enables potential correction factors to be suggested in cases where the RV approach could still 91 

be considered difficult to use, such as in the optimisation of designs in physical model tests.  To 92 

investigate these potential errors, this paper has used a consistent baseline dataset of 93 

nearshore stochastically generated wave and sea level data around the entire English coastline 94 

derived on a previous study (HR Wallingford, 2015 and Gouldby et al., 2017).  This data has 95 

been applied utilising the Environment Agency’s Asset Information Management System (AIMS) 96 

database for all sea defence structures in England (as it stood in 2017).  Details of the AIMS 97 

database and how this has been utilised, together with the baseline wave and sea level 98 

datasets utilised in this investigation are outlined in Sections 2.2 and 2.3 below. 99 

 100 

2.2 Asset Information Management System (AIMS) database  101 

The AIMS database is a national inventory of flood risk assets maintained by the Environment 102 

Agency.  Launched in 2014  to replace the existing National Flood and Coastal Defence 103 

Database (NFCDD), it contains an inventory of over 8000 coastal assets around the coastline of 104 

England.  It is continually improved, and was substantially updated following the winter 2013/14 105 

storms, when the military assisted the Environment Agency to survey the assets. 106 

 107 

Assets are described as a variety of different types, such as seawalls and embankments, as 108 

well as sub-types such as a brick or concrete seawall.  In total, there are 62 different types of 109 

defences defined using a categorisation system (Hall et al., 2003 and HR Wallingford, 2004).  A 110 

variety of information is given, with standardised characteristics given for certain parameters 111 

such as structure slope.  As a consequence, each defence can be simply discretised so that 112 

their performance can be assessed for a variety of different response functions.  Further details 113 

on the AIMS database can be obtained from the asset management team at appropriate area 114 

Environment Agency Offices. 115 

 116 

Although there were potentially in excess of 8000 assets to be considered for this paper, certain 117 

assets were removed if they did not fulfil certain criteria which are outlined below.  This was to 118 

remove assets that may potentially skew the analysis, due to unusually low variable responses 119 

(such as a high natural defence), resulting in potentially large variations in relative rates, or 120 



5 
 

unusually high variable responses, potentially indicative of an asset that does not fulfil a normal 121 

sea defence function.  For example, the marine saltwater lake at West Kirby on the Wirral is 122 

listed as a flood defence, however, it has been deliberately designed to overtop significantly 123 

under non extreme events. 124 

 125 

The rules applied to remove assets include any defence where the; 126 

• crest height was more than 4m above the 100 year extreme sea level, 127 

• crest height was less than the 10 year extreme sea level, 128 

• toe level was more than the 1 year extreme sea level minus 1m, 129 

• insufficient structure details given in the AIMS database. 130 

 131 

To apply these rules, the extreme sea levels used were those published in the Coastal Flood 132 

Boundaries report, Environment Agency (2011).  The updated Coastal Flood Boundaries report, 133 

Environment Agency (2018) was not used as it was not available when the original analysis was 134 

carried out, but would be expected to make no noticeable difference to the results.  These levels 135 

were updated to the present day to account for changes in mean sea levels and localised 136 

isostatic rebound rates using the approach outlined in HR Wallingford (2015).  This resulted in 137 

592 sea defence structures to assess, the location of which are shown in Figure 1.  Based on 138 

the categorisation system of Hall et al., (2003) and HR Wallingford, (2004), this gave 288 sea 139 

defence structures classified as a sloping revetment, 270 as a vertical wall and 34 as a shingle 140 

beach.  The large number of assets removed was mainly due to high asset toe levels, a 141 

significant number of which were classified as shingle beaches.  142 

     143 
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Figure 1. Location of sea defence structures assessed in this paper. 144 

 145 

2.3 Nearshore multivariate extreme data sets 146 

The baseline extreme wave and sea-level dataset used in this analysis comprised a 10,000-147 

year sample of present-day stochastically simulated wave and sea level conditions at a number 148 

of offshore points around the English coastline.  These baseline datasets were generated 149 

through the application of a multivariate extreme value model to offshore data based on Met. 150 

Office 8km WaveWatch III hindcast data and a combination of tide gauge data from the UK 151 

National Tide Gauge Network and the Environment Agency .  Accounting for seabed 152 

bathymetry, these conditions were then transformed to the nearshore across several wave 153 

model grids covering the entire English coastline using the SWAN wave model, Booij et al., 154 

1999.  This was done taking account of the spatial variation in the nearshore sea levels within 155 

each model grid.  This resulted in the region of 2,500 nearshore predictions points of wave and 156 

sea level conditions at 1km spacing.  Typically the nearshore points were located at the -157 

5mAOD sea bed contour, although a higher level was used if this was considered too far 158 

offshore.  This methodology is outlined in detail in HR Wallingford (2015) and Gouldby et al., 159 

(2017). 160 

 161 

As the requirement for this paper was to replicate methods that are typically implemented by the 162 

industry in practice, wave conditions were therefore transformed to the individual structure toes 163 

using the methodology proposed by Goda (2010), based on the nearest nearshore prediction 164 

point.  Nearshore beach slopes for use in the nearshore wave modelling were based on the 165 

average beach slope in front of the structure toe over a distance approximately equal to one 166 

wavelength in this region.  The process of evaluating nearshore beach profiles and the location 167 

of individual structure toes is outlined in HR Wallingford (2015).  168 

 169 

The output of this analysis gave a robust set of the equivalent of 10,000 years of wave and sea 170 

level conditions at each of the 592 structures considered in this paper.  From these data, the 171 

different joint exceedance curves were determined for a range of return periods, with the 172 

response of interest set as the largest response from all combinations of wave and sea level 173 
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conditions along these curves.  For the RV approach, the responses were determined for all 174 

combinations of wave and sea level conditions, with the response for the required return period 175 

determined by a countback of the ranked response variables.  This process is outlined in 176 

Hames et al., (2019). 177 

 178 

3. Response variables and functions assessed 179 

3.1 Response variables 180 

In this analysis, three response variables were considered: 181 

• Wave overtopping rate 182 

• Damage to rock armoured embankments 183 

A non-dimensionless parameter defined as the eroded cross-sectional area of the rock 184 

armoured revetment divided by the mean diameter of the rock defence blocks squared, 185 

Van Der Meer, (1987).  186 

• Wave forces on vertical walls 187 

 188 

These were analysed for 10 different return periods from 1 year to 1000 years.  Results for 189 

wave overtopping rate were considered in terms of return period as potential inaccuracies are 190 

typically stated in terms of this parameter as opposed, for example, to overtopping rate (Defra, 191 

2005).  Results for wave overtopping rate were considered for each defence type (i.e. sloping 192 

revetments, vertical walls and shingle beaches), as well as all three of these structure types 193 

combined.  Damage was considered for rock armoured defence structures, as this is the main 194 

parameter by which performance is measured (Van Der Meer, 1987).  For vertical walls, there is 195 

no conventional means of measuring potential inaccuracies or performance, so results have 196 

been considered in terms of wave force.  No weighting of the results were applied for defence 197 

lengths, return period or for the magnitude of the response variables considered. 198 

 199 

For joint exceedance curve approaches, there are no formal methodologies that explicitly define 200 

the handling of wave periods and directions.  Wave periods and directions were therefore 201 

considered based on the average offshore wave steepness of the highest 1% of nearshore 202 

wave heights, as well as the average wave direction to the shore normal over the same set of 203 
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conditions.  Wave periods were also considered based on a constant offshore wave steepness 204 

of 0.040, a value typically considered in the calculation of responses variables, although some 205 

tests were also undertaken considering a wave steepness of 0.035.  To account for the potential 206 

variation in the wave direction, wave directions were also considered uniformly distributed 15º 207 

either side of the average determined from the highest 1% of nearshore wave heights, as well 208 

as parallel to the shore normal.  This was anticipated to cover the range of conditions likely to 209 

be considered typical, including many studies that assume a normal angle of attack. 210 

 211 

3.2 Response functions 212 

The response functions considered in this paper were based on equations typically applied in 213 

standard practice across the coastal engineering community in the UK.  These are given below.  214 

It should be noted that as the purpose of this paper was to consider the relative differences 215 

between different joint exceedance curve approaches when compared to the RV approach, the 216 

choice of response function was not critical, provided they were applied consistently across the 217 

different approaches.  Different response functions could be anticipated to give similar 218 

comparative results, so the results presented in this paper are considered to be broadly the 219 

same for a specific response, regardless of the choice of response function. 220 

• Wave overtopping 221 

Recommended methodologies outlined for sloping structures and vertical walls in the 222 

EurOtop manual, Pullen et al., (2007).  Note that the updated version of the EurOtop 223 

manual, Van Der Meer et al., (2018) was not finalised when the original analysis for this 224 

paper was carried out. 225 

• Rock armour design 226 

Van Der Meer’s equation, Van Der Meer (1987) 227 

• Wave forces on vertical walls 228 

Goda (2010) 229 

 230 

For all functions, the potential errors in the estimated value of the extreme responses were 231 

considered based on the ratio given by equation 3, where this ratio was defined in terms of 232 

return period for overtopping rate, damage for rock armoured embankments and wave forces for 233 
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vertical walls.  This is termed the ratio of the return response ratio, and given the notation 234 

RPRR.  A value of the RPRR less than 1 indicates an underestimate of the response and a 235 

value greater than 1 indicates an overestimate of the response. 236 

 237 

𝑅𝑃𝑅𝑅 =  
𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑜𝑓 𝑐𝑢𝑟𝑣𝑒 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒

𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒 𝑣𝑎𝑟𝑖𝑎𝑏𝑙𝑒 𝑟𝑒𝑠𝑝𝑜𝑛𝑠𝑒
 238 

3. 239 

 240 

4. Results 241 

This section outlines the results for the different approaches and response functions considered 242 

in this paper.  As there are three different approaches based on three different sets of 243 

assumption (9 approaches in total), these have been identified in Table 1 for ease of reference.  244 

Comments in the results section have concentrated on the CoMJEC approach, identified as JP1 245 

in Table 1, as this is considered the most robust way to assess the performance of a sea 246 

defence structure using a joint exceedance curve. 247 

 248 

Number Code Description 

1 JP1 CoMJEC, with steepness calculated from the highest 1% of nearshore wave 
heights 

2 JP2 CoMJEC, with steepness set as 0.04 

3 JP3 CoMJEC based on a constant steepness of 0.04, with waves parallel to the shore 
normal 

4 JP4 InJoPA (simplified approach), with steepness calculated from the highest 1% of 
nearshore wave heights 

5 JP5 InJoPA (simplified approach) , with steepness set as 0.04 

6 JP6 InJoPA (simplified approach) , based on a constant steepness of 0.04, with 
waves parallel to the shore normal 

7 JP7 InJoPA (desk-study approach), with steepness calculated from the highest 1% of 
nearshore wave heights 

8 JP8 InJoPA (desk-study approach) , with steepness set as 0.04 

9 JP9 InJoPA (desk-study approach) , based on a constant steepness of 0.04, with 
waves parallel to the shore normal 

Table 1. Different joint exceedance curve approaches assessed. 249 

 250 

4.1 Overtopping 251 

4.1.1 Overtopping for all defence types 252 
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Figure 2 shows the cumulative distribution function of the RPRR for the different approaches 253 

considered for all structure types.  Results are not shown for JP7, JP8 and JP9 as they are 254 

generally similar to JP4, JP5 and JP6 respectively, although relevant comments on the result of 255 

the analysis on these approaches are given. 256 

 257 

Figure 2 indicates that the return period estimated by a joint exceedance curve is most likely to 258 

underestimate the benchmark return period (RPRR<1), which in some cases can be significant.  259 

JP1 gives return periods most consistent with the RV approach, with the RPRR calculated from 260 

JP1 being within a factor of 2 of the benchmark return period for about 40% of the defences 261 

tested.  For approximately 7% of the defences tested, JP1 can underestimate the benchmark 262 

return period by a factor of at least 10.  This suggests that about 1 in 15 structures designed or 263 

assessed to limit design overtopping rates to a return period of 100 years using JP1, actually 264 

have a design standard for overtopping of less than 10 years if no correction factors are applied.  265 

JP2 unsurprisingly closely mirrors JP1 as the joint exceedance curve has been derived in the 266 

same way, with the only difference based on how wave period has been determined.  However, 267 

the choice of period based on assumptions on wave steepness rather than an assessment of 268 

the data means that JP2 is more likely to result in a greater variation in the return period when 269 

compared to the benchmark return period, although generally a better approximation than the 270 

other joint exceedance curve approaches. 271 

 272 

For the other approaches, the variation in RPRR can be significantly greater.  The InJoPA 273 

approaches (JP4-JP5 and JP7-JP8) are much more likely to underestimate the benchmark 274 

return period when compared to the JP1 approach.  With JP1 underestimating the benchmark 275 

return period by a factor of at least 10 7% of the time, this underestimate increases to about 276 

39% for JP4 and JP5, and about 32% for JP7 and JP8.  When wave direction is not accounted 277 

for (JP6 and JP9) these differences are not as great, however this is a factor of overtopping 278 

increasing when not accounting for direction, and therefore masking the general underestimate 279 

of overtopping rates when using one of the InJoPA approaches.  Conversely this also indicates 280 

that the return period is much more likely to be over-estimated when direction is not accounted 281 

for when using one of the InJoPA approaches, JP6 and JP9, which occurred for about 27% of 282 
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the defences tested.  Unsurprisingly considering the comments above, the RPRR calculated 283 

using JP3 is least likely to underestimate the benchmark return period, although the effect of not 284 

accounting for direction when using this CoMJEC approach still results in an underestimate of 285 

the benchmark return period for most defences tested. 286 

 287 

For all approaches, the method of choosing wave period generally makes little difference.  The 288 

exception to this is for the lowest RPRRs (less than about 0.3), where the Simplified approach 289 

of the InJoPA is more likely to underestimate the benchmark return period than the Desk Study 290 

approach.  This is mainly a result of analysis for defences along the North Cornish, South Essex 291 

and North Kent coastlines where it is noted that the Simplified approach indicates lower levels of 292 

dependency between sea levels and wave heights than the Desk Study approach relative to 293 

other parts of the English coastline.  This therefore tends to predict lower extreme overtopping 294 

rates.  It is also significant that for about 30-40% of the defences tested, JP4, JP7, JP5 and JP8 295 

estimate a RPRR of less than 0.1, which suggests that these defences have an actual return 296 

period a factor of 10 or more less than the benchmark return period.  This indicates that 297 

structures designed or assessed to limit design overtopping rates to a return period of 100 years 298 

based on these approaches can for about a third of the time actually have a design standard for 299 

overtopping of less than 10 years if no correction factors are applied. 300 
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 301 

 Figure 2. Cumulative distribution function of the peak overtopping return period ratio for 302 

different joint exceedance curve approaches relative to the RV approach. 303 

 304 

4.1.2 Overtopping for different  defence types 305 

Figure 3 shows the cumulative distribution function of the RPRR for the different defence types 306 

considering JP1 only.  This figure also shows the aggregated result for all defence types, i.e. the 307 

same result for JP1 as shown in Figure 2. 308 
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 309 

Figure 3. Cumulative distribution function of the peak overtopping return period ratio for different 310 

joint exceedance curve approaches relative to the RV approach for different RASP defence 311 

types (JP1 only). 312 

 313 

Comparing the results for sloping revetments against vertical walls indicates little difference, 314 

except that vertical walls are more likely to have an actual return period greater than the 315 

benchmark return period.  This is due to the wave breaking process on vertical structures, 316 

particularly where the structure toe level is high relative to the crest height of the structure.  317 

Under these conditions this can result in impulsive waves, waves that break violently onto 318 

vertical or steep walls leading to much greater levels of overtopping than would occur for the 319 

same wave conditions at a higher sea level, see Pullen et al., (2007).  As water depth, or sea 320 

level, is the key factor in whether waves breaks impulsively or non-impulsively, a key 321 

component in this is also the wave period.  Typically a larger wave period based on the 322 

response function considered in this paper (Section 3.2) would mean that waves are more likely 323 

to be impulsive, leading to greater levels of overtopping.  An under-estimate of the wave period 324 
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is therefore more likely to under-estimate the wave overtopping rate compared to the wave 325 

overtopping rate using the correct wave period, and vice versa.  326 

 327 

For shingle beaches, the RPRR follows a similar distribution to sloping revetments for ratios 328 

greater than about 0.7, yet a much greater chance of a smaller ratio below this value.  This may 329 

be a function of the types of waves, with shingle beaches more likely to be impacted by surging 330 

waves than sloping revetments.  However, it is more likely that this is just a function of the 331 

limited number of shingle beaches assessed in this paper (34), and a larger more widespread 332 

array of shingle beaches would probably suggest that the distribution of RPRR for shingle 333 

beaches is similar to that as for sloped revetments. 334 

 335 

4.2 Damage to Rock Armoured Structures 336 

The results in this section are based on calculating the rock sizes required to limit the damage 337 

level to 2, a level often considered as the “no damage” criterion, Van Der Meer (1987).  This is 338 

the damage level typically used in design calculations.  The damage levels for the different joint 339 

exceedance curve approaches are then redefined using the wave parameters from the RV 340 

approach to estimate the change in the damage level. 341 

 342 

Figure 4 shows the effect on levels of damage to rock armoured revetments for the different 343 

joint exceedance curve approaches.  This considers sloping revetments only.  Figure 4 indicates 344 

that often the actual level of damage could be much greater than assessed or designed for 345 

when using the different joint exceedance curve approaches.  This is particularly the case for 346 

JP1.  For this approach, damage levels are less than the benchmark level of 2 for only about 347 

2% of the defences tested, and therefore greater than the benchmark level for about 98% of the 348 

defences tested.  However, damage levels using the JP1 approach are much less likely to be 349 

significantly greater (more than double) the benchmark level.  For the defences tested, there is 350 

approximately a 6% chance that actual damage levels are more than double the benchmark 351 

level, but rarely more than three times the benchmark level.  With “failure” considered to occur 352 

at a level of 10 or greater, Van Der Meer (1987), it would therefore not be expected that a 353 
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revetment robustly designed for a damage level of 2 using the JP1 approach would fail under 354 

design conditions. 355 

 356 

Figure 4. Cumulative distribution function of damage ratio for different joint exceedance curve 357 

approaches relative to the RV approach. 358 

 359 

Differences though are a lot greater when considering the other joint exceedance curve 360 

approaches, particularly those based on the InJoPA approach (JP4-JP5 and JP7-JP8).  Often 361 

levels of damage are greater than the benchmark level, although typically levels of actual 362 

damage are less than those structures assessed by the JP1 approach.  However, significant 363 

levels of damage are much more likely in comparison to the JP1 approach.  This includes a 1% 364 

chance that damage levels are potentially under-estimated by a factor of 5 or more using either 365 

the JP4 or JP7 approach for the defences tested.  This would mean that the actual damage 366 

level would be 10 or greater, resulting in failure of the revetment under design storm conditions. 367 

 368 
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Damage to rock armoured revetments is though greater when impacted by long period waves.  369 

The effect of a wave steepness of 0.035 was therefore also investigated, and this is shown in 370 

Figure 5 for JP2 only.  This suggests that a lower steepness value would in general result in a 371 

higher ratio for all joint exceedance curve approaches considered (JP5 and JP8 are not shown, 372 

but show similar results).  This means that damage levels are more likely to be greater than the 373 

benchmark level.  As a consequence, rock armoured structures more exposed to long-period 374 

swell waves, such as on the south-west coast of England, are at greater risk of failure when 375 

designed based on a joint exceedance curve approach when compared to regions where 376 

damage is driven by high steepness locally generated wind waves such as in Liverpool Bay.  377 

However, the issue being considered in this paper is the effect of how the joint exceedance 378 

curves are typically applied, not how best to apply them.  Figures 4 and 5 therefore demonstrate 379 

that an assumed wave steepness using any of the joint exceedance curves considered in this 380 

paper can have a significant effect on the estimation of damage levels.  In general, levels of 381 

damage are under-estimated, however, this would not be expected to lead to failure of a 382 

revetment, although this is more likely if using one of the InJoPA approaches. 383 

 384 
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Figure 5. Cumulative distribution function of damage ratio for different joint exceedance curve 385 

approaches relative to the RV approach for different steepness values. 386 

 387 

4.3 Wave Forces 388 

Figure 6 shows the effect on the calculation of wave forces on vertical walls for the different joint 389 

exceedance curve approaches assessed.  This considers vertical walls only.  Results for JP2, 390 

JP7 and JP8 are not shown as they are similar to JP1, JP4 and JP5 respectively. 391 

 392 

Figure 6. Cumulative distribution function of wave force ratio for different joint exceedance curve 393 

approaches relative to the RV approach. 394 

 395 

Unlike the calculation of overtopping rates or damage levels, the effect of the choice of the joint 396 

exceedance curve approach does not appear to noticeably affect the calculated wave force 397 

when compared against the RV approach.  In addition, the choice of joint exceedance curve 398 

approach makes little difference to the result obtained.  Wave forces are also noted to be a lot 399 

less affected by wave period relative to wave height than overtopping rates and damage levels.  400 
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Wave forces are also an approximate linear function of wave height, whereas they are typically 401 

a function of wave height to a power of 1.5 or greater for overtopping rates and damage levels. 402 

 403 

As a consequence, these results suggest that wave forces are over-estimated for about 70% of 404 

the defences tested, and are over-estimated by factors of 2 and 3 for approximately 25% and 405 

10% of the defences tested respectively. 406 

 407 

5. Conclusions 408 

This paper compares the different joint exceedance curve approaches in common use around 409 

the UK.  This is to investigate the inherent inaccuracy in the estimation of various extreme 410 

response variables as a result of these curves not being related to the response variable 411 

considered.  The results suggest that often, a joint exceedance curve approach underestimates 412 

the true response of the different variables considered, with the level of accuracy dependent on 413 

the response variable being considered, and the joint exceedance curve approach used. 414 

 415 

5.1 Overtopping 416 

All of the joint exceedance curve approaches generally underestimate peak overtopping rates, 417 

and in many cases this can be significant.  JP1 gives the most consistent results to the 418 

benchmark return periods, however, this approach still indicates that 7% of sea defence 419 

structures tested underestimate the peak overtopping rate by a factor of 10 or more.  This 420 

suggests, for example, that structures designed for overtopping to a 100-year design standard 421 

have a 1 in 15 chance of having an actual design standard of 10 years or less. 422 

  423 

For other joint exceedance curve approaches, the differences can be significantly greater.  The 424 

greatest differences are observed using the InJoPA approaches, where the actual return 425 

periods are often much more likely to be under-estimated than the JP1 or other CoMJEC 426 

approaches.  Generally little difference is observed whether the simplified or the desk study 427 

approach is used to estimate return period overtopping rates, or whether the wave period is 428 

estimated from the data or an assumed steepness is applied.  However, determining the wave 429 

period based on the data as opposed to an assumed steepness appears to give a closer result 430 
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to the benchmark return period, although the choice of a lower steepness generally results in 431 

less chance of underestimating the true response (but also conversely a greater chance of 432 

overestimating the true response).  Not accounting for wave direction was also seen to 433 

significantly affect results, with overtopping rates typically significantly higher. 434 

 435 

Comparing overtopping rates for different defence types for JP1 suggests that actual return 436 

periods for sloping structures (e.g. revetments) more accurately represent the benchmark return 437 

periods than those for vertical structures.  However, a joint exceedance curve approach is more 438 

likely to result in an overestimate of the peak overtopping rate for a vertical structure, particularly 439 

when you have a relatively high toe level.  Shingle beaches appear to be more likely to under-440 

estimate the actual return period than sloping structures or vertical walls.  However, this is 441 

probably a result of the limited structures available to assess for this paper. 442 

 443 

5.2 Damage 444 

Damage levels, as for overtopping , are often under-estimated using the different joint 445 

exceedance curve approaches, particularly for JP1.  However, damage levels using the JP1 446 

approach do not have the spread of errors when compared to the other joint exceedance curve 447 

approaches, and a revetment robustly designed for a damage level of 2 using the JP1 approach 448 

would not be expected to fail under design conditions.  However, the greater spread of errors for 449 

the InJoPA approaches means that significant levels of damage are much more likely in 450 

comparison to the JP1 approach, meaning that failure of a revetment when designed or 451 

assessed using an InJoPA approach is more likely, particularly if the wave steepness is over-452 

estimated. 453 

 454 

5.3 Wave forces 455 

The effect of the choice of joint exceedance curve often does not appear to significantly affect 456 

the calculated wave force when compared against the RV approach, particularly as wave forces 457 

are a lot less affected by wave period relative to wave height than overtopping rates and 458 

damage levels.  Wave forces are typically over-estimated for about 70% of the defences tested 459 
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using a joint exceedance curve approach, and are rarely under-estimated by more than about 460 

50% for the defences tested. 461 

 462 

5.4 Effect of climate change 463 

With most sea defence structures designed in this country to a design standard at some point in 464 

the future, it is likely that any potential under-design of a structure may not yet be appreciated.  465 

Overtopping as a result of rises in sea levels will generally increase, as will damage and forces 466 

as larger waves will now be able to impact structures.  Many structures will therefore not yet 467 

have been exposed to the levels of sea levels and wave conditions that they were designed for.  468 

This is particularly the case for those structures built since the severe winter storms of 2013/14.  469 

It is possible therefore that as they come towards the end of their design life, structures 470 

designed or assessed based on a joint exceedance curve approach may be prone to failure or 471 

excessive levels of overtopping under relatively small storm events.  This may even be the case 472 

when they may have withstood much worse storms when they were built, but when the effects 473 

of lower sea levels may have resulted in lower wave loads. 474 

 475 

5.5 Concluding remarks 476 

All of these results suggest that a large number of sea defence structures assessed based on a 477 

joint exceedance curve approach may be incorrectly defined, particularly when considering the 478 

InJoPA approach.  This means that wave loads, and in particular overtopping rates may be 479 

significantly under-estimated, and certain defences significantly under-designed.  In a few 480 

cases, the performance of some sea defence structures may have been overestimated leading 481 

to an expensive over-designed structure, particularly when using one of the InJoPA approaches. 482 

 483 

The under design of a sea defence structure could have serious consequences in terms of the 484 

performance and lifetime of these structures, with consequent economic and social impacts.  It 485 

also suggests that the assessment of flood levels may be greatly under-estimated, with 486 

consequent effects on the levels of damage and costs incurred in the flood zone.  It is therefore 487 

recommended that where suitable and appropriate, a joint exceedance curve approach should 488 

not be used to assess the performance of a sea defence structure.  However, more work is 489 
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required where the RV approach is not considered suitable and a joint exceedance curve 490 

approach is still considered appropriate such as in the optimisation of designs in physical model 491 

tests where it is feasible to only consider relatively few test conditions. 492 
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