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EXECUTIVE SUMMARY 

 

Ports and harbours are often protected from violent waves by rubble mound 

breakwaters. Among the diverse types of rubble mound breakwater structures, berm 

breakwaters are relatively new, having been introduced in the early 1980s. In general, 

their construction ensures maximum quarry utilization and they can be built using smaller 

construction equipment. This reduces the overall cost and opens opportunities for local 

contractors.  

The wave induced overtopping rate is often considered a measure of safety of coastal 

structures with sea level rise, caused by global climate change, increasing the frequency 

and intensity of wave overtopping of these structures. Hence, the mean wave overtopping 

rate, and how it may change over time, is a key factor to be considered in the design of 

berm breakwaters. As a result of this, the wave overtopping rate has been extensively 

studied in the past decade. However, few studies focus on the overtopping behaviour of 

hardly/partly reshaping berm breakwaters. Additionally, a simpler and more accurate 

overtopping prediction tool, which includes the influence of the governing variables on 

the overtopping rate, is required for berm breakwaters.  

Given the above, the primary aim of this research work was to assess the influence of 

the structural and hydraulic variables on the overtopping rate at hardly/partly reshaping 

berm breakwaters through a series of laboratory tests. As a first step, the available 

prediction methods were reviewed in detail and a sensitivity analysis was performed to 

understand the influence of the governing variables in estimating the overtopping rate at 

berm breakwaters. In addition, a detailed analysis of data used to develop the models were 

conducted to understand their applicability. Then, the existing small-scale physical model 

test data were collected from previous research and was analysed comprehensively. The 

resultant database represented mostly a fully reshaping condition with limited tests on 

hardly/partly reshaping berm breakwaters. Hence, physical model tests were conducted 

(as part of this research) to remove the paucity of data in the existing databases. The new 

data represented overtopping from a wider range of tested wave steepness, berm width, 

berm level and crest level for the hardly/partly reshaping structures. The existing and new 

data were combined to develop a comprehensive overtopping database with 701 data. 
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The second phase of the research focussed on the development of the empirical 

prediction formula to estimate the wave overtopping rate of berm breakwaters. The 

sensitivity analysis showed that there were significant inconsistencies among the 

available models in determining the influence of the variables on the estimated 

overtopping rate. To overcome these deficiencies/inconsistencies, and with a view to 

develop a universal prediction model for berm breakwaters, a new empirical formula was 

proposed using the comprehensive database (created as part of this research). In order to 

establish the new formula, the model tree approach of data mining was utilized and 

dimensionless parameters were used to develop the model to generalise the results. Then, 

the performance of the developed model was compared with other existing, and more 

complex, prediction models. The accuracy measures such as RMSE and Bias showed that 

the new formula was more accurate than the existing prediction methods. In short, the 

developed formula provides physically sound influences of the governing parameters on 

the overtopping rate and therefore it can be used as a robust tool for engineers in the 

design of berm breakwaters. 

Another issue that now must be considered in the design of coastal structures is the 

effect of climate change. Coastal structures, including berm breakwaters, are increasingly 

at risk of excessive overtopping due to climate change effects such as sea level rise (SLR). 

SLR needs to be considered in the safety assessment of existing and design of newly 

constructed berm breakwaters. Most of the existing literature is concentrated on the 

stability, increase in the run-up and overtopping failure of conventional rubble mound 

structures. Hence, as a capstone to this research, the influence of sea level rise on the 

overtopping rate of berm breakwaters was investigated. The newly developed formula 

was utilized for this investigation since it considers the influence of water depth better 

than the existing prediction models. The effect of SLR on the overtopping rate and the 

required upgradation of the structure were represented as functions of the relative change 

in water level. The results showed that overtopping increased exponentially in the shallow 

zone compared to that of the deep zone. The increase in the crest freeboard, required to 

maintain the design overtopping rate was estimated to be less than the increase needed 

compared to berm width for the different sea level rise scenarios considered. Furthermore, 

the required crest freeboard was influenced less by the initial configuration of the berm 

width. 
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Finally, in the last part of the research, the focus was extended on the probability of 

failure (in terms of the overtopping rate) and the optimum upgradation interval of berm 

breakwaters considering the influence of sea level rise during their service life. Optimum 

upgradation intervals were determined by minimising the cost of upgradation and failure. 

The results were further exemplified using the design parameters of the Sirevag berm 

breakwater in Norway. The outcome of the analysis could be used as a preliminary 

assessment of the upgradation measures to be adopted and requires detailed cost and 

feasibility studies. The outlined method can be used to quantitatively estimate the 

influence of the SLR on the overtopping rate and could also be included in the design 

philosophy of berm breakwaters. 
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CHAPTER-1 INTRODUCTION 

 

1.1. Overview 

Breakwaters are coastal structures used to protect harbour basins from the violent 

waves of the surrounding sea. They reduce the wave action at the lee of the structure for 

safe mooring and loading operations, handling of ships and protection of harbour 

facilities. Among the breakwater types, rubble mound breakwaters are the most common. 

They are often constructed as a straight sloped structure using quarried rock. At times, 

concrete armour is used when required rocks are unavailable. In the past, rubble mound 

breakwaters were constructed in shallow waters. However, the need for handling larger 

ships lead their construction in deep water (Lykke Andersen, 2006). A drawback of rubble 

mound breakwaters is the requirement of relatively larger stones (or concrete units) at 

larger water depths where design wave heights are high leading to exorbitant construction 

costs (Sigurdarson and Viggosson, 1994). 

A more economical alternative can be modifying the cross section of rubble mound 

breakwaters by adding a berm. The presence of a porous berm located at the front of the 

structure and above the design still water level (Fig. 1.1) improves the wave energy 

dissipation (and in turn the wave overtopping) and thus reduces the requirement of heavier 

rocks when compared to conventional breakwaters.  

 

 

Fig. 1.1 Schematic cross section of berm breakwater 

In contrast to the rubble mound structures with a straight slope, wave action on berm 

breakwaters causes reshaping rather than failure. In addition, construction of berm 

breakwaters leads to a better utilization of the source quarry yield as all rock sizes can be 

used in the construction. Smaller rocks may be placed in the core while, the fewer, more 
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expensive larger rocks from the quarry can be placed in the area of maximum wave action. 

Furthermore, they can be constructed using less expensive equipments such as split 

barges and excavators as the size of armour to be handled is smaller. Additionally, berm 

breakwaters have a larger tolerance to rock placement compared to conventional rubble 

mound structures, thus providing cost savings.  

Berm breakwaters were built in Australia as early as 1970. Many of them, such as the 

one at Port Elliott in South Australia (Fig 1.2a), were constructed by dumping rocks and 

allowing it to reshape naturally (Van der Meer and Sigurdarson, 2016). The berm 

breakwater at Rosslyn Bay showed a remarkable capability to protect the harbour even 

after the crest was lowered by 4m due to high tide action (Foster et al., 1978). Experience 

obtained from the early berm breakwaters was used to construct more better designed 

structures, such as the berm breakwater at Townsville (Bremner et al., 1980) and Hay 

Point tug harbour in Queensland (Bremner et al., 1987). The structure at Townsville (Fig 

1.2b) resulted in a 40% cost saving compared to conventional structures particularly by 

avoiding the deployment of large cranes. The berm breakwater at Hay Point was 

constructed as a mass armoured structure, utilizing rocks of all available sizes. (Van der 

Meer and Sigurdarson, 2016). 

 

 

(a)      (b) 

Fig. 1.2 Breakwaters at a) Port Elliott (SLSAB27845, 1920) b) Townsville (Wriggles, 

1924)  

Harbour facilities are often situated immediately behind the berm breakwaters 

(Fig.1.3).  
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Fig. 1.3 Coffs Harbour breakwater 

(Source: http://www.abc.net.au/news/2016-06-07/breakwall-coffs-harbour/7485476) 

As a result, the safety of these facilities depends to a large extent on the amount of 

water transported over the crest of the structure referred to as the wave overtopping rate. 

Wave overtopping mainly occurs in two forms: a) as a sheet of continuous flow called 

green water (Fig. 1.4a) or as a spray known as white water (Fig. 1.4b). White water is 

caused due to the breaking of waves on the front of the structure and due to the influence 

of wind. Allowable amounts of wave overtopping also influence the structural design of 

breakwaters since high overtopping can lead to failure and may lead to the disappearance 

of the structure itself under water. The allowable overtopping discharges for structural 

safety are provided by EurOtop (2016) and depend on the significant wave height and the 

rear side cover. In addition to the structural safety, the allowable overtopping discharge 

is also determined by factors such as the property/equipment protected (e.g. pipelines, 

conveyor belts, boats), importance of the structure (e.g. coastal towns, buildings or 

apartments immediately behind the breakwater) and the presence of people/vehicles on 

the structure. For example, EurOtop (2016) suggests a tolerable overtopping discharge of 

0.3 l/s/m of crest width for a significant wave height of 3m when people are present at the 

breakwater. 

 

http://www.abc.net.au/news/2016-06-07/breakwall-coffs-harbour/7485476
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(a) 

 

(b) 

Fig 1.4 a) Green water overtopping at Howth, UK (EurOtop, 2016) and b) White water 

overtopping at Samphire Hoe, UK (EurOtop, 2007) 

The geometric design of berm breakwaters largely depends on their wave overtopping 

performance. The allowable overtopping rate often determines the front geometry and the 

crest height of the berm breakwaters. The crest height plays a critical role in finalizing 

the overall design cross section, the volume of stones required (and thus the planning of 

quarry operations), the cost of construction and in turn the duration of the project. Fig. 
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1.5 shows the rear side of Bakkafjordur berm breakwater during a storm wherein 

overtopping flow occurred over and through the crest, respectively.  

 

Fig. 1.5 Rear side of Bakkafjordur berm breakwater (Sigurdarson and Van der Meer, 

2012) 

Thus, a reliable estimation of the overtopping rate is imperative in the design and 

safety assessment of berm breakwaters. Several methods exist to estimate the overtopping 

rate of berm breakwaters such as empirical, numerical and artificial neural network 

methods. Empirical methods provide an explicit relationship of the variables that 

influence the overtopping rate and they are derived from physical model test data. Since 

they provide compact formulae and include influences of the variables, they are often 

preferred by engineers as a design tool. Numerical models such as OpenFOAM e.g. 

(Losada et al., 2016) and IH2VOF (e.g. Lara et al., 2011) can effectively model the wave 

by wave interaction but they require significant effort in terms of simplification of the 

governing processes, solving techniques and validation (Pillai et al., 2017b). Recently, 

Artificial Neural Network (ANN) prediction models have been developed (e.g. Zanuttigh 

et al., 2016, Formentin et al., 2017, Van Gent et al., 2007) utilizing the increased 

computing power. Although they can predict the overtopping rate for a wide variety of 

complex geometries, they remain as a black box in explicitly representing the relationship 

between governing variables and the overtopping rate. In general, the reliability of the 
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prediction models depends on the comprehensiveness of the database used for its 

development. Ideally, the database should include a wide range of tested structural and 

hydraulic conditions to properly represent the overtopping phenomena.   

 

1.2. Sea level rise and overtopping rate 

Another issue in the design of coastal structures is the climate change. The impact of 

climate change on the operation of coastal structures has been of key research interest 

from the mid-eighties (Townend and Burgess, 2004). In a coastal zone, sea level rise is 

considered the most threatening compared to the other impacts of climate change (Bosello 

et al., 2007). The rise in the mean sea level increases the frequency and intensity of the 

wave overtopping rate. Excessive wave overtopping has become one of the most alarming 

causes of the breach in coastal structures in the context of global climate change (Jones 

et al., 2010, Kawasaki et al., 2011, Tuan and Oumeraci, 2010). As a consequence of SLR, 

breakwater structures will operate at lower crest freeboard. The question arises regarding 

the performance of these structures in the long run with rising water levels and associated 

changes in the hydrodynamic loads (Fröhle, 2012). An accelerating sea level rise (SLR) 

requires the strengthening of the existing structures and the design of structures resilient 

to the consequences of SLR (Niemeyer et al., 2008). As the lifetime of breakwaters span 

several decades, changing climate conditions need to be considered in their design 

(Esteban et al., 2011).  

 

1.3. Aims and Objectives  

The overall goal of this research is to understand wave overtopping at hardly/partly 

reshaping berm breakwaters and to be able to represent it using a comprehensive and 

justifiable empirical formula. In this regard, the specific research objectives are: 

1. to assess the sensitivity of structural and hydraulic parameters on the overtopping rate 

at berm breakwaters in the existing prediction models; 

2. to examine the influences of structural and hydraulic parameters on the wave 

overtopping rate at hardly/partly reshaping berm breakwaters using physical model 

tests; 
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3. to develop an accurate and justifiable prediction formula to estimate the wave 

overtopping rate at berm breakwaters. 

4. to quantify the influence of three different rates of sea level rises (Low, Medium and 

High) on the overtopping rate at berm breakwaters, understand the upgradation 

options to comply with the changes in overtopping rate due to sea level rise and to 

quantify the optimal maintenance interval required for the berm breakwater in a sea 

level rise scenario.  

 

1.4. Research Scope 

The fully reshaping berm breakwaters are less resilient in design compared to the 

hardly/partly reshaping berm breakwaters (Van der Meer and Sigurdarson, 2016). The 

study of the overtopping at hardly/partly reshaping berm breakwaters is limited and the 

databases used to develop the existing prediction models contain limited data on the 

hardly/partly reshaping berm breakwaters with an initial slope of 1:1.5 (a preferred 

condition suggested by Van der Meer and Sigurdarson (2016)). Hence, this research 

focuses on the wave overtopping characteristics of hardly/partly reshaping berm 

breakwaters with an initial slope of 1.5. 

Coastal engineers rely on two major techniques to understand the wave-structure 

interaction - namely the field measurements and the physical model tests (laboratory 

tests). Though they provide the best data, field measurements are expensive, laborious 

and the influence of a large number of variables makes the data interpretation difficult 

(Hughes, 1993). On the other hand, physical model tests are cost effective, input 

conditions can be controlled and they can be easily studied. Hence, in this study, physical 

model tests were conducted at the hydraulics laboratory of Griffith University, Australia, 

to understand the wave overtopping characteristics of hardly/partly reshaping berm 

breakwaters. In addition, as the effect of the wind and the generation of spray are difficult 

to be modelled, this research focuses on the green water form of wave overtopping. 

There are two approaches to assess the wave overtopping of any breakwater structure 

- the volume per overtopping wave approach and the mean wave overtopping approach. 

The overtopping characteristics of rubble mound breakwaters are usually studied by 

measuring the mean wave overtopping rate.  Hence, this approach is used in the present 

study. Furthermore, most of the existing data (measured overtopping rates) from physical 
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model tests on berm breakwaters are in terms of mean wave overtopping rate and to be 

able to compare with those data, this approach was chosen in the current study. The mean 

wave overtopping rate considers the overtopping discharge per unit time and structure 

crest width and thus avoids the irregularities caused due to the uneven distribution of the 

overtopping rate in space and time from the volume method. Van Gent et al. (2007) 

observed that the mean wave overtopping rates are stable and reproducible over 1000 

waves compared to the volume approach. Moreover, the design guidelines are mostly 

based on the mean wave overtopping rate. 

 

1.5. Layout of the thesis 

The reminder of this thesis is organised into four chapters and appendices. All the 

chapters (with their appendices) are self-contained with unique figure, table and equation 

numbers. As these chapters are published journal papers, some inevitable repetition of 

concepts is present in each chapter and they are to be considered a stand-alone. Following 

the introduction in this chapter, the thesis includes: 

Chapter 2: This chapter is devoted to the first research question. First, it gives a brief 

overview of the types of berm breakwaters since the overtopping rate depends on the 

reshaping characteristics. Then, a detailed review of the existing wave overtopping 

prediction models with the primary focus on the empirical prediction formulae and the 

ANN (Van Gent et al., 2007) is provided. In order to gain a better understanding of the 

range of applicability of the prediction models, the attributes of the datasets used to 

develop them are presented next. Furthermore, the details of the sensitivity analysis 

performed to understand the influences of the governing variables in the different 

prediction models are provided. Finally, the findings from the sensitivity analysis are 

exemplified using two real berm breakwaters at Sirevag (Norway) and Bakkafjordur 

(Iceland), respectively. This chapter has been published in the journal of Coastal 

Engineering, Volume 120, 2017, under the title “Wave overtopping at berm breakwaters: 

Review and sensitivity analysis of prediction models”. 

Chapter 3: This chapter addresses the research questions 2 and 3. The influence of the 

structural and hydraulic parameters on the overtopping rate at hardly/partly reshaping 

berm breakwaters were deliberated through physical model tests in this chapter. This 
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chapter also provides the particulars of the comprehensive database, consisting of existing 

and new data, developed for the measured wave overtopping rate of berm breakwaters. 

Next, a qualitative comparison of the performances of the existing prediction models 

using this database is outlined. Then, the details of the data mining technique used to 

develop the new formula are explained. Finally, the development of the new formula is 

discussed followed by a quantitative comparison of the existing and the new prediction 

models. This chapter has been published in the journal of Coastal Engineering, Volume 

130, under the title “Wave overtopping at berm breakwaters: Experimental study and 

development of prediction formula”. 

Chapter 4:  The chapter begins with a brief overview of the studies on the effect of 

the sea level rise on the hydraulic performance of coastal structures and identifies the gap 

related to berm breakwaters. It shows that no research has been carried out yet on the 

impact of climate change on the hydraulic performance of berm breakwaters. As a 

capstone to this research project, this chapter throws light on the research question 4. The 

influence of sea level rise on the overtopping rate at berm breakwaters is quantified as a 

dimensionless function of relative water depth to generalize the result. In addition, this 

chapter comprehensively analyses the relative change in the crest freeboard and berm 

width required to maintain the design limits of the overtopping rate during sea level rise. 

Next, the trends in failure probabilities of berm breakwater for different rates of sea level 

rise and initial configurations are studied. Finally, the procedure to determine the optimal 

upgradation interval by balancing the cost of failure and that of the upgradation is 

discussed. A case study using the design cross section of the Sirevag berm breakwater in 

Norway is performed to exemplify the findings. This chapter has been submitted in the 

journal of Applied Ocean Research (March 2018), under the title “Effect of sea level rise 

on the wave overtopping rate at berm breakwaters”.  

Chapter 5: The overall summary and conclusions of the research is summarized in 

Chapter 5, in addition to the individual conclusions at the end of each chapter. A full list 

of references is given at the end.  

Appendices: The details of physical model tests, are provided in Appendix A. The 

details of additional tests conducted to study the influence of the effective distance 

between the model and paddle on the measured overtopping rate are summarised in 

Appendix B. Appendix C present the details in the development of the formula which are 
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not included in Chapter 3. Appendix D compares the measured wave height 

characteristics at toe and that provided as input to the wave maker. This comparison will 

help in future to determine the input characteristics to obtain the desired fixed value at 

the toe. Appendix E presents the datasets used to develop the formula. The details of the 

prototype berm breakwater structure are summarised in Appendix F. The Matlab script 

used for the spectral analysis of waves in the flume are detailed in the Appendix G. The 

references of the published conference papers as part of this research are provided in 

Appendix H. 
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WAVE OVERTOPPING AT BERM BREAKWATERS: REVIEW AND 

SENSITIVITY ANALYSIS OF PREDICTION MODELS 

 

Abstract: This paper reviews the available models for the estimation of mean wave 

overtopping rate at berm breakwaters. A sensitivity analysis was conducted on selected 

models in order to study the influence of input variables on estimated overtopping 

discharge. The dimensionless crest freeboard is the most significant factor influencing the 

predicted overtopping rate. The sensitivity of overtopping to wave steepness varies from 

being insensitive, constant, or a function of dimensionless crest freeboard across the 

formulae analysed. The berm width and berm level (with respect to the still water level) 

have lower impact on the predicted overtopping compared to that of the crest freeboard. 

A case study on the sensitivity of predicted overtopping was carried out on Sirevag and 

Bakkafjordur berm breakwaters and it illustrated that the existing models are most 

sensitive to the variables of dimensionless crest freeboard, when it is greater than 1.0; and 

dimensionless berm width, when it is greater than 2.0. Additionally, the case study 

demonstrated inconsistencies among the models for predicted overtopping. The 

sensitivities of the estimated overtopping rates to the governing variables were compared 

with those obtained from experimental data. Among the models, the sensitivity 

estimations using the artificial neural network of Van Gent et al. (2007) and the Lykke 

Andersen (2006) formula were found to be in more reasonable agreement with those of 

the experimental data. The Van der Meer and Janssen (1994) formula showed 

oversensitivity to the major governing variables. The results of this study throw light on 

the disparities in accounting the influence of variables, in the estimated overtopping rate 

at berm breakwaters, using the existing prediction models. 

 

Keywords: Berm breakwater, Wave overtopping, Empirical formula, Sensitivity 

analysis, CLASH, Classification, Artificial neural network 
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2.1. Introduction 

A berm breakwater is a rubble mound structure with a berm usually above the still 

water level (SWL) on the seaward slope. Berm breakwaters first gained major attention 

in the early 1980s with their use in the runway extension in Alaska (Baird and Hall, 1985, 

Sigurdarson et al., 1998). The advantages of berm breakwaters over conventional rubble 

mound breakwaters were identified by the researchers like Baird and Hall (1985), Jensen 

and Sorensen (1988), Sayao and Fournier (1992). Although the berm breakwaters are 

advantageous when there is a limitation in the availability of large rocks or the heavy 

construction equipment, the choice between conventional or berm breakwater depends on 

the overall economics of building and maintaining the structure. General design guidance 

for berm breakwater was recently given by Van der Meer and Sigurdarson (2014) and 

they suggested that to maximise utilisation of quarry production, by placing larger rocks 

in areas of maximum wave action. This is achieved by grading the rocks before placing 

them in breakwater. Other major advantages of berm breakwaters when compared to 

conventional rubble mound breakwaters are: 

• Armour stones used are much smaller, reshaping occurs instead of failure and 

improved performance against overtopping (Sigurdarson et al., 1995). 

• Lower construction and repair costs due to requirement of less sophisticated 

construction equipment (Lykke Andersen, 2006). 

• Higher tolerance of accuracy in placement of rock (Torum et al., 2012). 

Safety in a coastal region can depend on the performance of the coastal structure, 

which is often measured in terms of the wave overtopping discharge. Wave overtopping 

must be below the allowable rate under the operating and design conditions to ensure the 

safety of people, land and property behind the breakwater (Goda, 2009). Recent studies 

have shown global climate change can enhance the risk of severe wave overtopping and 

flooding in coastal regions (Kawasaki et al., 2011). Zviely et al. (2015), reported that 

excessive wave overtopping can lead to extensive damage in port infrastructure and 

moored vessels. Therefore, breakwaters need to be designed using guidelines that take 

into account changing conditions. 

The aim of this paper is to review the existing models for estimating the wave 

overtopping rate at berm breakwaters and to quantify the influence of input variables on 
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the predicted overtopping rates. In the past decade, there has been a substantial 

development in the understanding of structural behaviour and the overtopping 

performance of berm breakwaters. This knowledge stems from the datasets used to derive 

the models. Thus, this paper also outlines the datasets used to develop the models. The 

estimated overtopping rates using four well known prediction formulae (i.e. by Van der 

Meer and Janssen, 1994; Sigurdarson and Van der Meer, 2012; EurOtop, 2007; Lykke 

Andersen, 2006), as well as the artificial neural network model of Van Gent et al. (2007) 

(NN) are compared in order to investigate their behaviour and applicability. A preliminary 

comparison shows a significant difference between the available models (see Section 

2.3.3 for details). A sensitivity analysis was conducted in order to investigate the 

influence of input parameters on the estimated overtopping rate. This analysis illustrated 

the most significant structural and hydraulic parameters which impacted overtopping. A 

case study was then used to examine the influence of other parameters on the estimated 

overtopping. Additionally, the influences of variables on the predicted overtopping rates 

using the models were compared with those using measured overtopping rates. 

This paper is structured as follows: subsequent to the introduction, Section 2.2 details 

the classification of berm breakwaters. Section 2.3 reviews the prediction models for 

estimating the wave overtopping rate at berm breakwaters and compares the estimated 

overtopping using different models. It also summarizes the datasets used to develop these 

models. Section 2.4 describes a sensitivity analysis to determine the influence of variables 

on predicted overtopping using the models reviewed. Section 2.5 presents a case study on 

the application of sensitivity analysis at Sirevag and Bakkafjordur berm breakwaters. It 

illustrates that the sensitivity of predicted overtopping to certain variables depend on other 

influencing parameters. In Section 2.6, the sensitivities of the estimated overtopping rates 

using different models are compared to those obtained from the experimental data and 

the performances of different models are discussed. Finally, conclusions are drawn on the 

influence of variables in the estimated overtopping rate using available prediction models. 

 

2.2. Classification of berm breakwater 

The earliest comprehensive classification of berm breakwaters, based on their profile 

development, was conducted by Van der Meer and Pilarczyk (1986). These breakwaters 

were classified into Statically stable breakwaters (1≤H0≤4), Berm breakwaters with S 



CHAPTER - 2 

42 

 

shaped profiles (3≤H0≤6) and Dynamically stable rock slopes (6≤H0≤20). H0 is the 

stability number defined as: 

D

H
H

n

m

50

0
0


             (2.1) 

where Hm0 is the estimate of significant wave height from spectral analysis (Fig. 2.1), Dn50 

is the equivalent cube length exceeded by 50% of a sample by weight and Δ is the relative 

reduced mass density given as: 

1




w

s             (2.2) 

where ρs and ρw are the mass densities of stone material and water, respectively. 

 

 

Fig. 2.1 Schematic cross section of berm breakwater 

PIANC (2003) divided the berm breakwaters into three categories based on the 

mobility of armour as Statically stable non- reshaped (H0≤1.5), Statically stable reshaped 

(1.5 < H0 ≤ 2.7) and Dynamically stable (H0 >2.7). Sigurdarson and Van der Meer (2012) 

labelled the berm breakwaters as Mass Armoured (MA) and Iceland types (IC) based on 

the stone classes used for the construction and further to Hardly Reshaping (HR), Partly 

Reshaping (PR) and Fully Reshaping (FR) based on the recession characteristics (Table 

2.1). The classification in Table 2.1 is an update of PIANC (2003) classification as it 

identifies the different types of berm breakwaters (MA/IC), in addition to the limits of 

reshaping (HR/PR/FR). 
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Table 2.1 Classification of berm breakwaters (Sigurdarson and Van der Meer, 2012) 

Type of berm breakwater Abbreviation Hm0/∆Dn50 *Rec/Dn50 

Hardly Reshaping Iceland HR-IC 1.7-2.0 0.5-2.0 

Partly Reshaping Iceland PR-IC 
2.0-2.5 1.0-5.0 

Partly Reshaping Mass Armoured PR-MA 

Fully Reshaping Mass Armoured FR-MA 2.5-3.0 3-10 

* Rec = recession of the berm 

Generally, in a statically stable berm breakwater, the stones mainly move down the 

slope and reshape into a stable profile where further movements due to wave action are 

rare. Whereas, in a dynamically stable berm breakwater, even though the profile stabilises 

after deformation, continuous movement of stones occurs during storms. These structures 

are not constructed anymore due to problems with stone durability. Fig. 2.2a shows the 

reshaped and as built profiles of statically/dynamically stable berm breakwaters. 

Meanwhile, in a non-reshaping berm breakwater (Fig. 2.2b), the movement of stones are 

limited to that of conventional rubble mound breakwater (Lykke Andersen, 2006). The 

classification of the berm breakwaters gained importance since the overtopping rate from 

a reshaping berm breakwater was observed to be more than that that of a non-reshaping 

berm breakwater (Lykke Andersen, 2006). 

 
(a) 

 
(b) 

Fig. 2.2 Schematic cross section of a) Statically / Dynamically reshaping berm 

breakwater and b) Non-reshaping berm breakwater with stone classes (I – IV) 
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2.3. Wave overtopping at berm breakwaters 

Wave overtopping is one of the most important hydraulic responses that affect the 

functional efficiency and structural safety of breakwaters (e.g. Franco et al., 1994; 

Etemad-Shahidi et al., 2016; Molines and Medina, 2015; Geeraerts et al., 2007). As the 

early berm breakwaters were mass armoured structures, studies were concentrated on the 

reshaping and profile development due to wave action (Hall, 1988; Bruun and 

Johannesson, 1976; Jensen and Sorensen, 1988; Baird and Hall, 1985). Accurate wave 

overtopping prediction tools are required for efficient management in coastal zones 

(Geeraerts et al., 2007). The engineered limits required for wave overtopping are 

determined by the socio-economic factors (Verhaeghe, 2005) as excessive wave 

overtopping can cause damage to people and property behind the structure (Geeraerts et 

al., 2007; Jafari and Etemad-Shahidi, 2012). The allowable wave overtopping discharge 

suggested by EurOtop (2007) are shown in Table 2.2. As illustrated in this table, these 

rates vary depending on the category. 

 

Table 2.2 Limits of overtopping rates (EurOtop, 2007) 

Category Hazard type and reason 
Mean discharge 

q (l/s/m) 

P
ed

es
tr

ia
n

 

Trained staff, well shod and protected, expecting 

to get wet, overtopping flows at lower levels only, 

no falling jet, low danger of fall from walkway 

1-10 

Aware pedestrian, clear view of the sea, not easily 

upset or frightened, able to tolerate getting wet, 

wider walkway 

0.1 

V
eh

ic
le

s 

Driving at low speed, overtopping by pulsating 

flows at low flow depths, no falling jets, vehicle 

not immersed 

10-50 

Driving at moderate or high speed, impulsive 

overtopping giving falling or high velocity jets 
0.01 -0.05 

P
ro

p
er

ty
 

b
eh

in
d
 t

h
e 

d
ef

en
ce

 

Significant damage or sinking of larger yachts 50 

Sinking small boats set 5-10m from the wall, 

damage to larger yachts 
10 

Building structure elements 1 

Damage to equipment set back 5-10m 0.4 
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2.3.1. Methods for developing overtopping prediction model 

Most studies of wave overtopping at coastal structures focussed on the prediction of 

mean overtopping discharge, with other parameters studied including the volume of 

maximum individual overtopping, the evaluation of forces on structure in an overtopping 

event, the thickness of overtopping layer and the associated flow velocity (Losada et al., 

2008). The approaches available for developing a prediction model for mean wave 

overtopping discharge can be classified as empirical, numerical and soft computing 

methods. Empirical methods use regression analysis and correlate the dimensionless 

parameters derived from physical model test data. Overtopping formulae usually have 

one of the forms shown below: 

 Rbaq 
 exp            (2.3) 

Raq b


             (2.4) 

where q* is the dimensionless mean overtopping discharge per meter of structure width 

and R* is the dimensionless crest freeboard defined as: 
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             (2.5) 
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where q is the mean overtopping discharge per meter of structure width, g is the 

acceleration due to gravity, Rc is the crest freeboard which is the vertical distance from 

SWL to the point where the overtopping is measured, a and b are the empirically fitted 

coefficients. The application of the formulae is limited to the type of structure and range 

of parameters tested (Neves et al., 2008). 

Recently, numerical methods have also been used for predicting wave overtopping at 

coastal structures. Numerical modelling of wave overtopping depends on the governing 

equations and solving techniques and relies on a thorough validation process (Lara et al., 

2008, Losada et al., 2008). The advantage of numerical methods of prediction is that they 

can be configured for any type of structure (Verhaeghe, 2005). However, they require 

significant computation time and cost for accurate simulation (Jafari and Etemad-Shahidi, 

2012). The artificial neural network has also been used for overtopping prediction (e.g. 

(Geeraerts et al., 2007; De Rouck et al., 2009; Verhaeghe et al., 2008; Van Gent et al., 
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2007). However, it lacks the transparency of the empirical formulae (Bonakdar and 

Etemad-Shahidi, 2011). 

 

2.3.2. Review of prediction models for wave overtopping 

PIANC (2003) reported the wave overtopping measurements on berm breakwaters 

which were carried out by Lissev (1993), Lissev and Torum (1996) and Kuhnen (2000). 

Also, PIANC (2003) refers to the empirical overtopping prediction formulae developed 

by Lissev and Torum (1996) and Alikhani (2000) for reshaped berm breakwaters. The 

prediction formula proposed by Lissev and Torum (1996) was dimensional and only a 

single cross section was validated (Lykke Andersen and Burcharth, 2004). The other 

prediction models relevant for estimating the wave overtopping rate at berm breakwaters 

are discussed in the following sections. 

 

2.3.2.1. Van der Meer and Janssen formula (1994) 

The Van der Meer and Janssen (1994) formulae were developed using the model test 

data which represented dikes, revetments and seawalls. The data for smooth slopes from 

Owen (1980) were also used to develop the formulae. In these data, the overtopping was 

measured over an impermeable crest and hence, the influence of crest width (Gc) was not 

included in the formulae. 

According to Van der Meer and Janssen (1994), wave overtopping from coastal 

structures depends primarily on the Rc of the structure. The presence of a smooth 

impermeable berm, shallow foreshore, roughness of armour and wave obliquity reduces 

the wave overtopping rate. These were included in the Van der Meer and Janssen (1994) 

formulae as reduction factors of γb, γh, γf and γβ, respectively. The reliability of the 

formulae was expressed in terms of mean (μ) and standard deviation (σ) of the variables 

which were assumed to be normally distributed. The probabilistic formulae developed by 

Van der Meer and Janssen (1994) have μ = 5.2 and σ = 0.55 (ξ0p < 2), while for ξ0p > 2, μ 

and σ are 2.6 and 0.35, respectively. The deterministic formulae (Eqs. (2.7) and (2.8)) are 

generally used for the design and safety assessment of the structure while the probabilistic 

formulae (Eqs. (2.9) and (2.10)) are used to compare the measured and predicted 

overtopping rates. 
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where ξ0p is the surf similarity parameter based on T0p, T0p is the peak wave period, s0p is 

the peak wave steepness and α is the angle of slope of the structure. 

The reduction factors γb, γh and γβ are given by: 
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where B is the berm width, hb is the water depth above the berm (negative if berm is above 

SWL), h is the water depth at the toe of the structure (Fig. 2.1), β is the mean wave 

direction and αeq is the equivalent slope of structure considering the berm (Fig. 2.3a). The 

γb factor takes into account the influence of B and hb through rb and rhb, respectively. 

When hb is outside the range ± √2Hm0, influence of berm on overtopping is neglected 

and the slope is calculated as shown in Fig. 2.3b. 
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Fig. 2.3 Equivalent slope a) considering the berm and b) without considering the berm 

Wave overtopping is expressed in two formulae by Van der Meer and Janssen (1994): 

one for breaking (ξ0p <2) and the other for nonbreaking (ξ0p >2) wave conditions. 

According to Van der Meer and Janssen (1994), a smooth impermeable berm has the 

maximum influence in reducing the wave overtopping when at the SWL and hence γb 

tends to be the minimum value (0.6). The B required for a horizontal berm at SWL to 

attain a γb of 0.6 is given by: 

cot
3

4
0HB m                     (2.16) 

In case of Eqs. (2.8) and (2.10), s0p and α are assumed to have no influence on q* (Van 

der Meer and Janssen, 1994). The γβ was developed from model test data which included 

smooth bermed slopes with cotα = 4.0. The effect of a shallow foreshore on q* is 

incorporated through γh (Eq. 14). However, it was validated only for a foreshore slope of 

1:100. Also, the berm breakwaters are rubble mound structures with steep seaward slopes 

of 1.1≤cotα≤1.5 (Van der Meer and Sigurdarson, 2014). These factors may result in 

overestimating the q* using (Van der Meer and Janssen, 1994) formula. 

 

2.3.2.2. Lykke Andersen formula (2006) 

Lykke Andersen (2006) conducted physical model tests on rubble mound berm 

breakwater cross sections, with the stability conditions varying from hardly reshaping 

(H0=0.96) to fully reshaping (H0=4.86). The overtopping was measured at the leeside of 

the crest once the tested profiles were reshaped and stabilized for the applied wave 

conditions. Although the majority of the tests were conducted with s0p≈0.035, the dataset 
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represented a wide range of other structural and hydraulic parameters as illustrated in 

Table 2.B.1. 

The formula for q* is given as: 

   BhGRsfq bpH
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where fH0 accounts for the influence of stability number. G*, hb* and B* are the 

dimensionless parameters representing crest width, berm level and berm width, 

respectively. T0 is the dimensionless wave period, T0,1 is the mean wave period based on 

frequency domain analysis, T0* is the dimensionless wave period transition point, s0m is 

the mean wave steepness and H0T0 is the stability number including mean wave period. 

A coefficient of variation of 2.22 was suggested by Lykke Andersen (2006) to 

represent the scatter of the data for probabilistic estimations of overtopping. Eq. (2.17) 

was developed using data with cotα=1.25. For cotα≠1.25, the G* and B* to be used in 

Eq. (2.17) are as follows: 
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Here, αd and αu represents the lower and upper slopes about the berm, respectively 

(Fig. 2.1). The formula of Lykke Andersen (2006) was developed through multiparameter 

fitting of variables to the experimental data (Sigurdarson and Van der Meer, 2012). The 

effect of B and hb on q* was incorporated through the dimensionless parameters B* and 

hb*, respectively. Experiments were conducted using normal wave incidence and a single 

foreshore slope. Hence, the influence of wave obliquity and foreshore slope were not 

included in the formula. Therefore, this area requires further research. The reshaping of 

berm breakwaters is identified in Eq. (2.17) by an indicative factor fH0 which was basically 

developed for the estimation of berm recession. Recent researches have shown that fH0 

can be better characterized by factors such as H0√T0 (Lykke Andersen et al., 2014; 

Moghim et al., 2011). The formula includes the influence of all the major structural and 

hydraulic parameters that affect the overtopping rate at berm breakwaters. Since it takes 

into account a number of variables, Lykke Andersen (2006) formula appears to have a 

complex structure when compared to others. 

 

2.3.2.3. EurOtop formula (2007) 

EurOtop (2007) identified the lack of specific research on rubble mound berm 

breakwaters and suggested that the influence of berm on the overtopping rate could be 

considered similar to that of sloping impermeable dikes. Thus, the TAW guidelines (Van 

der Meer, 2002) developed for dikes and revetments were adapted by EurOtop (2007) to 

represent the sloping permeable rubble mound breakwaters. According to EurOtop 

(2007), the probabilistic and deterministic estimations of q* are given by: 

Probabilistic estimation: 
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where ξm-1,0 is the surf similarity parameter based on Tm-1,0, the wave period based on 

frequency domain analysis and γv is the reduction factor for the vertical wall. Sigurdarson 

and Van der Meer (2012) suggested that the berm breakwater structures have steep slopes 

and hence for the prediction of wave overtopping, the equations for maximum wave 

overtopping (Eqs. (2.27) and (2.29)) were more appropriate. 

The reduction in wave overtopping due to wide armoured crest (Gc >3Dn50) can be 

taken into account using the Cr reduction factor, originally proposed by Besley (1999) for 

Owen (1980) prediction formulae on wave overtopping at sea walls. 
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The reduction factor for oblique wave attack was modified from the TAW report (Van 

der Meer, 2002) since the decrease in overtopping was considered much more. 
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Nevertheless, γβ was developed from tests on simple sloped rubble mound breakwater 

with cotα=2.0. EurOtop (2007) suggested a γf of 0.35 for non-reshaping and 0.40 for 

reshaping berm breakwaters, respectively. The reliability of Eq. (2.27) was described by 

σ of 0.35. Unless the berm was “too large”, the wave overtopping discharge was assumed 

to be the same as that for a straight rubble mound slope. For cotα≤2, the effect of berm 

was considered negligible or limited. Furthermore, EurOtop (2007) recommended the use 
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of the NN or the Lykke Andersen (2006) formula to predict the wave overtopping at berm 

breakwaters. 

 

2.3.2.4. Krom formula (2012) 

Krom (2012) studied the overtopping rate and the spatial distribution of overtopping 

volumes at berm breakwater. Hardly reshaping mass armoured cross section (cotα=2.0) 

with a high permeable berm (Dn50=0.062 m) was tested. The overtopped water was 

collected from the seaward end of the crest. The majority of the data represented 

submerged berms while only one emerged berm level (hb=-0.1 m) was studied in these 

experiments. Nevertheless, the berm breakwaters are usually designed and constructed 

with emerged berms. 

The developed formula (Eq. 2.32) is similar to that of EurOtop (2007). The effect of 

the berm was represented by the term γb and γf was substituted with γf,surging in Eqs. (2.27) 

and (2.29). In the definition of γf,surging (Eq. 2.33) the upper limit was changed from 10 to 

6 (EurOtop, 2007) in order to better represent the wind generated waves. 
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where D is an empirical coefficient whose value varied from 2.25 to 3.10 based on the 

confidence interval (5–95%). fhb≥0, fhb <0 are the reduction factors to account for 

submerged and emerged berms respectively. fhb ≥0 and fhb <0 were given values of 0.40 

and 0.43 respectively, based on the experimental data. Ac is the armour crest freeboard of 

the structure. Krom (2012) observed that a permeable berm, either below or above SWL, 

leads to a reduced q*. This reduction was due to the energy loss as water moved through 

the permeable berm. For emerged berms, the formula was defined only when hb/Ac≈-0.50. 
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The Krom (2012) formula is less popular mainly because it was developed from tests with 

submerged berms (only one emerged berm level configuration was tested). However, the 

berm breakwaters are usually designed and constructed with emerged berms. Hence, it 

was not included in the further analysis. 

 

2.3.2.5. Sigurdarson and Van der Meer formula (2012) 

The formula was based on the data from Lykke Andersen (2006) and project related 

data (Projects 1, 4 and 5; Sigurdarson and Van der Meer, 2012). The data were classified 

into HR/PR/FR berm breakwaters according to the criteria in Table 2.1. The data from 

Project 1 included tests with moderate berm width (B/Hm0=4.3) and high berms (hb/Hm0=-

1.60). Project 5 comprised of cross sections with emerged berms (hb/Hm0=-0.60 to -1.0) 

and relatively low crest levels (Rc/Hm0=0.60–1.0). 

Sigurdarson and Van der Meer (Sigurdarson and Van der Meer, 2012; Sigurdarson and 

Van der Meer, 2013) suggested that a prediction model for overtopping at berm 

breakwater (Eq. 2.35) should be similar to that of rubble mound breakwater in EurOtop 

(2007) (Eq. 2.27). However, the reduction factor was a function of the classification of 

the berm breakwater (HR/PR/FR) and s0p (Eq. 2.36). 
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where γBB represents the reduction factor to account for the presence of a berm as: 

γ
BB

= {
0.68-4.5s0p-0.05 B

Hm0
⁄ for HR and PR berm breakwaters

0.70-9.0s0p for FR berm breakwaters
   (2.36) 

γBB was formulated based on a dataset with q* >10-5, close to the practical design 

conditions. The influence of submerged berms was not studied as only emerged berms, 

which are more common in practice, were considered. There was some scatter between 

the measured and predicted wave overtopping data in the s0p range of 0.03–0.04 which 

represented the FR berm breakwater tests conducted by Lykke Andersen (2006). 

Nevertheless, the majority of predicted data was included within the 5% exceedance 

curves giving a σ of 0.35, similar to the EurOtop (2007) formula. 
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2.3.2.6. Artificial neural network (Van Gent et al., 2007) 

The increase in computing power led to the development of artificial neural network 

to predict the wave overtopping rate at coastal structures. The NN was developed as a 

part of the European CLASH project (De Rouck et al., 2009). The NN proposed by Van 

Gent et al. (2007) encompassed different types of coastal structures. Another model based 

on the same data has been developed by Verhaeghe et al. (2008) using a 2-phase neural 

network to classify and quantify the overtopping rate. The NN overtopping model is based 

on the extensive CLASH database that consists of 10,532 data which includes small scale 

tests, large scale tests and prototype measurements (Verhaeghe, 2005; De Rouck et al., 

2009). The reliability of the model is based on the data used to train the neural network 

(Moghim et al., 2015). The data records that represent rubble mound berm breakwaters 

are limited in the database, mostly from the early experiments of Lykke Andersen (2006). 

In general, the NN model uses complex regression analysis of the input data and 

estimate the overtopping rates accurately for most of the cases (Moghim et al., 2015). 

However, soft computing tools such as NN, need sufficient data that cover the problem 

space well to develop a good model (Kazeminezhad et al., 2010). Also, the NN model is 

not as explicit as the empirical prediction formulae and its development requires 

optimization of the neural network topology which is time-consuming (e.g. Etemad-

Shahidi and Jafari, 2014). 

To sum up, the details of the datasets used to develop the different models have been 

summarized in Table 2.B.1. The ranges of the variables of the Lykke Andersen (2006) 

formula appear to be narrower than those of the Van der Meer and Janssen (1994) and 

EurOtop (2007). However, it should be noted that the databases for the latter include 

structures other than rubble mound berm breakwaters. The ranges of variables for the 

Sigurdarson and Van der Meer (2012) formula fall well within those of the Lykke 

Andersen (2006) formula even though the data other than that of Lykke Andersen's 

(Lykke Andersen, 2006) were used to develop the formulae. Compared to Lykke 

Andersen (2006) formula, the Krom (2012) formula is more applicable to higher values 

of relative crest levels and water levels. However, it has less application for breakwaters 

with emerged berms. Based on the datasets used to derive the formula, the Van der Meer 

and Janssen (1994) formulae are best suited for structures with impermeable berms. The 

Lykke Andersen (2006) formula is appropriate for mass armoured rubble mound berm 
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breakwaters, though its performance for the multilayered Iceland type breakwaters have 

also been satisfactory (Lykke Andersen et al., 2008). The EurOtop (2007) formula is 

simple and is widely used. Whereas, the Sigurdarson and Van der Meer (2012) formula 

might provide a more skilful assessment of the overtopping rates for the reshaping and 

non-reshaping berm breakwaters when compared to the EurOtop (2007) formula. 

 

2.3.3. Comparison of estimated overtopping rates 

A summary of the most common prediction models is presented in Table 2.3. The 

estimated overtopping rates using the Van der Meer and Janssen (1994) (hereinafter VJ), 

Lykke Andersen (2006) (LA), EurOtop (2007) (EO) and Sigurdarson and Van der Meer 

(2012) (SV) formulae and NN are compared for the Sirevag and Bakkafjordur berm 

breakwaters (refer Section 2.5 for details of the berm breakwaters) in Fig. 2.4. This figure 

shows that the estimated overtopping (q*estimated) using the LA formula is almost 10 times 

more than those of the EO and SV for both Sirevag and Bakkafjordur. However, the NN 

prediction for the Bakkafjordur berm breakwater is more than that of the LA formula. In 

general, all the models estimate higher q*estimated for Bakkafjordur which is a reshaping 

berm breakwater, mainly due to having a lower Rc/Hm0. Although the mathematical form 

of the prediction formulae is similar, there exist considerable differences between the 

q*estimated using the VJ, EO and SV formulae for both breakwaters. The LA formula yields 

the highest values and the EO formula yields the lowest ones. This is somehow surprising 

since, presumably, the VJ formulae which are based on the sea side measurements should 

provide the highest q*estimated. These differences could be due to the nonconformity among 

the models in determining the influence of input variables on the q*estimated. The following 

section elaborates this issue by using sensitivity analysis technique. 
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Table 2.3 Summary of wave overtopping prediction formulae for berm breakwaters 

Formula 

Position of wave 

overtopping 

measurement 

Reference 
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Fig. 2.4 Comparison of q*estimated using the VJ, LA, EO, SV and NN models for Sirevag 

and Bakkafjordur berm breakwaters 

 

2.4. Sensitivity analysis of wave overtopping prediction formulae 

Sensitivity analysis is used to increase the confidence in the prediction model, by 

providing an understanding of how the model responds to changes in the inputs (Mínguez 

and Castillo, 2009). Uncertainties in the empirical model predictions can cause an 

increase in the factor of safety and consequently, construction costs (Castillo et al., 2004). 

A sensitivity analysis of parameters that affect the dynamic response of caisson 

breakwaters to breaking wave loads were undertaken by Oumeraci and Kortenhaus 

(1994). The results of sensitivity analysis by Takayama et al. (2000) showed that the 

predicted wave force and friction factors were the major contributors of uncertainty in the 

modelling of the expected sliding distance of caisson breakwaters. 

The VJ, LA, EO, SV and NN models were selected for the sensitivity analysis. The 

sensitivity was studied using the First Order Sensitivity Analysis approach of Chapra 

(1997). Here, the sensitivity of the output (Eq. (2.37)) of a prediction model to the input 

variable (Fi) can be expressed as (Gaudio et al., 2013, McCuen, 2003): 
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where Oo is the value of output O at each specified input Fi, ΔOo is the change in 

output with change in Fi. The sign of the derivative indicates whether a positive or 

negative variation to the predicted output. Eq. (2.38) can be expressed as the Condition 

Number (Eq. 2.39) which relates the relative error of parameter to the relative error of 

prediction (Chapra, 1997): 
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In this study, O represents q*estimated. Fi symbolizes the dimensionless parameters such 

as Rc/Hm0, B/Hm0, Gc/Hm0, hb/Hm0, cotα, s0p and h/Hm0. CN for a variable Fi using the VJ, 

LA, EO, SV formulae and NN will be hereafter represented as CNFi_VJ, CNFi_LA, CNFi_EO 

CNFi_SV and CNFi_NN, respectively. The CNFi_NN was obtained using Eq. (2.40) wherein, 

∂Oo/∂Fi was the first order derivative of the curve that represented the variation of 

q*estimated with the governing variable. The ranges of parameters (Table 2.4) were 

determined by considering the limits of application of the prediction models (Table 

2.B.1). 

 

Table 2.4 Statistics of dimensionless variables considered in the sensitivity analysis 

Parameter Range Mean 

Structural parameters 

Rc/Hm0 0.60 – 1.70 1.15 

B/Hm0 1.50 – 5.0 3.25 

Gc/Hm0 1.0 – 4.0 2.50 

hb/ Hm0 
Submerged 0.0 – 1.0 0.50 

Emerged -1.0 – 0.0 -0.50 

cotα 1.10 – 1.50 1.30 

Hydraulic parameters 

s0p 0.01 – 0.05 0.03 

h/Hm0 1.50 – 5.0 3.25 
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2.4.1. Results of sensitivity analysis 

2.4.1.1. Sensitivity of q*estimated to Rc/Hm0  

Rc/Hm0 is the common input variable in all the four selected prediction formulae. The 

variation in q*estimated with Rc/Hm0 for the EO formula is: 
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     (2.41) 

The condition number (CNRc/Hm0_EO) is given by Eq. (2.A.1). The negative sign implies 

that as Rc/Hm0 increases, the q*estimated decreases. Similarly, the CNRc/Hm0_VJ, CNRc/Hm0_LA 

and CNRc/Hm0_SV are given by Eqs. (2.A.2) – (2.A.4), respectively. CNRc/Hm0_NN (2.A.5) 

were obtained using Eq. (2.40) as the first order derivative of the curves shown in 

Appendix C (Figs. C.1a and C.2a). Since the NN uses dimensional variables, an Hm0 of 

1.0 m was used to transform the dimensionless variables in Table 2.4 to dimensional. A 

similar procedure was followed for the other variables detailed in Sections 2.4.1.2 – 

2.4.1.6. 

The mean values from Table 2.4 are used to obtain the CNs in Table 2.5. In addition, 

Table 2.5 also gives the percentage influence (in brackets) of each parameter on the 

sensitivity of q*estimated, which is calculated as: 

 100   variable theof influence Percentage
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where n is the total number of input variables in the model. 
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Table 2.5 Summary of the sensitivity of q*estimated to input variables (% sensitivity) 

Formula Rc/Hm0 B/Hm0 Gc/Hm0 hb/ Hm0 cotα s0p h/Hm0 

VJ ξ0p > 2 -5.98 (43) -4.47 (32) 0 2.89 (21) 0 0.64 (4) 

EO 

Non-reshaping -8.54 (100) 

0 

Reshaping -7.48(100) 

LA 

Emerged -4.99 (24) -3.06(14) -3.03 (14) -0.46 (2) -7.09(34) -2.52 (12) 

0 

Submerged -5.34 (20) -1.86 (7) -3.03 (11) 0.39 (1) -14.19(52) -2.52 (9) 

SV 

HR/PR -7.82 (56) -3.32 (24) 

0 

-2.76 (20) 

FR -6.95 (61) 0 -4.37 (39) 

NN 

Non-reshaping 

Emerged 

-2.92 (40) -1.09 (14) -1.08 (14) -0.15 (2) -0.40 (5) -1.59 (21) -0.33 (4) 

Reshaping -2.92 (41) -0.99 (14) -0.98 (14) -0.12 (2) -0.37 (5) -1.45 (20) -0.30 (4) 

Non-reshaping 

Submerged 

-3.16 (34) -0.68 (8) -1.99 (22) -0.06 (1) -0.94 (10) -2.06 (21) -0.34 (4) 

Reshaping -3.01 (35) -0.58 (7) -1.70 (20) -0.01 (1) -1.21 (14) -1.75 (20) -0.23 (3) 
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As expected, the q*estimated from the prediction formulae is inversely dependant on 

Rc/Hm0. CNRc/Hm0_LA (emerged) is the least among the empirical formulae, while 

CNRc/Hm0_EO and CNRc/Hm0_SV exhibit similar sensitivity. CNRc/Hm0_LA is slightly less than 

that of CNRc/Hm0_VJ (ξ0p > 2) and is approximately 1.5 times less compared to CNRc/Hm0_EO 

and CNRc/Hm0_SV. However, CNRc/Hm0_VJ, CNRc/Hm0_LA and CNRc/Hm0_SV vary depending on 

the other influencing parameters such as B/Hm0, hb/Hm0 and s0p. CNRc/Hm0_NN is the least 

among the prediction models and displays similar sensitivities for the 

emerged/submerged/reshaping and non-reshaping cases. 

 

2.4.1.2. Sensitivity of q*estimated to B/Hm0 and hb/Hm0 

The sensitivity of q*estimated to B/Hm0 can be obtained from the VJ, LA, SV and NN 

using Eqs. (2.A.6) – (2.A.9) respectively. Table 2.5 illustrates that CNB/Hm0 is negative, 

which is in agreement to the assumption that as B/Hm0 increases, q*estimated decreases. In 

general, the CNB/Hm0 is less than that of CNRc/Hm0 (using mean values of other parameters). 

Nevertheless, it should be remembered that CNB/Hm0_VJ, CNB/Hm0_LA and CNB/Hm0_SV are 

functions of different parameters, which may cause a major impact on the sensitivity. The 

CNB/Hm0_NN is slightly less for the submerged berm breakwaters indicating that, the 

influence of B/Hm0 on the q*estimated is less for a submerged berm. 

The sensitivity to hb/Hm0 for the VJ, LA and NN models are presented by Eqs. (2.A.10) 

– (2.A.12), respectively. The values of CNhb/Hm0_VJ, CNhb/Hm0_LA and CNhb/Hm0_NN are given 

in table and demonstrate that even though CNhb/Hm0 is less compared to CNB/Hm0 for the 

mean values of the remaining variables, there are variations on the effect of hb/Hm0 across 

the different models. Fig. 2.5 shows the change (%) in q*estimated (Δq*estimated) using the 

VJ, LA and NN models in response to the variation (%) in hb/Hm0 (Δhb/Hm0). q*mean 

represents the q*estimated for the mean values of the variables (Table 2.4) using the VJ, LA 

and NN models, respectively. Fig. 2.5 illustrates that using the VJ formula a 20% increase 

in hb/Hm0 results in approximately 60% increase in q*estimated. This is in agreement to the 

concept that the berm had maximum efficiency to reduce wave overtopping at SWL and 

the q*estimated increased when the hb/Hm0 deviated from SWL. Whereas, in Fig. 2.5, results 

of the LA formula point out that a 20% increase in hb/Hm0 produces almost 10% decrease 

in q*estimated for emerged berms and a 10% increase in q*estimated for submerged berms. This 

can be justified by noting that the presence of an emerged berm decreases the wave kinetic 
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energy and therefore runup and overtopping. For the emerged berms, the trend shown by 

the NN is similar to the VJ formula even though it is minimal. Interestingly, the NN show 

no appreciable change in the q*estimated with the variation in hb/Hm0 when the berm is 

submerged. 

 

 

Fig. 2.5 Sensitivity of q*estimated to hb/Hm0 using the VJ, LA and NN models 

 

2.4.1.3. Sensitivity of q*estimated to Gc/Hm0 

The influence of Gc/Hm0 on the q*estimated using the LA and NN models can be 

represented by Eqs. (2.A.13) and (2.A.14), respectively. As seen from Table 2.5, Gc/Hm0 

has a significant influence on the q*estimated using the LA and NN models. This points to 

the importance of the position of overtopping measurement on the q*estimated. 

 

2.4.1.4. Sensitivity of q*estimated to cotα 

The influence of cotα on the q*estimated can be obtained from the VJ formula for ξ0p <2 

(Eq. (2.A.15)). ξ0p<2 is more reasonable for dikes where gentle slopes are common. 

However, for berm breakwaters constructed with steep slopes of 1.1≤cotα≤1.5, a ξ0p >2 

is rational. As already stated, the slope gradient is not included in the VJ formula when 

ξ0p>2 based on the assumption that it does not affect the overtopping of steep slope 

structures. Nevertheless, other studies have illustrated the influence of structure slope on 



CHAPTER - 2 

63 

 

the overtopping characteristics of conventional rubble mound breakwaters (e.g. Jafari and 

Etemad-Shahidi, 2012). 

The CNcotα_LA is given by Eq. (2.A.16). As previously mentioned, the influence of slope 

on the overtopping rate is considered in LA formula through G* (Eq. (2.24)) and B* (Eq. 

(2.25)). A berm breakwater with a slope different from cotα=1.25 is modified through G* 

and B* to obtain an equivalent slope of cotα=1.25 so that the Eq. (2.17) could be used. 

The assumption here is that, the reshaped profiles are identical for the same volume of 

stones, irrespective of the initial slopes. This is valid for dynamically reshaping profiles. 

However, Lykke Andersen (2006) identified that the proposed correction for the slope 

below the berm (cotαd) could lead to unsafe results for hardly reshaping structures with 

cotαd >1.25. The CNcotα_LA in Table 2.5 is higher than CNRc/Hm0_LA which could be 

attributed to the uncertainties related with the formula for cotαd > 1.25. The CNcotα_NN is 

given by Eq. (2.A.17). From Table 2.5, CNcotα_NN for the submerged berm breakwaters is 

observed to be higher than that of the emerged ones. 

 

2.4.1.5. Sensitivity of q*estimated to s0p 

The sensitivity of the LA formula to s0p (CNs0p_LA) is constant at -2.52. CNs0p from the 

VJ, SV and NN models are given by Eqs. (2.A.18) – (2.A.21), respectively. Sigurdarson 

and Van der Meer (2012) and Christensen et al. (2014), reported that lower s0p results in 

larger wave overtopping. Since wave overtopping involves the interaction of waves with 

the structure, the CNs0p will depend on the structural parameters, such as Rc/Hm0 and 

B/Hm0. An increase in either of the variables would increase the CNs0p. Accordingly, Eq. 

(2.A.19) appears to provide a justifiable interpretation of the influence of Rc/Hm0 and 

B/Hm0 on CNs0p. Table 2.5 shows that CNs0p_SV is slightly more than that of other models. 

However, it should be noticed that the variation of other influencing parameters can 

change the CNs0p_SV. The CNs0p_NN is the least when compared to other models. 

 

2.4.1.6. Sensitivity of q*estimated to h/Hm0 

CNh/Hm0 (Eq. (2.A.22)) for shallow foreshore conditions is obtained from the VJ 

formula and NN (Eq. (2.A.23)). CNh/Hm0 gains significance in a SLR scenario, where 

increased overtopping is expected for coastal structures in the surf zone (Isobe, 2013). 

Since the EO, LA and SV formulae are derived from datasets with a majority of deep 
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water cases, these formulae are insensitive to the variations in h/Hm0. CNh/Hm0_NN is nearly 

half of that of CNh/Hm0_VJ (Table 2.5) and remains almost similar for the reshaping and 

non-reshaping berm breakwaters. 

In summary, B/Hm0 has more influence on the q*estimated than hb/Hm0. Second to Rc/Hm0, 

the q*estimated is most sensitive to changes in B/Hm0 and s0p. However, the influence of 

Gc/Hm0 was found to be more than s0p when the overtopping was measured at the lee side 

behind the crest (LA formula). In general, q*estimated using the NN is the least sensitive to 

the variables. There exist significant differences between the models in determining the 

sensitivity of q*estimated to the variables analysed. In addition, the sensitivity of q*estimated to 

a variable could also be influenced by other parameters which is analysed in detail with 

two case studies in the next section. 

 

2.5. Case studies: the sensitivity of predicted overtopping rates at Sirevag and 

Bakkafjordur berm breakwaters 

In order to explore the influence of variables on the q*estimated, two existing berm 

breakwaters were analysed in detail. The sensitivity of q*estimated from selected models 

with variables Rc/Hm0, B/Hm0 and s0p were studied for Sirevag (Norway) and Bakkafjordur 

(Iceland) berm breakwaters. These berm breakwaters have been exposed to storm 

conditions, with Sirevag (H0 = 2.1) experiencing Hm0 = 7.0 m with hardly any reshaping, 

while Bakkafjordur (H0 = 2.9) experienced Hm0 = 4.8 m with 100% reshaping (PIANC, 

2003; Torum et al., 2003; Sigurdarson et al., 2006). The design values of Rc/Hm0, B/Hm0, 

hb/Hm0 and s0p for the Sirevag and Bakkafjordur are provided in Table 2.6 (Juhl and 

Jensen, 1995, Torum et al., 2003, PIANC, 2003). 

Table 2.6 Design parameters of Sirevag and Bakkafjordur berm breakwaters 

Parameter Sirevag Bakkafjordur 

Structural parameters 

Rc/Hm0 1.37 0.94 

B/Hm0 2.81 2.50 

hb/ Hm0 -0.91 -0.31 

Hydraulic parameter 

s0p 0.023 0.021 
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Fig. 2.6a - c show the CNRc/Hm0 for Sirevag. As Rc/Hm0 decreases, the influences of 

variables such as B/Hm0 and hb/Hm0 on CNRc/Hm0 decreases in all models. Fig. 2.6a shows 

the variations in CNRc/ Hm0_VJ, CNRc/Hm0_LA, CNRc/Hm0_SV and CNRc/Hm0_NN with B/Hm0. It can 

be seen that CNRc/Hm0 = 1.37_VJ at B/Hm0 = 5.0 is approximately 1.25 times that of 

B/Hm0=1.5. However, CNRc/Hm0_LA and CNRc/Hm0_NN decrease as the B/Hm0 increases. 

Nevertheless, in all models, the impact of B/Hm0 on CNRc/Hm0 increases with Rc/Hm0 >1.0. 

Fig. 2.6b presents the variations in CNRc/Hm0_VJ, CNRc/Hm0_LA and CNRc/Hm0_NN as a 

function of hb/Hm0 and shows that CNRc/Hm0 = 1.37_VJ at hb/Hm0 = 0 is almost 1.5 times 

greater when compared to that of hb/Hm0 = -1.0, which depicts the assumption that a berm 

is more efficient in reducing overtopping at SWL (hb/Hm0 = 0). As observed in Fig. 2.5, 

the NN model follows a trend similar to that of the VJ formula even though the sensitivity 

values are less when compared to the VJ formula. Additionally, the difference increases 

with increasing Rc/Hm0 >1.0. In contrast, the variation in hb/Hm0 does not seem to produce 

any significant difference in CNRc/Hm0=1.37_LA. Fig. 2.6c illustrates the variation in 

CNRc/Hm0_SV and CNRc/Hm0_NN with s0p. The CNRc/Hm0=1.37_SV at s0p = 0.05 is almost 1.5 times 

of that at s0p = 0.01. Using the NN, the CNRc/Hm0=1.37_NN at design s0p = 0.023 is almost 1.5 

times less that using the SV formula. Also, by comparing Fig. 2.6a and c, it can be seen 

that the influence of s0p is more significant than that of B/Hm0 in CNRc/Hm0_SV and 

CNRc/Hm0_NN. 

 
(a) 
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(b) 

 
(c) 

Fig. 2.6 Influence of a) B/Hm0 b) hb/Hm0 and c) s0p on CNRc/Hm0, Sirevag 
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Fig. 2.7 displays the influence of s0p on CNRc/Hm0_SV and CNRc/Hm0_NN for Bakkafjordur. 

CNRc/Hm0=0.94_SV at s0p = 0.05 is approximately 3 times higher than that at s0p = 0.01 while 

for CNRc/Hm0=0.94_NN, it is almost twice. For Bakkafjordur, the influence of s0p is almost 

twice that of Sirevag using the SV formula while the NN estimations are similar to 

Sirevag. This could be because s0p has a greater influence on the q*estimated using SV 

formula for FR berm breakwaters. The CNRc/Hm0_EO is slightly less than that of Sirevag 

since Bakkafjordur is a reshaping berm breakwater. In both the cases, the differences in 

sensitivity using different prediction formulae tend to decrease with Rc/Hm0 <1.0. 

 

 

Fig. 2.7 Influence of s0p on CNRc/Hm0, Bakkafjordur 

Fig. 2.8a-c show the CNB/Hm0_VJ, CNB/Hm0_LA, CNB/Hm0_SV and CNB/Hm0_NN for Sirevag. 

They illustrate that, in general, CNB/Hm0 (1.5 < B/Hm0 < 5.0) is much less when compared 

to CNRc/Hm0 and that different models exhibit different levels of sensitivity especially 

when B/Hm0 > 2.0. Also, other parameters such as hb/Hm0, Rc/Hm0 and s0p have significant 

influence on CNB/Hm0, depending on the used formula. Fig. 2.8a shows that CNB/Hm0=2.81_LA 

is almost 1.5 times more sensitive than CNB/Hm0=2.81_VJ and it increases with increase in 

B/Hm0. CNB/Hm0=2.81_VJ at hb/Hm0 = 0 is much greater than that at hb/Hm0 = -1.0. This 
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emphasises that B/Hm0 is the most effective parameter in reducing the overtopping 

(maximum sensitivity) at hb/Hm0 = 0 compared to hb/Hm0 = -1.0. This is in line with the 

explanation given by Van der Meer and Janssen (1994) on the effect of berm on wave 

overtopping. In contrast, CNB/Hm0=2.81_LA is twice as sensitive at hb/Hm0 = -1.0 when 

compared to that of CNB/Hm0=2.81_VJ. This implies that an emerged berm is more efficient 

in reducing wave overtopping than a berm at SWL. The NN model follows the trend of 

the LA formula even though its sensitivity is less when compared to the LA formula. 

Also, this is in contrast to the influence of hb/Hm0 on CNRc/Hm0_NN as observed from the 

Fig. 2.6b. CNB/Hm0=2.81_VJ at Rc/Hm0 = 1.70 is almost 3 times greater than that at Rc/Hm0 = 

0.60 (Fig. 2.8b). Similar variation is observed in CNB/Hm0=2.81_SV. In contrast, the LA 

formula and NN model show that as the Rc/Hm0 increases, CNB/Hm0_LA and CNB/Hm0_NN 

decreases. This is similar to the observation from Fig. 2.6a. CNB/Hm0=2.81_SV is more 

sensitive to the variation of s0p compared to hb/Hm0 or Rc/Hm0 when B/Hm0 >2.0 (Fig. 2.8c). 

However, CNB/Hm0=2.81_NN shows no appreciable change with the variation in s0p. In effect, 

CNB/Hm0 decreases for B/Hm0 <2.0. 

 
(a) 
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(b) 

 
(c) 

Fig. 2.8 Influence of a) hb/Hm0 b) Rc/Hm0 and c) s0p on CNB/Hm0, Sirevag 
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Fig. 2.9a shows the CNs0p_SV for Sirevag and Bakkafjordur. CNs0p=0.023_SV of Sirevag is 

almost the same as that of Bakkafjordur (CNs0p=0.021_SV), since CNs0p_SV in general is less 

for s0p < 0.02. The variation in Rc/Hm0 has less effect on CNs0p=0.023_SV of Sirevag compared 

to that of Bakkafjordur (CNs0p=0.021_SV). However, the influence of Rc/Hm0 increases with 

increase in s0p. CNs0p_NN for Sirevag and Bakkafjordur (Fig. 2.9b) are less when compared 

to corresponding CNs0p_SV. 

 

 

(a) 
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(b) 

Fig. 2.9 Influence of Rc/Hm0 on a) CNs0p_SV and b) CNs0p_NN, Sirevag and Bakkafjordur 

Similar to CNs0p_SV, CNs0p_NN of Bakkafjordur is slightly higher than that of Sirevag 

and the differences increase with increase in s0p. CNs0p=0.023_SV of Sirevag becomes twice 

as sensitive when the value of B/Hm0 changes from 2.81 to 5.0 (Fig. 2.10a). In contrast, 

the CNs0p=0.023_NN decreases by almost 1.25 times when B/Hm0 varies from 2.81 to 5.0 (Fig. 

2.10b). Furthermore, CNs0p_LA for both berm breakwaters are a constant (-2.52) while the 

predicted overtopping is insensitive to variations in s0p in the VJ and EO formulae. 
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(a) 

 

(b) 

Fig. 2.10 Influence of B/Hm0 on a) CNs0p_SV and b) CNs0p_NN, Sirevag 



CHAPTER - 2 

73 

 

2.6. Sensitivity analysis and comparison using experimental data 

In this section, the q*measured values from the experimental data are used to identify the 

formulae that best represent the influence of important dimensionless parameters such as 

Rc/Hm0, B/Hm0 and hb/Hm0 on the overtopping rate. It is worth mentioning that the 

influence of a dimensionless variable on the q*estimated could be affected by other 

parameters (see Section 2.5). Thus, in order to perform the analysis, it was necessary to 

use data records with only one varying dimensionless parameter and such data records 

are scarce in the literature. In this study, the data records were obtained from Lykke 

Andersen (2006), as his experiments encompassed a wide range of tested variables. A 

summary of the selected data records is given in Appendix 2.D. 

The sensitivity of the q*measured to the governing variables have been obtained by a 

similar method detailed in Section 2.4.1.1 (for the NN). Fig. 2.11 shows CNRc/Hm0 depends 

more on the value of B/Hm0 than Rc/Hm0. The figure also shows that as B/Hm0 increases, 

CNRc/Hm0 increases. This is justified by the fact that (for a given Rc/Hm0), the water 

particles which mainly lose their energy due to wave breaking, experience additional 

energy loss due to the friction caused by a wider berm. The influence of a wider berm on 

the measured overtopping rate is similar to that of a wider crest, as discussed by Jafari 

and Etemad-Shahidi (2012). Hence, a relative change in berm width of a wide bermed 

breakwater would have more influence on the measured overtopping rate and thus a 

higher CN value. However, a relative change in B/Hm0 for a narrow berm case may not 

change the overtopping rate as much. This is probably because the energy loss due to the 

friction (in addition to the loss due to wave breaking) is not significant in this case. A 

general trend similar to that of experimental data (for B/Hm0) was observed in all models 

except the LA formula, where it showed an inverse trend where CNRc/Hm0 decreases by 

increasing B/Hm0. The CNRc/Hm0 values of the SV, LA and NN models are close to those 

of the measured values while those of the VJ formula slightly overestimate the sensitivity. 
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Fig. 2.11 Influence of B/Hm0 on CNRc/Hm0 of q*estimated and q*measured 

Fig. 2.12 shows the influence of hb/Hm0 on the CNRc/Hm0. As discussed before, when 

the Rc/Hm0 increases, the CNRc/Hm0 increases. The figure also shows that as hb/Hm0 

increases, CNRc/Hm0 decreases. Again, for a given Rc/Hm0, a high berm level may act like 

an extended crest; and the water particles may not experience the influence of the crest 

freeboard. However, for a low berm level case, the water particles have to travel a longer 

distance over the rough crest freeboard to reach the crest and overtop; and thus, would 

experience more energy loss (in addition to wave breaking) due to friction. Hence, a 

relative change in hb/Hm0 for a lower berm level case could have more influence on the 

CNRc/Hm0 compared to that of a higher berm level one. A similar trend (for hb/Hm0) is 

shown by the CNRc/Hm0 estimated using the VJ formula and the NN model. However, the 

CNRc/Hm0 using the LA formula shows an inverse trend when compared to CNRc/Hm0 of the 

measurements. The CNRc/Hm0 values when compared to those of the measurements 
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indicate that all models are oversensitive. Among the models, the VJ formula shows the 

highest oversensitivity. 

 

Fig. 2.12 Influence of hb/Hm0 on CNRc/Hm0 of q*estimated and q*measured 

Fig. 2.13 indicates the influence of Rc/Hm0 on the CNB/Hm0. As seen, by increasing 

B/Hm0, the CNB/Hm0 increases which was discussed before. Additionally, when Rc/Hm0 

increases, the CNB/Hm0 increases. As explained before, for a given B/Hm0, a low Rc/Hm0 

may result in the crest acting as an extended berm and thus the water particles may not 

significantly experience the change of Rc/Hm0. Similar to the previous discussion, Rc/Hm0 

is higher, the water particles have to travel farther on a rough surface to overtop the crest. 

Hence, a relative change in Rc/Hm0 for a high crest freeboard could have more influence 

on the measured overtopping rate and thus a higher sensitivity. CNB/Hm0 estimations using 

the NN model, LA and SV formulae are close to those of measurements. The VJ and SV 

formulae show the general trend of the experimental data for Rc/Hm0. Interestingly, the 

LA and NN models show deviation from the trend shown by the experimental data. The 
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NN underestimates the CNB/Hm0 of experimental data while the VJ formula overestimates 

the sensitivity. 

 

 

Fig. 2.13 Influence of Rc/Hm0 on CNB/Hm0 of q*estimated and q*measured 

In Fig. 2.14, experimental data show that an increase in hb/Hm0 value slightly increases 

CNB/Hm0. This again could be justified by the fact that a higher berm will result in more 

energy dissipation (due to wave breaking and friction). It should be mentioned that in this 

figure, the data points corresponding to the measurements are close to each other due to 

the scarcity of data. The trends shown by the LA formula and NN model are close to the 

observations and the predicted CNB/Hm0 values are very close to the experimental data. 

However, the VJ formula shows a significant over sensitivity and an inverse trend which 

does not match with the physics of the process. 
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Fig. 2.14 Influence of hb/Hm0 on CNB/Hm0 of q*estimated and q*measured 

To sum up, the results show differences exist between measurements and models in 

considering the effects of the governing parameters. The VJ formula overestimates the 

sensitivity in all the above discussed cases. This could lead to inaccuracies in the 

estimated overtopping rates. The SV formula follows the trend of the experimental data 

for the influence of B/Hm0 on CNRc/Hm0 (Fig. 2.11) and Rc/Hm0 on CNB/Hm0 (Fig. 2.13) while 

it is insensitive to the variations of hb/Hm0 (Figs. 2.12 and 2.14). The estimations using 

the LA formula and NN model are close to those of lab measurements. The LA formula 

takes into account the influence of hb/Hm0 on the CNB/Hm0 of q*measured more accurately. 

However, CN estimations using the NN are close to the measured data for the influence 

of B/Hm0 on CNRc/Hm0, hb/Hm0 on CNRc/Hm0 and hb/Hm0 on CNB/Hm0. 

It should be mentioned that the above results are subjected to some uncertainties. These 

uncertainties stem from the marginal variations in the experimental parameters which are 
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considered to be fixed for the sensitivity analysis. As previously mentioned, data records 

with only one varying dimensionless parameter are scarce in the literature. The 

uncertainty of the findings depends on the sensitivity of the overtopping rate to the studied 

parameter as well as the changes of the parameter. For example, the sensitivity analysis 

(see Sections 2.4 and 2.5) shows that the overtopping rate is most sensitive to Rc/Hm0. The 

maximum variation in Rc/Hm0 is 0.61 for the experiment data in Fig. 2.12. Using the 

average values of the other parameters in Eq. (2.40), results in a deviation of ± 0.7 in the 

CN value. This shows that the changes in the selected experimental parameters contribute 

to a marginal uncertainty in the findings. 

 

2.7. Conclusions 

This study reviewed the available models for predicting wave overtopping at berm 

breakwater structures. A sensitivity analysis was conducted using selected models in 

order to investigate the relative influence of different variables on the predicted 

overtopping rates. Two case studies were carried out using Sirevag and Bakkafjordur 

berm breakwaters to further explore the sensitivity of estimated overtopping. 

Furthermore, the sensitivities of the estimated overtopping rates to the governing 

variables, using different models were compared with those of measured overtopping 

rates. 

The outcomes of the present study can be summarised as follows: 

• The sensitivity of q*estimated to an input parameter can be a function of that 

parameter only or combination of influencing parameters. Rc/Hm0 was the most 

significant structural parameter influencing the q*estimated in all the models. The 

case studies illustrate that CNRc/Hm0 varies for Rc/Hm0 >1. Additionally, Rc/Hm0 

affects CNB/Hm0. However, major differences exist in quantifying the influence 

among the models. 

• CNs0p varies from being insensitive in the EO and VJ (ξ0p >2) formulae, to a 

constant value in the LA formula and a function of Rc/Hm0 in the SV formula. 

CNs0p_NN is less than that of the LA formula for the mean values of other variables. 

The case studies demonstrate that in the SV formula, s0p >0.02 have a significant 

effect on the q*estimated.  
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• CNB/Hm0 is less than that of CNRc/Hm0 however, inconsistencies exist in inferring 

CNB/Hm0, which increases with B/Hm0 >2.0. The case studies show that for Sirevag, 

the CNB/Hm0_VJ decreases as the hb/Hm0 increase. On the contrary, CNB/Hm0_LA and 

CNB/Hm0_NN increases as the hb/Hm0 increases for the emerged berms. 

•  It was found that variations in hb/Hm0 affect CNRc/Hm0. However, there are 

differences between the models in considering the influence of hb/Hm0 on 

CNRc/Hm0. Besides, the case studies illustrate that B/Hm0 affects the CNRc/Hm0 and it 

is enumerated differently by different models. 

• Even though the reshaping of berm breakwater was considered in the wave 

overtopping prediction formula, the sensitivity of q*estimated to different variables 

is not affected by the type of breakwater in the LA formula. Whereas, CNRc/Hm0_SV, 

CNB/Hm0_SV and CNs0p_SV are significantly influenced by the classification as seen 

from the case studies. 

• There exist variations among sensitivity of existing models to parameters such as 

cotα, Gc/Hm0, h/Hm0. These parameters become more important when the structure 

slope is steep, overtopping is measured at the lee side and for shallow water 

situations, respectively. 

• The sensitivities of measured overtopping to the governing variables such as 

Rc/Hm0, B/Hm0 and hb/Hm0 are better represented by the LA formula and NN. 

However, the influences of B/Hm0 on CNRc/Hm0, hb/Hm0 on CNRc/Hm0 and Rc/Hm0 on 

CNB/Hm0 using the LA formula showed a trend different from those of the 

experimental data. Similarly, the NN model showed an opposite trend for the 

influence of Rc/Hm0 on CNB/Hm0 when compared to the experimental data. 

• The NN is the least sensitive to the majority of variables while the VJ formula is 

oversensitive. This could lead to inaccuracies in the estimated overtopping rate. 

The VJ and NN models consider the influence of h/Hm0 on the q*estimated. Recent 

studies have illustrated the importance of water depth in the q*estimated at coastal 

structures in a changing climate scenario (Isobe, 2013, Chini and Stansby, 2012). 

The EO, SV and LA formulae provide more transparent formulae compared to 

NN. The combined influence of berm level and berm width is better considered 

by the LA formula thorough the function hb*B*. However, the functional form of 

hb* should be further studied since it resulted in sensitivity trends different from 

those of the experiment data. 
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To sum up, Rc/Hm0 was the most significant structural parameter influencing the 

estimated overtopping rate, however, differences exist in the available prediction models 

in quantifying the sensitivity of q*estimated to the combined variation of parameters (such 

as Rc/Hm0 and B/Hm0). Though the sensitivity of q*estimated to B/Hm0 and hb/Hm0 is secondary 

to Rc/Hm0, the quantification of the influence of these parameters is inconsistent among 

the existing prediction formulae. Moreover, it was found that the functional form of hb* 

should be further studied as the sensitivity of q*measured (from the experimental data) to 

hb/Hm0 showed a trend different to that from the prediction models. Comparing the 

sensitivities of the q*measured with that of the q*estimated, the governing variables were better 

represented using the LA formula and the NN model. 

 

  



CHAPTER - 2 

81 

 

Appendix 2.A - Condition Numbers 
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Appendix 2.B - Details of Datasets 

Table 2.B.1 Ranges of dimensionless variables used to develop the models 

Formula Rc/Hm0 Gc/Hm0 B/Hm0 hb/Hm0 s0p h/Hm0 H0 

Van der Meer and Janssen (1994)  

EurOtop (2007) 
0.57 – 2.95 – 2.02 – 16.17 -0.57 – 1.50 0.01 – 0.05 1.66 – 7.50 - 

Lykke Andersen (2006) 0.60 – 2.0 1.0 – 4.0 1.38 – 8.0 -0.61 – 1.79 0.01 – 0.05 1.79 – 6.77 0.95 – 4.86 

Sigurdarson and Van der Meer 

(2012) 
0.60 – 1.70 – 1.50 – 5.0 -0.20 – -1.60 0.01 – 0.06 – 1.70 – 3.50 

Krom (2012) 1.03 – 2.71 1.02 – 2.71 1.71 – 6.42 -1.20 – 1.26 0.01 – 0.05 2.84 – 7.81 - 

Artificial neural network 

(Van Gent et al., 2007) 
0.55 – 1.95 0.73 – 6.93 0.37 – 5.15 -0.87 – 0.91 0.01 – 0.05 1.41 – 7.38 - 
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Appendix 2.C - NN estimations of overtopping for the sensitivity analysis 

 
   (a) 

 
     (b) 
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(c) 

 
        (d) 
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(e) 

 
     (f) 
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(g) 

 

Fig. 2.C.1 Variation of q*estimated_NN with a) Rc/Hm0 b) B/Hm0 c) Gc/Hm0 d) hb/Hm0 e) 

h/Hm0 f) s0p g) cotα for non-reshaping berm breakwater 
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   (e) 
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(g) 

Fig. 2.C.2 Variation of q*estimated_NN with a) Rc/Hm0 b) B/Hm0 c) Gc/Hm0 d) hb/Hm0 e) 

h/Hm0 f) s0p g) cotα for reshaping berm breakwater 
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Appendix 2.D - Summary of selected experimental data 

Sl 

No. 
Rc/Hm0 B/Hm0 hb/Hm0 Gc/Hm0 s0p q*measured H0 

Reference 

Figure 

1 1.40 1.65 -0.33 1.40 0.04 1.40E-04 3.79 

Fig. 11 

2 1.30 2.29 -0.31 1.30 0.04 1.86E-04 4.11 

3 1.03 2.94 -0.29 1.25 0.04 2.98E-04 1.75 

4 0.90 2.46 -0.33 1.39 0.04 2.89E-04 1.57 

5 1.05 2.99 -0.30 2.84 0.03 2.51E-04 4.20 

6 1.28 3.76 -0.30 2.33 0.03 9.15E-05 4.17 

7 0.94 3.28 -0.31 2.50 0.03 3.51E-04 3.93 

8 1.34 3.88 -0.30 2.39 0.03 4.01E-05 4.12 

9 1.21 3.30 -0.44 1.87 0.03 1.29E-04 2.85 

Fig. 12 

10 1.39 3.96 -0.39 1.68 0.03 1.04 E-04 3.17 

11 1.72 3.03 -0.40 1.72 0.03 8.97E-05 3.11 

12 0.94 3.28 -0.31 2.50 0.03 3.51E-04 3.93 

13 1.19 3.56 -0.34 1.53 0.03 1.33E-04 3.62 

14 1.55 4.48 -0.34 2.76 0.02 5.99E-05 3.56 

15 0.89 1.63 -0.33 1.38 0.04 9.84E-04 3.86 

Fig. 13 

16 0.90 2.46 -0.33 1.39 0.04 2.89E-04 1.57 

17 0.92 4.17 -0.33 1.42 0.04 1.39E-04 1.55 

18 0.89 5.28 -0.33 1.38 0.03 7.85E-05 1.58 

19 1.38 4.07 -0.33 1.38 0.03 1.32E-05 3.86 

20 1.30 1.53 -0.31 2.90 0.04 3.62E-04 4.11 

21 1.29 2.27 -0.30 2.88 0.04 1.39E-04 4.14 

22 1.29 3.03 -0.30 2.35 0.04 4.56E-05 4.14 

23 1.11 4.04 -0.40 2.42 0.03 1.07E-04 3.11 

Fig. 14 

24 1.09 4.95 -0.40 1.68 0.04 5.70E-05 3.17 

25 1.07 1.94 -0.39 1.65 0.03 8.33E-04 3.23 

26 1.03 6.07 -0.37 2.24 0.04 2.23E-05 3.36 

27 0.95 3.33 -0.32 2.54 0.03 1.72E-04 3.87 

28 0.98 5.57 -0.33 1.97 0.03 3.58E-05 3.75 

29 1.55 4.48 -0.34 2.76 0.02 5.99E-05 3.56 
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WAVE OVERTOPPING AT BERM BREAKWATERS: EXPERIMENTAL STUDY 

AND DEVELOPMENT OF PREDICTION FORMULA 

 

Abstract: Prediction of overtopping rate plays a key role in the design and safety assessment 

of breakwater structures. In this study, the mean wave overtopping rate at hardly and partly 

reshaping berm breakwaters were investigated by means of small-scale physical model tests. 

The test program was designed to create a database with a wider range of wave steepness, 

berm width, berm level and crest level for the hardly/partly reshaping conditions with an 

initial slope of 1:1.50. The new formula was developed covering the comprehensive test 

conditions (including existing tests and newly-collected ones) using scaling arguments and 

data mining techniques. Dimensionless governing parameters were used in the development 

of the formula, and it was found that the new formula represented the influence of relative 

water depth on the wave overtopping rate better than the other prediction models. Accuracy 

metrics such as RMSE and Bias indicated that the developed formula outperformed the 

existing prediction models within the range of significant overtopping rates. Moreover, the 

developed formula is simple and gives better insights into the physical significance of the 

variables in the overtopping process, and thus it is hoped it will be more appealing for 

engineering applications. 

 

Keywords: Wave overtopping, berm breakwater, laboratory experiments, M5` model tree, 

prediction formula. 
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3.1. Introduction 

Berm breakwaters have been constructed since the early 1980s in order to protect harbours 

from rough seas. The presence of a porous berm above the still water level provides improved 

dissipation of wave energy compared to conventional rubble mound structures. They also 

offer considerable cost savings in contrast to conventional structures in areas of large water 

depth and high waves, as they use smaller stones in the construction of the primary armour 

(Sigurdarson et al., 1995). Often berm breakwaters are constructed using split barges and 

excavators, and the use of large cranes become optional (Van der Meer and Sigurdarson, 

2016). This opens up opportunities for cost savings and small contractors. Wave overtopping 

is a key factor in the design of berm breakwaters since berths in the harbours are usually 

located just behind the breakwater structures (Sigurdarson et al., 2000). The overtopping rates 

must be less than the allowable rate under the design and operating conditions to ensure the 

safety of people and property on and behind the breakwater (Goda, 2009; Van der Meer and 

Sigurdarson, 2016; Van der Meer and Sigurdarson, 2014). 

Overtopping is a relevant phenomenon in many ports worldwide and significant effort has 

been made in the prediction of it. The existing approaches used to estimate the overtopping 

rates at berm breakwaters can be broadly classified as empirical models and soft computing 

methods. The most widely used are the empirical formulae, wherein the dimensionless 

measured overtopping rates from physical model tests are correlated to the dimensionless 

structural and hydraulic parameters through regression analysis (Etemad-Shahidi and Jafari, 

2015; Pillai et al., 2017b). The most popular empirical formulae used to estimate the 

overtopping rate at berm breakwaters are those of Van der Meer and Janssen (1994), Lykke 

Andersen (2006) and EurOtop (2007). More recently, Etemad-Shahidi and Jafari (2015) 

proposed a prediction model based on the CLASH (De Rouck et al., 2009) database. Moghim 

et al. (2015) used the Lykke Andersen (2006) data while Sigurdarson and Van der Meer 

(2012), Van der Meer and Sigurdarson (2016) used mostly their own collected data, as well 

as the Lykke Andersen (2006) data, to develop new models. The Artificial Neural Network 

(ANN) method of prediction (Formentin et al., 2017; Zanuttigh et al., 2016; Verhaeghe et al., 

2008; Van Gent et al., 2007) was developed as a versatile tool to estimate the overtopping 

rate at a wide variety of coastal structures. In general, it performs complex regression analysis 
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in order to estimate the overtopping rate and is often more accurate than the empirical 

formulae. Often, these models do not result in explicit equations to be used by engineers. 

Moreover, engineers need to have some data mining knowledge for practical application of 

ANN models which may not always be the case (Etemad-Shahidi and Jafari, 2015). The 

empirical formulae are, therefore, more transparent in representing the physics of the 

overtopping process and provide insight into the importance of variables in the overtopping 

process. 

The reliability of predictors ultimately depends on the data used to develop them. 

Generally, an underestimation of the design overtopping rate can cause extensive damage to 

the port infrastructure and loss of life in the coastal region protected by the structure, whereas, 

an overestimation may lead to increase in the crest level (to reduce overtopping) and thus 

result in increased construction costs, loss of visual amenity and construction time. A detailed 

review of the most common prediction models applicable for berm breakwaters, the data used 

to develop them, and their differences in estimating the influence of variables in the predicted 

overtopping rate have been performed by Pillai et al. (2017b). Their study revealed 

significant inconsistencies among the prediction models in estimating the influence of 

governing variables. Importantly, excessive wave overtopping is one of the most threatening 

causes of failure of these structures in the context of global climate change (Tuan and 

Oumeraci, 2010). These effects increase dramatically for structures built in shallow water 

(Isobe, 2013). Thus, a reliable prediction of wave overtopping rate is essential to determine 

the geometry of the structure and thus the cost of new constructions and possible retroffing 

of existing structures.  

The aim of this study is to better understand the wave overtopping process at hardly/partly 

(HR/PR) reshaping berm breakwaters through physical model tests and to develop robust 

formula for the prediction of the wave overtopping rate. In order to achieve this goal, the 

existing measured overtopping rates from the physical model tests performed by Lykke 

Andersen (2006), Bãtãcui and Ciocan (2013), Lykke Andersen et al. (2008) and Sigurdarson 

and Viggosson (1994) were collected and a database exclusively for berm breakwaters was 

developed. Most of these data represented fully reshaping (FR) conditions from the 

experiments of Lykke Andersen (2006). The data from the model tests conducted as a part 
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of this study were added and the existing database was extended. In order to derive the 

prediction formula, the M5` model tree (Wang and Witten, 1997) and the software package 

SPSS were used together with scaling arguments. Recently, these approaches were 

successfully used to develop accurate prediction models at vertical structures (Etemad-

Shahidi et al., 2016), smooth sloped structures (Etemad-Shahidi and Jafari, 2014) and rubble 

mound breakwaters (Jafari and Etemad-Shahidi, 2012). The new formula was trained on two-

thirds of the data and validated using the remaining one-third. In addition, the performance 

of the new formula were qualitatively and quantitatively compared with those of available 

prediction models.  

The paper is outlined as follows. Subsequent to the introduction, Section 3.2 briefly 

reviews the available prediction formulae for estimating the wave overtopping rate at berm 

breakwaters. Then, the selection of measured overtopping rates from existing small-scale 

physical model tests is detailed. Next, the necessity and particulars of the experimental 

investigation undertaken are discussed in Section 3.3. In Section 3.4, the performances of the 

available prediction models are evaluated. Model trees and M5` algorithms are described in 

Section 3.5. Section 3.6 presents the new formula for estimating the wave overtopping rate 

at berm breakwaters and discusses the performance in comparison with the existing 

prediction models. Finally, the summary and concluding remarks from the study are 

presented in Section 3.7. 

 

3.2. State of art 

3.2.1. Overtopping prediction models 

In the empirical approach, the dimensionless overtopping rate (q*) is expressed as a 

function of the relative crest freeboard (R*) as:  

 

𝑞∗ = 𝑎𝑒𝑥𝑝(−(𝑏𝑅∗)
𝑐)                (3.1) 

or 

Raq b


                  (3.2) 
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where a, b and c are empirically fitted coefficients from physical model test data, and q* and 

R* are defined as: 

Hg

q
q

m
3

0


                  (3.3) 

H

R
R

m

c

0


                 (3.4) 

where q is the mean overtopping discharge per meter of structure width, g is the acceleration 

due to gravity, Hm0 is the estimate of significant wave height from spectral analysis and Rc is 

the crest freeboard which is the vertical distance from the Still Water Level (SWL) to the 

point where the overtopping is measured (Fig. 3.1). 

 

 

Fig. 3.1 Schematic cross section of berm breakwaters (Pillai et al., 2017b) 

Van der Meer and Janssen (1994) proposed the following probabilistic formulae (hereafter 

VJ) to estimate the overtopping rate at bermed dikes which could be applicable for berm 

breakwaters. 

 

If ξ0p<2; q
*
√
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tanα
=0.06exp (-5.2
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If ξ0p>2; q
*
=0.2exp(-2.6
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1

γ
f
γ

b
γ

h
γ

β

)                                                                                       (3.6) 

where ξ0p is the surf similarity parameter based on structure slope (tanα) and wave 

steepness (s0p) are given as: 
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Here, L0p is the deep water wave length, T0p is the peak wave period of the spectra, γf, γb, 

γh and γβ are the reduction factors for roughness, presence of berm, water depth and wave 

obliquity, respectively. According to Van der Meer and Janssen (1994), the wave overtopping 

rate depended mainly on the Rc of the coastal structure wherein, the presence of a berm further 

reduced the overtopping rate. The reduction factors are defined as: 
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In addition, the reduction factors to account for shallow foreshore and oblique wave 

incidence were defined as:  
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0033.01              (3.13) 

where B is the berm width, hb is the water depth above the berm (negative if the berm is 

above SWL), h is the water depth at the toe of the structure, β is the mean wave direction, 
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and αeq is the equivalent slope of structure considering the berm (Fig. 3.2). Van der Meer and 

Janssen (1994) suggested that a smooth impermeable berm had the maximum influence in 

reducing the wave overtopping when at the SWL and hence γb tends to be the minimum value 

(0.6) when the berm is at SWL. Nevertheless, Van der Meer and Sigurdarson (2016) asserted 

that dikes and berm breakwaters are different mainly in the design wave heights considered, 

former often being designed for lower wave activity (≤ 3.0 m). Also, in the case of dikes, 

horizontal overtopping flow can occur over the impervious crest whereas in berm 

breakwaters most of the flow may come as splash after hitting the permeable crest of rocks. 

 

 

Fig. 3.2 Equivalent slope a) considering the berm and b) without considering the berm (Van 

der Meer and Janssen, 1994) 

Lykke Andersen (2006) formula (hereafter LA) was developed from physical model tests 

on rubble mound berm breakwaters. The estimated overtopping rate is given as: 

   BhGRsfq bpH
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where G*, hb* and B* are the dimensionless parameters representing crest width, berm level 

and berm width, respectively. Gc is the crest width, T0 is the dimensionless wave period, Dn50 

is the equivalent cube length exceeded by 50% of a sample of armour by weight, T0,1 is the 

mean wave period based on frequency domain analysis, T0* is the dimensionless wave period 

transition point, s0m is the mean wave steepness, fH0 accounts for the influence of stability 

number and H0T0 is the stability number including the mean wave period. Here, H0 is defined 

as: 
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                (3.21) 

∆ is the relative reduced mass density given as: 

1




w

s                (3.22) 

where ρs and ρw are the mass densities of stone material and water, respectively. The formula 

was developed for initial slopes above (cotαd) and below berm (cotαd) (Fig. 3.1) of 1.25. For 

cotα ≠ 1.25, the G* and B* to be used in Eq. (14) are as follows: 
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        (3.24) 

where αu and αd are the slopes above and below the berm, respectively. LA takes into account 

a number of variables and thus has a complex structure when compared to the other empirical 

formulae (Pillai et al., 2017b). Van der Meer and Sigurdarson (2016) noted that the 

complexity of the formula makes it difficult to physically justify the influence of governing 

parameters on the overtopping rate. 

EurOtop (2007) provided the formula (hereafter EO) given in Eq. 3.25 to estimate 

(probabilistic) the overtopping rate at berm breakwater, which was similar to the one 

suggested for bermed dike by Van der Meer (2002). A γf of 0.35 for non-reshaping and 0.40 

for reshaping berm breakwaters were proposed, respectively.  
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with a maximum of  
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where ξm-1,0 is the surf similarity parameter based on Tm-1,0, the wave period based on 

frequency domain analysis and γv is the reduction factor for the vertical wall. Sigurdarson 

and Van der Meer (2012) suggested that Eq. (3.26) is more appropriate since the berm 

breakwaters have steep slopes. As the formula (Eq. 3.26) is simple, it is widely used by design 

engineers.  

Sigurdarson and Van der Meer (2012) modified the EO (Eq. 3.26) using the γBB factor 

which incorporated the differences in overtopping due to reshaping and s0p. The data used 

for developing this formula was obtained mostly from their project data as well as from 

Lykke Andersen (2006). The formula (hereafter SV12) is given as: 
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where γBB differentiated the HR/PR (H0 < 2.5) and FR (H0 > 2.5) conditions as given below: 
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γ
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= {
0.68-4.5s0p-0.05 B

Hm0
⁄ for HR and PR berm breakwaters

0.70-9.0s0p for FR berm breakwaters
        (3.28) 

Eq. (3.27) was further modified to Eq. (3.29) (hereafter SV16) by Van der Meer and 

Sigurdarson (2016) and used in EurOtop (2016). 
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Etemad-Shahidi and Jafari (2015) used regression analysis to develop the following 

formula (hereafter EJ) using selected data from the CLASH database: 
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where tanαave is defined as: 
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The formula is simple and considers the influences of slope and berm through the tanαave. 

In another approach, Moghim et al. (2015) used the concept of wave momentum flux to 

derive an overtopping formula for reshaping berm breakwaters using the data from Lykke 

Andersen (2006). The formula is given as: 
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Here, Ru represents the run-up from the SWL calculated based on the maximum wave 

momentum flux Mf, R0 the run-up in excess of the Rc that can lead to overtopping and Rec is 

the recession of the berm. The accuracy of the formula was found to be similar to that of the 

LA. Since both recession and run-up values are required for estimating the overtopping rate, 

this formula is not considered for further analysis in this study. A summary of the empirical 

prediction models is given in Table 3.1. 

Table 3.1 Summary of the wave overtopping prediction formulae for berm breakwaters 

Formula Reference 
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3.2.2. Database  

The majority of existing data (486 datasets) on the measured overtopping rate at berm 

breakwater are obtained from the physical model tests of Lykke Andersen (2006). Mass 

armoured berm breakwater cross sections with initial slopes of 1.25 were tested. A significant 
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part of the data represents FR conditions with H0 ≥ 3.5 (Van der Meer and Sigurdarson, 

2016). Though the data represents a vast range of other tested parameters, the predominant 

s0p is approximately 0.035. In addition, the ranges of emerged hb for HR/PR (Van der Meer 

and Sigurdarson, 2016) cross sections are limited. Berms below the SWL are hardly 

constructed in the real world and a few of the HR/PR tests had the berm level more than one 

significant wave height beneath the SWL. According to Van der Meer and Sigurdarson 

(2016), the database does not describe well the influence of slopes other than 1.25. Moreover, 

the tested cross sections were not restructured unless either the s0p or the initial geometry was 

varied. Van der Meer and Sigurdarson (2016) observed that this can affect the measured 

overtopping rates, especially when lower wave conditions are tested on already reshaped 

berm breakwaters. Physical model test data was also obtained from Bãtãcui and Ciocan 

(2013) (23 datasets). HR/PR cross sections with initial slopes of 1:1.10 and 1:1.50 were tested 

in these experiments. In addition, the influence of a wider range of s0p (0.01 ≤ s0p ≤ 0.04) on 

the overtopping rate was investigated. Since berm breakwaters are usually constructed with 

emerged berms, experiments were conducted with emerged berm conditions. Recently, the 

EurOtop database was updated (EurOtop 2016) and the measured overtopping rate from 

research around the world was incorporated (EurOtop, 2016; Zanuttigh et al., 2016). Among 

these, 26 data records corresponding to the wave overtopping at rubble mound berm 

breakwaters (Lykke Andersen et al., 2008; Sigurdarson and Viggosson, 1994) were selected. 

Low overtopping discharges measured during the model tests are less likely to be accurate 

due to the measurement errors in these tests (e.g. Etemad-Shahidi and Jafari, 2014; Van der 

Meer and Sigurdarson, 2016; Etemad-Shahidi et al., 2016). Hence, following Van Gent et al. 

(2007) and Verhaeghe et al. (2008), data with q ≥ 10-6 m3/m/s were selected for the current 

study. It is noteworthy that q < 10-6 m3/m/s represents q < 0.3 l/m/s in the prototype scale. 

These low overtopping rates correspond only to the allowable rates for people at seawall/dike 

and are less significant for the design of rubble mound berm breakwaters (EurOtop, 2016). 

A summary of the parameters in the existing database are given in Table 3.2. In general, the 

tested range of parameters in Bãtãcui and Ciocan (2013) data are well within that of Lykke 

Andersen (2006). Nevertheless, Bãtãcui and Ciocan (2013) data represent a marginally 

broader range of Rc and emerged hb compared to that of Lykke Andersen (2006). The limits 

of tested Rc, emerged hb and h for the EurOtop (2016) database is greater than that of Lykke 
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Andersen (2006) and Bãtãcui and Ciocan (2013). As seen from the table, the existing 

database contains a total of 535 tests.  

Table 3.2 Ranges of parameters in the existing database 

Parameter (unit) 

Range 

Lykke Andersen 

(2006) 

Bãtãcui and Ciocan 

(2013) 
EurOtop 2016  

Rc (m) 0.60 – 0.17 0.19 0.12 – 0.26 

B (m) 0.20 – 0.65 0.20 0.25 

hb (m) -0.04 – 0.12 -0.07 – -0.04 -0.10 - -0.02 

Gc (m) 0.09 – 0.38 0.20 0.07 – 0.13 

h (m) 0.23 – 0.44 0.34 0.4 – 0.55 

Hm0 (m) 0.05 – 0.16 0.11 – 0.16 0.073 – 0.21 

T0p (s) 0.98 – 2.23 1.53 – 2.91 1.51 – 2.58 

L0p (m) 1.50 – 7.76 3.67 – 13.16 3.54 – 10.40 

s0p 0.01 – 0.05 0.01 – 0.04 0.01 – 0.04 

ξ0p 1.42 – 3.41 2.57 – 6.30 2.43 – 4.30 

H0 1.13 – 4.86 2.08 – 2.93 1.57 – 3.09 

T0 17.81 – 40.07 23.63 – 42.06 21.44 – 48.48 

H0√T0 4.79 – 28.19 10.76 – 17.69 7.57 – 16.26 

q*measured 6.58×10-6 – 1.27×10-3 7.57×10-5 – 3.12×10-3 1.32×10-5 – 9.69×10-4 

Number of data 486 23 26 

Total number of data 535 

 

The HR/PR structures are often constructed with a slope of 1:1.50 to reduce damage and 

recession (Van der Meer and Sigurdarson, 2016). However, data on the measured 

overtopping rate at HR/PR berm breakwaters with cotαu and cotαd = 1.50 is limited in the 

existing database except for the few data from Bãtãcui and Ciocan (2013) and EurOtop 

(2016) databases. Lately, Sigurdarson and Van der Meer (2012) reported a clear dependency 

of the overtopping rate at berm breakwaters with s0p. A database with more data points on a 
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wider range of s0p is required to understand the overtopping phenomena during low and high 

s0p conditions. In contrast, measured overtopping rates outside the s0p range of 0.030 – 0.035 

are lesser. Hence, the available empirical formulae developed from these data may have some 

limitations in estimating the overtopping rate. In order to bridge this knowledge gap in the 

overtopping behaviour of HR/PR berm breakwaters, physical model tests were performed in 

this study as detailed in the following sections. 

 

3.3. Laboratory experiments 

The experiments were conducted in the wave flume (14 m long × 0.80m deep × 0.45m 

wide) in the hydraulics laboratory of Griffith University, Australia. The flume is installed 

with a piston wave maker at one end which consists of a rectangular steel plate driven by a 

software controlled electric motor. The wave maker is able to produce both regular and 

irregular waves and is equipped with active wave absorption system to minimize the wave 

reflection from the wave board. Irregular waves of JONSWAP spectrum with a peak 

enhancement factor (γ) of 3.3 were used for all the tests. The tests were carried out on rubble 

mound berm breakwater cross sections with cotαu and cotαd of 1.50 (Fig. 3.3a).  

 
(a) 

 
(b) 

Fig. 3.3 a) Schematic cross section and b) Photograph of the constructed model 
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A permeable rock core with a Dn50 of 0.021 m and Dn85/Dn15 = 2 was used to construct the 

model. The primary armour consisted of two layers of rock (over the crest) with a Dn50 of 

0.032 m. A constant crest width of 0.20m was tested in all the experiments. Overtopping 

volumes were collected using a chute (0.2 m wide) placed at the rear end of the crest (leeward 

side). The chute emptied the water into the overtopping collection tank. The overtopping 

volume was determined by measuring the water level in the tank before and after each test. 

Three capacitance wave gauges were placed near the toe for the measurement of free 

surface and to estimate wave parameters Hm0 and Tp (Fig. 3.4). The gauges were placed at 

distances of X12 = 0.50 m and X13 = 1.30 m where X12 and X13 are the distances of the second 

and third gauges from the first, respectively. Mansard and Funke (1980) method of three 

fixed probes were used to separate the incident and reflected waves using a Matlab code. A 

data logger was used to synchronously collect the wave gauge outputs (in Volts) and these 

were recorded as water surface elevation (in meters) using the work module in DASYLab 10 

software. 

 

(a) 
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(b) 

Fig. 3.4 a) Sketch and b) Photographs of the experiment set-up 

Experiments were performed by varying the SWL, hb, B and s0p. Tests covered the range 

of s0p (0.01 – 0.06) by varying the Hm0 and Tp. Then, the structure configuration was changed 

to a different hb and the same range of s0p was tested. Later, the procedure was repeated for 

a different B and SWL. Wave overtopping rates were measured after approximately 1000 

waves for each wave condition (Hm0 and Tp). For the present study, the movements of the 

stones were visually monitored and the structure was rebuilt (if required) at the end of each 

test. The ranges of tested variables are summarized in Table 3.3. As seen from the table, 

broader ranges of Rc, B and hb (for cotα =1.50) were achieved from the current experiments 

compared to the existing data (Table 3.2). Moreover, approximately 85% of the new data are 

outside of 0.030 ≤ s0p ≤ 0.035 range. 
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Table 3.3 Ranges of parameters tested 

Parameter (unit) Range 

Rc (m) 0.08 – 0.18 

B (m) 0.25 – 0.45 

hb (m) -0.08 – 0.05 

Gc (m) 0.20 

h (m) 0.38 – 0.48 

Hm0 (m) 0.07 – 0.16 

T0p (s) 1.17 – 1.98 

L0p (m) 2.13 – 6.11 

s0p 0.01 – 0.06 

ξ0p 1.55 – 3.33 

H0 1.16 – 2.63 

T0 18.61 – 31.50 

H0√T0 5.04 – 13.22 

q*measured 9.79×10-6 – 1.19×10-3 

Total number of data 166 

 

3.4. Evaluation of the existing prediction models   

First the performances of the available prediction models were compared using the 

existing and the new data. Scatter diagrams of the estimated (q*estimated) and measured 

(q*measured) overtopping rates are shown in Fig. 3.5. Fig. 3.5a shows that the VJ overestimates 

the q*measured. This could be because the formula was basically developed for bermed dikes 

with impermeable slopes. Berm breakwaters usually have more porous and steeper slopes in 

the range 1.1 ≤ cotα ≤ 1.5 (Van der Meer and Sigurdarson, 2014) when compared to dikes. 

Also, the influence of s0p on the overtopping rate was not considered when ξ0p was > 2. Pillai 

et al. (2017b) identified that these factors could result in overestimation of the q*measured. A 

similar observation was noticed for the conventional rubble mound breakwaters by Jafari and 

Etemad-Shahidi (2012).  
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As can be seen from the Fig. 3.5b, the existing data are well predicted by the LA. However, 

the uncertainty in the estimation of the new data is higher than that of the existing data and it 

increases for relatively low values of q*measured (< 10-4). It needs to be mentioned that the 

Lykke Andersen (2006) tests with low q*measured values (for q<10-6 m3/m/s) are well predicted 

(not shown here) by the LA, probably because they were used in the development of the 

model. However, such low overtopping rates are not significant in the design of rubble 

mound breakwaters and are liable to scale effects and measurement errors (Van der Meer and 

Sigurdarson, 2016; Van Gent et al., 2007). In addition, the high values of q*measured (>10-3) 

are somewhat overestimated by the LA.  

Though the EO is simple, Fig. 3.5c demonstrates that considerable uncertainties exist with 

the wide scatter of q*estimated. Similar to the VJ, this could probably be due to the absence of 

s0p in the formula or due to the assumed γb for reshaping and non-reshaping berm 

breakwaters. To a similar extent, the q*estimated using the EO also provided a large scatter for 

rubble mound breakwaters (Jafari and Etemad-Shahidi, 2012). Compared to the EO, there is 

less scatter observed in the q*estimated using the SV12 (Fig. 3.5d) probably because the formula 

takes into account the influences of s0p and reshaping through the improved reduction factor 

of γBB. However, considerable disagreement exists, especially for the relatively low q*measured 

(< 10-4). The change in the functional form of Rc/Hm0 does not seem to improve the q*estimated 

using the SV16 (Fig. 3.5f) as the underestimation is more than that of the SV12. Fig. 3.5e 

shows that the lower q*estimated are somewhat overestimated by the EJ. Nevertheless, scatter 

is much less than those of the VJ, EO and SV. 

q*estimated using the ANN (Van Gent et al., 2007; Verhaeghe et al., 2008) and the ANN-17 

(Formentin et al., 2017; Zanuttigh et al., 2016) show a predominant underestimation (Fig. 

3.5g and Fig. 3.5h, respectively). Likewise, underestimation was observed for the 

conventional rubble mound breakwaters by Jafari and Etemad-Shahidi (2012). This is rather 

interesting since they generally provide more accurate estimation of overtopping rates 

compared to the empirical formulae. However, the ANN predictions in the range 10-6 ≤ 

q*measured ≤ 10-5 are less reliable and indicative (Van der Meer and Sigurdarson, 2016). The 

uncertainty in the prediction could be due to the limited data on rubble mound berm 

breakwaters (82 test data from Lykke Andersen, 2006)) used to develop the ANN model. 
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Though ANN-17 (Formentin et al., 2017; Zanuttigh et al., 2016) is a more robust tool (in 

estimating the extreme cases of overtopping rate) developed on a comprehensive database 

when compared to the ANN, Fig. 3.5h indicates considerable underestimations. 

 

 

(a) 

 

(b) 
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(c) 

 

 

(d) 
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(e)  

 

 

(f) 
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(g) 

 

(h) 

Fig. 3.5 Comparison between the q*measured and the q*estimated using the a) VJ b) LA c) EO d) 

SV12 e) EJ f) SV16 g) ANN and h) ANN-17  

(Upper dashed line represents 10 fold overestimation, lower dashed line 10 fold 

underestimation and the solid line a perfect agreement between q*estimated and q*measured, 

respectively) 
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To sum up, the q*estimated by the available prediction models shows some disparities as 

exemplified by the scatter diagrams which increase for the HR/PR berm breakwaters with 

initial cotα =1.50 (data from this study) and for extreme overtopping rates (q*measured ≤ 10-4 

or q*measured ≥ 10-3). Low discharges are relevant for situations such as partially constructed 

breakwaters, lower cost defences (Van der Meer and Bruce, 2014) and during operational 

conditions, whereas, high overtopping rates are crucial for estimating the crest level of the 

berm breakwater and in turn affect the geometry and overall cost of construction. Thus, there 

exists an underlying necessity to develop more accurate formulae from a comprehensive 

database that includes the HR/PR conditions better. The data mining technique using the 

model tree and SPSS were adopted for developing the new formula as detailed in the next 

section. 

 

3.5. Model tree  

The availability of enhanced computing power has led to the use of machine learning 

techniques to identify the relationships between variables in an extensive database. Model 

trees (MT) are one such technique which can be used for linguistic as well as numeric 

variables (Etemad-Shahidi et al., 2016). Some of the areas in which the M5 MT has been 

effectively used are flood forecasting (Solomatine and Siek, 2004; Solomatine and Xue, 

2004), modelling sediment yield (Goyal, 2014), prediction of run-up and scour depth around 

piles due to waves (Bonakdar et al., 2016; Etemad-Shahidi and Ghaemi, 2011) and estimation 

of local scour around bridge piers (Pal et al., 2012). In the field of coastal engineering, the 

M5 MT method was used to predict the armour stability (Etemad-Shahidi and Bonakdar, 

2009) and overtopping discharge (Jafari and Etemad-Shahidi, 2012) at rubble mound 

breakwaters. In addition, it was utilized for the wave height prediction in Lake Superior 

(Etemad-Shahidi and Mahjoobi, 2009), to develop the wave spectrum at the Gulf of Maine: 

USA and Bay of Bengal: India (Sakhare and Deo, 2009), estimation of wind speed from wave 

measurements (Daga and Deo, 2009), to develop an improved overtopping prediction model 

for inclined coastal structures with smooth impermeable surface (Etemad-Shahidi and Jafari, 

2014) and vertical structures (Etemad-Shahidi et al., 2016).  
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MTs work on the principle that a complex problem can be solved by dividing it into a 

number of simpler sub problems and thereby solving them (Jafari and Etemad-Shahidi, 

2012). It is a variant of the decision tree where each branch node represents a choice between 

alternatives and each leaf node represents a classification or decision (Etemad-Shahidi and 

Mahjoobi, 2009). The primary difference between a regression tree and an MT is that, if, as 

a result of sorting, the leaf is associated with an output value, it is called a regression tree. 

While, if the leaf is associated with a piecewise regression function of the input variables, it 

is called an MT (Solomatine and Dulal, 2003). The algorithm used to build the MT is called 

M5 (Quinlan, 1992) which was improved to M5` in order to deal with missing values (Wang 

and Witten, 1997). The three main steps in the M5` algorithm includes: 1) building the tree 

2) pruning and 3) smoothing. They are described in detail by many researchers such as 

Quinlan (1992), Wang and Witten (1997), Etemad-Shahidi and Mahjoobi (2009), Jung et al. 

(2010), Etemad-Shahidi et al. (2016) and Bonakdar and Etemad-Shahidi (2011) the excerpts 

of which are enumerated below. 

The MT developed by M5` algorithm is similar to an inverted tree where the data is fed 

into the root which is at the top and the related prediction of the introduced data is obtained 

from leaves, which are at the bottom. The M5` uses a recursive algorithm that creates the tree 

by splitting the data (total) space (Fig. 3.6) into subsets. The splitting condition is chosen in 

such a way that the variability is reduced in the subsets all the way from the root to the leaves 

through the branches. The Standard Deviation Reduction (SDR) factor is used as the measure 

of the variability and is given as: 

   Tsd
T

T
Tsd

T

M
SDR i

i
              (3.35) 

where M is the number of tests without missing values of that variable, T is the set of tests 

that reach the node (before splitting), Ti is the set that results from splitting at the node for 

the chosen variable and sd is the standard deviation. The SDR is estimated for every sub-

space obtained as a result of the splitting process and it is compared with the data space before 

splitting. The algorithm considers all the input parameters for splitting and chooses that 

attribute which maximizes the expected error reduction. The splitting process is stopped 
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when the SDR is less than 5%, or only a few data remain. A linear regression model is then 

developed for the data associated with each leaf. 

 

 

Fig. 3.6 Graphical representation of the M5`MT algorithm (Bonakdar et al., 2016) 

The accuracy of the model developed can increase with the growth of the MT and this 

often results in a large tree with several leaves (linear models). However, there is a possibility 

of overfitting and hence, pruning of the tree becomes inevitable. During pruning, the average 

absolute difference between the predicted value and the actual output is estimated for each 

of the training data that reaches the node. Then the linear model is simplified by eliminating 

some terms to minimize the estimated error, multiplied by the factor (n + υ)/ (n- υ). Here, n 

is the number of training data points that reach the node and υ is the number of input 

parameters in the model that represent the output value at that node. This multiplication is 

done to avoid underestimation while handling the new data. If the estimated error is lower 

than the expected one, the leaf node can be pruned. The final stage is smoothing or 

regularization which removes the discontinuities between the adjacent linear models (pruned 
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leaves). Also, it is important to consider smoothing when the models are constructed from 

very few training data. The predicted value is computed at each sub-space and it is smoothed 

along its path back to the root at each node. Finally, the MT produces a set of linear multi-

variable equations. 

 

3.6. Results and discussion (new formula) 

To develop robust prediction formulae, the data from the present study (Table 3.3) and the 

existing data (Table 3.2) were utilized as a comprehensive database with a wider range of 

tested parameters could result in a more generic prediction model. About two-thirds of the 

data were randomly selected for training and the remainder was used for validation of the 

model. The software package WEKA (Frank et al., 2016) was used to implement the M5`MT 

algorithm. Varying levels of influences were reported (Pillai et al., 2017b) for the structural 

parameters such as Rc, B, hb, Gc, tanα and hydraulic parameters such as Hm0, T0p (or L0p) on 

the overtopping rate which can be expressed as: 

  LorTHhhBGRfq ppmbcc 000 ,,tan,,,,,             (3.36) 

Dimensionless variables were used to develop the new formulae in order to eliminate the 

scale effects. The functional form of the new overtopping model was similar to the existing 

empirical formulae with q* as the output and the exponential forms of the governing variables 

as inputs. Several models using different dimensionless input variables were developed. By 

examining the correlation coefficients, the less important parameters were eliminated and the 

model development was simplified. Finally, the model that outperformed others was of the 

form: 
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The following formulae were developed for HR/PR (H0 < 2.5) and FR (H0 > 2.5) berm 

breakwaters [45], respectively: 
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A disadvantage of the formulae (Eq. 3.38) developed by the model tree approach is the 

discontinuity between the individual formulae fitted for each data sub-space, even though it 

is reduced using the smoothing process (Etemad-Shahidi et al., 2016). The transition from 

HR/PR to FR should take place gradually and when H0 = 2.5, the formulae should yield 

similar results. To overcome this issue and to develop a simpler model, other non-

conventional functional forms were considered. Several formulae with various levels of 

complexity and accuracy were developed and finally a simple and accurate model was 

developed as follows: 
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                (3.41) 

In Eq. (3.41), a positive coefficient indicates that the parameter has a direct relationship 

with the output (q*). As such, the equation shows that by increasing the dimensionless crest 

freeboard, the overtopping rate decreases. The use of Rc/(Hm0ξ0p) variable (rather than 

Rc/Hm0) was found to improve the model accuracy as it has been used for the overtopping 

prediction models of conventional rubble mound breakwaters (Jafari and Etemad-Shahidi, 

2012) and dikes/revetments (Van der Meer and Janssen, 1994). tanαave takes into account the 
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influences of B and hb on the initial slope of the structure. The lower the tanαave, the lower 

the ξ0p, the higher the Rc/(Hm0ξ0p) and thus the lower the estimated overtopping rate. A 

justification for this trend in the case of conventional rubble mound breakwaters was given 

by Jafari and Etemad-Shahidi (2012), which supports our results. As per Eq. (3.41), a low s0p 

leads to high ξ0p, low Rc/(Hm0ξ0p), and thus a high wave overtopping. A similar increase in 

overtopping rate with higher s0p was reported for berm breakwaters by Christensen et al. 

(2014). hb/Hm0 term is positive in the formulae indicating that an emerged berm (-hb/Hm0) 

would produce less overtopping rate compared to a submerged one. This is not only in 

agreement with the physics of the overtopping process but also with the results of the 

sensitivity analysis conducted by Pillai et al. (2017b). It should be noticed that the formula is 

applicable within the limits of hb/Hm0 shown in Table 3.4.  

 

Table 3.4 Ranges of used dimensionless parameters 

Parameters 
Range 

Train Test 

Rc/Hm0ξ0p 0.20 – 0.88 0.33 – 0.71 

Gc/L0p 0.01 – 0.15 0.01 – 0.11 

hb/Hm0 -0.78 – 1.50 -0.70 – 0.45 

tanh2πh/L0p 0.16 – 0.89 0.29 – 0.86 

H0√T0 4.79 – 28.19 5.83 – 26.92 

H0 1.13 – 4.86 1.16 – 4.67 

tanαeq 0.27 – 0.66 0.31 – 0.53 

q*measured 6.59×10-6 – 3.12×10-3 9.11×10-6 – 9.7×10-4 

Number of data 492 209 

Eq. (3.41) indicates that as Gc increases, the measured overtopping rate decreases. This is 

justifiable since the overtopping is measured at the lee side of the crest and as the (rough) 

crest width increases, less overtopping water reaches the lee side (Jafari and Etemad-Shahidi, 

2012). Zanuttigh et al. (2016) also observed that the use of wave length for scaling the crest 

width takes into account the wave reflection from the structure and hence the selection of 

parameter Gc/L0p by the M5`MT over the conventional form of Gc/Hm0 appears reasonable. 
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The exponent in the term Gc/L0p was obtained by minimizing the scatter. The functional form 

of tanh (2πh/L0p) represents the proper dependence of overtopping rate to the changes in h at 

deep water levels conforming to the findings of Cheon and Suh (2016). H0√T0 in the formula 

is the stability index (Moghim et al., 2011) to compensate for the reshaped profiles, which 

logically should give increased overtopping when compared to non-reshaped profiles. 

In summary, Eq. (3.41) uses a reasonable number of independent variables to estimate the 

overtopping rate at berm breakwaters. It takes into account all the governing variables and 

the influence of reshaping on the overtopping rate. It is noteworthy that the new formula 

considers the influence of water depth at the toe through a simple dimensionless parameter. 

Recent studies such as Isobe (2013) and Chini and Stansby (2012) showed that the water 

level plays a major role in the overtopping rate during the SLR due to climate change. The 

formula is valid within the range of parameters mentioned in Table 3.4. In the following 

sections, the performance of Eq. (3.41) is compared with the existing prediction models. 

Fig. 3.7 shows the diagram of q*measured vs q*estimated using Eq. (3.41).  

 

 

(a) 
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(b) 

Fig. 3.7 Comparison between the q*measured and the q*estimated using the Eq. (3.41) a) Existing 

and new data b) Test and train data 

As can be seen from the Fig. 3.7a, the data are more concentrated around the optimal line 

compared to those of the previous models (Fig. 3.5). The test data are also well predicted by 

the formulae (Fig. 3.7b), with less number of data with considerable overestimation (q*estimated 

> 10×q*measured) or underestimation (q*estimated < 10×q*measured). The scatter is much less for the 

higher q*measured (> 10-3) which is important for the economic and safe design of the structure 

in extreme conditions. The prediction models were quantitatively compared using the 

accuracy metrics of Bias, the coefficient of determination (R2), Root Mean Square Error 

(RMSE), and Discrepancy Ratio (DR); defined as follows:  
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where m is the number of measurements, q
measured*

log  and q
estimated*

log are the averages of 

log q*measured and log q*estimated, respectievly. 

As seen from the Table 3.5, most of the accuracy measures of Eq. (3.41) are better than 

those of the existing prediction models. Furthermore, the observations from the scatter 

diagrams are strengthened by these accuracy measures. For example, Bias values show that 

VJ mostly overestimates the q*measured while the ANN and ANN-17 underestimate which are 

in line with the explanation given earlier for Figs. 3.5a, 3.5g and 3.5h. Moreover, Eq. (3.41) 

has a negligible positive bias indicating a negligible amount of overestimation. R2 which is a 

measure of the correlation between the data also shows that it is higher for the new formula 

compared to other models. RMSE estimates also indicate that the Eq. (3.41) is more accurate 

than the available models. It should be mentioned that the RMSE of Eq. (41) for the Lykke 

Andersen (2006) data (q > 10-6 m3/s/m) is similar to that of the LA. However, Eq. (41) better 

estimates the Bãtãcui and Ciocan (2013) and EurOtop (EurOtop, 2016; Zanuttigh et al., 2016) 

data which represents the hardly/partly reshaping structures with initial slopes which were 

outside the validated range of the LA (1:1.25). For the sake of brevity, the details are shown 

in the Appendix 3.A. 
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Table 3.5 Accuracy measures of different formulae for test (all) data 

Accuracy 

indicator 
VJ LA EO ANN 

ANN-

17 
SV12 EJ SV16 

Eq. 

(3.41) 

BIAS 
0.77  

(0.87) 

0.04  

(0.04) 

-0.06  

(0.11) 

-0.94  

(-0.84) 

-0.96  

(-0.96) 

0.01  

(0.01) 

-0.03  

(-0.03) 

-0.09 

 (-0.03) 

0.05  

(0.01) 

R2 
0.12  

(0.12) 

0.36  

(0.46) 

0.11  

(0.12) 

0.18 

 (0.29) 

0.29 

 (0.41) 

0.17  

(0.25) 

0.12 

 (0.13) 

0.17  

(0.25) 

0.49  

(0.52) 

RMSE 
0.91 

(1.06) 

0.41  

(0.44) 

0.54 

(0.71) 

1.06 

 (0.99) 

1.06  

(1.06) 

0.50 

(0.64) 

0.44 

 (0.50) 

0.56  

(0.76) 

0.34 

 (0.36) 

-1 ≤ log 

(DR) ≤ 1 

(%) 

67 

 (56) 

99  

(97) 

92  

(83) 

51 

 (59) 

46 

 (47) 

97 

 (92) 

99 

 (97) 

94 

 (87) 

100  

(99) 

 

Table 3.5 also gives information related to the DR of different models. A log DR equal to 

zero implies a perfect match between the q*measured and the q*estimated. The distribution of the 

log DR estimations was further analyzed using histogram (Fig. 3.8). It can be seen that the 

log DR for most of the models are close to zero. However, the VJ has positive skewness and 

approximately 70% of the data points are more than 10 times overestimated. While the ANN 

(ANN-17) has a distinct negative skewness and nearly 50 (55) % of the data points is more 

than10-fold underestimated. The distributions of the EO, SV12 and SV16 are nearly 

symmetric indicating a wide scatter of the data. Almost 20% of the estimations using the EO 

and SV16 are more than10 times underestimated which is similar to the results of rubble 

mound breakwater reported by Jafari and Etemad-Shahidi (2012) (using EO). Fig. 3.8 shows 

that Eq. (3.41) has the maximum percentage of log DR in the range -0.50 to 0.50.  

Nevertheless, Table 3.5 shows that all the models except the VJ, ANN and ANN-17 have 

more than 90% of the estimations within the range of -1 ≤ log DR ≤ 1.  
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(a) 

 

(b) 
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(e) 

 

(f) 

 



CHAPTER - 3 

131 

 

 

(g) 

 

(h) 

 

(i) 

Fig. 3.8 Histogram of log DR using the a) VJ b) LA c) EO d) ANN e) SV12 f) EJ g) SV16 

h) ANN-17 and i) Eq. (3.41) 
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The influence of the relative water depth on the overtopping rate has rarely been 

considered explicitly before. Fig. 3.9 plots the DR values of different formulae as a function 

of tanh (2πh/L0p). A good model should have its DR independent of the input parameter. It 

can be seen that the performances of the VJ and EO are very sensitive to the value of relative 

water depth (Figs. 3.9a and 3.9c) and they overestimate (underestimate) deep (shallow) water 

conditions. The ANN and ANN-17 predictions indicate predominant underestimation of the 

overtopping rate (Fig. 3.9d and 3.9h), that can be dangerous. Similar is the performance of 

the SV16 (Fig. 3.9g) but with more scatter of the results. The LA, SV12 and EJ (Figs. 3.9b, 

3.9e and 3.9f) show some scatter while less scatter (and no trend) is observed when using 

developed formula (Fig. 3.9i). In other words, this figure clearly shows that the influence of 

the relative water depth is included in a better way in Eq. (3.41). The developed formula can 

equip the engineers to consider the influence of relative changes in the water depth as a result 

of SLR on the overtopping rate and in turn design a structure more resilient to its effects.  

 

 
(a) 

 
(b) 
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(i) 

Fig. 3.9 Variations of DR as a function of the relative water depth using the a) VJ b) LA c) 

EO d) ANN e) SV12 f) EJ g) SV16 h) ANN-17 and i) Eq. (3.41)  

(Circles: new data; Triangles: existing data) 

A relatively new parameter that is important in the recession, which also influences the 

overtopping discharge, is the horizontal armour width (Ah) (Figure 5.13, Van der Meer and 

Sigurdarson, 2016). Fig. 3.10 illustrates the DR of different formulae vs Ah. It shows the 

scatter of the existing formulae while Fig. 3.10i shows less scatter, indicating that this 

parameter is considered implicitly in the developed the formula (Eq. 3.41). 
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(h) 

 
(i) 

Fig. 3.10 Variations of DR as a function of Ah using the a) VJ b) LA c) EO d) ANN e) 

SV12 f) EJ g) SV16 h) ANN-17 and i) Eq. (3.41)  

(Circles: new data; Triangles: existing data) 

Wave overtopping estimated by the empirical formulae has some intrinsic limitations due 

to the complex nature of the overtopping process and also due to the natural randomness of 

the variables in the model. These uncertainties in Eq. (3.41) are considered using a safety 

margin of one standard deviation following the guidelines of EurOtop (2016), Etemad-

Shahidi and Jafari (2014) and Etemad-Shahidi et al. (2016). Based on the scatter of the result, 

the formula for the deterministic design or safety assessment of berm breakwaters are given 

as: 
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where N can be obtained for various exceedance levels (Table 3.6, Yasa and Etemad-Shahidi, 

2014), assuming a normal distribution. For instance, when the acceptable risk is 5%, the value 

of N to be used is 1.65 and the improvement factors in Eq. (3.46) will be 7.39×10-2.42.  

Table 3.6 N values for various levels of acceptable risk  

Acceptable risk (%) N 

2 2.05 

5 1.65 

10 1.28 

33 0.44 

50 0.00 

 

It should be mentioned that M5`MT can be developed faster compared to the other soft 

computing methods such as ANN. The development of ANN requires the time-consuming 

optimization of the neural network topology (e.g. Etemad-Shahidi et al., 2016). In addition, 

in Eq. (3.41) physical significance of the variables is expressed in simple dimensionless 

forms that are easy to justify whereas the ANN remains a black-box in this regard. However, 

the shortcoming of the M5 MT method is that they can only produce linear relationships (e.g. 

Etemad-Shahidi and Bonakdar 2009). This was overcome using SPSS to develop non-linear 

functional forms of the dependent variables. Thus, pre-processing and appropriate selection 

of the functional forms of the influencing variables have to be performed in order to obtain 

an optimum model (see Etemad-Shahidi et al., 2016 for more details).  

 

3.7. Summary and conclusions 

Wave overtopping at hardly and partly reshaping berm breakwaters was investigated 

through small-scale experiments. Tests covered a broader range of wave steepness and berm 

level conditions when compared with the existing data. A comprehensive database was 

developed by combining the available and the newly-collected data, which was then used to 

evaluate the existing prediction models. Uncertainties, which were mostly due to the 

limitation of existing data, were observed when applying the existing models on the wider 
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range of parameters considered in this study. This confirmed that the new formula was 

required to cover the range of hydrodynamic conditions represented by the conducted 

experiments. In order to develop the new formula, the data was first divided into train and 

test data. The formula was developed using M5`model tree, SPSS and scaling arguments. 

Several models were developed using the traditional functional form of the overtopping rate 

as the output parameter and dimensionless influencing variables as inputs. Different 

functional forms of the input parameters were investigated and a final model that included 

all the governing parameters was obtained. The proposed formula was able to successfully 

justify the influences of the governing variables on the overtopping rates at berm 

breakwaters. Additionally, the influence of the relative water level on the overtopping rate 

was more skilfully represented in the new formula when compared with the other prediction 

models. The performance of the derived formula was compared using accuracy metrics with 

the results revealing that it outperformed the existing models for q ≥10-6 m3/m/s. Also, the 

developed formula is physically sound and rather compact. Finally, the formula was modified 

to consider the acceptable risk level, thus making it an appropriate design tool for engineers. 

It is hoped that the developed formula will result in a more reliable design tool to estimate 

the overtopping performance of berm breakwaters. This is a very promising step in the 

direction of incorporating the effects of sea level rise into the functional design of berm 

breakwaters. 
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Appendix 3.A - Accuracy metrics (RMSE, Bias) of the prediction models 

           Data [Reference] (number of data) 

 

                       Formula 

Lykke 

Andersen 

(2006)  

(486) 

Batacui and 

Ciocan (1)  

(23) 

Current 

study 

(166) 

 

All data 

(701) 

VJ 1.05, 0.91 0.55, -0.42 1.20, 1.05 1.06, 0.87 

LA 0.33, -0.07 0.51, 0.28 0.61, 0.22 0.44, 0.04 

EO 0.65, 0.16 1.40, -1.35 0.75, 0.28 0.71, 0.11 

ANN 1.05, -0.92 1.13, -1.05 0.84, -0.61 0.99, -0.84 

ANN-17 1.15, -1.11 0.86, -0.76 0.87, -0.69 1.06, -0.96 

SV12 0.64, 0.00 0.65, -0.55 0.63, 0.15 0.64, 0.01 

EJ 0.46, -0.06 1.04, -0.96 0.51, 0.20 0.50, -0.03 

SV16 0.78, -0.04 0.67, -0.55 0.72, 0.12 0.76, -0.03 

Eq. (41) 0.33, -0.03 0.36, -0.15 0.38, 0.11 0.36, 0.01 
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EFFECT OF SEA LEVEL RISE ON THE WAVE OVERTOPPING RATE AT 

BERM BREAKWATERS 

 

Abstract: Climate change induced variations resulting in sea level rise and increased 

storm intensity are likely to increase the vulnerability of coastal structures. This paper 

quantitatively assesses the risk in the overtopping performance of berm breakwaters due 

to sea level rise (SLR). A dimensionless approach, wherein, the effects of SLR on the 

wave overtopping rate and the necessary changes in the structural parameters required to 

accommodate the variations in the overtopping rate, are expressed as functions of the 

relative water depth is proposed so that it may be applied to a wide range of sites and 

scenarios.  In order to achieve this, a recent overtopping prediction formula that includes 

the influence of water depth on the estimated overtopping rate was used for the analysis. 

In addition, the probabilities of failure in terms of the overtopping rate for different sea 

level rise scenarios were estimated using the Monte Carlo simulations, with the optimal 

upgradation intervals determined by balancing the cost of failure and that of the 

upgradation. The results showed that in shallow zones the overtopping rate increased 

exponentially and was influenced by the initial geometry and the SLR. The increase in 

the crest freeboard, required to maintain the design overtopping rate was estimated to be 

less than the increase needed compared to berm width for the different sea level rise 

scenarios considered. Furthermore, the required crest freeboard was influenced less by 

the initial configuration of the berm width. The upgradations were more effective in 

reducing the failure probability for the high rate of SLR. Shorter maintenance intervals 

were required for structures with an initial wide berm compared to those with a high crest 

freeboard. The results indicated that the future design and upgradation of berm 

breakwaters needs to consider the effects of SLR on the overtopping performance, 

especially in shallow water zones. These finding can be used by coastal engineers and 

planners to assess the long-term viability, informed design and the adaptation strategies 

for berm breakwaters. 

 

Keywords: Berm breakwater; wave overtopping; climate change; sea level rise; failure 

probability; cost; upgradation 
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4.1. Introduction 

Climate change has been a major area of research in recent times due to its impact on 

our environment and well-being. Impacts of climate change can be manifested in the 

coastal regions in many ways, including sea level rise (SLR), an increase in the frequency 

of extreme wind events, changes in dominant wave characteristics and stronger currents 

(Karambas, 2015). In the coastal zone, SLR is considered the more threatening compared 

to the other impacts of climate change (Bosello et al., 2007). Though many mitigation 

measures have been undertaken to reduce the effect of climate change, some degree of 

global warming and thus SLR is inevitable (Isobe, 2013).  

Coastal structures are often designed for depth limited waves (Townend and Burgess, 

2004) however, their performance is influenced by the water depth in both shallow and 

deep zones. SLR will change the design still water level at the toe of the structure (h) and 

the significant wave height (Hm0,t) (Fig. 4.1). There is extensive literature on the effects 

of SLR on the nearshore wave climate (e.g. Chini et al., 2010; Mori et al., 2014; Mori et 

al., 2013) and on the responses of the coastal structures to such changes (e.g. Karambas, 

2015; Sekimoto et al., 2013). Most of these studies have been conducted on the stability 

of vertical structures (e.g. Kim and Suh; 2012, Takagi et al., 201; Suh et al., 2013; Mase 

et al., 2013). The effect of SLR on the wave run-up and armour stability of inclined coastal 

structures was analysed by Lee et al. (2013) and an increased probability of failure was 

calculated in smaller water depth for a given sea level rise.  

 

 

Fig. 4.1 Sketch showing the influence of SLR on the design variables of berm 

breakwater 



CHAPTER - 4 

145 

 

Wave overtopping rate is another key parameter in determining the geometry and the 

hydraulic performance of a structure. The wave overtopping rate is also important with 

respect to flood risk and erosion of the protected area and at times excessive overtopping 

may cause the failure of the structure itself (Townend and Burgess, 2004). Coastal 

flooding by overtopping may even endanger the life of people in the urban neighbourhood 

of ports (González-Jorge et al., 2016). Prime et al. (2015) showed that with an increase 

in SLR, the wave overtopping had a significant bearing on the cost of coastal flooding 

events. Several studies have been conducted on the influence of SLR on the overtopping 

performance of coastal structures such as dikes, revetments and seawalls (e.g. Isobe, 

2013; Chini and Stansby, 2012; Fröhle, 2012; Sutherland and Gouldby, 2003) wherein an 

increase in the frequency and rate of overtopping was observed with a rise in the sea level. 

As Cheon and Suh (2016) pointed out, most of these studies were based on a specific site 

and thus the results are difficult to generalise. Moreover, it appears there is a paucity of 

investigations on the influence of SLR on the overtopping rate of berm breakwaters. 

The aim of this paper is to provide quantified information regarding the increased 

overtopping rate and the associated upgradation needed to accommodate the changes in 

the overtopping rate due to SLR. The present study builds upon the dimensionless 

approach followed by Townend (1994b) and Cheon and Suh (2016) to quantify the 

influence of SLR on the overtopping rate. Section 4.2 briefly reviews their study and the 

recent overtopping prediction formula for berm breakwaters suggested by Pillai et al. 

(2017a). Section 4.3 describes the method to calculate the relative variations in the 

overtopping rate at berm breakwaters due to SLR. In addition, the section explores the 

influences of the initial configurations (crest freeboard and berm width) on the 

overtopping rate at different SLR scenarios through a numerical example. It also 

examines the relative changes in the structural parameters required to maintain the design 

overtopping rate after the SLR. Section 4.4 discusses the trends in the probability of 

failure of berm breakwater (in terms of the overtopping rate) over the lifetime for the 

different initial geometries and SLR conditions. Furthermore, the section describes the 

estimation of optimal upgradation interval using the method suggested by Van Noortwijk 

(2003). Appendix 4.A provides a case study wherein, the proposed methods are applied 

to a constructed berm breakwater at Sirevag, Norway. Finally, Section 4.5 summarises 

the main findings from the study.  
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4.2. Background 

4.2.1. Variation of the design variables due to SLR 

The design of berm breakwaters involves determination of berm width (B) at a certain 

level (hb) above the still water level (SWL) in addition to the design of crest freeboard 

(Rc) and the crest width (Gc) (See Fig. 4.1). The variations in water depth due to SLR 

directly brings about a change in the structural parameters such as Rc and hb. In line with 

the previous studies (e.g. Townend, 1994a), the changes in design variables due to SLR 

are expressed as dimensionless ratios (r) of the variables before and after the SLR. The 

value of a parameter after SLR is indicated using a prime ('). For example, rh = h'/h 

represents the ratio of water depth after SLR to before SLR. (Refer the nomenclature for 

details of symbols used). 

Townend (1994b) estimated the relative changes in Hm0 (rHm0), wave length (rL =  L`/L) 

and shoaling coefficient (rKs = Ks
`/ Ks) as functions of relative water depth (h/L) where L 

is the wave length. These changes were further used to estimate the variations in the 

hydraulic performance of sea walls. The approach of Townend (1994b), which was based 

on regular wave theory, was extended to the irregular waves by Cheon and Suh (2016) 

as: 
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To derive the Eq. (4.1), the wave period (T) was considered a constant. Meanwhile, 

rHm0 depended on the type of zone pre/post SLR and is given as: 
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The criterion for each zone was given as (Cheon and Suh, 2016): 
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Here, β0 = 0.028 s0
-0.38 exp (20m1.5), m is the beach slope, s0 is the wave steepness 

given as Hm0deep/L0, Hm0deep and L0 are the deep water wave height and wave length 

(respectively), β1 = 0.52 exp (4.2m), βmax = max [0.92, 0.32 s0
-0.29 exp (2.4m)] and Ks is 

the non-linear shoaling coefficient given as: 
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Here, Ksi is the linear shoaling coefficient given by: 

 CCK gsi 20            (4.5) 

where C is the wave celerity and C0 = 1.56T. Cg is the wave group velocity estimated as: 
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The relative change in Ks (rKs) is given by: 
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The relative change in freeboard (rRc) can be written in terms of water depth (Townend, 

1994a) as: 
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r h

c

Rc  11          (4.10) 

The above equations can be used along with the overtopping formula to quantify the 

influence of SLR on the overtopping rate at berm breakwaters. The overtopping 

prediction formula is briefly reviewed in the next section. 

 

4.2.2. Estimation of overtopping rate at berm breakwaters 

In this study, the recent formula suggested by Pillai et al. (2017a) for estimating 

overtopping rates was chosen since the formula is more accurate than the other methods 

and includes the influence of water depth. The formula is given as: 

q
*
=

q
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= 7.39×10
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           (4.11) 

where q* is the dimensionless overtopping rate, q is the overtopping rate per meter width 

of the structure crest per second, g is the acceleration due to gravity, L0p is the deep water 

peak wave length and ξ0p is the Iribarren number defined as: 
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αu and αd represent the slopes above and below the berm, respectively (Fig. 4.1). H0√T0 

is the stability number including the wave period wherein, 
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Dn50 is the median rock size, T0,1 is the mean wave period from spectral analysis. 

∆ is the relative reduced mass density given as: 

1




w

s           (4.17) 

where ρs and ρw are the mass densities of stone material and water, respectively.  

As the rise in sea level and the associated deterioration in the expected performance of 

the structure are considered as a major threat to the safety of people and property protected 

by the structure it is imperative to understand the time dependent probability of failure of 

the structure due to the SLR effects. A brief review of related studies is given in the next 

section. 

 

4.2.3. Probability of failure due to SLR 

The reliability of the structure during its lifetime can be estimated probabilistically and 

can thus assist engineers in the development of risk management measures. This can in 

turn help in rational decision making and timely deployment of mitigation steps (Buijs et 

al., 2009). Assessment of the probability of failure helps to understand the “performance 

level” of the coastal structure wherein, a failure may not necessarily be the collapse of the 

structure but a decrease in the expected performance. For example, in the case of berm 

breakwaters, failure may be defined as an increase in the overtopping above the designed 

allowable rate.  

Recently, Mase et al. (2015) analysed the climate change effects on the overtopping 

rate at seawalls wherein, the failure probabilities for different SLR scenarios were 

obtained using Monte Carlo (MC) simulations. Similarly, MC simulations were used by 

Mase et al. (2013) to estimate the failure probability of caisson breakwaters due to the 

increased sliding as a result of SLR. Lee et al. (2013) observed that the probability of 
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failure in terms of wave run-up and armour stability of inclined coastal structures 

increased in the shallow zone compared to the deep water zone. To date, it appears, a 

time-dependent probability of failure analysis has not been conducted for the wave 

overtopping performance of berm breakwaters considering the SLR scenarios. 

 

4.3. Influence of SLR on the overtopping rate  

4.3.1. Relative change in the overtopping discharge due to SLR 

The changes in the design variables (due to SLR) as functions of relative water level 

and the overtopping prediction formula are used to quantify the influence of SLR on the 

overtopping rate (Eq. 4.18). In this equation, the wave length L0p used to estimate the 

overtopping rate is the deep water wave length and hence was assumed not to vary with 

the SLR.  
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q`
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The above formulae can be applied to the design conditions pertaining to any berm 

breakwater. Since the formulae are dependent on the initial (before SLR) design 

conditions in addition to the relative water depth, the results may vary numerically. 
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Nevertheless, the general trends described in the rest of the manuscript are expected to 

hold true. Thus, to comprehend the influence of SLR on the overtopping rate at berm 

breakwater more realistically, the following conditions were assumed: A value of m = 

0.02, Hm0 deep = 5 m (Van der Meer and Sigurdarson, 2016; Sigurdarson and Van der Meer, 

2012) and Tp = 10 s (for an s0p = 0.03) and the SLR scenarios of 0.44 m (Low), 0.55 m 

(medium) and 0.74 m (high) corresponding to the projections for the year 2100 for the 

RCP2.6, RCP6.0 and RCP8.5 pathways respectively, as suggested by IPCC (2013) 

(IPCC, 2013 - Table 13.5, Global mean sea level rise in 2100). A berm breakwater 

structure with a Dn50 of 1.2 m (hardly reshaping berm breakwater) and the structure slopes 

cotαu and cotαd of 1.50 is studied. For the overtopping estimations, the wave height near 

the toe of the structure is utilised (EurOtop, 2016) and was calculated using the formula 

suggested by Goda (1975): 
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rq was calculated using Eq. (4.18) for different initial configurations of the berm 

breakwater such as low value (Rc = 1.0Hm0,t or B = 3Dn50), medium value (Rc = 1.50Hm0,t) 

and high value (Rc = 2.0Hm0,t or B = 10Dn50) which were obtained after considering the 

ranges of existing prototype and model data. The variation in hb was not found to vary 

the results significantly and hence, was assumed at -0.60Hm0,t (Van der Meer and 

Sigurdarson, 2016). Accordingly, the initial geometry combinations such as Rc_L, hb_M, 

B_L, Rc_M, hb_M, B_L; Rc_H, hb_M, B_L; Rc_L, hb_M, B_H; Rc_M, hb_M, B_H; Rc_H, hb_M, B_H were 

developed with L, M and H indicating low, medium and high values of the variables, 

respectively.  

Fig. 4.2 shows the variation in rq for different cases of SLR. Bold lines represent the 

structural configurations with short berm width whereas dashed lines represent the 

configurations with wide berm width. It can be seen from the figures that as the SLR 

value increases, rq increases. The increase is exponential in the shallow zone (h/L0 < 0.05, 

EurOtop, 2016) while it is negligible in the deep water zone, which is in line with the 

results of Cheon and Suh (2016). The exponential increase is attributed to a combination 

of the increase in Hm0 in the shallow zone due to the SLR, and also due to the decrease in 

the relative structural parameters (e.g. Rc/Hm0,tξ0p). 
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(a) 

 
(b) 

 
(c) 

Fig. 4.2 rq as a function of h/L0 for the a) low (0.44 m) b) medium (0.55 m) and c) high 

(0.74 m) SLR 

In addition, Fig. 4.2 shows the influence of initial geometry on rq. For a given SLR 

scenario, the effect of the initial geometry on rq is different for the shallow and deep water 

conditions. This is due to the changes in the wave height as the exponential increase in 
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wave height in the shallow zone significantly reduces the relative structural parameters 

such as Rc/Hm0,tξ0p, which in turn increases the overtopping rate. Within the shallow zone, 

as the Rc and B increases, rq increases and the increase in rq is more pronounced for wider 

B configurations. An initial low value of Rc (or B) may lead to a high overtopping rate 

even before SLR as the overtopping rate is less sensitive to a low Rc (B) (waves may not 

feel the presence). Therefore, the rq will be less for low Rc (B). However, when the initial 

Rc (B) is high, the overtopping rate will be low and the SLR increases the overtopping 

rate resulting in a marked change in the overtopping before and after SLR. Hence, the rq 

will be high for high Rc (B). In the deep zone, the differences between the initial 

geometries are less due to the low change in wave height in this zone. For the design 

conditions assumed, the increase is at a maximum of 1.2 fold for the high SLR. In 

summary, Fig. 4.2 shows that the relative changes in Rc and B have more influence on the 

overtopping rate in the shallow zone compared to that in the deep zone. 

 

4.3.2. Required change in the governing parameters to accommodate the effect of 

SLR 

To maintain the overtopping rate, the existing berm breakwater needs to be upgraded. 

Considering Rc1 as the raised freeboard above the present water level required to ensure 

no change in the future overtopping rate due to SLR, the ratio of Rc1 to the present Rc can 

be represented as rRc1 = Rc1 / Rc (Eq. 4.21) and can be obtained by equating rq =1 in Eq. 

(4.18). Fig. 4.3 shows the variation in rRc1 for different SLR scenarios and initial 

configurations. Variation in rRc1 follows a trend similar to that of Fig. 4.2, with rRc1 

increasing exponentially with decreasing h/L0 in the shallow zone. In these figures, for a 

particular Rc value, the difference in berm width (B_L and B_H) does not significantly vary 

the rRc1, which implies that the amount of required Rc after the SLR (to maintain the 

overtopping rate as before SLR) is less influenced by the initial berm width. This can be 

justified by the fact that the presence of a berm causes additional energy loss due to 

friction whereas waves lose most of the energy through breaking while trying to overcome 

the Rc (Pillai et al., 2017b). For the chosen design conditions, the rRc1 varies between 1.30 

to 1.90 (for h/L0 = 0.02) as the SLR changes from low (Fig. 4.3a) to high (Fig. 4.3c) 

depending on the initial geometry. Deep water zones show less rRc1 (1.1 to 1.25 for h/L0 

= 0.10) due to the low change in rq. Fig 4.3 also illustrates that rRc1 is higher for low initial 
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Rc configuration, as expected. The lower the initial Rc, the greater the change in Rc (and 

thus rRc1) required to maintain the overtopping rate as before SLR. 

 
(a) 

 
(b) 

 
(c) 

Fig. 4.3 rRc1 as a function of h/L0 for the a) low (0.44 m) b) medium (0.55 m) and c) 

high (0.74 m) SLR 

Berm breakwaters may be upgraded by increasing the berm width. rB1 = B1/B can be 

used to represent the ratio of the required berm width (B1) after the SLR, to the berm 
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width before the SLR (B). In line with the observations from previous figures, rB1 

increases as SLR increases (Fig. 4.4). rB1 is higher for low B and Rc geometries. The 

narrower the initial B, the greater the change in required B (and thus the rB1) to 

accommodate the change in the overtopping rate due to SLR. In contrast with the 

observation from Fig. 4.3, the change in Rc has a marked influence on the rB1 for B_L and 

B_H cases. For example, when the h/L0= 0.02 in B_L configuration, a low initial Rc (Rc_L) 

requires a 1.8 fold change in required rB1 when the SLR varies from low to high. Whereas, 

if the initial Rc configuration is high (Rc_H), this is only 1.5 fold for the design conditions 

assumed. 

 

(a) 

 

(b) 
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(c) 

Fig. 4.4 Variation in rB1 as a function of h/L0 for the different berm breakwater 

configurations at a) low (0.44 m) b) medium (0.55 m) and c) high (0.74 m) SLR 

When the Rc is low, a larger change in the B will be required to maintain the 

overtopping rate as before SLR, leading to a higher rB1. In line with the earlier 

explanations (for Fig. 4.3), as a low Rc is less efficient in reducing the energy of the waves 

by breaking (Pillai et al., 2017b), the reduction in energy (and in turn the overtopping 

rate) will have to be achieved by the increased friction due to a wide berm width (Pillai 

et al., 2017b). This leads to a high rB1. Across different SLR scenarios, rB1 is higher than 

rRc. This is not surprising as the influence of Rc in the overtopping rate is higher than that 

of B. Thus, for the same SLR, the increase in required Rc to maintain the overtopping rate 

will be less when compared to the increase in required B. However, it is worth mentioning 

that the feasibility of Rc upgradation is often site specific and depends on other parameters 

such as the material and labour costs. 

 

4.4. Failure probability in terms of overtopping rate due to SLR 

In order to estimate the probability of failure, the failure function must be defined first. 

In this study, the failure is defined as the exceedance of design overtopping rate, q*allowable. 

This can be mathematically represented as follows: 

   tqqtZ allowableq ***          (4.23) 
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where Zq*(t) represents the failure function with a value < 0 indicating failure. qallowable 

is assumed as 0.1 l/s/m for no overtopping condition (Van der Meer and Sigurdarson, 

2016). This condition was chosen considering the facts that overtopping at berm 

breakwaters are generally low compared to conventional structures and there are existing 

structures such as the Hammerfest berm breakwater in Norway that protects the 

vulnerable LNG plant in the lee side against overtopping (Van der Meer and Sigurdarson, 

2016). q*(t) is the overtopping rate at time t obtained using the Eq. (4.11). Due to the 

influence of the SLR, the future Hm0,t, h, Rc and hb varies and thus, for a given rate of 

SLR, q*(t) varies with time. Three different rates of SLR were considered from the IPCC 

(IPCC, 2013 - Table 13.5, Rates of global mean sea level rise) reports - Low (4.4 

mm/year, RCP2.6), Medium (7.4 mm/year, RCP6) and High (11.2 mm/year, RCP8.5). It 

should be noted that these values are the mean rates of global SLR for each scenario, 

which considers the uncertainties in modelling the contributing agents to SLR. 

Probabilities of failure over the time were estimated by sampling the values of the 

variables in the Eq. (4.11) using MC simulations of over 10,000 cases. In each case, the 

probability of failure was defined as the ratio of the number of simulations where Zq*(t) 

< 0 to the total number of simulations. 

 

4.4.1. Numerical example 

A berm breakwater cross section in the shallow zone (h/L0 = 0.03) with a design life 

of 100 years (Van der Meer and Sigurdarson, 2016) was considered for the failure analysis 

as amplified impacts of changes in the wave height and overtopping rate were observed 

in this zone (Isobe, 2013). In order to determine the failure probabilities using the MC 

simulations, the distributions of the governing variables have to be determined and hence, 

Hm0, T0p, and h were considered to be of stochastic nature. Hm0 was assumed to follow a 

Weibull distribution (Mase et al., 2015) with an assumed mean of 5 m while for T0p and 

h normal distributions were assumed as suggested by EurOtop (2016) when no 

information on the statistical distribution of parameters are available. The shape 

parameter of the Weibull distribution was assumed as 1.40 (Goda, 2010) and the scale 

parameter was defined as (0.0075t+5) where t = 1, 2, 3 etc., represent time in years. The 

scale parameter was obtained using the method adopted by Mase et al. (2015) wherein, a 

15% (Mori et al., 2013) change in the deep ocean wave height is assumed (over 100 



CHAPTER - 4 

158 

 

years). The associated change in wave period was obtained from the relationship between 

significant wave height (Hm0) and wave period (T0p) suggested by Goda (2003): 

T0p= Hm0
0.63          (4.24) 

The mean of the normal distribution of T0p was obtained from Eq. (4.24) and the 

standard deviation of 0.05T (EurOtop, 2016) for a given Hm0 from the Weibull distribution 

(Mase et al., 2015). The standard deviations for low medium and high SLR scenarios 

were obtained as 2.4 mm, 2.8 mm and 4 mm, respectively from the ranges provided in 

the IPCC 2013 report (IPCC, 2013) (Low SLR: 2 to 6.8 mm/year, Medium SLR: 4.7 to 

10.3 mm/year and High SLR: 7.5 to 15.7 mm/year). 

MC simulations were run for two different cases: 1) without upgradation and 2) with 

upgradation. Fig. 4.5 shows the results of the case with no upgradation. As expected, the 

Rc_L, B_L configuration have the maximum probability of failure (Pf) while the Rc_H, B_H 

have the minimum Pf for the rates of SLR considered and the Pf increases with t and SLR. 

A structure with a wide berm and low crest freeboard (Rc_L, B_H, Fig. 4.5d) reduces the Pf 

only marginally when compared to that with a narrow berm (Rc_L, B_L, Fig. 4.5a). For 

example, the Pf decreases by 6% for the high rate of SLR at 100 years for the Rc_L, B_H 

(Fig. 4.5d) compared to Rc_L, B_L (Fig. 4.5a). However, the Pf decreases by 14% for the 

Rc_H, B_L (Fig. 4.5c) configuration as compared to the Rc _L, B_L (Fig. 4.5a) for the high 

rate of SLR at 100 years. This shows that when a lower Pf is required, for instance to 

enable the protection of an area behind the berm breakwater from increased overtopping 

effects due to the SLR in future, an Rc_LB_H configuration may be less effective.  

 

(a) 
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(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

Fig. 4.5 Variation in Pf during the service life without upgradation for the initial 

geometries a) Rc_L, hb_M, B_L b) Rc_M, hb_M, B_L and c) Rc_H, hb_M, B_L d) Rc_L, hb_M, B_H 

e) Rc_M, hb_M, B_ H and f) Rc_H, hb_M, B_ H  

(Black, green and red colours represent low (4.4 mm/year), medium (7.4 mm/year) and 

high (11.2 mm/year) rates of SLR, respectively) 

Fig. 4.5c shows that a maximum Pf of about 65% is achieved toward the end of 

structure life for the low rate of SLR by the Rc_H, B_L configuration whereas, this limit is 

reached early by around 70 (60) years for the medium (high) rate of SLR. For the 

managers of the berm breakwater structure, it might be important to know these limits to 

safely address the potential issues due to overtopping failure.  

Fig. 4.6 compares Pf with the upgradation and non-upgradation of Rc and it shows that 

with upgradation, Pf is reduced compared to that without upgradation for the considered 

SLRs and initial geometries. The upgradations are most effective in reducing Pf for the 

high rate of SLR as indicated by the Fig. 4.6a-c. As an example, for the high rate of SLR, 
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the Pf (100 years) for the Rc _L, B_L case is reduced by 1.2 fold when compared to that 

without the upgradation case. However, this value for the low rate of SLR is around 1.1. 

The Pf with Rc upgradation for the B_H cases showed a trend similar to that of the B_L and 

hence not shown here for brevity. 

 
(a) 

 
(b) 

 
(c) 

Fig. 4.6 Comparison of Pf during service life for without upgradation and with Rc 

upgradation cases for the initial geometries a) Rc_L, hb_M, B_L b) Rc_M, hb_M, B_L c) Rc_H, 

hb_M, B_L 

(Dotted lines and solid lines represent without upgrade and with upgrade, respectively. 

Black, green and red colours represent low, medium and high rates of SLR, respectively) 
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Fig. 4.7 presents the rRc1 over the lifetime of the structure for different initial 

geometries and SLR scenarios. It can be observed that rRc1 increases (linearly) during the 

service life of the structure. The panels also illustrate that the initial geometry of Rc_L, B_L 

requires the highest change in Rc for the SLRs considered which is similar to the 

observation from Fig. 4.3. Figs. 4.8 and 4.9 show the Pf and rB1 when the upgradation of 

B is considered for the chosen design conditions. rB1 increases over time and with the rise 

in the rate of SLR, similar to rRc1 in Fig. 4.7. The highest values of rB1 are for the initial 

geometry with Rc_L, B_L, similar to that of Fig. 4.4. It can be noticed that the higher the 

initial Rc, the lower is the upgradation of B in future. For example, from Figs. 4.8a and 

4.8c, at 50 years, for the high (low) rate of SLR, the Rc_H, B_L requires an rB1 which is 

reduced to 1.6 (1.3) fold than that required for Rc_L, B_L configuration. Unlike Rc, the 

required B follows an exponential trend towards the end of structure life, especially for 

the low initial Rc geometry and for the high rate of SLR. Thus, if an increase in B is the 

chosen as the future upgradation option for a berm breakwater, it is important to avoid a 

low crest freeboard in the initial configuration and consider the additional costs due to the 

exponential increase required in future B. 

 

 

(a) 
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(b) 

 

(c) 

Fig. 4.7 Variation in rRc1 during the service life for the different berm breakwater 

configurations at a) low b) medium and c) high rates of SLR 
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(a) 

 

(b) 

 

(c) 

Fig. 4.8 Comparison of Pf during the service life for without upgradation and with B 

upgradation cases for the initial geometries a) Rc_L, hb_M, B_L b) Rc_M, hb_M, B_L c) Rc_H, 

hb_M, B_L  
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(a) 

 
(b) 

 
(c) 

Fig. 4.9 Variation in rB1 during the service life for the different berm breakwater 

configurations at a) low b) medium and c) high rates of SLR 

(Dotted lines and solid lines represent without upgrade and with upgrade, respectively. 

Black, green and red colours represent low, medium and high rates of SLR, respectively) 

 



CHAPTER - 4 

166 

 

The choice of upgradation often depends on the interval at which they need to be 

performed. The challenge is to know how to choose the upgradation option with the 

minimum cost and the maximum time interval. In this study, the well-known preventive 

maintenance strategy known as the age replacement strategy suggested by Van Noortwijk 

(2003) is utilized to identify the optimal repair interval of berm breakwaters considering 

the overtopping process. In the age replacement policy, a replacement is carried out at 

age k (preventive replacement) or at failure (corrective replacement), whichever occurs 

first. CP is the cost incurred during a preventive replacement (upgradation) while CF is 

the corrective replacement costs and it includes the consequences caused by the failure. 

The optimal replacement interval (k*) is the interval for which the expected discounted 

costs (Cd (k)) over an unbounded horizon are minimal, determined using Eq. (4.25). 
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      (4.25) 

where d = (1+dr)
-1 and dr represents the discount factor and the discount rate per unit time, 

respectively, and Pi is the probability of failure per unit time at the ith time interval and 

can be calculated from Pf  (Chen and Alani, 2012): 

   tPtPP ififi 1          (4.26) 

As an example, using a dr, CF and CP values of 5%, 1 (Chen and Alani, 2012) and 

0.001 CF, respectively, an upgradation interval of 34 years was obtained for the high rate 

of SLR for the Rc_H, B_L configuration. Meanwhile, the corresponding value for the Rc_L, 

B_H geometry was 4 years. This implies that when longer upgradation intervals are 

required, it is preferable to construct the structure with a higher Rc rather than with a 

higher (wider) B. It should be mentioned that the optimal k largely depends on the 

preventive maintenance cost with little influence from discounting in the maintenance 

costs (Chen and Alani, 2012). 

 

4.5 Limitations of the study 

Climate change can affect the intensity and frequency of the storm surges and hence 

the SWL. However, they are difficult to generalise for worldwide applications (Fröhle, 
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2012). Hence, the influences of variation in storm surges and tides due to climate change 

on the design SWL were not considered in this study. Additionally, the nearshore wave 

height estimation using the formula of Goda (1975) (Eq. 4.22) is valid for a plane beach 

and hence the application of the results from this study to a non-plane beach may induce 

errors. The wave heights calculated by Eq. (4.22) deal with normally incident waves (as 

considered in this study). For oblique waves, the estimated wave height needs to be 

multiplied with the refraction coefficient. It should be mentioned that the use of the design 

formula (Eq. 46, Pillai et al., 2017a) which considers the uncertainties in the prediction 

model was found to decrease the calculated Pf (marginally) by 5%. Also, a qallowable of 

1l/s/m (Limit of mean discharge for no damage at rubble mound breakwaters, Hm0>5 m, 

EurOtop, 2016) would reduce the Pf (without upgradation, high SLR) by a maximum of 

around 1.2 fold. To sum-up, though the results may change numerically from site to site 

based on the initial conditions, sea level rise scenarios, replacement-failure cost ratios, 

discount rates and the qallowable, the study throws light on the relative influence of the 

governing parameters in the probability of failure and optimum maintenance intervals of 

the berm breakwater in terms of the overtopping rates.  

 

4.6. Summary and Conclusion 

Wave and water level conditions are influenced by climate change and therefore they 

will impact on the hydraulic response of coastal structures. In this paper, the influence of 

SLR on the overtopping rate of berm breakwaters was studied. The relative change in 

overtopping rate as a result of the rise in sea level was expressed as a function of the 

relative water level, thus generalizing the results. The influence of different SLR 

scenarios and initial geometric configurations of berm breakwaters were also examined. 

Furthermore, the relative changes in the structural parameters required to maintain the 

design overtopping rate after the SLR were studied. The major findings are as follows: 

1) The relative change in overtopping rate increases exponentially in the shallow 

zone (h/L0 <0.05). The differences in the initial geometry were more pronounced 

in the shallow zone compared to those of the deep zone. 

2) The upgradation of Rc and B in the shallow zone increases exponentially with 

decrease in h/L0.  
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3) A structure with an initial high Rc configuration requires a lower upgradation of 

B in future to maintain the design overtopping rate. However, the upgradation of 

Rc is influenced less by the initial configuration of B. 

The trends in the failure probability and the optimum upgradation intervals were also 

assessed and exemplified. The main findings are as follows: 

4) The failure probability depends on the initial geometry, the point of time 

considered and the SLR scenario. A linear (and greater) increase in the probability 

of failure was found for the low initial configurations when compared to that of 

the higher ones with time in the shallow zone. A structure with a wide initial berm 

(and low crest freeboard) was found to be less effective in reducing the probability 

of failure resulting from the increased overtopping rate due to SLR.  

5) The upgradations (of crest freeboard and berm width) are most effective in 

reducing the failure probability for the high rate of SLR. The required upgradation 

of crest freeboard followed a linear type trend whereas that of the berm width 

followed a greater, exponential trend especially for the high rate of sea level rise. 

6) An initial configuration with relatively high initial Rc leads to an increased 

upgradation interval as compared to a configuration with an initial wide B. 

The preliminary findings from this study are expected to assist in developing effective 

and timely asset management strategies in the construction and maintenance of berm 

breakwaters with the consideration of climate change induced sear level rise. Future 

studies should include the study of the effect of climate change on the structural response 

of berm breakwaters (e.g. recession), combined failure probabilities of structural and 

hydraulic responses and a detailed estimation of the associated costs. 

 



CHAPTER - 4 

169 

 

Appendix 4.A - Case study 

In general rubble mound berm breakwaters are constructed so that the upgradation 

requirements are minimum, as the repair of armour layer can be very expensive (Van der 

Meer and Sigurdarson, 2016). Often the berm in a berm breakwater is constructed large 

enough so that their resiliency reduces the need for upgradation. However, the design 

philosophy of berm breakwaters is yet to include the influence of SLR and hence the 

upgradation would turn out to be mandatory during the service life of the structure.  

The partly reshaping Sirevag berm breakwater located at Norway was chosen for the 

case study. The design wave conditions (Hm0,t = 7.0 m, Tp =10.6 s) and structure details 

(Fig. 4.A.1) were obtained from Torum et al. (2003) and Van der Meer and Sigurdarson 

(2016). The breakwater has a geometry with Rc/Hm0,t = 1.37 which is close to the Rc_M 

case and B/Dn50 = 9.42 close to B_H case detailed in section 4.3. h/L0 for the cross section 

in Fig. 4.A.1 is 0.1 representing the deep water zone. Hence, rHm0,t will be 1 indicating no 

change in the wave height whereas rh will have an influence on the overtopping rate due 

to the rise in sea level. 

 

 

Fig. 4.A.1 Cross section of the Sirevag berm breakwater (Van der Meer and 

Sigurdarson, 2016) 

Rates of SLR, as discussed in section 4.4, were used in this analysis. Table 4.A.1 shows 

that as the SLR increases, rq increases, with the increase more than 1.2 fold higher for the 

high rate SLR compared to the low rate. This is in line with the observations from Figs. 

4.2a and 4.2c for the Rc_M, hb_M, B_H case in the deep water zone. The required rRc1 is 

similar for both the low and high SLR scenarios with a value around 1.1 which is again 

in line with the findings in Figs. 4.3a and 4.3c. The rB1 required is higher (almost twice 
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larger) than that of rRc1. Also, the required rB1 is 1.1 fold higher for the higher SLR 

compared to the lower SLR (similar to Figs. 4.4a and 4c, Rc_M, hb_M, B_H case). In general, 

the influence of the SLR on the overtopping rate and the required upgradation to 

accommodate the associated changes is less due to the deep water location of the design 

cross section  of Sirevag berm breakwater. 

Table 4.A.1 Variation in rq, rRc1 and rB1 with SLR, Sirevag berm breakwater 

Change in variable 
SLR 

Low High 

rq 1.37 1.69 

rRc1 1.06 1.10 

rB1 2.01 2.14 

 

The Pf (Fig. 4.A.2) for the Sirevag berm breakwater is quite low, reaching close to 

50% at 100 years for the high rate of SLR. The rRc1 over the lifetime of the structure varies 

with the rate of SLR and the point of time considered (Fig. 4.A.3a). For example, at half-

life of the structure, for the high rate of SLR, the rRc1 value is 1% higher than that at the 

low rate of SLR. This difference increases to 2% by the end of the lifetime (100 years) of 

the structure. The upgradation of B (Fig. 4.A.3b) is higher than that of Rc which is in line 

with the results depicted in the Fig. 4.9. rB1 at the high rate of SLR attains a value around 

1.25 fold higher than that at the low SLR at 100 years whereas, the corresponding increase 

of rRc1 is around 1fold. 

 

Fig. 4.A.2 Pf during the service life without upgradation, Sirevag berm breakwater 
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(a) 

 

(b) 

Fig. 4.A.3 a) rRc1 and b) rB1 during the service life, Sirevag berm breakwater 

In summary, the changes in the overtopping rate and the Rc and B upgrade followed a 

trend similar to that of the breakwater cross section in the deep water zone analysed in 

the section 4.3. An increase in overtopping rate of 1.2 fold was estimated for the high rate 

of SLR while compared to that of low rate. The Rc required to maintain the design 

overtopping rate was found to be almost twice less than that of B. The maximum 

probability of failure approached 50% by the end of the lifetime of the structure for the 

high rate of SLR while it was slightly less at 47% for the low rate of SLR. The gravity of 

these failure probabilities depends on their consequences and loss of port services. An 

increase in crest freeboard, probably by building a crown wall, could be considered as the 

upgradation option (towards end of service life) as the required Rc to maintain the design 

overtopping rate is less than that of B. 
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Appendix 4.B - Details of symbols used for different initial geometries 

 Symbol Rc hb B 

Rc_L, hb_M, B_L 1.0 Hm0,t 

-0.6 Hm0,t 

3Dn50 Rc_M, hb_M, B_L 1.5 Hm0,t 

Rc_H, hb_M, B_L 2.0 Hm0,t 

Rc_L, hb_M, B_H 1.0 Hm0,t 

10Dn50 Rc_M, hb_M, B_H 1.5 Hm0,t 

Rc_H, hb_M, B_H 2.0 Hm0,t 
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CHAPTER 5 – SUMMARY AND CONCLUSIONS 

 

The main objectives of this research were to i) assess the sensitivity of governing 

structural and hydraulic parameters in the available prediction models of wave 

overtopping rate at berm breakwaters ii) understand the overtopping phenomena at 

hardly/partly reshaping berm breakwaters with an initial slope of 1:1.50 using laboratory 

model tests iii) develop accurate and simple prediction model for the overtopping rate at 

berm breakwaters and iv) investigate the impact of sea level rise on the overtopping rate 

at berm breakwaters. These objectives have been achieved as discussed below. 

Chapter 2 presented a rigorous review of the available prediction models for estimating 

the wave overtopping rate at berm breakwaters and a sensitivity analysis to study the 

relative influence of the governing variables in the estimated overtopping rate. This 

chapter showed that there were significant differences among the existing prediction 

models in accounting the influences of wave steepness, berm width and berm level on the 

estimated overtopping rate. This led to an investigation of the available experimental data 

used for the development of these models and a comparison of the sensitivities of the 

estimated overtopping rates to the variables with those obtained from the existing 

experimental data. This understanding was fundamental not only to quantify the 

disparities in accounting the influence of variables in the existing prediction models but 

also to identify the design variables of the breakwater model to be studied. Chapter 2 also 

presented a case study to exemplify the inconsistencies of the prediction models to the 

governing design variables. 

Chapter 3 deals with the third research objective and presents the details of 

experiments undertaken and the overtopping prediction model developed. The systematic 

study of existing prediction models and small-scale laboratory model tests in chapter 2 

lead to the design of the hardly/partly reshaping model to be tested in the current research. 

The range of the tested governing variables expanded the tested structural/hydraulic 

conditions in the existing data thus improving the understanding of the overtopping 

phenomena at hardly/partly reshaping berm breakwaters. The existing and new data from 

this research were used to develop a formula to estimate the overtopping rate at berm 

breakwaters. Data mining tool WEKA which uses the M5 algorithm was used to establish 
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the formula. The developed formula is simple and provides clear physical justifications 

of the influences of governing variables on the overtopping rate. In particular, the 

influence of water depth is taken into account satisfactorily in the present formula 

compared to the other prediction models. Furthermore, the accuracy metrics showed that 

the developed formula outperformed the existing prediction models within the range of 

the training variables.  

The focus of Chapter 4 was the effects of sea level rise on the wave overtopping rate 

of berm breakwaters. The aim of this chapter was to quantify the influence of the rise in 

the sea level on the overtopping rate in terms of relative water depth. This study showed 

that the rise in the sea level lead to pronounced changes in the overtopping rate in the 

shallow zone (depending on the initial geometry of the structure) compared to the deep 

zone which is of concern provided that the port and harbour facilities are often located in 

the shallow zone. In addition, the chapter investigated the changes in the structural 

parameters required to maintain the design overtopping rate during sea level rise 

scenarios. It was found that the increase in the crest freeboard, required to maintain the 

design overtopping rate, is less than the increase needed compared to berm width and is 

influenced less by the initial configuration of the berm width while berm level hardly had 

any influence. Also, the upgradation of structural parameters in future was found to be 

influenced by the initial geometry. 

The above findings call for a deeper engagement with the design, construction and 

planning teams of the project as a profound decision on the initial geometry need to be 

achieved considering various perspectives such as the acceptable changes in the design 

overtopping rate due to sea level rise, construction costs, maintenance costs and the 

schedule of completion. To assist the engineers in this aspect, the chapter further 

examines the time-dependent reliability analysis and optimised upgradation strategy for 

berm breakwaters during sea level rise scenarios. The results showed that a low initial 

geometry not only leads to an increase in the probability of failure but also results in 

reduced upgradation intervals. However, it was observed that the effects of initial 

geometry on the probabilities of failure was more pronounced for the high rate of sea 

level rise. For example, the structure with an initial wide berm and a low crest freeboard 

was found to be less effective in reducing the probability of failure resulting from the 

increased overtopping rate due to the high sea level rise. Finally, the chapter exemplifies 

the findings as a case study using the design parameters of Sirevag berm breakwater 
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wherein the upgradation of crest freeboard was identified to be less compared to that 

required for the berm width to maintain the design overtopping rate during the rise in the 

sea level. 

The present research provided a simple and justifiable model to predict the wave 

overtopping rate at berm breakwaters. Also, the study developed a systematic approach 

to quantify the influence of the sea level rise on the overtopping rate at berm breakwaters. 

The potential application of time dependent reliability analysis and optimised 

maintenance strategy for the coastal defences affected due to climate change induced sea 

level rise variations were extended to the berm breakwaters. Further investigations are 

required in order to implement the outcomes to practice. The peak overtopping rates may 

be clipped relative to the mean values due to the higher energy dissipation that occurs 

across and within the beam which requires further study. Moreover, prediction of 

overtopping volume associated with individual waves can provide an alternative 

assessment to tolerable overtopping and possible hazards more effectively. Thus, future 

studies shall focus on the 1) prediction of individual wave overtopping volumes 2) 

validation of the developed prediction model using large scale model tests 3) influence of 

wave obliquity and foreshore slopes in the overtopping rate 4) influence of climate change 

on the structural response of berm breakwaters such as recession and 5) detailed 

estimation of asset management costs to evaluate optimum maintenance strategy. 
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APPENDICES 

APPENDIX A – Details of physical model test 

 

For completeness, the information related to the experimental program of this research, 

other than those detailed in Chapter 3, are provided here. Section A.1 deals with the 

properties of armour and core rocks while section A.2 details the scaling of the model 

test. Section A.3 provides a description of the equipment and measurement techniques 

used in the experiment, and section A.4 is dedicated to wave data analysis. 

A.1. Details of armour and core 

In the prototype berm breakwaters, rocks are often obtained from existing local 

quarries or dedicated quarries opened only for the project. Rock gradings for the 

breakwater project are then designed based on the predicted yield of the quarry, which 

can vary depending on the type of quarry (existing/dedicated). According to Van der Meer 

and Sigurdarson (2016), the rock grading used in physical model tests for applied research 

(not project related) are not determined by the limitations of the quarries but on the 

availability of rock material in the laboratory. For the current experiments, the rocks were 

sourced from a local landscape supplier. 

The governing parameters for the primary armour of a breakwater are the nominal 

diameter (Dn50) used to calculate the H0 (Hm0/ΔDn50), the grading (Dn85/Dn15) and the 

relative density (Δ). In addition to the primary armour, the Dn50, Dn85/Dn15 and Δ are 

needed for the core. For the undertaken experimental study, standard sieve analysis 

procedure (AASHTO-T27) was performed (for the primary armour and core). Fig. A.1 

shows the grading curves of the armour and core. 
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Fig. A.1 Gradation curves for the used armour and core 

The armour and core had a Dn50 of 0.032 m and 0.021 m, respectively. The Dn85/Dn15 

were 1.7 and 1.9 for the armour and core, indicating that they were wide graded. The 

densities of armour and core rocks were determined using the standard procedure laid out 

in AASHTO - T85. The properties of the armour and core are summarised in Table A.1 

Table A.1 Properties of rock used 

Property Armour Core 

Dn50 (m) 0.032 0.021 

Dn85/ Dn15 1.7 1.9 

ρs (kg/m3) 2864 2563 

H0 1.16 – 2.63 - 

 

A.2. Scaling 

Physical model tests are usually a miniature reproduction of a prototype system. 

Although the purpose of this research was not to look at a specific prototype berm 

breakwater, the data on existing model tests (Appendix E) and prototype structures 

(Appendix F) were used as guidelines in determining the design parameters of the scaled 

model. The scaled model used in this test can be used for applied research (Van der Meer 

and Sigurdarson, 2016) as it does not represent a particular prototype structure. 
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Nevertheless, in order to have a notion of the dimensions in the prototype scale, the scale 

factor was determined. 

Rubble mound breakwater models usually satisfy the Froude scaling criteria (Hughes, 

1993). Froude scaling ensures that the ratio of gravity and inertia forces are maintained 

in the model. This is reasonable since gravity and inertia forces are always present in 

flows related to waves (Lykke Andersen, 2006). The scales used in the model test as per 

Froude scaling criteria are given in Table A.2. 

Table.A.2 Details of scales used in the model test  

(Froude scaling criteria; Lykke Andersen, 2006) 

Parameter Scaling ratio (N) 

Length (m) NL 

Time (s) Nt = √ NL 

Velocity (m/s) Nu = √ NL 

Acceleration (m/s2) NA = 1 

Density (kg/m3) Nρ = 1 

Mass (kg) NM = Nρ NL
3 

Viscosity (kg/ms) Nν = 1  

Overtopping (m3/m/s) Nq = NL
1.5 

 

where, N is defined as the ratio of the parameter in prototype scale to that of the model. 

e.g. NL = Lprototype/Lmodel. (Refer to Nomenclature for details of symbols). Table A.3 shows 

a comparison of the ranges of tested parameters in the prototype and model scale (1:40). 

As seen from the table, the chosen scale provides the range of test variables within those 

of the prototypes and thus ensuring that the results are applicable in engineering practice. 
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Table A.3 Comparison between model and prototype parameters 

Parameter 
Model 

(Scale 1:40) 

Corresponding 

prototype Range in prototypes  

Hm0 (m) 0.06 – 0.16 2.40 – 6.40 2.20 – 8.00 

Tp (s) 1.17 – 1.98 7.39 – 12.52 6.00 –19.00 

B (m) 0.25 – 0.45 10.00 – 18.00 10.50 – 19.70 

hb (m) -0.08 - +0.05 -3.20 – +2.00 -6.40 – -2.00 

h (m) 0.38 – 0.48 15.20 – 19.20 3.00 – 28.0 

Rc (m) 0.08 – 0.18 3.20 – 7.20 3.50 – 9.60 

Gc (m) 0.20 8.00 4.0 – 19.0 

W50armour(kg) 0.094 6016 6000 – 10000  

 

The Froude scaling of the model leads to the disproportion of the viscosity, surface 

tension and elastic forces between the model and prototype. A critical value of Re 

((gHm0)
0.5Dn50/ν; Hughes, 1993) to avoid the effects of viscosity in model scale was 

suggested as 3×104 (turbulent flow) by Dai and Kamel (1969). However, according to 

Hughes (1993), the recommendations differ by almost two orders for the critical Re value 

(6×103 – 4×106).  In this research, the range of Re varied from 2.68 × 104 to 4.06 × 104 (for 

the armour) which is within the safe minimum limit in small scale tests (Lykke Andersen, 

2006). Model effects due to surface tension and air entrainment were found to have little 

effect on the overtopping discharge (Lykke Andersen, 2006) of rubble mound 

breakwaters. In addition, Lykke Andersen (2006) identified that porous flow in the core 

(and thus the grading of the core) had negligible influence on the run-up and overtopping 

rate. The core rocks had a grading of Dn85/Dn15 = 1.9 for the present tests and are assumed 

not to have a major influence on the overtopping rate. Moreover, the tests were conducted 

with fresh water without any wind effect. As such, these model effects were further not 

investigated in this research.  
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A.3. Equipment 

The equipment used in the experiment program included three capacitance wave 

gauges, a Personal DAQ 3000 series data logger, and computers with HR WaveMaker 

and DASYLab software packages installed. The details of calibration of instruments and 

measurement are given below. 

A.3.1. Wave generator 

Ocean waves created by wind, and characterised by short periods (Sveinbjornsson, 

2008) were modelled in this research. The wave frequency spectrum (energy distribution 

as a function of frequency) of the wind-generated sea is usually defined by the Pierson 

and Moskowitz (1964) (PM) spectrum or the Joint North Sea WAve Project spectrum 

(JONSWAP) proposed by Hasselmann et al. (1973). The PM spectrum represents a fully 

developed sea in deep waters where the winds are weak. Since the coastal structures such 

as berm breakwaters are situated close to the shore, the growing sea represented by the 

JONSWAP spectrum was chosen in this study. The spectral energy density (Sf) is given 

by JONSWAP spectrum as: 
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γ = 1 – 7 (mean of 3.3), σa ≈ 0.07, σb ≈ 0.09 (Goda, 2010). 

Here, f is the wave frequency, fp represents the peak wave frequency and γ is the peak 

enhancement factor. 

The waves were generated in the flume which is equipped with a piston type wave 

maker. The movement of the piston is controlled using an electric motor and the software 
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(HR WaveMaker). The HR WaveMaker can produce both regular and irregular waves 

and is equipped with a dynamic wave absorption system. Wave characteristics such as 

the type of wave (irregular – WNSD), spectrum (JONSWAP), peak period and wave 

height were given as input to HR WaveMaker for producing irregular waves in all 

experiments. Figs. A.2 and A.3 show the screenshots of the input stages to the HR 

WaveMaker. 

 

Fig. A.2 Spectra selection stage in the HR WaveMaker 

 

Fig. A.3 Wave information input stage in the HR WaveMaker 
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A.3.2. Wave gauges 

Three capacitance type wave gauges manufactured by the Manly Hydraulics 

laboratory were used to record the water surface elevation in front of the structure. These 

gauges consisted of insulated capacitance wires (diameter = 0.002m, length = 0.4m) held 

taught by stainless steel rods with the minimum cross-sectional area to reduce the 

interference (Fig. A.4). When partially immersed in water, analogue signal between ± 10 

volts is produced corresponding to the position of the water surface. Electronic circuits in 

the box attached to the sensor wires converted the capacitance variation (corresponding 

to water surface elevation) to scalable voltage values.  

 

 

Fig. A.4 Capacitance wave gauges installed in the flume 

 

A.3.2.1. Calibration of the wave gauges 

The capacitance of the gauges varies linearly as the water surface elevation changes 

(Hughes, 1993). The linear relationship between the output of the wave gauges and the 

water level can be obtained by calibrating them statically or dynamically. A static 

calibration procedure was adopted in this research as this is considered sufficient for most 

laboratory wave conditions (Hughes, 1993). The wave gauges (WG) were lowered in 

water to a known depth and the corresponding output voltage readings were recorded. 

The procedure was repeated, and seven voltage readings were noted for each WG. 
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Calibration equations for each WG were obtained as the mathematical curve fit between 

the WG voltage output (V) and the corresponding water depth (m). Table A.4 shows the 

static calibration records and Fig. A.5 shows the calibration output (and equation) for 

each WG. 

Table A.4 Calibration data of wave gauges 

 Water depth (m) Voltage (V) 

WG - 1 

0.05 -3.75 

0.10 -2.49 

0.15 -1.23 

0.20 0.06 

0.25 1.28 

0.30 2.51 

0.35 3.78 

WG - 2 

0.05 -8.51 

0.10 -5.61 

0.15 -2.67 

0.20 0.23 

0.25 3.2 

0.30 6.06 

0.35 9 

WG - 3 

0.05 -8.23 

0.10 -6.23 

0.15 -3.93 

0.20 -1.64 

0.25 0.63 

0.30 3 

0.35 5.16 

 



APPENDIX A 

196 

 

 

Fig. A.5 Calibration plot of wave gauges  

(x and y are voltage (V) and water depth (m), respectively.) 

The main disadvantage of the capacitance WG is that accumulated dust particles could 

change the capacitance of the wires or cause water to adhere to the insulation. Hence, care 

was taken to clean the WGs and to recheck the calibration regularly. Nevertheless, a 

maximum error of ±1% was obtained from the WGs, probably due to the accumulated 

dust particles during the experiment. The data from these gauges were used to estimate 

the wave properties at the toe of the structure (see section A.4). Mansard and Funke 

(1980) recommended that for irregular waves the most suitable gauge spacing is achieved 

when 0.30 ≤ μ ≤ 0.60 where μ is the relative gauge spacing defined as: 






3

2            (A.5) 

Here, Δ2 and Δ3 are the distances between the first and second gauges and between the 

first and third gauges, respectively. The gauge spacing was set so that the recommended 

range of μ was achieved (Refer Chapter 3 for layout and distance between the WGs). The 

first wave gauge as located at a distance of 1.5m which is around 0.4 L0p as suggested by 

(Wolters et al., 2011). 
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A.3.3. Data acquisition  

The capacitance readings from the WG were provided as input to the data acquisition 

equipment – Personal Daq 3000 (Fig. A.6).  

 

 

Fig. A.6 Personal Daq 3000 data logger  

(Source: User Manual for the Personal Daq/3000 Series) 

Personal Daq 3000 series provides high speed, synchronous data acquisition with 8 

analogous inputs. The signal lines were connected in differential mode to the hardware to 

reduce the noise and cross-talk between the channels (Refer User manual: Personal Daq 

3000 series). Data acquisition was performed with the help of DasyLab 10 software at a 

rate of 20 Hz which is within the range of recommended rate by Wolters et al. (2011). The 

DasyLab 10 worksheet is shown in Fig. A.7.  

 

Fig. A.7 Screenshot of DasyLab 10 worksheet 
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The input signal from the Personal Daq 3000 was fed into the analog driver input 

module in DasyLab 10. Separate channels (0, 1 and 2) were defined for the three different 

WGs. The scaling module in the software used the calibration equations (obtained in 

section A.3.2.1) to convert the voltage readings to the corresponding water depth (m). In 

the output module, two different visualizing tools were used namely: the digital meter 

and the Y/t chart for tracking the changes in water surface elevation in the flume. Finally, 

the write module was used to write the data in the ASCII format (three separate columns 

for each channel/gauge) which could be later converted to excel format for further 

processing. An example of the typical output from the DasyLab work module is given 

below: 

DASYLab - V 10.00.01 

Worksheet name: Karthika work sheet 

Recording date: 14/11/2016, 1:01:06 PM 

Block length: 8 

Delta: 0.05 sec. 

Number of channels: 3 

Date Time  Write 0 [m] Write 1 [m] Write 2 [m]  

14/11/2016 13:01:05.00 0.394  0.399  0.393  

14/11/2016 13:01:05.05 0.394  0.399  0.393  

14/11/2016 13:01:05.10 0.394  0.399  0.393  

14/11/2016 13:01:05.15 0.394  0.399  0.393  

14/11/2016 13:01:05.20 0.394  0.399  0.393  

14/11/2016 13:01:05.25 0.394  0.399  0.393  

14/11/2016 13:01:05.30 0.394  0.399  0.392  

14/11/2016 13:01:05.35 0.394  0.399  0.393  

14/11/2016 13:01:05.40 0.394  0.399  0.393  

14/11/2016 13:01:05.45 0.394  0.399  0.393 etc. 
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A.4. Data analysis 

There are two approaches to analyse the free surface elevations in the flume (from WG 

recordings) to determine the wave parameters of interest. They are 1) the wave-by-wave 

or time domain approach and 2) the spectral or frequency domain approach. 

A.4.1. Time domain analysis 

Time domain analysis is a widely-accepted method to extract representative statistics 

from the raw wave data. In this method, a wave is defined as the portion of a record 

between two successive zero crossings (Fig. A.8). Zero crossings may be applied as either 

zero up crossings or zero down crossings. In the figure, the method of zero up crossings 

is represented. The main wave characteristic such as wave height and wave period can be 

extracted using this method. Wave height is defined as the vertical distance between a 

wave crest and a preceding wave trough. Here, the crest and trough are defined as the 

local maximum and minimum points in individual waves. The disadvantage with this 

method is that small fluctuations are often neglected and the definition of wave period is 

poor (Kulmar, 2017). 

 

Fig. A.8 Definition of wave height (H) and period (T) in zero up crossing method  

(Kulmar, 2017) 
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A.4.2. Spectral Analysis 

The spectral analysis is more complex than the time domain analysis and provides an 

understanding of the distribution of wave energy as a function of wave frequency. This is 

achieved by transforming the time history of the water level fluctuations into the 

frequency domain. Fourier series summation is used to express the time signal (η) in terms 

of frequency. For each time signal ηj at time tj, the Fourier series summation can be 

expressed in terms of frequency (f) as: 

     


1
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n
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where a0, an and bn are the forcing amplitudes (m) in the Fourier series summation.  

The lowest and highest frequencies can be defined using Euler`s relation as fmin = Δf = 

1/tr, fmax = fn = Δf N/2, respectively, where tr is the duration of recording and N is the 

number of samples with Δt interval. Thus, the Finite Discrete Fourier Transform (FDFT) 

is expressed as follows (Kamphuis, 2010): 
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The complex function Fn is expressed as the follows using Inverse Fourier Transform of 

ηj: 
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Here, Fn is expressed as eFF ni
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amplitude spectrum and θn is the phase spectrum (Kamphuis, 2010). 

Using Parseval`s theorem, the standard deviation (σ) can be calculated from An  as 

(Kamphuis, 2010): 
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Thus, the wave spectrum at any frequency may be represented as: 
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The energy density as a function of frequency can be defined as: 
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Smoothing can be applied to the wave spectrum as follows: 
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where, df ' is the resolution of the spectrum and Mf denotes how many values of Δf are 

averaged (Kamphuis, 2010). The critical parameters that can be derived from the wave 

spectrum are as follows: 

The nth moments of the wave spectrum are given as:  
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The zero moments of the wave spectrum is equal to the area under the spectrum, which 

can be obtained as: 
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The significant wave height is calculated as follows: 

 fm mH 44 00                     (A.15) 

The peak period, defined by the peak frequency which corresponds to the frequency 

which has the largest energy is given as (Kamphuis, 2010): 

f
T

p

p

1
                     (A.16) 

The following section details the comparison of the obtained spectrum in the flume 

with the theoretical JONSWAP spectrum and the Rayleigh distribution of wave heights. 
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A.4.3. Comparison of obtained spectrum with JONSWAP spectrum 

The acquired data was analysed using the Matlab routine (Appendix G) to separate the 

incident and reflected waves using the method of Mansard and Funke (1980). Fig. A.9 

shows a comparison of the generated spectrum in the flume and the theoretical spectrum 

for the incident wave height (Hm0i) = 0.11 m, Tp = 1.59 s, γ = 3.3. The blue line represents 

the theoretical spectrum while the red line indicates the spectrum obtained in the flume. 

The figure shows that the obtained spectrum is close to the theoretical one. 

 

 

Fig. A.9 Comparison of theoretical and obtained spectra 

(Hm0i = 0.1152 m, Tp = 1.59s, γ = 3.3) 

A.4.4. Rayleigh distribution check 

Longuet ‐ Higgins (1952) demonstrated that the Rayleigh distribution was applicable 

to the heights of the waves in the sea. According to Goda (2010), the distribution of 

individual wave heights defined by the zero up crossing and zero down crossing method 

also follows a Rayleigh distribution. The exceedance probability [P(x)] for the Rayleigh 

distribution is given as (Goda, 2010): 
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where  

H

H
x

mean

                     (A.18) 

Here, Hmean represents the mean value of the measured wave heights (H). 

To check the applicability of Rayleigh distribution in the wave height distribution 

obtained during the present experiments, the waves recording with h/Hm0 ≈ 3 were chosen 

(to represent the deep water condition). They were analysed using the zero-crossing 

method detailed in the section A.4.1 to obtain the individual wave heights (H) and the 

Hmean. Fig. A.10 shows that the measured distribution is well within the theoretical 

Rayleigh distribution Goda (2010). 

 

 

Fig. A.10 Comparison of measured wave height distribution with Rayleigh distribution 
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APPENDIX B - Additional tests 

 

Some experiments were repeated (See Appendix E, Additional tests) in order to check 

the influence of the distance between model and paddle on the measured overtopping 

rates. As such, only those tests with an effective length between model and paddle/wave 

length ratio ≤ 3 (Wolters et. al., 2011) were chosen to be repeated. In the repeated tests, 

the distance between the model and the paddle was increased from 6.5 m to 8 m. Fig. B.1 

shows that the overtopping rates from the repeated tests (q*measured_repeated) are close to 

those from the initial tests (q*measured_initial). This figure also shows that the increased 

effective distance (1.5 m) between the paddle and the model has marginal effect on the 

tested data. 

 

Fig. B.1 Comparison between the q*measured_repeated and q*measured_initial 
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APPENDIX C – Development of the formula 

 

This section discusses the details of development of the prediction formula (Eq. 3.41) 

which are not included in Chapter 3. After identifying the output parameter as the 

dimensionless overtopping rate (q*measured) and the governing input parameters as detailed 

in Chapter 3, the next step was to identify the most relevant dimensionless forms of the 

governing parameters. To achieve this, the governing parameters were sorted based on 

their relative importance in estimating the overtopping rate. The information on the 

relative importance of parameters was obtained from previous literature as well as physics 

of the overtopping process. As such, crest freeboard (Rc) was identified as the most 

important variable affecting the overtopping rate at berm breakwaters (and coastal 

structures in general). Several dimensionless forms of Rc (mostly from previous literature) 

were identified such as Rc/Hm0, Rc/Hm0ξ etc and they were plotted against the q*measured 

(train data) in excel. Trendlines were fitted to the data to identify the functional form of 

dimensionless Rc with the maximum correlation (R2) to the q*measured. These functional 

forms with high R2 values were further fed into the WEKA software and using the M5 

algorithm (see Chapter 3 for details), the most significant dimensionless form of Rc was 

identified (as Rc/Hm0ξ0p) and a correlation between the q*measured and (dimensionless) Rc 

was obtained. The correlation thus obtained was further fine-tuned using the SPSS 

software by adjusting the coefficients/exponents of the dimensionless Rc. Then, the 

q*measured was divided by Rc/Hm0ξ0p to obtain q*measured1. The above procedure was repeated 

for the next significant variable (such as B) but this time using the q*mesaured1. The 

procedure followed in this research is a rule of thumb as the significance of the variables 

(except the most significant) was found to vary across different literature and is difficult 

to identify as the model develops. However, this method was useful in the beginning 

stages of the model development.  

DR (see Chapter 3 for details) plots were used at every stage of the formula 

development to identify the trend in the variable so that the formula can be further 

improved with respect to that variable. The final formula developed (Eq. 3.41) shows no 

significant trend with respect to the governing variables as seen from the Fig. C.1. 
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(a) 

 

(b) 

 

(c) 
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(d) 

 

(e) 

 

(f) 
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(g) 

Fig. C.1 Variation of DR using Eq. (3.41) as a function of a) Rc/Hm0ξ0p b) Gc/L0p c) 

hb/Hm0 d) H0√T0 e) s0p f) ξ0p and g) H0 
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APPENDIX D – Comparison between input and measured wave characteristics (at 

toe) 

 

The measured wave heights and periods at the toe (Hm0_measured and Tp_measured) of the 

model (from the wave gauge measurements) were compared with the inputs to the HR 

Wavemaker (Hm0_input and Tp_input) for the initial and additional tests. Fig. D.1 shows that 

the obtained wave heights are less than that of the input for the tests. For the future tests, 

a correlation between the input and observed wave heights is developed so it can be used 

for selecting the input parameters (of the wave maker) to obtain a fixed wave height at 

the toe as below: 

Hm0_input=1.32 Hm0_measured+ 0.01 ;  0.08 ≤ Hm0_measured ≤0.15    (D.1) 

   

 

 

Fig. D.1 Comparison between the Hm0_measured and the Hm0_input 
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Fig. D.2 presents the comparison of the measured (Tp_measured) and input (Tp_input) wave 

periods. It can be seen that the Tp_measured is close to the Tp_input with few outliers in the 

lower and upper extremes.  

 

 

Fig. D.2 Comparison between the Tp_measured and the Tp _input 
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APPENDIX E – Datasets 

  

This section provides the existing and developed data used to establish the overtopping 

prediction formula (Eq. 3.41) in Chapter 3. The existing data were obtained from Lykke 

Andersen (2006), Bãtãcui and Ciocan (2013) and EurOtop (2016). Table E.1 provides the 

conditions used to select the data corresponding to berm breakwaters from each of the 

dataset. 

Table E.1 Conditions used to filter data from existing datasets 

Sl no Dataset Condition Number of data 

1 Lykke Andersen (2006) 

Total 695 

B≠0 685 

q > 1×10-6 m3/m/s 486 

2 EurOtop (2016) 

Total 17942 

Reference = 33, 55 69 

q > 1×10-6 m3/m/s 26 
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Table E.2 Existing data from Lykke Andersen (2006), LA; Bãtãcui and Ciocan (2013), BC; and EurOtop (2016); EO16 

Sl 

no 

Hm0 Tp 
s0p cotαu cotαd 

Rc B hb Gc h Dn50 ρs H0 q 
Reference 

(m) (s) (m) (m) (m) (m) (m) (m) (kg/m3) - (m3/m/s) 

1 0.116 1.220 0.050 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 3.6 0.00000238 LA 

2 0.112 1.380 0.038 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 3.5 0.0000163 LA 

3 0.088 1.830 0.017 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 2.8 0.00000203 LA 

4 0.129 1.380 0.043 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 4.0 0.0000298 LA 

5 0.140 1.830 0.027 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 4.4 0.000209 LA 

6 0.108 1.830 0.021 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 3.4 0.000056 LA 

7 0.135 1.380 0.045 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 4.2 0.0000739 LA 

8 0.100 1.830 0.019 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 3.1 0.0000412 LA 

9 0.126 1.220 0.054 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 4.0 0.00000814 LA 

10 0.122 1.550 0.033 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 3.8 0.0000779 LA 

11 0.105 1.830 0.020 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 3.3 0.0000506 LA 

12 0.125 1.220 0.054 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 3.9 0.0000151 LA 

13 0.130 1.380 0.044 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 4.1 0.0000367 LA 

14 0.125 1.600 0.031 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 3.9 0.0000991 LA 

15 0.117 1.380 0.039 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0198 2610 3.7 0.0000401 LA 

16 0.094 1.220 0.040 1.250 1.250 0.110 0.400 -0.040 0.170 0.440 0.0198 2610 2.9 0.00000454 LA 

17 0.098 1.220 0.042 1.250 1.250 0.110 0.400 -0.040 0.170 0.440 0.0198 2610 3.1 0.0000167 LA 
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18 0.102 1.380 0.034 1.250 1.250 0.110 0.400 -0.040 0.170 0.440 0.0198 2610 3.2 0.0000289 LA 

19 0.106 1.380 0.036 1.250 1.250 0.110 0.400 -0.040 0.170 0.440 0.0198 2610 3.3 0.0000629 LA 

20 0.098 1.350 0.034 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.1 0.0000028 LA 

21 0.099 1.420 0.031 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.1 0.0000104 LA 

22 0.107 1.510 0.030 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.4 0.0000388 LA 

23 0.115 1.510 0.032 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.6 0.00007 LA 

24 0.113 1.510 0.032 1.250 1.250 0.110 0.400 -0.040 0.380 0.440 0.0198 2610 3.5 0.00000463 LA 

25 0.116 1.510 0.033 1.250 1.250 0.110 0.400 -0.040 0.380 0.440 0.0198 2610 3.6 0.0000107 LA 

26 0.118 1.510 0.033 1.250 1.250 0.110 0.400 -0.040 0.380 0.440 0.0198 2610 3.7 0.0000266 LA 

27 0.129 1.510 0.036 1.250 1.250 0.110 0.400 -0.040 0.380 0.440 0.0198 2610 4.0 0.0000622 LA 

28 0.087 1.220 0.037 1.250 1.250 0.080 0.400 -0.040 0.170 0.440 0.0198 2610 2.7 0.00000129 LA 

29 0.087 1.280 0.034 1.250 1.250 0.080 0.400 -0.040 0.240 0.440 0.0198 2610 2.7 0.00000239 LA 

30 0.091 1.350 0.032 1.250 1.250 0.080 0.400 -0.040 0.240 0.440 0.0198 2610 2.9 0.0000104 LA 

31 0.093 1.350 0.033 1.250 1.250 0.080 0.400 -0.040 0.240 0.440 0.0198 2610 2.9 0.0000152 LA 

32 0.094 1.220 0.040 1.250 1.250 0.080 0.400 -0.040 0.310 0.440 0.0198 2610 2.9 0.00000235 LA 

33 0.096 1.220 0.041 1.250 1.250 0.080 0.400 -0.040 0.310 0.440 0.0198 2610 3.0 0.00000432 LA 

34 0.099 1.380 0.033 1.250 1.250 0.080 0.400 -0.040 0.310 0.440 0.0198 2610 3.1 0.00000852 LA 

35 0.103 1.380 0.035 1.250 1.250 0.080 0.400 -0.040 0.310 0.440 0.0198 2610 3.2 0.0000151 LA 

36 0.103 1.380 0.035 1.250 1.250 0.080 0.400 -0.040 0.310 0.440 0.0198 2610 3.2 0.0000246 LA 

37 0.105 1.380 0.035 1.250 1.250 0.080 0.400 -0.040 0.310 0.440 0.0198 2610 3.3 0.0000331 LA 

38 0.109 1.380 0.037 1.250 1.250 0.080 0.400 -0.040 0.310 0.440 0.0198 2610 3.4 0.0000374 LA 
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39 0.110 1.380 0.037 1.250 1.250 0.080 0.400 -0.040 0.310 0.440 0.0198 2610 3.5 0.0000458 LA 

40 0.117 1.380 0.039 1.250 1.250 0.080 0.400 -0.040 0.310 0.440 0.0198 2610 3.7 0.0000746 LA 

41 0.096 1.420 0.031 1.250 1.250 0.080 0.400 -0.040 0.380 0.440 0.0198 2610 3.0 0.00000163 LA 

42 0.104 1.420 0.033 1.250 1.250 0.080 0.400 -0.040 0.380 0.440 0.0198 2610 3.3 0.00000635 LA 

43 0.113 1.510 0.032 1.250 1.250 0.080 0.400 -0.040 0.380 0.440 0.0198 2610 3.5 0.0000225 LA 

44 0.101 1.380 0.034 1.250 1.250 0.140 0.400 -0.040 0.170 0.440 0.0198 2610 3.2 0.0000105 LA 

45 0.109 1.380 0.037 1.250 1.250 0.140 0.400 -0.040 0.170 0.440 0.0198 2610 3.4 0.0000447 LA 

46 0.112 1.380 0.038 1.250 1.250 0.140 0.400 -0.040 0.170 0.440 0.0198 2610 3.5 0.0000651 LA 

47 0.118 1.550 0.031 1.250 1.250 0.140 0.400 -0.040 0.170 0.440 0.0198 2610 3.7 0.000112 LA 

48 0.106 1.510 0.030 1.250 1.250 0.140 0.400 -0.040 0.240 0.440 0.0198 2610 3.3 0.00000954 LA 

49 0.115 1.510 0.032 1.250 1.250 0.140 0.400 -0.040 0.240 0.440 0.0198 2610 3.6 0.0000191 LA 

50 0.115 1.510 0.032 1.250 1.250 0.140 0.400 -0.040 0.240 0.440 0.0198 2610 3.6 0.0000316 LA 

51 0.126 1.550 0.034 1.250 1.250 0.140 0.400 -0.040 0.240 0.440 0.0198 2610 4.0 0.000104 LA 

52 0.114 1.380 0.038 1.250 1.250 0.140 0.400 -0.040 0.310 0.440 0.0198 2610 3.6 0.00000546 LA 

53 0.122 1.600 0.031 1.250 1.250 0.140 0.400 -0.040 0.310 0.440 0.0198 2610 3.8 0.0000331 LA 

54 0.129 1.600 0.032 1.250 1.250 0.140 0.400 -0.040 0.310 0.440 0.0198 2610 4.0 0.000066 LA 

55 0.115 1.510 0.032 1.250 1.250 0.140 0.400 -0.040 0.380 0.440 0.0198 2610 3.6 0.00000302 LA 

56 0.125 1.510 0.035 1.250 1.250 0.140 0.400 -0.040 0.380 0.440 0.0198 2610 3.9 0.0000131 LA 

57 0.130 1.600 0.033 1.250 1.250 0.140 0.400 -0.040 0.380 0.440 0.0198 2610 4.1 0.0000314 LA 

58 0.134 1.600 0.034 1.250 1.250 0.140 0.400 -0.040 0.380 0.440 0.0198 2610 4.2 0.0000385 LA 

59 0.102 1.420 0.032 1.250 1.250 0.170 0.400 -0.040 0.170 0.440 0.0198 2610 3.2 0.00000174 LA 
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60 0.108 1.510 0.030 1.250 1.250 0.170 0.400 -0.040 0.170 0.440 0.0198 2610 3.4 0.0000143 LA 

61 0.116 1.510 0.033 1.250 1.250 0.170 0.400 -0.040 0.170 0.440 0.0198 2610 3.6 0.0000407 LA 

62 0.125 1.600 0.031 1.250 1.250 0.170 0.400 -0.040 0.170 0.440 0.0198 2610 3.9 0.0000821 LA 

63 0.107 1.460 0.032 1.250 1.250 0.170 0.400 -0.040 0.240 0.440 0.0198 2610 3.4 0.0000049 LA 

64 0.117 1.510 0.033 1.250 1.250 0.170 0.400 -0.040 0.240 0.440 0.0198 2610 3.7 0.0000117 LA 

65 0.124 1.600 0.031 1.250 1.250 0.170 0.400 -0.040 0.240 0.440 0.0198 2610 3.9 0.000032 LA 

66 0.128 1.710 0.028 1.250 1.250 0.170 0.400 -0.040 0.240 0.440 0.0198 2610 4.0 0.0000633 LA 

67 0.118 1.600 0.030 1.250 1.250 0.170 0.400 -0.040 0.310 0.440 0.0198 2610 3.7 0.00000586 LA 

68 0.123 1.600 0.031 1.250 1.250 0.170 0.400 -0.040 0.310 0.440 0.0198 2610 3.9 0.0000181 LA 

69 0.134 1.830 0.026 1.250 1.250 0.170 0.400 -0.040 0.310 0.440 0.0198 2610 4.2 0.0000458 LA 

70 0.145 1.830 0.028 1.250 1.250 0.170 0.400 -0.040 0.310 0.440 0.0198 2610 4.5 0.0000855 LA 

71 0.123 1.600 0.031 1.250 1.250 0.170 0.400 -0.040 0.380 0.440 0.0198 2610 3.9 0.0000065 LA 

72 0.127 1.600 0.032 1.250 1.250 0.170 0.400 -0.040 0.380 0.440 0.0198 2610 4.0 0.00000935 LA 

73 0.135 1.600 0.034 1.250 1.250 0.170 0.400 -0.040 0.380 0.440 0.0198 2610 4.2 0.0000165 LA 

74 0.146 1.600 0.037 1.250 1.250 0.170 0.400 -0.040 0.380 0.440 0.0198 2610 4.6 0.0000516 LA 

75 0.109 1.380 0.037 1.250 1.250 0.110 0.400 -0.040 0.170 0.440 0.0198 2610 3.4 0.000101 LA 

76 0.097 1.420 0.031 1.250 1.250 0.080 0.400 -0.040 0.240 0.440 0.0198 2610 3.0 0.0000285 LA 

77 0.106 1.420 0.034 1.250 1.250 0.080 0.400 -0.040 0.240 0.440 0.0198 2610 3.3 0.0000631 LA 

78 0.117 1.510 0.033 1.250 1.250 0.080 0.400 -0.040 0.380 0.440 0.0198 2610 3.7 0.0000546 LA 

79 0.126 1.550 0.034 1.250 1.250 0.080 0.400 -0.040 0.380 0.440 0.0198 2610 4.0 0.000115 LA 

80 0.149 1.710 0.033 1.250 1.250 0.170 0.400 -0.040 0.380 0.440 0.0198 2610 4.7 0.0000695 LA 
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81 0.090 1.310 0.034 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0198 2610 2.8 0.00000288 LA 

82 0.099 1.460 0.030 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0198 2610 3.1 0.0000157 LA 

83 0.110 1.460 0.033 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0198 2610 3.5 0.0000427 LA 

84 0.119 1.460 0.036 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0198 2610 3.7 0.000106 LA 

85 0.082 1.250 0.034 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0198 2610 2.6 0.00000159 LA 

86 0.091 1.350 0.032 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0198 2610 2.9 0.0000111 LA 

87 0.099 1.420 0.031 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0198 2610 3.1 0.0000596 LA 

88 0.112 1.510 0.031 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0198 2610 3.5 0.000121 LA 

89 0.107 1.460 0.032 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0198 2610 3.4 0.00000217 LA 

90 0.125 1.460 0.038 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0198 2610 3.9 0.0000106 LA 

91 0.129 1.550 0.034 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0198 2610 4.0 0.0000393 LA 

92 0.136 1.650 0.032 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0198 2610 4.3 0.0000734 LA 

93 0.101 1.350 0.036 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0198 2610 3.2 0.00000573 LA 

94 0.112 1.510 0.031 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0198 2610 3.5 0.0000221 LA 

95 0.118 1.510 0.033 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0198 2610 3.7 0.0000724 LA 

96 0.132 1.510 0.037 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0198 2610 4.1 0.000185 LA 

97 0.093 1.310 0.035 1.250 1.250 0.110 0.200 -0.040 0.170 0.440 0.0198 2610 2.9 0.00000552 LA 

98 0.102 1.460 0.031 1.250 1.250 0.110 0.200 -0.040 0.170 0.440 0.0198 2610 3.2 0.0000234 LA 

99 0.108 1.460 0.032 1.250 1.250 0.110 0.200 -0.040 0.170 0.440 0.0198 2610 3.4 0.000064 LA 

100 0.123 1.460 0.037 1.250 1.250 0.110 0.200 -0.040 0.170 0.440 0.0198 2610 3.9 0.000133 LA 

101 0.084 1.250 0.034 1.250 1.250 0.110 0.200 -0.040 0.170 0.440 0.0198 2610 2.6 0.00000158 LA 
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102 0.092 1.350 0.032 1.250 1.250 0.110 0.200 -0.040 0.170 0.440 0.0198 2610 2.9 0.0000178 LA 

103 0.103 1.420 0.033 1.250 1.250 0.110 0.200 -0.040 0.170 0.440 0.0198 2610 3.2 0.0000863 LA 

104 0.100 1.460 0.030 1.250 1.250 0.170 0.200 -0.040 0.170 0.440 0.0198 2610 3.1 0.00000273 LA 

105 0.111 1.460 0.033 1.250 1.250 0.170 0.200 -0.040 0.170 0.440 0.0198 2610 3.5 0.00000742 LA 

106 0.121 1.460 0.036 1.250 1.250 0.170 0.200 -0.040 0.170 0.440 0.0198 2610 3.8 0.0000185 LA 

107 0.129 1.550 0.034 1.250 1.250 0.170 0.200 -0.040 0.170 0.440 0.0198 2610 4.0 0.0000374 LA 

108 0.142 1.650 0.033 1.250 1.250 0.170 0.200 -0.040 0.170 0.440 0.0198 2610 4.5 0.000133 LA 

109 0.092 1.350 0.032 1.250 1.250 0.170 0.200 -0.040 0.170 0.440 0.0198 2610 2.9 0.0000013 LA 

110 0.101 1.350 0.036 1.250 1.250 0.170 0.200 -0.040 0.170 0.440 0.0198 2610 3.2 0.00000555 LA 

111 0.112 1.510 0.031 1.250 1.250 0.170 0.200 -0.040 0.170 0.440 0.0198 2610 3.5 0.000032 LA 

112 0.112 1.460 0.034 1.250 1.250 0.170 0.300 -0.040 0.170 0.440 0.0198 2610 3.5 0.00000179 LA 

113 0.121 1.460 0.036 1.250 1.250 0.170 0.300 -0.040 0.170 0.440 0.0198 2610 3.8 0.0000107 LA 

114 0.131 1.550 0.035 1.250 1.250 0.170 0.300 -0.040 0.170 0.440 0.0198 2610 4.1 0.0000276 LA 

115 0.136 1.650 0.032 1.250 1.250 0.170 0.300 -0.040 0.170 0.440 0.0198 2610 4.3 0.000065 LA 

116 0.099 1.350 0.035 1.250 1.250 0.170 0.300 -0.040 0.170 0.440 0.0198 2610 3.1 0.00000875 LA 

117 0.110 1.510 0.031 1.250 1.250 0.170 0.300 -0.040 0.170 0.440 0.0198 2610 3.5 0.0000217 LA 

118 0.118 1.510 0.033 1.250 1.250 0.170 0.300 -0.040 0.170 0.440 0.0198 2610 3.7 0.0000535 LA 

119 0.123 1.510 0.035 1.250 1.250 0.170 0.500 -0.040 0.170 0.440 0.0198 2610 3.9 0.00000179 LA 

120 0.130 1.550 0.035 1.250 1.250 0.170 0.500 -0.040 0.170 0.440 0.0198 2610 4.1 0.0000106 LA 

121 0.142 1.650 0.033 1.250 1.250 0.170 0.500 -0.040 0.170 0.440 0.0198 2610 4.5 0.0000352 LA 

122 0.151 1.650 0.036 1.250 1.250 0.170 0.500 -0.040 0.170 0.440 0.0198 2610 4.7 0.0000626 LA 
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123 0.119 1.510 0.033 1.250 1.250 0.170 0.500 -0.040 0.170 0.440 0.0198 2610 3.7 0.00000957 LA 

124 0.128 1.510 0.036 1.250 1.250 0.170 0.500 -0.040 0.170 0.440 0.0198 2610 4.0 0.0000291 LA 

125 0.138 1.600 0.035 1.250 1.250 0.170 0.500 -0.040 0.170 0.440 0.0198 2610 4.3 0.0000649 LA 

126 0.129 1.510 0.036 1.250 1.250 0.110 0.650 -0.040 0.170 0.440 0.0198 2610 4.0 0.00000665 LA 

127 0.137 1.650 0.032 1.250 1.250 0.110 0.650 -0.040 0.170 0.440 0.0198 2610 4.3 0.0000495 LA 

128 0.113 1.460 0.034 1.250 1.250 0.110 0.650 -0.040 0.170 0.440 0.0198 2610 3.5 0.00000154 LA 

129 0.123 1.510 0.035 1.250 1.250 0.110 0.650 -0.040 0.170 0.440 0.0198 2610 3.9 0.00000891 LA 

130 0.129 1.510 0.036 1.250 1.250 0.110 0.650 -0.040 0.170 0.440 0.0198 2610 4.0 0.0000323 LA 

131 0.137 1.600 0.034 1.250 1.250 0.110 0.650 -0.040 0.170 0.440 0.0198 2610 4.3 0.0000783 LA 

132 0.127 1.600 0.032 1.250 1.250 0.110 0.650 -0.040 0.380 0.440 0.0198 2610 4.0 0.00000191 LA 

133 0.137 1.600 0.034 1.250 1.250 0.110 0.650 -0.040 0.380 0.440 0.0198 2610 4.3 0.0000078 LA 

134 0.150 1.710 0.033 1.250 1.250 0.110 0.650 -0.040 0.380 0.440 0.0198 2610 4.7 0.0000395 LA 

135 0.155 1.710 0.034 1.250 1.250 0.110 0.650 -0.040 0.380 0.440 0.0198 2610 4.9 0.0000603 LA 

136 0.119 1.510 0.033 1.250 1.250 0.110 0.500 -0.040 0.380 0.440 0.0198 2610 3.7 0.00000412 LA 

137 0.126 1.600 0.032 1.250 1.250 0.110 0.500 -0.040 0.380 0.440 0.0198 2610 4.0 0.0000158 LA 

138 0.143 1.600 0.036 1.250 1.250 0.110 0.500 -0.040 0.380 0.440 0.0198 2610 4.5 0.0000699 LA 

139 0.102 1.350 0.036 1.250 1.250 0.110 0.300 -0.040 0.380 0.440 0.0198 2610 3.2 0.00000444 LA 

140 0.108 1.380 0.036 1.250 1.250 0.110 0.300 -0.040 0.380 0.440 0.0198 2610 3.4 0.0000135 LA 

141 0.128 1.420 0.041 1.250 1.250 0.110 0.300 -0.040 0.380 0.440 0.0198 2610 4.0 0.0000435 LA 

142 0.132 1.600 0.033 1.250 1.250 0.110 0.300 -0.040 0.380 0.440 0.0198 2610 4.1 0.000111 LA 

143 0.090 1.280 0.035 1.250 1.250 0.110 0.200 -0.040 0.380 0.440 0.0198 2610 2.8 0.00000107 LA 
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144 0.095 1.310 0.035 1.250 1.250 0.110 0.200 -0.040 0.380 0.440 0.0198 2610 3.0 0.00000371 LA 

145 0.103 1.420 0.033 1.250 1.250 0.110 0.200 -0.040 0.380 0.440 0.0198 2610 3.2 0.0000162 LA 

146 0.114 1.420 0.036 1.250 1.250 0.110 0.200 -0.040 0.380 0.440 0.0198 2610 3.6 0.0000426 LA 

147 0.117 1.550 0.031 1.250 1.250 0.110 0.200 -0.040 0.380 0.440 0.0198 2610 3.7 0.000108 LA 

148 0.136 1.550 0.036 1.250 1.250 0.170 0.200 -0.040 0.380 0.440 0.0198 2610 4.3 0.00000185 LA 

149 0.139 1.650 0.033 1.250 1.250 0.170 0.200 -0.040 0.380 0.440 0.0198 2610 4.4 0.00000872 LA 

150 0.145 1.650 0.034 1.250 1.250 0.170 0.200 -0.040 0.380 0.440 0.0198 2610 4.5 0.0000442 LA 

151 0.108 1.420 0.034 1.250 1.250 0.170 0.200 -0.040 0.380 0.440 0.0198 2610 3.4 0.00000109 LA 

152 0.116 1.420 0.037 1.250 1.250 0.170 0.200 -0.040 0.380 0.440 0.0198 2610 3.6 0.00000452 LA 

153 0.122 1.510 0.034 1.250 1.250 0.170 0.200 -0.040 0.380 0.440 0.0198 2610 3.8 0.0000232 LA 

154 0.131 1.510 0.037 1.250 1.250 0.170 0.200 -0.040 0.380 0.440 0.0198 2610 4.1 0.0000538 LA 

155 0.123 1.460 0.037 1.250 1.250 0.170 0.300 -0.040 0.380 0.440 0.0198 2610 3.9 0.00000177 LA 

156 0.125 1.550 0.033 1.250 1.250 0.170 0.300 -0.040 0.380 0.440 0.0198 2610 3.9 0.00000635 LA 

157 0.140 1.650 0.033 1.250 1.250 0.170 0.300 -0.040 0.380 0.440 0.0198 2610 4.4 0.0000275 LA 

158 0.146 1.650 0.034 1.250 1.250 0.170 0.300 -0.040 0.380 0.440 0.0198 2610 4.6 0.0000351 LA 

159 0.112 1.420 0.036 1.250 1.250 0.170 0.300 -0.040 0.380 0.440 0.0198 2610 3.5 0.00000102 LA 

160 0.126 1.510 0.035 1.250 1.250 0.170 0.300 -0.040 0.380 0.440 0.0198 2610 4.0 0.00000378 LA 

161 0.132 1.510 0.037 1.250 1.250 0.170 0.300 -0.040 0.380 0.440 0.0198 2610 4.1 0.0000209 LA 

162 0.138 1.600 0.035 1.250 1.250 0.170 0.300 -0.040 0.380 0.440 0.0198 2610 4.3 0.000034 LA 

163 0.123 1.420 0.039 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0198 2610 3.9 0.00000146 LA 

164 0.127 1.380 0.043 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0198 2610 4.0 0.00000173 LA 
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165 0.144 1.420 0.046 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0198 2610 4.5 0.00000253 LA 

166 0.142 1.380 0.048 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0198 2610 4.5 0.00000236 LA 

167 0.113 1.710 0.025 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0198 2610 3.5 0.0000038 LA 

168 0.116 1.770 0.024 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0198 2610 3.6 0.00000919 LA 

169 0.126 1.710 0.028 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0198 2610 4.0 0.0000199 LA 

170 0.134 1.710 0.029 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0198 2610 4.2 0.0000242 LA 

171 0.147 1.710 0.032 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0198 2610 4.6 0.0000484 LA 

172 0.105 2.130 0.015 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0198 2610 3.3 0.00000452 LA 

173 0.112 2.130 0.016 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0198 2610 3.5 0.0000144 LA 

174 0.127 2.130 0.018 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0198 2610 4.0 0.0000361 LA 

175 0.107 1.190 0.048 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.4 0.00000158 LA 

176 0.109 1.190 0.049 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.4 0.00000256 LA 

177 0.112 1.190 0.051 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.5 0.00000198 LA 

178 0.089 1.420 0.028 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 2.8 0.00000165 LA 

179 0.096 1.350 0.034 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.0 0.00000987 LA 

180 0.105 1.420 0.033 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.3 0.000018 LA 

181 0.110 1.350 0.039 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.5 0.0000307 LA 

182 0.109 1.420 0.035 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.4 0.0000457 LA 

183 0.095 1.710 0.021 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.0 0.00000526 LA 

184 0.098 1.710 0.021 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.1 0.0000381 LA 

185 0.110 1.710 0.024 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 3.5 0.000104 LA 
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186 0.080 2.050 0.012 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 2.5 0.00000137 LA 

187 0.094 2.130 0.013 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0198 2610 2.9 0.0000422 LA 

188 0.088 1.280 0.034 1.250 1.250 0.110 0.400 0.040 0.240 0.440 0.0198 2610 2.8 0.00000249 LA 

189 0.096 1.350 0.034 1.250 1.250 0.110 0.400 0.040 0.240 0.440 0.0198 2610 3.0 0.0000109 LA 

190 0.097 1.380 0.033 1.250 1.250 0.110 0.400 0.040 0.240 0.440 0.0198 2610 3.0 0.0000183 LA 

191 0.114 1.420 0.036 1.250 1.250 0.110 0.400 0.040 0.240 0.440 0.0198 2610 3.6 0.0000586 LA 

192 0.080 1.220 0.034 1.250 1.250 0.110 0.400 0.120 0.240 0.440 0.0198 2610 2.5 0.00000101 LA 

193 0.083 1.250 0.034 1.250 1.250 0.110 0.400 0.120 0.240 0.440 0.0198 2610 2.6 0.00000463 LA 

194 0.096 1.350 0.034 1.250 1.250 0.110 0.400 0.120 0.240 0.440 0.0198 2610 3.0 0.0000115 LA 

195 0.101 1.420 0.032 1.250 1.250 0.110 0.400 0.120 0.240 0.440 0.0198 2610 3.2 0.0000297 LA 

196 0.090 1.280 0.035 1.250 1.250 0.110 0.650 0.120 0.240 0.440 0.0198 2610 2.8 0.00000122 LA 

197 0.096 1.310 0.036 1.250 1.250 0.110 0.650 0.120 0.240 0.440 0.0198 2610 3.0 0.00000547 LA 

198 0.103 1.350 0.036 1.250 1.250 0.110 0.650 0.120 0.240 0.440 0.0198 2610 3.2 0.0000248 LA 

199 0.116 1.420 0.037 1.250 1.250 0.110 0.650 0.040 0.240 0.440 0.0198 2610 3.6 0.00000517 LA 

200 0.118 1.510 0.033 1.250 1.250 0.110 0.650 0.040 0.240 0.440 0.0198 2610 3.7 0.0000263 LA 

201 0.105 1.380 0.035 1.250 1.250 0.110 0.650 0.000 0.240 0.440 0.0198 2610 3.3 0.00000221 LA 

202 0.110 1.420 0.035 1.250 1.250 0.110 0.650 0.000 0.240 0.440 0.0198 2610 3.5 0.00000918 LA 

203 0.122 1.510 0.034 1.250 1.250 0.110 0.650 0.000 0.240 0.440 0.0198 2610 3.8 0.0000374 LA 

204 0.130 1.600 0.033 1.250 1.250 0.110 0.650 0.000 0.240 0.440 0.0198 2610 4.1 0.0000751 LA 

205 0.107 1.380 0.036 1.250 1.250 0.110 0.650 -0.040 0.240 0.440 0.0198 2610 3.4 0.00000245 LA 

206 0.118 1.510 0.033 1.250 1.250 0.110 0.650 -0.040 0.240 0.440 0.0198 2610 3.7 0.00000622 LA 
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207 0.131 1.510 0.037 1.250 1.250 0.110 0.650 -0.040 0.240 0.440 0.0198 2610 4.1 0.0000253 LA 

208 0.143 1.600 0.036 1.250 1.250 0.110 0.650 -0.040 0.240 0.440 0.0198 2610 4.5 0.0000771 LA 

209 0.113 1.510 0.032 1.250 1.250 0.170 0.400 0.040 0.240 0.440 0.0198 2610 3.5 0.00000431 LA 

210 0.121 1.510 0.034 1.250 1.250 0.170 0.400 0.040 0.240 0.440 0.0198 2610 3.8 0.0000161 LA 

211 0.135 1.600 0.034 1.250 1.250 0.170 0.400 0.040 0.240 0.440 0.0198 2610 4.2 0.000072 LA 

212 0.097 1.310 0.036 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.3 0.00000142 LA 

213 0.111 1.380 0.037 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.4 0.00000624 LA 

214 0.105 1.460 0.032 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.4 0.00000303 LA 

215 0.123 1.550 0.033 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.6 0.0000143 LA 

216 0.120 1.550 0.032 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.5 0.0000158 LA 

217 0.129 1.550 0.034 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.7 0.0000345 LA 

218 0.139 1.550 0.037 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.8 0.000152 LA 

219 0.095 1.380 0.032 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.2 0.00000122 LA 

220 0.098 1.310 0.037 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.3 0.00000186 LA 

221 0.113 1.380 0.038 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.5 0.0000209 LA 

222 0.129 1.380 0.043 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.7 0.0000256 LA 

223 0.121 1.380 0.041 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.6 0.0000356 LA 

224 0.132 1.380 0.044 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.7 0.0000573 LA 

225 0.093 1.710 0.020 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.2 0.00000203 LA 

226 0.108 1.770 0.022 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.4 0.0000137 LA 

227 0.121 1.650 0.028 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.6 0.0000589 LA 
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228 0.093 2.050 0.014 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.2 0.00000658 LA 

229 0.095 2.050 0.014 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.2 0.0000143 LA 

230 0.106 1.970 0.018 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.4 0.0000307 LA 

231 0.114 2.230 0.015 1.250 1.250 0.110 0.400 -0.040 0.240 0.440 0.0388 3000 1.5 0.0000631 LA 

232 0.126 1.460 0.038 1.250 1.250 0.170 0.400 -0.040 0.240 0.440 0.0388 3000 1.6 0.00000112 LA 

233 0.122 1.460 0.037 1.250 1.250 0.170 0.400 -0.040 0.240 0.440 0.0388 3000 1.6 0.00000312 LA 

234 0.132 1.650 0.031 1.250 1.250 0.170 0.400 -0.040 0.240 0.440 0.0388 3000 1.7 0.00000421 LA 

235 0.147 1.650 0.035 1.250 1.250 0.170 0.400 -0.040 0.240 0.440 0.0388 3000 1.9 0.0000248 LA 

236 0.150 1.650 0.035 1.250 1.250 0.170 0.400 -0.040 0.240 0.440 0.0388 3000 1.9 0.0000361 LA 

237 0.116 1.420 0.037 1.250 1.250 0.170 0.400 -0.040 0.170 0.440 0.0388 3000 1.5 0.00000232 LA 

238 0.119 1.460 0.036 1.250 1.250 0.170 0.400 -0.040 0.170 0.440 0.0388 3000 1.5 0.00000506 LA 

239 0.128 1.550 0.034 1.250 1.250 0.170 0.400 -0.040 0.170 0.440 0.0388 3000 1.6 0.0000136 LA 

240 0.141 1.550 0.038 1.250 1.250 0.170 0.400 -0.040 0.170 0.440 0.0388 3000 1.8 0.0000489 LA 

241 0.146 1.550 0.039 1.250 1.250 0.170 0.400 -0.040 0.170 0.440 0.0388 3000 1.9 0.0000591 LA 

242 0.110 1.380 0.037 1.250 1.250 0.140 0.400 -0.040 0.170 0.440 0.0388 3000 1.4 0.00000154 LA 

243 0.116 1.460 0.035 1.250 1.250 0.140 0.400 -0.040 0.170 0.440 0.0388 3000 1.5 0.00000825 LA 

244 0.116 1.550 0.031 1.250 1.250 0.140 0.400 -0.040 0.170 0.440 0.0388 3000 1.5 0.0000212 LA 

245 0.136 1.550 0.036 1.250 1.250 0.140 0.400 -0.040 0.170 0.440 0.0388 3000 1.8 0.0000468 LA 

246 0.097 1.380 0.033 1.250 1.250 0.110 0.400 -0.040 0.170 0.440 0.0388 3000 1.3 0.00000222 LA 

247 0.105 1.460 0.032 1.250 1.250 0.110 0.400 -0.040 0.170 0.440 0.0388 3000 1.4 0.0000117 LA 

248 0.114 1.380 0.038 1.250 1.250 0.110 0.400 -0.040 0.170 0.440 0.0388 3000 1.5 0.00000883 LA 
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249 0.117 1.460 0.035 1.250 1.250 0.110 0.400 -0.040 0.170 0.440 0.0388 3000 1.5 0.0000252 LA 

250 0.120 1.460 0.036 1.250 1.250 0.110 0.400 -0.040 0.170 0.440 0.0388 3000 1.5 0.000043 LA 

251 0.090 1.310 0.034 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0388 3000 1.2 0.00000234 LA 

252 0.097 1.380 0.033 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0388 3000 1.3 0.00000751 LA 

253 0.107 1.380 0.036 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0388 3000 1.4 0.000015 LA 

254 0.116 1.380 0.039 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0388 3000 1.5 0.0000204 LA 

255 0.122 1.460 0.037 1.250 1.250 0.110 0.300 -0.040 0.170 0.440 0.0388 3000 1.6 0.0000386 LA 

256 0.109 1.420 0.035 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0388 3000 1.4 0.00000166 LA 

257 0.117 1.460 0.035 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0388 3000 1.5 0.0000114 LA 

258 0.120 1.460 0.036 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0388 3000 1.5 0.0000181 LA 

259 0.139 1.650 0.033 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0388 3000 1.8 0.0000352 LA 

260 0.137 1.550 0.037 1.250 1.250 0.110 0.500 -0.040 0.170 0.440 0.0388 3000 1.8 0.0000525 LA 

261 0.118 1.420 0.038 1.250 1.250 0.110 0.650 -0.040 0.170 0.440 0.0388 3000 1.5 0.00000331 LA 

262 0.123 1.510 0.035 1.250 1.250 0.110 0.650 -0.040 0.170 0.440 0.0388 3000 1.6 0.0000106 LA 

263 0.134 1.510 0.038 1.250 1.250 0.110 0.650 -0.040 0.170 0.440 0.0388 3000 1.7 0.0000231 LA 

264 0.144 1.650 0.034 1.250 1.250 0.110 0.650 -0.040 0.170 0.440 0.0388 3000 1.9 0.0000784 LA 

265 0.106 1.420 0.034 1.250 1.250 0.110 0.650 0.000 0.170 0.440 0.0388 3000 1.4 0.00000229 LA 

266 0.114 1.460 0.034 1.250 1.250 0.110 0.650 0.000 0.170 0.440 0.0388 3000 1.5 0.0000102 LA 

267 0.120 1.510 0.034 1.250 1.250 0.110 0.650 0.000 0.170 0.440 0.0388 3000 1.5 0.0000174 LA 

268 0.133 1.510 0.037 1.250 1.250 0.110 0.650 0.000 0.170 0.440 0.0388 3000 1.7 0.0000746 LA 

269 0.105 1.420 0.033 1.250 1.250 0.110 0.650 0.040 0.170 0.440 0.0388 3000 1.4 0.00000324 LA 
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270 0.115 1.420 0.037 1.250 1.250 0.110 0.650 0.040 0.170 0.440 0.0388 3000 1.5 0.00000773 LA 

271 0.120 1.510 0.034 1.250 1.250 0.110 0.650 0.040 0.170 0.440 0.0388 3000 1.5 0.0000225 LA 

272 0.132 1.600 0.033 1.250 1.250 0.110 0.650 0.040 0.170 0.440 0.0388 3000 1.7 0.0000656 LA 

273 0.088 1.250 0.036 1.250 1.250 0.110 0.650 0.120 0.170 0.440 0.0388 3000 1.1 0.0000013 LA 

274 0.095 1.420 0.030 1.250 1.250 0.110 0.650 0.120 0.170 0.440 0.0388 3000 1.2 0.00000322 LA 

275 0.107 1.420 0.034 1.250 1.250 0.110 0.650 0.120 0.170 0.440 0.0388 3000 1.4 0.0000128 LA 

276 0.109 1.510 0.031 1.250 1.250 0.110 0.650 0.120 0.170 0.440 0.0388 3000 1.4 0.0000253 LA 

277 0.132 1.510 0.037 1.250 1.250 0.110 0.650 0.120 0.170 0.440 0.0388 3000 1.7 0.0000784 LA 

278 0.140 1.650 0.033 1.250 1.250 0.170 0.650 -0.040 0.310 0.440 0.0388 3000 1.8 0.00000177 LA 

279 0.151 1.650 0.036 1.250 1.250 0.170 0.650 -0.040 0.310 0.440 0.0388 3000 1.9 0.00000429 LA 

280 0.157 1.770 0.032 1.250 1.250 0.170 0.650 -0.040 0.310 0.440 0.0388 3000 2.0 0.0000241 LA 

281 0.142 1.460 0.043 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0388 3000 1.8 0.00000975 LA 

282 0.129 1.770 0.026 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0388 3000 1.7 0.0000019 LA 

283 0.138 1.650 0.032 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0388 3000 1.8 0.0000148 LA 

284 0.153 1.650 0.036 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0388 3000 2.0 0.0000215 LA 

285 0.153 1.650 0.036 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0388 3000 2.0 0.0000488 LA 

286 0.119 2.230 0.015 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0388 3000 1.5 0.00000216 LA 

287 0.126 2.230 0.016 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0388 3000 1.6 0.00000962 LA 

288 0.134 1.970 0.022 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0388 3000 1.7 0.0000119 LA 

289 0.145 2.230 0.019 1.250 1.250 0.170 0.500 -0.040 0.310 0.440 0.0388 3000 1.9 0.0000372 LA 

290 0.119 1.380 0.040 1.250 1.250 0.170 0.400 -0.040 0.310 0.440 0.0388 3000 1.5 0.00000105 LA 
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291 0.130 1.550 0.035 1.250 1.250 0.170 0.400 -0.040 0.310 0.440 0.0388 3000 1.7 0.0000037 LA 

292 0.129 1.650 0.030 1.250 1.250 0.170 0.400 -0.040 0.310 0.440 0.0388 3000 1.7 0.00000619 LA 

293 0.133 1.650 0.031 1.250 1.250 0.170 0.400 -0.040 0.310 0.440 0.0388 3000 1.7 0.00000965 LA 

294 0.142 1.650 0.033 1.250 1.250 0.170 0.400 -0.040 0.310 0.440 0.0388 3000 1.8 0.0000254 LA 

295 0.164 1.650 0.039 1.250 1.250 0.170 0.400 -0.040 0.310 0.440 0.0388 3000 2.1 0.0000846 LA 

296 0.123 1.550 0.033 1.250 1.250 0.170 0.400 0.040 0.310 0.440 0.0388 3000 1.6 0.00000472 LA 

297 0.134 1.550 0.036 1.250 1.250 0.170 0.400 0.040 0.310 0.440 0.0388 3000 1.7 0.000015 LA 

298 0.134 1.650 0.032 1.250 1.250 0.170 0.400 0.040 0.310 0.440 0.0388 3000 1.7 0.0000219 LA 

299 0.145 1.650 0.034 1.250 1.250 0.170 0.400 0.040 0.310 0.440 0.0388 3000 1.9 0.0000346 LA 

300 0.156 1.710 0.034 1.250 1.250 0.170 0.400 0.040 0.310 0.440 0.0388 3000 2.0 0.0000818 LA 

301 0.128 1.550 0.034 1.250 1.250 0.140 0.400 -0.040 0.310 0.440 0.0388 3000 1.6 0.00000249 LA 

302 0.130 1.550 0.035 1.250 1.250 0.140 0.400 -0.040 0.310 0.440 0.0388 3000 1.7 0.00000318 LA 

303 0.136 1.550 0.036 1.250 1.250 0.140 0.400 -0.040 0.310 0.440 0.0388 3000 1.8 0.000016 LA 

304 0.163 1.650 0.038 1.250 1.250 0.140 0.400 -0.040 0.310 0.440 0.0388 3000 2.1 0.0000384 LA 

305 0.121 1.380 0.041 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0388 3000 1.6 0.00000136 LA 

306 0.124 1.460 0.037 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0388 3000 1.6 0.00000346 LA 

307 0.128 1.460 0.038 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0388 3000 1.6 0.00000593 LA 

308 0.123 1.550 0.033 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0388 3000 1.6 0.00000511 LA 

309 0.134 1.550 0.036 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0388 3000 1.7 0.0000164 LA 

310 0.140 1.650 0.033 1.250 1.250 0.110 0.400 -0.040 0.310 0.440 0.0388 3000 1.8 0.0000416 LA 

311 0.108 1.380 0.036 1.250 1.250 0.110 0.400 -0.040 0.170 0.340 0.0388 3000 1.4 0.00000307 LA 
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312 0.112 1.380 0.038 1.250 1.250 0.110 0.400 -0.040 0.170 0.340 0.0388 3000 1.4 0.00000565 LA 

313 0.116 1.460 0.035 1.250 1.250 0.110 0.400 -0.040 0.170 0.340 0.0388 3000 1.5 0.00000806 LA 

314 0.118 1.420 0.038 1.250 1.250 0.110 0.400 -0.040 0.170 0.340 0.0388 3000 1.5 0.0000236 LA 

315 0.128 1.600 0.032 1.250 1.250 0.110 0.400 -0.040 0.170 0.340 0.0388 3000 1.6 0.0000545 LA 

316 0.108 1.380 0.036 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.4 0.00000323 LA 

317 0.110 1.420 0.035 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.4 0.00000533 LA 

318 0.116 1.420 0.037 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.5 0.00000772 LA 

319 0.125 1.510 0.035 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.6 0.0000304 LA 

320 0.127 1.550 0.034 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.6 0.0000382 LA 

321 0.103 1.420 0.033 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.3 0.00000253 LA 

322 0.112 1.460 0.034 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.4 0.0000099 LA 

323 0.117 1.380 0.039 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.5 0.0000158 LA 

324 0.122 1.420 0.039 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.6 0.0000173 LA 

325 0.129 1.350 0.045 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.7 0.0000243 LA 

326 0.140 1.420 0.045 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.8 0.00005 LA 

327 0.101 1.710 0.022 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.3 0.00000425 LA 

328 0.098 1.710 0.021 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.3 0.00000248 LA 

329 0.107 1.710 0.023 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.4 0.00000593 LA 

330 0.118 1.710 0.026 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.5 0.0000262 LA 

331 0.131 1.710 0.029 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.7 0.000044 LA 

332 0.090 2.050 0.014 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.2 0.00000581 LA 
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333 0.097 2.050 0.015 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.3 0.00000666 LA 

334 0.105 2.050 0.016 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0388 3000 1.4 0.0000315 LA 

335 0.111 1.420 0.035 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0388 3000 1.4 0.00000441 LA 

336 0.114 1.380 0.038 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0388 3000 1.5 0.000003 LA 

337 0.124 1.460 0.037 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0388 3000 1.6 0.00000415 LA 

338 0.136 1.460 0.041 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0388 3000 1.8 0.0000232 LA 

339 0.135 1.600 0.034 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0388 3000 1.7 0.0000343 LA 

340 0.140 1.380 0.047 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0388 3000 1.8 0.00000108 LA 

341 0.147 1.380 0.049 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0388 3000 1.9 0.00000275 LA 

342 0.121 1.710 0.027 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0388 3000 1.6 0.0000012 LA 

343 0.133 1.710 0.029 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0388 3000 1.7 0.0000035 LA 

344 0.139 1.710 0.030 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0388 3000 1.8 0.0000082 LA 

345 0.147 1.710 0.032 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0388 3000 1.9 0.000012 LA 

346 0.150 1.710 0.033 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0388 3000 1.9 0.00000822 LA 

347 0.162 1.710 0.036 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0388 3000 2.1 0.0000119 LA 

348 0.116 2.050 0.018 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0388 3000 1.5 0.00000164 LA 

349 0.125 2.050 0.019 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0388 3000 1.6 0.00000349 LA 

350 0.134 2.050 0.020 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0388 3000 1.7 0.00000872 LA 

351 0.141 2.050 0.022 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0388 3000 1.8 0.0000274 LA 

352 0.122 1.460 0.037 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0388 3000 1.6 0.00000178 LA 

353 0.134 1.600 0.034 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0388 3000 1.7 0.00000192 LA 
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354 0.149 1.710 0.033 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0388 3000 1.9 0.00000677 LA 

355 0.142 1.710 0.031 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0388 3000 1.8 0.0000138 LA 

356 0.156 1.710 0.034 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0388 3000 2.0 0.0000357 LA 

357 0.136 1.710 0.030 1.250 1.250 0.170 0.300 -0.040 0.310 0.340 0.0388 3000 1.8 0.00000812 LA 

358 0.141 1.710 0.031 1.250 1.250 0.170 0.300 -0.040 0.310 0.340 0.0388 3000 1.8 0.0000144 LA 

359 0.151 1.710 0.033 1.250 1.250 0.170 0.300 -0.040 0.310 0.340 0.0388 3000 1.9 0.0000621 LA 

360 0.127 1.460 0.038 1.250 1.250 0.140 0.400 -0.040 0.310 0.340 0.0388 3000 1.6 0.00000215 LA 

361 0.133 1.550 0.035 1.250 1.250 0.140 0.400 -0.040 0.310 0.340 0.0388 3000 1.7 0.00000505 LA 

362 0.140 1.600 0.035 1.250 1.250 0.140 0.400 -0.040 0.310 0.340 0.0388 3000 1.8 0.0000179 LA 

363 0.144 1.710 0.032 1.250 1.250 0.140 0.400 -0.040 0.310 0.340 0.0388 3000 1.9 0.0000221 LA 

364 0.160 1.710 0.035 1.250 1.250 0.140 0.400 -0.040 0.310 0.340 0.0388 3000 2.1 0.0000792 LA 

365 0.098 1.350 0.034 1.250 1.250 0.110 0.400 -0.040 0.170 0.340 0.0198 2610 3.1 0.00000554 LA 

366 0.106 1.460 0.032 1.250 1.250 0.110 0.400 -0.040 0.170 0.340 0.0198 2610 3.3 0.0000255 LA 

367 0.111 1.460 0.033 1.250 1.250 0.110 0.400 -0.040 0.170 0.340 0.0198 2610 3.5 0.0000521 LA 

368 0.103 1.350 0.036 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0198 2610 3.2 0.00000597 LA 

369 0.110 1.460 0.033 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0198 2610 3.5 0.0000159 LA 

370 0.113 1.550 0.030 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0198 2610 3.5 0.0000306 LA 

371 0.121 1.550 0.032 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0198 2610 3.8 0.0000822 LA 

372 0.103 1.420 0.033 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0198 2610 3.2 0.00000147 LA 

373 0.113 1.460 0.034 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0198 2610 3.5 0.0000121 LA 

374 0.116 1.550 0.031 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0198 2610 3.6 0.0000266 LA 
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375 0.123 1.550 0.033 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0198 2610 3.9 0.0000433 LA 

376 0.110 1.770 0.023 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0198 2610 3.5 0.00000106 LA 

377 0.121 1.650 0.028 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0198 2610 3.8 0.00000742 LA 

378 0.128 1.770 0.026 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0198 2610 4.0 0.0000149 LA 

379 0.133 1.770 0.027 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0198 2610 4.2 0.0000139 LA 

380 0.140 1.650 0.033 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0198 2610 4.4 0.0000175 LA 

381 0.145 1.770 0.030 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0198 2610 4.5 0.0000176 LA 

382 0.104 2.130 0.015 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0198 2610 3.3 0.00000751 LA 

383 0.111 2.130 0.016 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0198 2610 3.5 0.0000184 LA 

384 0.124 2.130 0.018 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0198 2610 3.9 0.0000285 LA 

385 0.117 1.510 0.033 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0198 2610 3.7 0.0000015 LA 

386 0.132 1.550 0.035 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0198 2610 4.1 0.00000685 LA 

387 0.143 1.650 0.034 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0198 2610 4.5 0.0000192 LA 

388 0.139 1.650 0.033 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0198 2610 4.4 0.0000301 LA 

389 0.115 1.460 0.035 1.250 1.250 0.170 0.300 -0.040 0.310 0.340 0.0198 2610 3.6 0.00000206 LA 

390 0.124 1.460 0.037 1.250 1.250 0.170 0.300 -0.040 0.310 0.340 0.0198 2610 3.9 0.00000434 LA 

391 0.130 1.550 0.035 1.250 1.250 0.170 0.300 -0.040 0.310 0.340 0.0198 2610 4.1 0.0000149 LA 

392 0.131 1.650 0.031 1.250 1.250 0.170 0.300 -0.040 0.310 0.340 0.0198 2610 4.1 0.0000301 LA 

393 0.110 1.380 0.037 1.250 1.250 0.140 0.400 -0.040 0.310 0.340 0.0198 2610 3.5 0.00000346 LA 

394 0.118 1.460 0.035 1.250 1.250 0.140 0.400 -0.040 0.310 0.340 0.0198 2610 3.7 0.00000435 LA 

395 0.125 1.650 0.029 1.250 1.250 0.140 0.400 -0.040 0.310 0.340 0.0198 2610 3.9 0.0000263 LA 



APPENDIX E 

231 

 

396 0.137 1.650 0.032 1.250 1.250 0.140 0.400 -0.040 0.310 0.340 0.0198 2610 4.3 0.0000551 LA 

397 0.105 1.420 0.033 1.250 1.250 0.110 0.400 -0.040 0.170 0.340 0.0323 2630 2.0 0.0000034 LA 

398 0.112 1.420 0.036 1.250 1.250 0.110 0.400 -0.040 0.170 0.340 0.0323 2630 2.1 0.0000119 LA 

399 0.114 1.420 0.036 1.250 1.250 0.110 0.400 -0.040 0.170 0.340 0.0323 2630 2.2 0.0000199 LA 

400 0.124 1.460 0.037 1.250 1.250 0.110 0.400 -0.040 0.170 0.340 0.0323 2630 2.4 0.0000593 LA 

401 0.106 1.420 0.034 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0323 2630 2.0 0.00000166 LA 

402 0.112 1.510 0.031 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0323 2630 2.1 0.00000337 LA 

403 0.115 1.420 0.037 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0323 2630 2.2 0.00000777 LA 

404 0.123 1.510 0.035 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0323 2630 2.3 0.0000211 LA 

405 0.125 1.510 0.035 1.250 1.250 0.110 0.400 -0.040 0.240 0.340 0.0323 2630 2.4 0.0000242 LA 

406 0.111 1.420 0.035 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0323 2630 2.1 0.00000202 LA 

407 0.126 1.420 0.040 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0323 2630 2.4 0.00000405 LA 

408 0.128 1.510 0.036 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0323 2630 2.4 0.00000352 LA 

409 0.126 1.600 0.032 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0323 2630 2.4 0.00000976 LA 

410 0.132 1.650 0.031 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0323 2630 2.5 0.0000222 LA 

411 0.149 1.650 0.035 1.250 1.250 0.110 0.400 -0.040 0.310 0.340 0.0323 2630 2.8 0.0000658 LA 

412 0.144 1.420 0.046 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0323 2630 2.7 0.00000137 LA 

413 0.126 1.710 0.028 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0323 2630 2.4 0.0000115 LA 

414 0.138 1.710 0.030 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0323 2630 2.6 0.0000176 LA 

415 0.137 1.770 0.028 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0323 2630 2.6 0.000038 LA 

416 0.117 2.050 0.018 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0323 2630 2.2 0.00000366 LA 
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417 0.129 2.050 0.020 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0323 2630 2.5 0.0000103 LA 

418 0.128 2.130 0.018 1.250 1.250 0.170 0.500 -0.040 0.310 0.340 0.0323 2630 2.4 0.0000278 LA 

419 0.125 1.510 0.035 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0323 2630 2.4 0.000002 LA 

420 0.128 1.600 0.032 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0323 2630 2.4 0.00000686 LA 

421 0.140 1.600 0.035 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0323 2630 2.7 0.0000219 LA 

422 0.150 1.650 0.035 1.250 1.250 0.170 0.400 -0.040 0.310 0.340 0.0323 2630 2.8 0.0000721 LA 

423 0.111 1.420 0.035 1.250 1.250 0.170 0.300 -0.040 0.310 0.340 0.0323 2630 2.1 0.00000171 LA 

424 0.120 1.420 0.038 1.250 1.250 0.170 0.300 -0.040 0.310 0.340 0.0323 2630 2.3 0.00000702 LA 

425 0.128 1.600 0.032 1.250 1.250 0.170 0.300 -0.040 0.310 0.340 0.0323 2630 2.4 0.0000202 LA 

426 0.137 1.600 0.034 1.250 1.250 0.170 0.300 -0.040 0.310 0.340 0.0323 2630 2.6 0.0000509 LA 

427 0.131 1.510 0.037 1.250 1.250 0.140 0.400 -0.040 0.310 0.340 0.0323 2630 2.5 0.0000106 LA 

428 0.139 1.600 0.035 1.250 1.250 0.140 0.400 -0.040 0.310 0.340 0.0323 2630 2.6 0.0000219 LA 

429 0.150 1.650 0.035 1.250 1.250 0.140 0.400 -0.040 0.310 0.340 0.0323 2630 2.8 0.0000725 LA 

430 0.090 1.380 0.030 1.250 1.250 0.110 0.400 -0.040 0.170 0.240 0.0198 2610 2.8 0.00000122 LA 

431 0.101 1.460 0.030 1.250 1.250 0.110 0.400 -0.040 0.170 0.240 0.0198 2610 3.2 0.0000067 LA 

432 0.110 1.420 0.035 1.250 1.250 0.110 0.400 -0.040 0.170 0.240 0.0198 2610 3.5 0.0000119 LA 

433 0.107 1.380 0.036 1.250 1.250 0.110 0.400 -0.040 0.170 0.240 0.0198 2610 3.4 0.0000222 LA 

434 0.113 1.510 0.032 1.250 1.250 0.110 0.400 -0.040 0.170 0.240 0.0198 2610 3.5 0.0000465 LA 

435 0.101 1.380 0.034 1.250 1.250 0.110 0.400 -0.040 0.240 0.240 0.0198 2610 3.2 0.00000268 LA 

436 0.106 1.420 0.034 1.250 1.250 0.110 0.400 -0.040 0.240 0.240 0.0198 2610 3.3 0.00000354 LA 

437 0.113 1.420 0.036 1.250 1.250 0.110 0.400 -0.040 0.240 0.240 0.0198 2610 3.5 0.0000121 LA 
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438 0.115 1.510 0.032 1.250 1.250 0.110 0.400 -0.040 0.240 0.240 0.0198 2610 3.6 0.0000159 LA 

439 0.119 1.510 0.033 1.250 1.250 0.110 0.400 -0.040 0.240 0.240 0.0198 2610 3.7 0.0000381 LA 

440 0.107 1.420 0.034 1.250 1.250 0.110 0.400 -0.040 0.310 0.240 0.0198 2610 3.4 0.00000364 LA 

441 0.116 1.420 0.037 1.250 1.250 0.110 0.400 -0.040 0.310 0.240 0.0198 2610 3.6 0.00000935 LA 

442 0.118 1.600 0.030 1.250 1.250 0.110 0.400 -0.040 0.310 0.240 0.0198 2610 3.7 0.00000946 LA 

443 0.124 1.600 0.031 1.250 1.250 0.110 0.400 -0.040 0.310 0.240 0.0198 2610 3.9 0.0000195 LA 

444 0.130 1.600 0.033 1.250 1.250 0.110 0.400 -0.040 0.310 0.240 0.0198 2610 4.1 0.0000395 LA 

445 0.109 1.710 0.024 1.250 1.250 0.170 0.500 -0.040 0.310 0.240 0.0198 2610 3.4 0.00000151 LA 

446 0.118 1.710 0.026 1.250 1.250 0.170 0.500 -0.040 0.310 0.240 0.0198 2610 3.7 0.00000295 LA 

447 0.123 1.710 0.027 1.250 1.250 0.170 0.500 -0.040 0.310 0.240 0.0198 2610 3.9 0.00000309 LA 

448 0.131 1.710 0.029 1.250 1.250 0.170 0.500 -0.040 0.310 0.240 0.0198 2610 4.1 0.00000638 LA 

449 0.134 1.710 0.029 1.250 1.250 0.170 0.500 -0.040 0.310 0.240 0.0198 2610 4.2 0.00000482 LA 

450 0.095 1.970 0.016 1.250 1.250 0.170 0.500 -0.040 0.310 0.240 0.0198 2610 3.0 0.00000248 LA 

451 0.104 2.050 0.016 1.250 1.250 0.170 0.500 -0.040 0.310 0.240 0.0198 2610 3.3 0.000013 LA 

452 0.110 2.050 0.017 1.250 1.250 0.170 0.500 -0.040 0.310 0.240 0.0198 2610 3.5 0.0000115 LA 

453 0.119 2.050 0.018 1.250 1.250 0.170 0.500 -0.040 0.310 0.240 0.0198 2610 3.7 0.0000142 LA 

454 0.130 2.050 0.020 1.250 1.250 0.170 0.500 -0.040 0.310 0.240 0.0198 2610 4.1 0.0000236 LA 

455 0.122 1.460 0.037 1.250 1.250 0.170 0.400 -0.040 0.310 0.240 0.0198 2610 3.8 0.00000144 LA 

456 0.126 1.600 0.032 1.250 1.250 0.170 0.400 -0.040 0.310 0.240 0.0198 2610 4.0 0.00000417 LA 

457 0.132 1.650 0.031 1.250 1.250 0.170 0.400 -0.040 0.310 0.240 0.0198 2610 4.1 0.00000578 LA 

458 0.115 1.510 0.032 1.250 1.250 0.170 0.300 -0.040 0.310 0.240 0.0198 2610 3.6 0.00000115 LA 



APPENDIX E 

234 

 

459 0.125 1.600 0.031 1.250 1.250 0.170 0.300 -0.040 0.310 0.240 0.0198 2610 3.9 0.00000679 LA 

460 0.130 1.710 0.029 1.250 1.250 0.170 0.300 -0.040 0.310 0.240 0.0198 2610 4.1 0.00000874 LA 

461 0.109 1.420 0.035 1.250 1.250 0.140 0.400 -0.040 0.310 0.240 0.0198 2610 3.4 0.00000122 LA 

462 0.117 1.510 0.033 1.250 1.250 0.140 0.400 -0.040 0.310 0.240 0.0198 2610 3.7 0.00000518 LA 

463 0.125 1.600 0.031 1.250 1.250 0.140 0.400 -0.040 0.310 0.240 0.0198 2610 3.9 0.00000577 LA 

464 0.129 1.600 0.032 1.250 1.250 0.140 0.400 -0.040 0.310 0.240 0.0198 2610 4.0 0.0000154 LA 

465 0.050 0.980 0.033 1.250 1.250 0.060 0.210 -0.020 0.090 0.230 0.0103 2580 3.1 0.00000268 LA 

466 0.053 1.070 0.030 1.250 1.250 0.060 0.210 -0.020 0.090 0.230 0.0103 2580 3.3 0.0000104 LA 

467 0.058 1.090 0.031 1.250 1.250 0.060 0.210 -0.020 0.160 0.230 0.0103 2580 3.6 0.00000281 LA 

468 0.060 1.140 0.030 1.250 1.250 0.060 0.210 -0.020 0.160 0.230 0.0103 2580 3.7 0.00000447 LA 

469 0.063 1.140 0.031 1.250 1.250 0.060 0.210 -0.020 0.160 0.230 0.0103 2580 3.9 0.00000853 LA 

470 0.064 1.140 0.032 1.250 1.250 0.060 0.210 -0.020 0.160 0.230 0.0103 2580 3.9 0.0000178 LA 

471 0.067 1.160 0.032 1.250 1.250 0.090 0.210 -0.020 0.160 0.230 0.0103 2580 4.1 0.00000119 LA 

472 0.070 1.190 0.032 1.250 1.250 0.090 0.210 -0.020 0.160 0.230 0.0103 2580 4.3 0.00000424 LA 

473 0.073 1.220 0.031 1.250 1.250 0.090 0.210 -0.020 0.160 0.230 0.0103 2580 4.5 0.0000122 LA 

474 0.057 1.090 0.031 1.250 1.250 0.090 0.210 -0.020 0.090 0.230 0.0103 2580 3.5 0.00000149 LA 

475 0.062 1.110 0.032 1.250 1.250 0.090 0.210 -0.020 0.090 0.230 0.0103 2580 3.8 0.00000332 LA 

476 0.064 1.140 0.032 1.250 1.250 0.090 0.210 -0.020 0.090 0.230 0.0103 2580 3.9 0.0000103 LA 

477 0.055 1.000 0.035 1.250 1.250 0.070 0.210 -0.020 0.090 0.230 0.0103 2580 3.4 0.00000207 LA 

478 0.059 1.140 0.029 1.250 1.250 0.070 0.210 -0.020 0.090 0.230 0.0103 2580 3.6 0.00000598 LA 

479 0.062 1.110 0.032 1.250 1.250 0.070 0.210 -0.020 0.090 0.230 0.0103 2580 3.8 0.0000143 LA 
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480 0.061 1.110 0.032 1.250 1.250 0.060 0.340 -0.020 0.120 0.230 0.0103 2580 3.7 0.00000169 LA 

481 0.069 1.140 0.034 1.250 1.250 0.060 0.340 -0.020 0.120 0.230 0.0103 2580 4.2 0.00000653 LA 

482 0.063 1.220 0.027 1.250 1.250 0.090 0.260 -0.020 0.160 0.230 0.0103 2580 3.9 0.00000111 LA 

483 0.067 1.250 0.027 1.250 1.250 0.090 0.260 -0.020 0.160 0.230 0.0103 2580 4.1 0.00000218 LA 

484 0.074 1.220 0.032 1.250 1.250 0.090 0.260 -0.020 0.160 0.230 0.0103 2580 4.5 0.00000254 LA 

485 0.058 1.460 0.017 1.250 1.250 0.090 0.260 -0.020 0.160 0.230 0.0103 2580 3.6 0.00000262 LA 

486 0.063 1.510 0.018 1.250 1.250 0.090 0.260 -0.020 0.160 0.230 0.0103 2580 3.9 0.00000637 LA 

487 0.126 2.048 0.019 1.100 1.100 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.3 0.0001043 BC 

488 0.156 2.487 0.016 1.100 1.100 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.8 0.000458729 BC 

489 0.162 2.901 0.012 1.100 1.100 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.9 0.000636029 BC 

490 0.115 1.832 0.022 1.100 1.100 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.1 1.54763E-05 BC 

491 0.157 2.048 0.024 1.100 1.100 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.8 0.000238574 BC 

492 0.150 2.321 0.018 1.100 1.100 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.7 0.000324344 BC 

493 0.123 1.678 0.028 1.100 1.100 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.2 5.37082E-05 BC 

494 0.141 1.896 0.025 1.100 1.100 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.6 0.000170213 BC 

495 0.145 1.583 0.037 1.100 1.100 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.6 2.14755E-05 BC 

496 0.122 2.901 0.009 1.100 1.100 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.2 0.000134705 BC 

497 0.130 2.321 0.015 1.500 1.500 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.3 8.95578E-05 BC 

498 0.148 2.579 0.014 1.500 1.500 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.7 0.000233419 BC 

499 0.128 2.018 0.020 1.500 1.500 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.3 4.71764E-05 BC 

500 0.152 2.321 0.018 1.500 1.500 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.8 0.000223935 BC 
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501 0.122 1.707 0.027 1.500 1.500 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.2 1.01149E-05 BC 

502 0.148 1.870 0.027 1.500 1.500 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.7 0.000126324 BC 

503 0.145 1.534 0.040 1.500 1.500 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.6 3.29359E-05 BC 

504 0.126 2.905 0.010 1.500 1.500 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.3 0.00014646 BC 

505 0.131 2.276 0.016 1.500 1.500 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.4 4.66804E-05 BC 

506 0.155 2.528 0.016 1.500 1.500 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.8 0.000214989 BC 

507 0.133 2.101 0.019 1.500 1.500 0.190 0.200 -0.040 0.200 0.340 0.0317 2743 2.4 4.32755E-05 BC 

508 0.131 2.354 0.015 1.100 1.100 0.190 0.200 -0.070 0.200 0.340 0.0317 2743 2.4 0.000014708 BC 

509 0.128 2.905 0.010 1.100 1.100 0.190 0.200 -0.070 0.200 0.340 0.0317 2743 2.3 2.09241E-05 BC 

510 0.157 1.652 0.037 1.500 1.500 0.200 0.250 -0.100 0.126 0.400 0.0332 3034 2.3 0.0000126 EO 16 

511 0.184 1.707 0.040 1.500 1.500 0.200 0.250 -0.100 0.126 0.400 0.0332 3034 2.7 0.0000961 EO 16 

512 0.209 1.766 0.043 1.500 1.500 0.200 0.250 -0.100 0.126 0.400 0.0332 3034 3.1 0.00029 EO 16 

513 0.129 2.133 0.018 1.500 1.500 0.200 0.250 -0.100 0.126 0.400 0.0332 3034 1.9 0.00000676 EO 16 

514 0.145 2.133 0.020 1.500 1.500 0.200 0.250 -0.100 0.126 0.400 0.0332 3034 2.1 0.0000407 EO 16 

515 0.133 1.506 0.038 1.500 1.500 0.200 0.250 -0.100 0.126 0.400 0.040 3034 1.6 0.00000325 EO 16 

516 0.159 1.600 0.040 1.500 1.500 0.200 0.250 -0.100 0.126 0.400 0.040 3034 2.0 0.0000328 EO 16 

517 0.181 1.766 0.037 1.500 1.500 0.200 0.250 -0.100 0.126 0.400 0.040 3034 2.2 0.00016 EO 16 

518 0.128 2.133 0.018 1.500 1.500 0.200 0.250 -0.100 0.126 0.400 0.040 3034 1.6 0.00000189 EO 16 

519 0.143 2.133 0.020 1.500 1.500 0.200 0.250 -0.100 0.126 0.400 0.040 3034 1.8 0.0000564 EO 16 

520 0.163 1.600 0.041 1.500 1.500 0.265 0.250 -0.100 0.070 0.400 0.040 3034 2.0 0.0000028 EO 16 

521 0.182 1.766 0.037 1.500 1.500 0.265 0.250 -0.100 0.070 0.400 0.040 3034 2.2 0.00002 EO 16 
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522 0.206 1.766 0.042 1.500 1.500 0.265 0.250 -0.100 0.070 0.400 0.040 3034 2.5 0.00014 EO 16 

523 0.148 2.133 0.021 1.500 1.500 0.265 0.250 -0.100 0.070 0.400 0.040 3034 1.8 0.000016 EO 16 

524 0.165 2.226 0.021 1.500 1.500 0.265 0.250 -0.100 0.070 0.400 0.040 3034 2.0 0.000079 EO 16 

525 0.077 1.807 0.015 1.300 2.250 0.122 0.250 -0.022 0.108 0.545 0.023 2840 2.1 0.000001207 EO 16 

526 0.077 2.066 0.012 1.300 2.250 0.122 0.250 -0.022 0.108 0.545 0.023 2840 2.1 0.000001747 EO 16 

527 0.075 2.582 0.007 1.300 2.250 0.122 0.250 -0.022 0.108 0.545 0.023 2840 2.1 0.000005416 EO 16 

528 0.085 1.549 0.023 1.300 2.250 0.122 0.250 -0.022 0.108 0.545 0.023 2840 2.1 0.00000131 EO 16 

529 0.077 2.066 0.012 1.300 2.250 0.122 0.250 -0.022 0.108 0.545 0.023 3034 2.1 0.0000126 EO 16 

530 0.074 2.582 0.007 1.300 2.250 0.122 0.250 -0.022 0.108 0.545 0.023 3034 2.1 0.0000961 EO 16 

531 0.076 2.582 0.007 1.300 2.250 0.132 0.250 -0.032 0.108 0.535 0.023 3034 2.1 0.00029 EO 16 

532 0.073 2.582 0.007 1.300 2.250 0.132 0.250 -0.032 0.108 0.535 0.023 3034 2.1 0.00000676 EO 16 

533 0.094 1.549 0.025 1.300 2.250 0.132 0.250 -0.032 0.108 0.535 0.023 3034 2.1 0.0000407 EO 16 

534 0.097 1.549 0.026 1.300 2.250 0.132 0.250 -0.032 0.108 0.535 0.023 3034 2.1 0.00000325 EO 16 

535 0.089 2.066 0.013 1.300 2.250 0.132 0.250 -0.032 0.108 0.535 0.023 3034 2.1 0.0000328 EO 16 

 

 

 



APPENDIX E 

238 

 

Table E.3 Data from the present study 

Sl no 
Hm0 Tp 

s0p cotαu cotαd 
Rc B hb Gc h Dn50 ρs H0 q 

Reference 
(m) (s) (m) (m) (m) (m) (m) (m) (kg/m3) - (m3/m/s) 

1 0.157 1.59 0.040 1.500 1.500 0.100 0.450 -0.0405 0.200 0.45 0.032 2864 2.6 8.0763E-05 KKP 

2 0.137 1.38 0.046 1.500 1.500 0.100 0.450 -0.0405 0.200 0.45 0.032 2864 2.3 1.39465E-05 KKP 

3 0.118 1.79 0.024 1.500 1.500 0.100 0.450 -0.0405 0.200 0.45 0.032 2864 2.0 0.000152441 KKP 

4 0.133 1.58 0.034 1.500 1.500 0.100 0.450 -0.0405 0.200 0.45 0.032 2864 2.2 1.55601E-05 KKP 

5 0.125 1.23 0.053 1.500 1.500 0.100 0.450 -0.0405 0.200 0.45 0.032 2864 2.1 2.20929E-06 KKP 

6 0.106 1.57 0.027 1.500 1.500 0.100 0.450 -0.0405 0.200 0.45 0.032 2864 1.8 5.347E-05 KKP 

7 0.127 1.38 0.043 1.500 1.500 0.100 0.450 -0.0405 0.200 0.45 0.032 2864 2.1 6.19372E-06 KKP 

8 0.116 1.57 0.030 1.500 1.500 0.100 0.450 -0.0405 0.200 0.45 0.032 2864 1.9 6.68466E-06 KKP 

9 0.094 1.84 0.018 1.500 1.500 0.100 0.450 -0.0405 0.200 0.45 0.032 2864 1.6 2.0556E-05 KKP 

10 0.093 1.57 0.024 1.500 1.500 0.100 0.450 -0.0405 0.200 0.45 0.032 2864 1.6 1.19477E-05 KKP 

11 0.076 1.57 0.020 1.500 1.500 0.100 0.450 -0.0405 0.200 0.45 0.032 2864 1.3 2.3091E-06 KKP 

12 0.075 1.50 0.021 1.500 1.500 0.100 0.450 0.0250 0.200 0.45 0.032 2864 1.3 2.88637E-06 KKP 

13 0.116 1.50 0.033 1.500 1.500 0.100 0.450 0.0250 0.200 0.45 0.032 2864 1.9 1.21228E-05 KKP 

14 0.094 1.76 0.019 1.500 1.500 0.100 0.450 0.0250 0.200 0.45 0.032 2864 1.6 2.97484E-05 KKP 

15 0.095 1.50 0.027 1.500 1.500 0.100 0.450 0.0250 0.200 0.45 0.032 2864 1.6 2.04818E-05 KKP 

16 0.130 1.70 0.029 1.500 1.500 0.100 0.450 0.0250 0.200 0.45 0.032 2864 2.2 3.42149E-05 KKP 

17 0.110 1.57 0.029 1.500 1.500 0.100 0.450 0.0250 0.200 0.45 0.032 2864 1.8 6.56496E-05 KKP 
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18 0.129 1.34 0.046 1.500 1.500 0.100 0.450 0.0250 0.200 0.45 0.032 2864 2.2 1.10271E-05 KKP 

19 0.138 1.34 0.050 1.500 1.500 0.100 0.450 0.0250 0.200 0.45 0.032 2864 2.3 1.95251E-05 KKP 

20 0.134 1.58 0.034 1.500 1.500 0.100 0.450 0.0250 0.200 0.45 0.032 2864 2.2 9.26079E-05 KKP 

21 0.152 1.38 0.051 1.500 1.500 0.100 0.450 0.0250 0.200 0.45 0.032 2864 2.6 3.35402E-05 KKP 

22 0.073 1.57 0.019 1.500 1.500 0.100 0.450 0.000 0.200 0.45 0.032 2864 1.2 2.88637E-06 KKP 

23 0.094 1.80 0.018 1.500 1.500 0.100 0.450 0.000 0.200 0.45 0.032 2864 1.6 2.63538E-05 KKP 

24 0.114 1.56 0.030 1.500 1.500 0.100 0.450 0.000 0.200 0.45 0.032 2864 1.9 7.88991E-06 KKP 

25 0.092 1.57 0.024 1.500 1.500 0.100 0.450 0.000 0.200 0.45 0.032 2864 1.5 1.30229E-05 KKP 

26 0.124 1.23 0.053 1.500 1.500 0.100 0.450 0.000 0.200 0.45 0.032 2864 2.1 1.48675E-06 KKP 

27 0.130 1.57 0.034 1.500 1.500 0.100 0.450 0.000 0.200 0.45 0.032 2864 2.2 1.95159E-05 KKP 

28 0.111 1.57 0.029 1.500 1.500 0.100 0.450 0.000 0.200 0.45 0.032 2864 1.9 5.24067E-05 KKP 

29 0.126 1.37 0.043 1.500 1.500 0.100 0.450 0.000 0.200 0.45 0.032 2864 2.1 5.51356E-06 KKP 

30 0.136 1.38 0.046 1.500 1.500 0.100 0.450 0.000 0.200 0.45 0.032 2864 2.3 1.18546E-05 KKP 

31 0.154 1.57 0.040 1.500 1.500 0.100 0.450 0.000 0.200 0.45 0.032 2864 2.6 5.46966E-05 KKP 

32 0.151 1.38 0.051 1.500 1.500 0.100 0.450 0.000 0.200 0.45 0.032 2864 2.5 1.74151E-05 KKP 

33 0.092 1.84 0.017 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 1.5 2.10831E-06 KKP 

34 0.089 1.57 0.023 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 1.5 3.41774E-06 KKP 

35 0.112 1.57 0.029 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 1.9 1.21852E-06 KKP 

36 0.107 1.90 0.019 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 1.8 2.24672E-05 KKP 

37 0.104 1.80 0.021 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 1.7 1.26498E-05 KKP 

38 0.102 1.57 0.026 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 1.7 9.02697E-06 KKP 
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39 0.123 1.57 0.032 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 2.1 3.15192E-06 KKP 

40 0.121 1.37 0.041 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 2.0 1.38343E-06 KKP 

41 0.119 1.79 0.024 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 2.0 3.50904E-05 KKP 

42 0.152 1.57 0.039 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 2.5 1.35419E-05 KKP 

43 0.149 1.38 0.050 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 2.5 3.22502E-06 KKP 

44 0.131 1.38 0.044 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 2.2 2.7852E-06 KKP 

45 0.134 1.96 0.022 1.500 1.500 0.155 0.450 -0.025 0.200 0.400 0.032 2864 2.2 2.15386E-05 KKP 

46 0.104 1.90 0.018 1.500 1.500 0.155 0.450 -0.025 0.200 0.400 0.032 2864 1.8 6.83784E-06 KKP 

47 0.105 1.88 0.019 1.500 1.500 0.155 0.450 -0.025 0.200 0.400 0.032 2864 1.8 2.63538E-06 KKP 

48 0.074 1.57 0.019 1.500 1.500 0.100 0.450 -0.025 0.200 0.45 0.032 2864 1.2 1.15455E-06 KKP 

49 0.116 1.56 0.030 1.500 1.500 0.100 0.450 -0.025 0.200 0.45 0.032 2864 1.9 6.69326E-06 KKP 

50 0.093 1.57 0.024 1.500 1.500 0.100 0.450 -0.025 0.200 0.45 0.032 2864 1.6 9.11398E-06 KKP 

51 0.096 1.84 0.018 1.500 1.500 0.100 0.450 -0.025 0.200 0.45 0.032 2864 1.6 1.52852E-05 KKP 

52 0.124 1.37 0.042 1.500 1.500 0.100 0.450 -0.025 0.200 0.45 0.032 2864 2.1 3.44096E-06 KKP 

53 0.132 1.57 0.034 1.500 1.500 0.100 0.450 -0.025 0.200 0.45 0.032 2864 2.2 1.07022E-05 KKP 

54 0.108 1.57 0.028 1.500 1.500 0.100 0.450 -0.025 0.200 0.45 0.032 2864 1.8 2.90635E-05 KKP 

55 0.136 1.38 0.046 1.500 1.500 0.100 0.450 -0.025 0.200 0.45 0.032 2864 2.3 9.0519E-06 KKP 

56 0.157 1.57 0.041 1.500 1.500 0.100 0.450 -0.025 0.200 0.45 0.032 2864 2.6 5.22402E-05 KKP 

57 0.098 1.19 0.045 1.500 1.500 0.080 0.450 0.050 0.200 0.475 0.032 2864 1.6 1.11858E-05 KKP 

58 0.103 1.45 0.031 1.500 1.500 0.080 0.450 0.050 0.200 0.475 0.032 2864 1.7 1.19862E-05 KKP 

59 0.081 1.18 0.037 1.500 1.500 0.080 0.450 0.050 0.200 0.475 0.032 2864 1.4 2.98289E-06 KKP 
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60 0.084 1.45 0.026 1.500 1.500 0.080 0.450 0.050 0.200 0.475 0.032 2864 1.4 5.16708E-06 KKP 

61 0.089 1.94 0.015 1.500 1.500 0.180 0.250 -0.050 0.200 0.375 0.032 2864 1.5 1.06006E-06 KKP 

62 0.108 1.97 0.018 1.500 1.500 0.180 0.250 -0.050 0.200 0.375 0.032 2864 1.8 1.95367E-06 KKP 

63 0.101 1.94 0.017 1.500 1.500 0.180 0.250 -0.050 0.200 0.375 0.032 2864 1.7 2.10831E-06 KKP 

64 0.102 1.61 0.025 1.500 1.500 0.180 0.250 -0.050 0.200 0.375 0.032 2864 1.7 2.24336E-06 KKP 

65 0.103 1.94 0.017 1.500 1.500 0.180 0.250 -0.075 0.200 0.375 0.032 2864 1.7 1.05415E-06 KKP 

66 0.113 1.97 0.018 1.500 1.500 0.180 0.250 -0.075 0.200 0.375 0.032 2864 1.9 2.9305E-06 KKP 

67 0.104 1.98 0.017 1.500 1.500 0.180 0.250 -0.025 0.200 0.375 0.032 2864 1.7 3.41539E-06 KKP 

68 0.101 1.66 0.023 1.500 1.500 0.155 0.250 0.000 0.200 0.4 0.032 2864 1.7 1.23238E-05 KKP 

69 0.117 1.58 0.030 1.500 1.500 0.155 0.250 0.000 0.200 0.4 0.032 2864 2.0 3.78735E-06 KKP 

70 0.125 1.37 0.042 1.500 1.500 0.155 0.250 0.000 0.200 0.4 0.032 2864 2.1 2.75678E-06 KKP 

71 0.105 1.97 0.017 1.500 1.500 0.155 0.250 0.000 0.200 0.4 0.032 2864 1.8 2.14682E-05 KKP 

72 0.087 1.76 0.018 1.500 1.500 0.155 0.250 0.000 0.200 0.4 0.032 2864 1.5 3.68953E-06 KKP 

73 0.106 1.38 0.036 1.500 1.500 0.155 0.250 0.000 0.200 0.4 0.032 2864 1.8 1.36054E-06 KKP 

74 0.109 1.97 0.018 1.500 1.500 0.155 0.250 -0.025 0.200 0.4 0.032 2864 1.8 1.7583E-05 KKP 

75 0.099 1.60 0.025 1.500 1.500 0.155 0.250 -0.025 0.200 0.4 0.032 2864 1.7 8.4527E-06 KKP 

76 0.119 1.59 0.030 1.500 1.500 0.155 0.250 -0.025 0.200 0.4 0.032 2864 2.0 1.25909E-06 KKP 

77 0.128 1.60 0.032 1.500 1.500 0.155 0.250 -0.025 0.200 0.4 0.032 2864 2.1 2.98854E-06 KKP 

78 0.089 1.89 0.016 1.500 1.500 0.155 0.250 -0.025 0.200 0.4 0.032 2864 1.5 1.57771E-06 KKP 

79 0.148 1.59 0.037 1.500 1.500 0.155 0.250 -0.025 0.200 0.4 0.032 2864 2.5 9.42042E-06 KKP 

80 0.139 1.38 0.046 1.500 1.500 0.155 0.250 -0.025 0.200 0.4 0.032 2864 2.3 5.81296E-06 KKP 
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81 0.129 1.38 0.043 1.500 1.500 0.155 0.250 -0.025 0.200 0.4 0.032 2864 2.2 3.48663E-06 KKP 

82 0.101 1.61 0.025 1.500 1.500 0.155 0.250 -0.050 0.200 0.4 0.032 2864 1.7 6.20604E-06 KKP 

83 0.108 1.97 0.018 1.500 1.500 0.155 0.250 -0.050 0.200 0.4 0.032 2864 1.8 1.26857E-05 KKP 

84 0.128 1.39 0.042 1.500 1.500 0.155 0.250 -0.050 0.200 0.4 0.032 2864 2.1 2.08276E-06 KKP 

85 0.142 1.39 0.047 1.500 1.500 0.155 0.250 -0.050 0.200 0.4 0.032 2864 2.4 3.87002E-06 KKP 

86 0.091 1.93 0.016 1.500 1.500 0.155 0.250 -0.050 0.200 0.4 0.032 2864 1.5 1.05415E-06 KKP 

87 0.102 1.61 0.025 1.500 1.500 0.155 0.250 -0.075 0.200 0.4 0.032 2864 1.7 2.81421E-06 KKP 

88 0.116 1.66 0.027 1.500 1.500 0.130 0.250 0.000 0.200 0.425 0.032 2864 1.9 1.14287E-05 KKP 

89 0.113 1.37 0.039 1.500 1.500 0.130 0.250 0.000 0.200 0.425 0.032 2864 1.9 2.71717E-06 KKP 

90 0.094 1.88 0.017 1.500 1.500 0.130 0.250 0.000 0.200 0.425 0.032 2864 1.6 1.47581E-05 KKP 

91 0.126 1.58 0.032 1.500 1.500 0.130 0.250 0.000 0.200 0.425 0.032 2864 2.1 1.14872E-05 KKP 

92 0.123 1.38 0.042 1.500 1.500 0.130 0.250 0.000 0.200 0.425 0.032 2864 2.1 1.17163E-05 KKP 

93 0.121 1.24 0.050 1.500 1.500 0.130 0.250 0.000 0.200 0.425 0.032 2864 2.0 5.95638E-06 KKP 

94 0.135 1.38 0.046 1.500 1.500 0.130 0.250 0.000 0.200 0.425 0.032 2864 2.3 2.29779E-05 KKP 

95 0.148 1.38 0.049 1.500 1.500 0.130 0.250 0.000 0.200 0.425 0.032 2864 2.5 4.06352E-05 KKP 

96 0.114 1.58 0.029 1.500 1.500 0.130 0.250 0.000 0.200 0.425 0.032 2864 1.9 4.25935E-06 KKP 

97 0.098 1.89 0.018 1.500 1.500 0.130 0.250 0.000 0.200 0.425 0.032 2864 1.6 1.10686E-05 KKP 

98 0.113 1.67 0.026 1.500 1.500 0.130 0.250 0.025 0.200 0.425 0.032 2864 1.9 7.92041E-06 KKP 

99 0.091 1.75 0.019 1.500 1.500 0.130 0.250 0.025 0.200 0.425 0.032 2864 1.5 1.89536E-05 KKP 

100 0.123 1.68 0.028 1.500 1.500 0.130 0.250 0.025 0.200 0.425 0.032 2864 2.1 2.64408E-05 KKP 

101 0.103 1.67 0.024 1.500 1.500 0.130 0.250 0.025 0.200 0.425 0.032 2864 1.7 5.87757E-05 KKP 
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102 0.116 1.62 0.028 1.500 1.500 0.105 0.250 -0.025 0.200 0.45 0.032 2864 1.9 2.54905E-05 KKP 

103 0.119 1.39 0.039 1.500 1.500 0.105 0.250 -0.025 0.200 0.45 0.032 2864 2.0 1.49659E-05 KKP 

104 0.110 1.24 0.046 1.500 1.500 0.105 0.250 -0.025 0.200 0.45 0.032 2864 1.8 5.93768E-06 KKP 

105 0.125 1.39 0.042 1.500 1.500 0.105 0.250 -0.025 0.200 0.45 0.032 2864 2.1 4.34193E-05 KKP 

106 0.108 1.24 0.045 1.500 1.500 0.105 0.250 0.000 0.200 0.45 0.032 2864 1.8 8.19002E-06 KKP 

107 0.117 1.38 0.040 1.500 1.500 0.105 0.250 0.000 0.200 0.45 0.032 2864 2.0 1.96712E-05 KKP 

108 0.074 1.57 0.019 1.500 1.500 0.105 0.250 0.000 0.200 0.45 0.032 2864 1.2 1.21376E-05 KKP 

109 0.100 1.38 0.034 1.500 1.500 0.105 0.250 0.000 0.200 0.45 0.032 2864 1.7 5.32718E-06 KKP 

110 0.094 1.23 0.039 1.500 1.500 0.105 0.250 0.000 0.200 0.45 0.032 2864 1.6 3.72861E-06 KKP 

111 0.115 1.59 0.029 1.500 1.500 0.105 0.250 0.000 0.200 0.45 0.032 2864 1.9 1.87662E-05 KKP 

112 0.094 1.88 0.017 1.500 1.500 0.105 0.250 0.000 0.200 0.45 0.032 2864 1.6 4.23254E-05 KKP 

113 0.124 1.38 0.042 1.500 1.500 0.105 0.250 0.000 0.200 0.45 0.032 2864 2.1 2.8257E-05 KKP 

114 0.130 1.59 0.033 1.500 1.500 0.105 0.250 0.000 0.200 0.45 0.032 2864 2.2 4.28661E-05 KKP 

115 0.094 1.18 0.043 1.500 1.500 0.105 0.250 0.025 0.200 0.45 0.032 2864 1.6 3.72861E-06 KKP 

116 0.101 1.43 0.032 1.500 1.500 0.105 0.250 0.025 0.200 0.45 0.032 2864 1.7 5.99308E-06 KKP 

117 0.075 1.67 0.017 1.500 1.500 0.105 0.250 0.025 0.200 0.45 0.032 2864 1.3 1.2907E-05 KKP 

118 0.111 1.18 0.051 1.500 1.500 0.105 0.250 0.025 0.200 0.45 0.032 2864 1.9 8.07556E-06 KKP 

119 0.124 1.44 0.038 1.500 1.500 0.105 0.250 0.025 0.200 0.45 0.032 2864 2.1 2.37071E-05 KKP 

120 0.117 1.65 0.027 1.500 1.500 0.105 0.250 0.025 0.200 0.45 0.032 2864 2.0 3.90346E-05 KKP 

121 0.125 1.44 0.039 1.500 1.500 0.105 0.250 0.025 0.200 0.45 0.032 2864 2.1 5.4258E-05 KKP 

122 0.079 1.23 0.033 1.500 1.500 0.080 0.250 0.000 0.200 0.475 0.032 2864 1.3 2.02417E-05 KKP 
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123 0.084 1.23 0.036 1.500 1.500 0.080 0.250 0.000 0.200 0.475 0.032 2864 1.4 2.62205E-05 KKP 

124 0.095 1.23 0.040 1.500 1.500 0.080 0.250 0.000 0.200 0.475 0.032 2864 1.6 3.42492E-05 KKP 

125 0.069 1.18 0.032 1.500 1.500 0.080 0.250 0.025 0.200 0.475 0.032 2864 1.2 9.1561E-06 KKP 

126 0.082 1.18 0.037 1.500 1.500 0.080 0.250 0.025 0.200 0.475 0.032 2864 1.4 1.19128E-05 KKP 

127 0.088 1.18 0.041 1.500 1.500 0.080 0.250 0.025 0.200 0.475 0.032 2864 1.5 2.44124E-05 KKP 

128 0.098 1.18 0.045 1.500 1.500 0.080 0.250 0.025 0.200 0.475 0.032 2864 1.6 3.13203E-05 KKP 

129 0.070 1.16 0.033 1.500 1.500 0.080 0.250 0.050 0.200 0.475 0.032 2864 1.2 8.32372E-06 KKP 

130 0.081 1.17 0.038 1.500 1.500 0.080 0.250 0.050 0.200 0.475 0.032 2864 1.4 1.11682E-05 KKP 

131 0.088 1.17 0.041 1.500 1.500 0.080 0.250 0.050 0.200 0.475 0.032 2864 1.5 2.20091E-05 KKP 

132 0.097 1.17 0.045 1.500 1.500 0.080 0.250 0.050 0.200 0.475 0.032 2864 1.6 3.35046E-05 KKP 

133 0.090 1.88 0.016 1.500 1.500 0.155 0.350 -0.025 0.200 0.4 0.032 2864 1.5 2.11538E-06 KKP 

134 0.103 1.57 0.027 1.500 1.500 0.155 0.350 -0.025 0.200 0.4 0.032 2864 1.7 3.9493E-06 KKP 

135 0.112 1.57 0.029 1.500 1.500 0.130 0.350 0.000 0.200 0.425 0.032 2864 1.9 2.43391E-06 KKP 

136 0.122 1.37 0.042 1.500 1.500 0.130 0.350 0.000 0.200 0.425 0.032 2864 2.0 3.44096E-06 KKP 

137 0.124 1.57 0.032 1.500 1.500 0.130 0.350 0.000 0.200 0.425 0.032 2864 2.1 7.8697E-06 KKP 

138 0.075 1.68 0.017 1.500 1.500 0.105 0.350 0.025 0.200 0.45 0.032 2864 1.3 9.81366E-06 KKP 

139 0.103 1.36 0.036 1.500 1.500 0.105 0.350 0.025 0.200 0.45 0.032 2864 1.7 1.3318E-06 KKP 

140 0.116 1.67 0.026 1.500 1.500 0.105 0.350 0.025 0.200 0.45 0.032 2864 1.9 2.74735E-05 KKP 

141 0.126 1.44 0.039 1.500 1.500 0.105 0.350 0.025 0.200 0.45 0.032 2864 2.1 1.28301E-05 KKP 

142 0.111 1.19 0.050 1.500 1.500 0.105 0.350 0.025 0.200 0.45 0.032 2864 1.9 3.72861E-06 KKP 

143 0.126 1.19 0.057 1.500 1.500 0.105 0.350 0.025 0.200 0.45 0.032 2864 2.1 8.93457E-06 KKP 
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144 0.131 1.34 0.047 1.500 1.500 0.105 0.350 0.025 0.200 0.45 0.032 2864 2.2 2.47168E-05 KKP 

145 0.074 1.56 0.019 1.500 1.500 0.105 0.350 0.000 0.200 0.45 0.032 2864 1.2 5.77274E-06 KKP 

146 0.103 1.36 0.035 1.500 1.500 0.105 0.350 0.000 0.200 0.45 0.032 2864 1.7 2.00051E-06 KKP 

147 0.111 1.23 0.047 1.500 1.500 0.105 0.350 0.000 0.200 0.45 0.032 2864 1.9 5.21183E-06 KKP 

148 0.116 1.37 0.040 1.500 1.500 0.105 0.350 0.000 0.200 0.45 0.032 2864 1.9 5.44216E-06 KKP 

149 0.115 1.56 0.030 1.500 1.500 0.105 0.350 0.000 0.200 0.45 0.032 2864 1.9 2.40499E-05 KKP 

150 0.124 1.23 0.052 1.500 1.500 0.105 0.350 0.000 0.200 0.45 0.032 2864 2.1 1.26773E-05 KKP 

151 0.124 1.37 0.042 1.500 1.500 0.105 0.350 0.000 0.200 0.45 0.032 2864 2.1 2.34326E-05 KKP 

152 0.076 1.56 0.020 1.500 1.500 0.105 0.350 -0.025 0.200 0.45 0.032 2864 1.3 1.73394E-06 KKP 

153 0.111 1.23 0.047 1.500 1.500 0.105 0.350 -0.025 0.200 0.45 0.032 2864 1.9 2.23364E-06 KKP 

154 0.117 1.36 0.040 1.500 1.500 0.105 0.350 -0.025 0.200 0.45 0.032 2864 2.0 2.04081E-06 KKP 

155 0.115 1.56 0.030 1.500 1.500 0.105 0.350 -0.025 0.200 0.45 0.032 2864 1.9 1.88039E-05 KKP 

156 0.124 1.23 0.052 1.500 1.500 0.105 0.350 -0.025 0.200 0.45 0.032 2864 2.1 5.96577E-06 KKP 

157 0.126 1.37 0.043 1.500 1.500 0.105 0.350 -0.025 0.200 0.45 0.032 2864 2.1 1.4452E-05 KKP 

158 0.128 1.37 0.043 1.500 1.500 0.105 0.350 -0.05 0.200 0.45 0.032 2864 2.1 6.21181E-06 KKP 

159 0.095 1.22 0.041 1.500 1.500 0.080 0.350 -0.025 0.200 0.475 0.032 2864 1.6 2.23364E-06 KKP 

160 0.108 1.36 0.037 1.500 1.500 0.080 0.350 -0.025 0.200 0.475 0.032 2864 1.8 3.33419E-06 KKP 

161 0.097 1.21 0.042 1.500 1.500 0.080 0.350 0.000 0.200 0.475 0.032 2864 1.6 6.70093E-06 KKP 

162 0.106 1.35 0.037 1.500 1.500 0.080 0.350 0.000 0.200 0.475 0.032 2864 1.8 9.33572E-06 KKP 

163 0.103 1.32 0.038 1.500 1.500 0.080 0.350 0.025 0.200 0.475 0.032 2864 1.7 8.66888E-06 KKP 

164 0.097 1.19 0.044 1.500 1.500 0.080 0.350 0.025 0.200 0.475 0.032 2864 1.6 3.72274E-06 KKP 
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165 0.098 1.18 0.045 1.500 1.500 0.080 0.350 0.050 0.200 0.475 0.032 2864 1.6 5.22005E-06 KKP 

166 0.102 1.44 0.032 1.500 1.500 0.080 0.350 0.050 0.200 0.475 0.032 2864 1.7 1.52726E-05 KKP 

 

 Additional tests 

Sl no 
Hm0 Tp 

s0p cotαu cotαd 
Rc B hb Gc h Dn50 ρs H0 q 

Reference 
(m) (s) (m) (m) (m) (m) (m) (m) (kg/m3) - (m3/m/s) 

2a 0.129 1.42 0.041 1.500 1.500 0.100 0.450 -0.041 0.200 0.450 0.032 2864 2.2 1.67606E-05 KKP 

5a 0.117 1.19 0.053 1.500 1.500 0.100 0.450 -0.041 0.200 0.450 0.032 2864 2.0 7.45722E-07 KKP 

7a 0.119 1.42 0.038 1.500 1.500 0.100 0.450 -0.041 0.200 0.450 0.032 2864 2.0 2.0706E-06 KKP 

12a 0.073 1.55 0.019 1.500 1.500 0.100 0.450 0.025 0.200 0.450 0.032 2864 1.2 4.05081E-06 KKP 

13a 0.113 1.55 0.030 1.500 1.500 0.100 0.450 0.025 0.200 0.450 0.032 2864 1.9 1.46412E-05 KKP 

15a 0.089 1.54 0.024 1.500 1.500 0.100 0.450 0.025 0.200 0.450 0.032 2864 1.5 3.24685E-05 KKP 

18a 0.121 1.38 0.041 1.500 1.500 0.100 0.450 0.025 0.200 0.450 0.032 2864 2.0 1.51844E-05 KKP 

19a 0.131 1.38 0.044 1.500 1.500 0.100 0.450 0.025 0.200 0.450 0.032 2864 2.2 2.96354E-05 KKP 

21a 0.144 1.39 0.048 1.500 1.500 0.100 0.450 0.025 0.200 0.450 0.032 2864 2.4 3.56821E-05 KKP 

26a 0.116 1.19 0.053 1.500 1.500 0.100 0.450 0.000 0.200 0.450 0.032 2864 1.9 7.469E-07 KKP 

29a 0.119 1.39 0.039 1.500 1.500 0.100 0.450 0.000 0.200 0.450 0.032 2864 2.0 9.67694E-06 KKP 

30a 0.130 1.39 0.043 1.500 1.500 0.100 0.450 0.000 0.200 0.450 0.032 2864 2.2 2.35355E-05 KKP 

32a 0.142 1.39 0.047 1.500 1.500 0.100 0.450 0.000 0.200 0.450 0.032 2864 2.4 3.33574E-05 KKP 

40a 0.115 1.39 0.038 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 1.9 6.95276E-07 KKP 
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43a 0.139 1.39 0.046 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 2.3 6.70241E-06 KKP 

44a 0.134 1.39 0.044 1.500 1.500 0.130 0.450 0.000 0.200 0.425 0.032 2864 2.2 3.10636E-06 KKP 

52a 0.120 1.40 0.039 1.500 1.500 0.130 0.450 -0.025 0.200 0.450 0.032 2864 2.0 6.21181E-06 KKP 

55a 0.132 1.39 0.044 1.500 1.500 0.130 0.450 -0.025 0.200 0.450 0.032 2864 2.2 1.214E-05 KKP 

58a 0.096 1.37 0.033 1.500 1.500 0.080 0.450 0.050 0.200 0.475 0.032 2864 1.6 4.66786E-06 KKP 

60a 0.081 1.37 0.028 1.500 1.500 0.080 0.450 0.050 0.200 0.475 0.032 2864 1.4 6.45885E-07 KKP 
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APPENDIX F – Details of prototype structure  

(http://www.breakwaters.nl/) 

 

Dimensional 

parameter (units) 
Range 

Non-dimensional 

parameter 
Range 

Hm0 (m) 2.20 – 8.00 

- T0p (s) 6.00 – 19.00 

cotα 1.00 – 1.50 

h (m) 3.00 – 28.00 h/Hm0 1.07 – 5.38 

Rc (m) 3.50 – 9.60 Rc/Hm0 0.55 – 1.53 

Gc (m) 4.00 – 19.00 Gc/Hm0 0.86 – 3.80 

B (m) 10.5 – 19.70 B/Hm0 2.29 – 3.30 

hb (m) -6.4 – -2.0 hb/Hm0 -0.29 – -1.0 

 

 

http://www.breakwaters.nl/
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APPENDIX G – Matlab routine for spectral analysis 

 

 The Matlab codes (private communication) for the spectral analysis of waves 

generated in the flume are presented in this section. The routine uses a least squared 

method to interpret the incoming and reflecting components for various wave periods. 

The method follows the style of Isaacson (1991). The routine requires as input the position 

of the three wave gauges, their time series measurements, deep water level and the 

frequency of measurement. It provides energy spectrum of the incident wave and prints 

the spectral wave parameters such as incident wave height (Hm0i) and the peak period (Tp). 

Modifications have been made to suit the current experimental set-up and the code is as 

shown below: 

ref2d_kkp(eta1,eta2,eta3,x12,x13,dt,sr) 
%---------------------------------------------- 
% REF2D.M Estimation of 2D incident & reflected spectra from 3 wave 

gauges. Returns incident & reflected wave spectra from 3 wave gauge 

records, eta1, eta2 & eta3 using a version of the Mansard & Funke least-

squares technique detailed in "The Measurement of Incident and Reflected 

Spectra Using a Least Squares Method." Proc 17th ICCE, pp154-172, ASCE 

1980. The method follows the style of Isaacson, "Measurement of Regular 

Wave Reflection" JWPC&OE 117(6) 1991. Sea state must be 2D. 
% Usage: [Snn Srr c12 c13]= ref3d(eta1,eta2,eta3,x1,x2,x3,dt,do,sl,sr) 
% Snn is the smoothed, estimated incident & reflected wave spectrum, Srr  
% is the equivalent raw (unsmoothed) spectrum. The spectra have 6 

columns: frequency, incident magnitude, incident phase, reflected 

magnitude, reflected phase & reflection coefficient. c12 and c13 are the 

coherences between wave gauges 1 & 2 and 1 & 3 respectively.  x1, x2, 

x3 are cross-shore coordinates of wave gauges 1, 2 & 3. tho is offshore 

angle of incidence, dt is depth at toe of the structure, do is offshore 

depth, sl is tan of average bed slope and sr is sampling rate. 
% Default values are x1= -1.23m, x2= -1.099m, x3=-0.933; dt=0.145m, 

do=0.145m, sl = 0.00 (ie a 1:20 slope) sr = 8Hz, 

%The 3 eta time series must be given as input. 

  
% Define default values for tho, x1, ..., sr. 
%if nargin < 10, sr   = 8.0;     end  % (Hz). 
%if nargin < 9,  sl   = 0.0;    end  % flat bed 
%if nargin < 8,  do   = 0.145;  end  % (m). 
%if nargin < 7,  dt   = 0.145;  end  % (m). 
%if nargin < 6,  x3   =-0.933;  end  % (m). 
%if nargin < 5,  x2   =-1.099;  end  % (m). 
%if nargin < 4,  x1   =-1.23;    end  % (m). 
%if nargin < 3, error('ERROR, must specify 3 wg records'); end 

  
tho =0.0;  
da=dt; do=dt; 
% Calculate distances between gauges: x2= x1+x12, x3= x1+x13; x12 = x2 

-x1; x13 = x3-x1; 

  
% Calculate average water depth at wave gauge array. 
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%da = dt -(x1+x2+x3)*sl/3; 

  
%if sl==0,  
 % fprintf('Assuming a constant water depth of %6.3fm \n',dt); 
  %do=dt; 
%end 

  
% Check that wave gauge records are of the same length. 
if (length(eta1)~=length(eta2)),  
   error('Wave records eta1 & eta2 must be of the same length') 
end 
if (length(eta1)~=length(eta3)),  
   error('Wave records eta1 & eta3 must be of the same length') 
end 

  
% de-mean the time series. 
eta1 = eta1 - mean(eta1); 
eta2 = eta2 - mean(eta2); 
eta3 = eta3 - mean(eta3); 

  
%Calculate standard deviations and write to screen 
std1=std(eta1); std2=std(eta2); std3=std(eta3);  
%fprintf('Std of input time series (m): %6.4f %6.4f %6.4f\n', ... 
%std1, std2, std3); 

  
% Calculate length of series and round up to next power of 2. 
n=2.^(ceil(log(length(eta1))/log(2))); 

  
% Calculate ffts of wave gauge time series. 
B1 = fft(eta1,n); 
B2 = fft(eta2,n); 
B3 = fft(eta3,n); 

  
% Calculate number of unique points. 
numunique = ceil((n+1)/2); 
%fprintf('No. of unique points is %7.1f\n', numunique) 

  
% Make B1, B2, B3 single sided to save memory. 
B1 = B1(1:numunique); 
B2 = B2(1:numunique); 
B3 = B3(1:numunique); 

  
% Define frequency axis for spectrum (1-sided). 
fr = [sr/n*(0:numunique-1)]'; 
%fprintf('Max frequency in spectrum is %7.4fHz\n', max(fr)); 

  
% Declare empty vectors for Zi & Zr, incident & reflected spectra. 
Zi = zeros(size(B1)); Zr = zeros(size(B1)); 
% Pre-allocate empty vectors for phase angles from reflection 
twokx1 = zeros(size(B1));  angm = zeros(size(B1));  
pshift = zeros(size(B1));  % phase shift on reflection 
thetai = zeros(size(B1));  % angle of incidence at wg array. 

  
% Calculate Zi & Zr the ffts of the incident and reflected time series. 
i = sqrt(-1);  %just in case it was used for counting earlier. 
for k=10:round(numunique)  %LIMIT FREQUENCY  
  wl  = wlength(1/fr(k), da);   % Wavelength at wave gauge array. 
  wlo = wlength(1/fr(k), do);   % Offshore wavelength (m). 
  thetai(k) = asin(sin(tho)*wl/wlo); % angle of incidence at wave gauges. 
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  kx12= 2*pi/wl*x12*cos(thetai(k));  kx13 = 2*pi/wl*x13*cos(thetai(k)); 
  sm  = 1 + exp(-2*i*kx12) + exp(-2*i*kx13); 
  sp  = 1 + exp(2*i*kx12)  + exp(2*i*kx13); 
  smm = B1(k) +B2(k)*exp(-i*kx12) + B3(k)*exp(-i*kx13);  
  smp = B1(k) +B2(k)*exp(i*kx12)  + B3(k)*exp(i*kx13);  
  Zi(k) = (3*smp - smm*sp)/(9-sp*sm); 
  Zr(k) = (3*smm - smp*sm)/(9-sp*sm); 
end 
 

% Calculate incident & reflected spectrum Snn 
Snn = zeros(length(B1),6); Srr = zeros(length(B1),6); 
Snn(:,1) = fr;  Srr(:,1) = fr;    %1st column is frequency. 
Snn(:,2) = (Zi.*conj(Zi))/sr/n*2; %2nd column is incident magnitude. 
Snn(:,3) = angle(Zi);             %3rd column is incident phase angle. 
Snn(:,4) = (Zr.*conj(Zr))/sr/n*2; %4th column is ref magnitude. 
Snn(:,5) = angle(Zr);             %5th column is ref phase. 
 

 

% Calculate Reflection coefficient spectrum from raw spectrum 
idxcr = find(abs(Zi)>=.000001); 
Snn(idxcr,6) = abs(Zr(idxcr))./abs(Zi(idxcr)); 
m0i = trapz(fr, Snn(:,2));  % Zeroth order moment for incident sea 
m0r = trapz(fr, Snn(:,4));  % Zeroth order moment for reflected sea. 
Hm0i=4*sqrt(m0i); 
Hm0r=4*sqrt(m0r); 
Kr=sqrt(m0r)/sqrt(m0i); 
fprintf('Incident and reflected H_RMS = %6.4f %6.4f\n', ... 
sqrt(m0i), sqrt(m0r)) 
fprintf('Bulk reflection coefficient = %5.3f\n', sqrt(m0r)/sqrt(m0i)) 
fprintf('Incident and reflected Hm0_significant = %6.4f %6.4f\n', ... 
4*sqrt(m0i), 4*sqrt(m0r)) 
% Store raw spectra  
Srr = Snn;  
 

% Smooth spectra np times using a boxcar moving average of 2ms+1 points 

except at start where an expanding boxcar is used. Also, smooth phase 

shift 
np = 3; ms = 12; 
for l=1:np 
  cs = cumsum(Snn(1:2*ms-1,2)); 
  cs2 = cumsum(Snn(1:2*ms-1,4)); 
%  cs3 = cumsum(pshift(1:2*ms-1)); 
  for j=2:ms 
    Snn(j,2) = cs(2*j-1)/(2*j-1); 
    Snn(j,4) = cs2(2*j-1)/(2*j-1); 
%    psh  = cs3(2*j-1)/(2*j-1); 
  end 
  Snnis = moveav(Snn(:,2),(2*ms+1)); 
  Snn(ms+1:ms+length(Snnis),2) = Snnis; 
  Snnrs = moveav(Snn(:,4),(2*ms+1)); 
  Snn(ms+1:ms+length(Snnrs),4) = Snnrs; 
%  pshs = moveav(pshift,(2*ms+1)); 
%  psh(ms+1:ms+length(pshs)) = pshs';   
end 
 

% Calculate Reflection coefficient spectrum from smooth spectra 
icr = find(Snn(:,2)>0.0); 
Snn(icr,6) = sqrt(Snn(icr,4)./Snn(icr,2)); 
% Peak time period 
X=Snn(:,1); Y=Snn(:,2); 
[maxY, ind]=max(Y); 
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maxX=X(ind); 
Tp=1/maxX; 
fprintf('Peak time period = %5.3f\n', Tp) 
%plot(X,Y) 

 

Below is an example output of the Matlab analysis for Hm0_input= 0.150 m and Tp_input= 

1.55 s 

Incident and reflected H_RMS (m) = 0.0280, 0.0087 

Bulk reflection coefficient = 0.311 

Incident and reflected Hm0_significant (m) = 0.1120, 0.0349 

Peak time period (s)= 1.569 

 

Fig. G.1 Spectra obtained for Hm0_input= 0.150 m and Tp_input= 1.55 s 
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APPENDIX H – Published conference papers 

 

 This section presents two conference papers published for the dissemination of the 

concepts and results associated with this research. They represent the preliminary findings 

related to the experimental investigation and development of the overtopping prediction 

formula phases of the research and acted as stepping stones in providing insights for the 

detailed study presented in Chapter 3. 

 

Pillai, K., Etemad Shahidi, A. and Lemckert, C., 2016. Predicting the wave overtopping 

rate at berm breakwaters. Proceedings of the Twelfth ISOPE Pacific Asia Offshore 

Mechanics Symposium (PACOMS), Gold Coast, Australia, 381-385 

(https://www.researchgate.net/publication/308906170_Predicting_the_wave_overtoppin

g_rate_at_berm_breakwaters) 

 

Pillai, K., Etemad Shahidi, A. and Lemckert, C., 2017. Experimental study of the mean 

wave overtopping rate of berm breakwaters at different wave steepness conditions - 

Proceedings of the Coasts, Marine Structures and Breakwaters Conference (ICE), 

Liverpool, UK, September 5-7, 2017. 

(https://www.researchgate.net/publication/319669217_Experimental_study_of_the_mea

n_wave_overtopping_rate_of_berm_breakwaters_at_different_wave_steepness_conditi

ons) 

 

 

https://www.researchgate.net/publication/308906170_Predicting_the_wave_overtopping_rate_at_berm_breakwaters
https://www.researchgate.net/publication/308906170_Predicting_the_wave_overtopping_rate_at_berm_breakwaters
https://www.researchgate.net/publication/319669217_Experimental_study_of_the_mean_wave_overtopping_rate_of_berm_breakwaters_at_different_wave_steepness_conditions
https://www.researchgate.net/publication/319669217_Experimental_study_of_the_mean_wave_overtopping_rate_of_berm_breakwaters_at_different_wave_steepness_conditions
https://www.researchgate.net/publication/319669217_Experimental_study_of_the_mean_wave_overtopping_rate_of_berm_breakwaters_at_different_wave_steepness_conditions



