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|  SUMMARY 
Nowadays, the use of concrete armour units on rubble mound breakwaters designs has 

become a common practice. Concrete armour units can be placed in a single layer system or 

in a double layer system and can its placement can be either random or uniform.  

Recently, Delta Marine Consultants have designed a new armour unit called Xbloc+. This new 

block is applied as a one layer system and has a regular placement. As Xbloc+ is still under 

development, preliminary guidance on the performance of this new armour unit is required. 

This led this research to investigate how Xbloc+ behaves concerning wave overtopping.  

To analyse wave overtopping, small scale tests were performed in a 2D wave flume. Wave 

overtopping was measured at a 3Dn distance from the seaward edge of the crest, which is 

made of rock. In front of the slope there is a flat transition of 0.3m followed by a sloping 

foreshore of 1/30. In total, 10 series of tests were conducted. In this research, three wave 

steepness (Sop) were tested (0.02, 0.04 and 0.06) to see the effect of wind waves and swell 

conditions on the armour layer and tests were performed in two different slope angles (1/2 

and 3/4). Each series is formed by several sub tests conducted with increasing wave heights 

(and wave period in order to maintain a constant wave steepness). Tests were carried out 

until the failure of the armour slope was reached. Besides, a smooth slope was tested in a 

1/2 slope angle to be able to compare smooth and rough results and determine the 

roughness coefficient of the armour unit more accurately. 

The test results showed that wave overtopping rates increase exponentially with wave height 

(Hm0) and wave period (Tm-1,0). Moreover, waves with lower wave steepness (swell 

conditions) induce higher overtopping discharges as compared to larger wave steepness. 

Steeper slopes also lead to higher overtopping rates. Therefore, the larger the breaker 

parameter is, the larger the overtopping discharge results.  

The influence of the armour roughness and armour permeability is also analysed and it is 

observed that swell conditions are less affected by these properties. This can be explained 

by means of the breaker type. Swell conditions are characterized by large surging waves. 

These waves have a thicker water tongue as compared with other type of breaking (e.g. 

spilling or plunging) and therefore, they tend to feel the top layer “smoother”. This fact is 

supported by the analysis of the influence of the roughness coefficient since higher values 

are obtained for surging waves. in fact, the roughness coefficient ranges between 0.34 and 

0.68 showing that, although empirical prediction consider this parameter as a constant, it is 

dependent on the wave conditions. 

Concerning the comparison of dimensionless overtopping rate over Xbloc+ armour between 

test results and empirical prediction, it was found that the present formulae does not give a 

good estimation due its simplicity. In order to improve the representation of some parameters 

such as slope angle and wave steepness, correction factors are introduced in the empirical 

formulae leading to a better fit between prediction and measured data. Based on this 

modified empirical formula, roughness coefficients are calculated. A value of gf=0.55 is 

estimated for Xbloc+ unit. 
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|  NOTATION 
Symbol Description Units 

∆ Relative density [-] 

a Empirical coefficient [-] 

A Empirical coefficient [-] 

Ac Armour crest freeboard of structure m 

b Empirical coefficient [-] 

B Empirical coefficient [-] 

C Empirical coefficient [-] 

c Empirical coefficient [-] 

D Empirical coefficient [-] 

d Water depth m 

Dn Nominal diameter of concrete armour unit m 

Dn50 Nominal diameter of rock m 

Dnx Diameter of stone that exceeds the x% value of the sieve curve m 

Fr Froude number [-] 

g Gravity (=9.81) m/s2 

H Wave height m 

H1/3 Significant wave height defined as highest one-third of wave heights  m 

H2% 2%-exceedance wave height m 

Hm0 Spectral significant wave height m 

Hm0,d Design significant wave height m 

Hs Significant wave height = H1/3 m 

Kd Stability coefficient [-] 

Kr Reflection coefficient [-] 

L0 Deep water wave length based on gT²m-1,0/2π m 

Lp Deep water wave length based on gT²p/2π m 

mn nth moment of the spectral density  m2/sn 

Nod Damage number [-] 

Now Number of overtopping waves [-] 

Nw Total number of incident waves [-] 

Pov Percentage of overtopping waves [-] 

q Mean overtopping discharge l/m/s 

q* Dimensionless overtopping discharge [-] 

R* Dimensionless relative freeboard [-] 

Rc Crest freeboard of the structure m 

Re Reynolds number [-] 

S Wave steepness  [-] 

S0m Wave steepness with L0 based on Tm [-] 

Sm-1,0  Wave steepness with L0 based on Tm-1,0 [-] 

Sop Wave steepness with L0 based on Tp [-] 

T Wave period s 

T1/3 Significant wave period s 
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xi 

Tm Mean wave period s 

Tm-1,0 Average spectral wave period defined by m-1/m0 s 

Tp Spectral peak wave period s 

V Overtopping volume l 

W Weight kg 

We Weber number [-] 

Xi-j Spacing between gauges m 

α Angle between structure slope and horizontal deg 

γ Peak-enhancement factor from JONSWAP-spectrum [-] 

γ* Influence factor for a storm wall on slope or promenade [-] 

γb Influence factor for a berm [-] 

γf Roughness coefficient [-] 

γv Influence factor for a vertical wall on the slope [-] 

γβ Influence factor for oblique wave attack [-] 

μ Dynamic viscosity kg/ms 

ν Kinematic viscosity m2/sn 

ξm-1,0 Spectral breaker parameter based on sm-1,0 [-] 

ρa Armour density kg/m3 

ρw Water density kg/m3 

σa Shape parameter from JONSWAP-spectrum [-] 

σb Shape parameter from JONSWAP-spectrum [-] 
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1 

1 |   INTRODUCTION 
This chapter introduces the topic of this research. Firstly, a brief overview of breakwaters 

and existing single layer concrete armour unit is given in section 1.1. Secondly, the problem 

description is explained in section 1.2. The scope of this study is presented in section 1.3. 

Section 1.4 describes the general methodology followed in this study. Finally, section 1.5 

outlines the structure of the report. 

1.1 GENERAL OVERVIEW 

1.1.1 COASTAL DEFENCE STRUCTURES 

Historically, sloping dikes have been the most widely used option for sea defences along the 

coasts of the Netherlands, Denmark and many parts of the UK. However, coastal structures 

can also consist of a mound of layers of quarried rock fill, protected by rock or concrete 

armour units. This type of structures is known as rouble mound breakwater. The outer armour 

layer is designed to resist wave action without significant displacement of armour units. 

Underlayers of quarry or crushed rock support the armour and separate it from finer material 

in the embankment or mound. These porous and sloping layers dissipate a proportion of the 

incident wave energy in breaking and friction (EurOtop 2016). 

Breakwaters can have many configurations. For this study, the effects of wave overtopping 

will be tested on a conventional rubble mound breakwater. Figure 1.1 gives an outline of the 

relevant parts of this type of breakwater. 

Coastal defence structures are mainly protecting the inland against flooding. Therefore, wave 

overtopping is a principal concern and becomes a main parameter regarding the design of 

most coastal defence structures. 

 

Figure 1.1 Cross section of a conventional rubble mound breakwater (Palmer & Christian 1998) 

1.1.2 DEVELOPMENT OF THE DIFFERENT SINGLE LAYER CONCRETE ARMOUR UNITS  

Concrete armour units become a more optimal alternative with respect to a rock protection 

when the armour rock size is economically too large in terms of production and 

transportation. The armour units can be placed in two layers or in a single layer. As stated by 

Muttray, M. and Reedijk, B. (2008), the first configuration covers the uncertainties regarding 

hydraulic stability and structural integrity of individual armour units. However, since 1980 

higher safety margins have been achieved for armour units placed in a single layer with 

respect to the hydraulic design and the structural strength of individual units has been 

increased. Therefore in 1980, the Accropode, the first randomly placed single layer armour 
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unit, was presented. Core-loc and Xbloc were introduced some years later. The stability of the 

randomly placed armour units is governed by the interlocking force between the neighbouring 

units. Furthermore, armour units can also be placed in a uniformly distribution. In this case, 

friction is the governing factor that maintains the stability of the blocks. Seabee and Shed 

blocks are both examples of these type of blocks (Muttray & Reedijk 2008). 

The most recent developments include the Cubipod (2005) and the Crablock (2007). The 

Cubipod was developed in order to improve the low hydraulic stability of Cubes (Vanhoutte 

2008) and UAE created the Crablock to be applied in a damaged rubble mound breakwater 

(Saluddin, Md. 2015)     

Table 1.1 summarizes the different single layer concrete armour units. 
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Table 1.1 Single layer concrete armour units 

1.2 PROBLEM DESCRIPTION 

Recently, Xbloc+ has been developed as a new single layer concrete armour unit by Delta 

Marine Consultants. This new development is introduced in order to allow for regular 

placement.  

Xbloc is an armour unit that has high interlocking forces and resistance to wave impact as 

well as reduced wave overtopping. However, its characteristics rely on the random placement 

of the individual blocks. Some crane operators can have difficulties to place the units with a 

random orientation and the armour becomes more regularly placed than it is desirable. This 

results in a decrease of the interlocking force and thus, in a reduction of the hydraulic stability 

of the blocks. Besides, more concrete units might be used due to its more uniform placement. 

The new armour unit Xbloc+ is presented as a single layer uniformly placed armour unit. The 

main distinct characteristic with the other armour units present in the world is that both 

interlocking force and friction are governing factors for its hydraulic stability. Furthermore, its 

uniform placement simplifies crane operations and gives higher aesthetic effects improving. 

In order to be used in future engineering projects, model tests must be done to ensure that 

the hydraulic stability of the new block is acceptable.  

 

Figure 1.2 Regular placement of the Xbloc+ 
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1.3 RESEARCH OBJECTIVES AND QUESTIONS 

The main objective of this MSc research is to give an overview of the behaviour of the new 

Xbloc+ armour unit against wave overtopping. The following research objectives are aimed 

to be fulfilled: 

- To investigate the wave overtopping over Xbloc+ armour layers 

- To analyse the different parameters that might have an influence on wave 

overtopping 

- To compare wave overtopping with empirical formulae 

- To define the roughness coefficient for this new single layer armour unit  

In order to give answer to these objectives, the following research questions are considered: 

1. What is the wave overtopping discharge and percentage of overtopping waves over 

Xbloc+ armour layer? 

2. What parameters have an influence on wave overtopping results? 

3. Do the existing empirical formulae describe properly the wave overtopping?   

4. How can the existing empirical prediction be improved in order to obtain more 

accurate estimations? 

5. What value of roughness coefficient corresponds to this new armour unit? 

1.4 RESEARCH METHODOLOGY 

In order to fulfil the research objectives, the following methodology is adopted: 

• First, a literature review is performed. This chapter includes a review of the previous 

researches on wave overtopping and the existing wave overtopping formulae. Scale 

and model effects resulting from physical modelling are also summarized. 

• Secondly, the experimental set up is defined as well as the different hydraulic tests 

needed to be performed in a 2D wave flume. This laboratory plan contains a design 

for a suitable model for studying wave overtopping and considers the influence of 

relevant parameters such as slope and wave steepness. 

• The following step includes the execution of the experimental tests. These tests are 

conducted for version 1 and 2 of Xbloc+ armour units.  

• Next, the collection and processing of the necessary data is required in order to be 

able to determine the wave overtopping discharge and derive the roughness 

coefficient. 

• After processing the data, the wave overtopping is analysed and the parameters that 

might influence the test results are discussed. A comparison of the results with 

existing formulae is also conducted along with the introduction of correctors factors 

to improve the overtopping prediction. 

• Finally, conclusions are drawn and recommendations for further research are given. 

This overview of the adopted methodology is presented in a flowchart in Figure 1.3. 
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1.5 RESEARCH OUTLINE 

The structure of this report contains the main steps considered in the research methodology. 

Chapter 1 gives an overview of the study and states the objectives and approach of the 

research. In chapter 2 the existing literature is discussed regarding wave overtopping 

phenomenon as well as some concerns about physical modelling such as scaling effects. The 

existing empirical formulae are also summarized. Chapter 3 describes the experimental set 

up designed for this study. The performance of the Xbloc+ unit on wave overtopping and the 

parameters that have an influence on it are analysed in Chapter 4. A comparison with 

empirical formulae is given in Chapter 5 as well as a modification of the actual formulae 

which provides a better prediction for the test results. Roughness coefficient is also defined 

at the end of that chapter. Finally, in Chapter 6, conclusions and recommendations for further 

research are stated.  

Identification of design 

parameters 

Experimental set up for 

wave flume tests 

Execution of flume tests 

Data collection and 

analysis 

Calculation of wave 

overtopping 

Prediction of wave 

overtopping  

Comparison with 

empirical formulae  

Determination of the 

wave conditions 

Figure 1.3 Research methodology 

Estimation roughness 

coefficient 

Analysis of the influence 

of several parameters 

on mean overtopping 

discharge 

Introduction of 

correction factors  

Do formulae give 

a good prediction 

of test results? 

Yes 

No 
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2 |   LITERATURE REVIEW 
This chapter gives the state of art regarding wave overtopping on rouble mound breakwaters. 

The most relevant literature related to this phenomenon is reported. Finally, physical 

modelling is briefly explained as well as scale and model effects. 

2.1 WAVE OVERTOPPING ON RUBBLE MOUND BREAKWATERS 

Wave overtopping is defined as the quantity of water passing over the crest of a structure per 

unit of time (D’Angremond et al. 2008). The process of wave overtopping is very random in 

time, space and volume. While the highest waves can push large volumes of water over the 

crest in a short period of time (less than a wave period), lower waves may not generate any 

overtopping. 

This process can be characterised by the wave overtopping discharge and the wave 

overtopping volume. Wave overtopping discharge, q, is the average discharge per linear 

meter of width and has units of m3/s per m or l/s per m. The reason for using mean 

overtopping discharges is that this parameter can be considered stable over about 1000 

waves (Verhaeghe et al. 2008). In contrast, the wave overtopping volume can be calculated 

for given wave conditions and mean discharge q. It is expressed in m3 per wave per meter 

width. 

Wave overtopping is often referred to as “green water” when full bodies of water overtop the 

structure. A second form of overtopping, termed “white water” or spray overtopping, occurs 

when waves break on the seaward face of the structure, generating non-continuous 

overtopping or large volumes of spray that can be transported along large distances by wind. 

2.1.1 HAZARDS DUE TO WAVE OVERTOPPING 

Wave overtopping can be damaging to other constructions, but also for the population. 

Indeed, as stated by Allsop (2003) at least 12 people have been killed in the UK by wave 

overtopping or related processes during 1999-2002 and approximately 60 were killed in Italy 

over last 20 years. EurOtop (2016) lists four general categories that should be analysed when 

assessing overtopping effects and their consequences: 

- Damage to defence structure(s): either short-term or longer-term, with the possibility 

of breaching and flooding. 

- Direct hazard of injury or death to people immediately behind the defence, whether 

they are pedestrians, cyclists or travelling in a vehicle; 

- Damage to property, operation and/or infrastructure in the area defended, including 

loss of economic, environmental or other resource, or disruption to an economic 

activity or process; 

- Low depth flooding (inconvenient but not dangerous) 

The hazards caused by wave overtopping also depends on the geometry of the structure, the 

nature of the inland behind the structure, and the form and trajectory of overtopping. 

2.1.2 TOLERABLE OVERTOPPING DISCHARGES 

In order to prevent damages, maximum values of mean discharge overtopping have been 

determined. Guidance on overtopping discharges that can cause damage is described in the 

overtopping manual EurOtop. Furthermore, this manual gives maximum mean discharge 
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values for structural design of breakwaters since wave overtopping on rubble mound 

breakwater can lead to global failure of the structure. Table 2.1 summarizes the different 

limits that have been developed. 

LIMITS FOR OVERTOPPING FOR STRUCTURAL DESIGN OF BREAKWATERS 

Hazard type and reason 

Maximum mean 

discharge q (l/s 

per m) 

Maximum 

volume Vmax 

(l per m) 

Rubble mound breakwaters; Hm0 > 5m; no damage 1 2.000 – 3.000 

Rubble mound breakwaters; Hm0 > 5m; rear side designed for 

wave overtopping 
5 - 10 

10.000 – 

20.000 

Grass covered crest and landward slope; maintained and 

closed grass cover; Hm0 = 1 – 3 m 
5 2.000 – 3.000 

Grass covered crest and landward slope; not maintained grass 

cover, open spots, moss, bare patches; Hm0 = 0.5 – 3 m 
0.1 500 

Grass covered crest and landward slope; Hm0 < 1m 5 - 10 500 

Grass covered crest and landward slope; Hm0 < 0.3m No limit No limit 

LIMITS FOR OVERTOPPING FOR PROPERTY BEHIND THE DEFENCE 

Hazard type and reason 

Maximum mean 

discharge q (l/s 

per m) 

Maximum 

volume Vmax 

(l per m) 

Significant damage or sinking of larger yachts; 

Hm0 > 5m 
>10 

>5.000 – 

30.000 

Significant damage or sinking of larger yachts; 

Hm0 = 3 - 5m 
>20 

>5.000 – 

30.000 

Sinking small boats set 5 – 10 m from wall; 

Hm0 = 3 – 5m. Damage to larger yachts 
>5 >3.000 – 5.000 

Safe for larger yachts; Hm0 > 5m <5 <5.000 

Safe for smaller boas set 5 – 10 m from wall; 

Hm0 = 3 -5m 
<1 <2.000 

Building structure elements; Hm0 = 1-3m ≤1 <1.000 

Damage to equipment set back 5 – 10 m ≤1 <1.000 

LIMITS FOR OVERTOPPING FOR PEOPLE AND VEHICLES 

Hazard type and reason 

Maximum mean 

discharge q (l/s 

per m) 

Maximum 

volume Vmax 

(l per m) 

People at structures with possible violent overtopping, mostly 

vertical structures 

No access for 

any predicted 

overtopping 

No access for 

any predicted 

overtopping 

People at seawall / dike crest. Clear view of the sea 

Hm0 = 3m 

Hm0 = 2m 

Hm0 = 1m 

Hm0 < 0.5m 

 

0.3 

1 

10 - 20 

No limit 

 

600 

600 

600 

No limit 

Cars on seawall / dike crest, or railway close behind crest 

Hm0 = 3m 

Hm0 = 2m 

Hm0 = 1m 

 

<5 

10 - 20 

<75 

 

2.000 

2.000 

2.000 

Highways and roads, fast traffic 

Close before 

debris in spray 

becomes 

dangerous 

Close before 

debris in spray 

becomes 

dangerous 

Table 2.1 Tolerable overtopping (EurOtop 2016) 
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2.1.3 PREVIOUS STUDIES 

The wave overtopping phenomenon started to be investigated in the 1950’s. Savile (1955) 

was one of the first researchers to conduct overtopping tests with regular waves. As different 

structures have been created, the interest in wave overtopping has increased and several 

models to predict wave overtopping have been developed through the years.  

Initially, overtopping was simulated by physical model experiments and only regular waves 

were considered. Later, irregular waves started to be modelled, which resemble more to the 

natural waves found on the field. This made possible to gain accuracy in developing 

prediction methods. Owen (1980) developed the first overtopping formula based on irregular 

wave experiments. Owen’s formula has become the base of empirical formulae, and even 

now, it is used for the design of sloping structure types (Verhaeghe et al. 2008). In 1995, Van 

der Meer and Janssen introduced a new approach by distinguishing breaking and non-

breaking waves. This method is widely used in the determination of wave overtopping. In 

2014 new physical insights and design formulae was introduced by Van der Meer and Bruce. 

These new formulae are presented in an updated version of the EurOtop manual released in 

2016. Further details of wave overtopping formulae are given in section 2.1.5. 

2.1.4 CLASH DATABASE 

An extensive database on wave overtopping has been created within the CLASH project. This 

CLASH project (Crest Level Assessment of Coastal Structures by Full Scale Monitoring, 

Neutral Network Prediction and Hazard Analysis on Permissible Wave Overtopping), funded 

by European Union, investigated wave overtopping for different structures in prototype and 

in laboratory. This database covers over 10.000 tests performed around the world which is 

formatted in an Excel spreadsheet. There, small scale tests from 2D and 3D models and field 

data can be found. Besides, it includes all kind of coastal structures, from simple geometries 

to more complex situations. Some confidential tests also contribute to the database 

(Steendam 2004). 

The reasons for the creation of this database are: 

- The CLASH database is an inventory of data that can be used to analyse specific 

structure types. Data can be extracted to compare with similar structures or analyse 

further specific types of structures. 

- The CLASH database was used to develop a neutral network prediction method for 

mean overtopping discharges on coastal structures. 

In order to describe each overtopping test, 31 parameters are included in the spreadsheet, 

making it easy for users to conduct their analysis. 

As the CLASH EU-Project was developed, different white spots were detected leading to 

additional tests. The CLASH committee considered the following points as the most important 

issues to investigate further: 

- The influence of surface roughness/permeability 

- The effect of obliqueness, short-crested waves and directional spreading  

2.1.5 PREDICTION OF WAVE OVERTOPPING 

Currently, a number of different methods exist to predict overtopping under given wave 

conditions and water levels. EurOtop (2016) gives a detailed description of the following 

different methods: analytical method, empirical methods, PC-Overtopping and Neural 

network tools from CLASH database, numerical methods and physical modelling. 
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In this research, physical modelling in a 2D flume is used to estimate wave overtopping and 

results are compared to empirical formulae proposed by EurOtop (2016).  

2.1.5.1 Empirical methods 

Empirical methods are regression models that are based on available overtopping data 

obtained from physical model experiments. Generally, these methods establish an 

exponential relationship between the mean discharge and the crest freeboard or its 

dimensionless forms.  

In this section, the most relevant formulae found in literature is described. 

2.1.5.1.1 Owen’s formula, 1980 

Owen’s method calculates the overtopping discharge for smooth impermeable sloping 

structures. Equation [2.1] gives the relation between the dimensionless discharge (Q*) and 

freeboard (R*). These parameters are defined in equations [2.2] and [2.3] and they use the 

mean wave period and the significant wave height at the toe of the structure. 

𝑄∗ = 𝑎 · 𝑒𝑥𝑝 (
−𝑏 · 𝑅∗

𝛾𝑓
) 

[2.1] 

𝑅∗ =
𝑅𝑐

𝑇𝑚√𝑔𝐻𝑠
=

𝑅𝑐

𝐻𝑠√𝑠0𝑚/2𝜋
 

[2.2] 

𝑄∗ =
𝑄

𝑇𝑚𝑔𝐻𝑠
 

[2.3] 

where ‘a’ and ‘b’ are empirical coefficients that depend on the cross-section and 𝛾𝑓 is the 

correction factor that accounts for the roughness of the slope. Owen (1980) considered this 

coefficient as the ratio between the run-up of a given wave on a rough slope and the run-up 

of the same wave on a smooth slope. He recommended 𝛾𝑓= 0.5-0.6 for rock slopes and 

𝛾𝑓=1.00 for smooth slopes. 

2.1.5.1.2 EurOtop Manual, 2007 

Van der Meer and Janssen (1995) makes a clear distinction between breaking and non-

breaking conditions. Therefore, two different formulae for mean wave overtopping discharge 

have been defined for irregular waves and slopping structures. 

Equation [2.4] represents the basic overtopping expression in its dimensionless form. 

𝑞

√𝑔𝐻𝑚0
3

= 𝑎 · exp (−𝑏
𝑅𝑐
𝐻𝑚0

) 

[2.4] 

where empirical coefficients ‘a’ and ‘b’ depends on the concerned method and accounts for 

the wave conditions, the reduction factors and the structure dimensions. 
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For breaking waves the wave overtopping formula can be described by using equations [2.5]  

and [2.6]. 

𝑞

√𝑔𝐻𝑚0
3

=
𝐴

√𝑡𝑎𝑛𝛼
𝛾𝑏ξ𝑚−1,0 · exp (−𝐵

𝑅𝑐
𝐻𝑚0

1

ξ𝑚−1,0 · 𝛾𝑏 · 𝛾𝑓 · 𝛾𝛽 · 𝛾𝑣
) 

[2.5] 

With a maximum of 

𝑞

√𝑔𝐻𝑚0
3

= 𝐶 · exp (−𝐷
𝑅𝑐
𝐻𝑚0

1

𝛾𝑓 · 𝛾𝛽
) 

[2.6] 

This maximum represents the wave overtopping for non-breaking waves. 

Note that the coefficients 𝛾𝑏 , 𝛾𝑓 , 𝛾𝛽 and  𝛾𝑣 accounts for the influence of a berm, roughness 

of the slope, oblique wave attack and or a wall at the end of the slope, respectively. 

 

The presented formulae are valid for breaker parameters ξm-1,0<5. Formulae for breaker 

parameters ξm-1,0> 7 can be found in EurOtop Manual (2007). 
 

▪ Empirical coefficients 

The value of the empirical coefficients A, B, C and D vary depending on the undertaken 

approach (deterministic or probabilistic design). EurOtop (2007) proposed a more 

conservative approach for the deterministic design and one standard deviation has been 

recommended to be added to the mean overtopping discharge. 

Table 2.2 summarizes the possible values they can take. 

 Deterministic design Probabilistic design 

A 0.067 0.067 

B 4.30 4.75 

C 0.20 0.20 

D 2.30 2.60 
Table 2.2 Values for the different empirical coefficients in equations [2.5] and [2.6] 

 
2.1.5.1.3 New empirical formulae (EurOtop, 2016) 

Van der Meer and Bruce (2014) reviewed the empirical formulae provided by EurOtop (2007) 

and concluded that equations [2.5] and [2.6] overestimate wave overtopping discharge for 

slopping structures with very low or zero crest height. Therefore, new formulae have been 

developed to predict wave overtopping for slopping structures with zero and positive crest 

height more accurately. These new formulae are presented in the last version of the EurOtop 

manual. 

The main difference is the addition of a third empirical coefficient, c, on the principal 

overtopping formula which makes the equation valid for the full range of Rc ≥ 0. The general 

formula, which is applicable to dikes and embankments, is described in equation [2.7]. 
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𝑞

√𝑔𝐻𝑚0
3

= 𝑎 · exp(−(𝑏
𝑅𝑐
𝐻𝑚0

)
𝑐

) 

[2.7] 

This extra component modifies the general wave overtopping formulae as follows: 

𝑞

√𝑔𝐻𝑚0
3

=
𝐴

√𝑡𝑎𝑛𝛼
𝛾𝑏ξ𝑚−1,0 · exp (−(𝐵

𝑅𝑐
𝐻𝑚0

1

ξ𝑚−1,0 · 𝛾𝑏 · 𝛾𝑓 · 𝛾𝛽 · 𝛾𝑣
)

1.3

) 

[2.8] 

With a maximum of 

𝑞

√𝑔𝐻𝑚0
3

= 𝐶 · exp(−(𝐷
𝑅𝑐
𝐻𝑚0

1

𝛾𝑓 · 𝛾𝛽 · 𝛾
∗)

1.3

) 

[2.9] 

Note that an influence factor 𝛾* has been added for non-breaking waves (relatively steep 

slopes) for a storm wall on a slope or promenade. 

EurOtop (2016) suggests using equation [2.9] for rubble mound structures. 

▪ Empirical coefficients 

As mentioned for EurOtop (2007) the value of the empirical coefficients A, B, C and D vary 

depending on the taken approach (deterministic or probabilistic design). Table 2.3 

summarizes the possible values they can take for the new formulae. 

 Deterministic design Probabilistic design 

A 0.026 0.023 

B 2.5 2.7 

C 0.1035 0.09 

D 1.35 1.5 
Table 2.3 Values for the different empirical coefficients in equations [2.8] and [2.9] 

Van der Meer and Bruce (2014) highlight that these new formulae give almost the same wave 

overtopping as the original formulae, equations  [2.5]  and [2.6], but represent nature better 

for Rc/Hm0 < 0.5‐1.0. As stated in EurOtop (2016), for breaking waves the new formulae may 

give up to 4% more overtopping discharge and up to 30% less than the old formulae. For non-

breaking waves, it was up to 27% more and also about 30% less for the new formulae. 

Compared to the reliability of wave overtopping discharge prediction, which is estimated for 

a confidence band of 90% between a factor 2.5 and up to 20 or more (for very small 

overtopping) a deviation of up to 30% is small and insignificant. Therefore, the latest update 

of the overtopping prediction will be applied in this research. 

2.1.5.1.4 Percentage of overtopping waves 

The percentage of overtopping waves can also be estimated as described in EurOtop (2016). 

The empirical equation is a function of the armour freeboard, Ac, (instead of the crest 

freeboard, Rc), the nominal diameter, Dn, and the significant wave height, Hm0. 
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𝑃𝑜𝑣 =
𝑁𝑜𝑤
𝑁𝑤

= exp(−(
𝐴𝑐 · 𝐷𝑛

0.19 · 𝐻𝑚0
2 )

1.4

) 

[2.10] 

In which Now is the number of overtopping waves and Nw represents the total number of 

incident waves. This equation is based on the work of De Jong (1996) and various CLASH-

test, see Figure 2.1. 

 

Figure 2.1 Percentage of overtopping waves for rubble mound breakwater as a function of relative armour crest 

height and armour size (Rc<Ac). (EurOtop 2016)  

2.1.5.2 Estimation of the roughness coefficient 

The roughness coefficient is one of the most important structural characteristics regarding 

the prediction of overtopping rates. Roughness is created by the irregular placement of the 

blocks or rocks forming the armour layer (more irregularities lead to higher roughness). 

However, the roughness factor, 𝛾𝑓, not only takes into account how overtopping is influenced 

by the amour unit, but also the number of layers, the packing density and the permeability of 

armour layer (Molines and Medina 2015). 

Roughness and permeability affect wave overtopping by decreasing the wave run-up as these 

induce wave dissipation. Therefore, the higher the roughness and permeability of the armour 

(the lower the roughness coefficient), the lower the overtopping discharge. A smooth slope 

has a roughness coefficient of 1.0. 

The reduction factor, 𝛾𝑓, is an empirical parameter that is generally estimated from the mean 

overtopping discharge, and hence, depends on the chosen wave overtopping predictor. 

Therefore, as the knowledge of the wave overtopping process increases and the formulae is 

modified, the roughness coefficient varies as well. 

According to Molines and Medina (2015), the first roughness factors based on regular waves 

and run-up observations were published in Russian manuals. As mentioned in section 

2.1.5.1, Owen (1980) considered the roughness factor as the ratio between the run-up of a 

given wave on a rough slope and the run-up of the same wave on a smooth slope. Later, Van 
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der Meer and Janssen (1995) proposed calculating the 𝛾𝑓 for dikes and rock slopes by 

comparing the run-up of a rough slope with that of a smooth one.  

Within the CLASH EU-Project, Pearson et al. (2004) provided a set of roughness factors based 

on overtopping measurements for different armour units. Those roughness factors were 

calibrated considering the formula given by Van der Meer and Janssen (1995) and a 5% 

reduction was imposed on all values.  

Furthermore, Bruce et al. (2006) analysed the results from Pearson et al. (2004) and listed 

𝛾𝑓 for different armor units. These values were used in the formulas given by EurOtop (2007). 

Bruce et al. (2009) revised the tests reported by Bruce et al. (2006), suggesting changes in 

the 𝛾𝑓 and calculating the confidence intervals for each 𝛾𝑓 by analysing variance. This latest 

study also showed a dependency of the roughness coefficient with slope angle for rock 

(permeable core). The roughness factor decreases for smaller slope angles. EurOtop (2016) 

recommends using the revised values calculated by Bruce et al. (2009). 

Table 2.4 summarizes the different coefficients found on literature.  

 

Table 2.4 Different of roughness coefficient given in literature (Molines 2016) 
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Therefore, it becomes clear that the roughness factor is dependent on the specific 

overtopping formulae selected by the corresponding author and the dataset used. In this 

research, the coefficients recommended in the EurOtop manual (2016) are taken as 

reference since those are used in CLASH database to identify the armour type. 

2.2 PHYSICAL MODELLING  

Physical modelling is commonly used to assess wave overtopping and develop empirical 

formulae for predicting it. The large number of relevant parameters influencing this 

phenomenon makes it hard to develop theoretical or numerical approaches that represent 

the nature of overtopping well. In contrast, experimental tests are an established and reliable 

method for determining mean wave overtopping discharges for arbitrary coastal structures 

(EurOtop 2016). 

However, the actual empirical formulae do not predict wave overtopping discharges and 

individual volumes very accurately due to scale and model effects present always at some 

degree in the physical model. 

2.2.1 SCALE EFFECTS 

Scale effects are the result of the incorrect reproduction of a prototype water-structure 

interaction in the scale model. Scaled models can only replicate reality by fulfilling Froude’s 

and Reynolds’ law simultaneously. However, this is not possible to achieve and therefore, 

scale effects always become an issue to consider when performing scaled model tests. 

Most models are scaled according to Froude’s law since gravity, pressure and inertial forces 

are the main relevant forces in terms of wave motion. However, viscosity forces are governed 

by Reynolds’ law, elasticity by Cauchy’s law and surface tension forces by Weber’s law. These 

forces are neglected in most models leading to errors called scale effects. 

EurOtop (2016) lists some generic rules that should be observed for physical model studies: 

- Water depths in the model should be much larger than d = 2 cm 

- Wave periods larger than T = 0.35 s and wave heights larger than Hs = 5 cm to avoid 

the effects of surface tension. 

- For rubble mound breakwaters, the Reynolds number for the stability of the armour 

layers should exceed Re = 3x104 

- For overtopping of coastal dikes Re > 1x103 

- Stone size of the core of rubble mound breakwaters has to be scaled according to 

the velocities in the core rather than stone dimensions, especially for small models. 

This approach is detailed in Burcharth et al. (1999)  

Moreover, Schüttrumpf and Oumeraci (2005) give some critical limits for the influence of 

viscosity and surface tension; see Table 2.5. 
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Process Relevant forces Similitude law Critical limits 

Wave propagation 

Gravity force 

Friction forces 

Surface tension 

Frw 

Rew 

We 

Rew > Rew,crit = 1x104 

T > 0.35s; d > 2cm 

Wave breaking 

Gravity force 

Friction forces 

Surface tension 

Frw 

Rew 

We 

Rew > Rew,crit = 1x104 

T > 0.35s; d > 2cm 

Wave run-up 

Gravity force 

Friction forces 

Surface tension 

Frq 

Req 

We 

Req > Req,crit = 1x103 

We > Wecrit = 10 

Wave overtopping 

Gravity force 

Friction forces 

Surface tension 

Frq 

Req 

We 

Req > Req,crit = 1x103 

We > Wecrit = 10 

Table 2.5 Critical limits for viscosity and surface tensions depending on wave processes 

2.2.2 MODEL AND MEASURMENT EFFECTS 

Besides scale effects, model and measurement effects may also disturb the model tests 

results. Model effects can be caused by the boundary conditions of a wave flume (such as 

side walls and wave paddle). On the other hand, measurement effects result from the 

different required equipment that it is installed in the wave flume.  

These effects can lead to a high degree of discrepancy between prototype and model. 

Therefore, quantifying the model effects and the uncertainty related to the selected 

techniques is essential. However, since the main difference between model and prototype 

results will be induced by model effects, it is impossible to quantify these effects by 

comparing scaled and prototype models. Investigations performed by Kortenhaus et al. 

(2005), recommends quantifying the differences resulting from model effects by analysing 

the following effects in two flumes: 

- Effect of side walls: use flumes or wave basin with different widths so that the 

influence of the side walls plays a different role and see whether there is any 

difference in the results. 

- Effect of wave generator: different wave generators in identical flumes are needed to 

quantify any differences in the results. 

- Effect of wind: only possible if one of the flumes does have possibilities to study wind 

effects. 

- Effect of wave set-up: comparison of 2D wave flume and 3D basin (perpendicular 

wave attack) is needed to quantify this effect. 

- Generation of higher and lower harmonics: different wave generation software should 

be used in one flume so that a comparison of the generated wave spectra may give 

the magnitude of resulting differences. 

The results of the mentioned research showed a large dependency on the magnitude of the 

overtopping rate itself. Differences of a factor of about 5.0 for large overtopping rates and a 

factor of about 40.0 for low rates were observed. 
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3 |   EXPERIMENTAL SET-UP 
 

This chapter contains the laboratory set up and the testing procedure. The objective of the 

physical tests is to obtain accurate measurements which intend to give answers to the scope 

of the study. 

3.1 ENVIRONMENTAL PARAMETERS 

3.1.1 WAVE HEIGHT AND WAVE PERIOD 

Wave overtopping formulae is usually based on the spectral wave height, Hm0 which is 

expressed as Hm0 = 4(m0)1/2. This wave height is the incident significant wave height at the 

toe of the structure.  

In terms of wave period, different definitions can also be used for a wave spectrum such as 

the peak period, Tp, the average period, Tm, or the significant period T1/3. However, wave 

overtopping formulae usually use the spectral period Tm-1,0, defined as Tm-1,0 =m-1/m0.  

In case of a uniform (single peaked) spectrum, EurOtop (2016) establishes a fixed 

relationship between the spectral average period and the spectral peak period. The 

conversion factor is Tp=1.1Tm-1,0. 

Considering the aforementioned, results are based on spectral wave height and period. 

3.1.2 WAVE STEEPNESS 

Wave steepness gives information about the wave’s history and characteristics. It is defined 

as the ratio of wave height to wavelength: s0 = Hm0/L0 (EurOtop 2016). 

In this research, and based on CLASH and DMC (2003) experiments, the nominal wave 

steepness based on the spectral peak period is derived (see expression [3.1]). 

𝑠𝑜𝑝 =
2𝜋𝐻𝑚0

𝑔𝑇𝑝
2  

[3.1] 

A steepness of s0p=0.01 usually indicates a typical swell sea and values of steepness of 

s0p=0.04 to 0.06 are representative of typical wind sea (EurOtop 2016).  

As discussed in section 3.1.1 , the spectral peak period, Tp, is 1.1 times the average spectral 

period, Tm-1,0. This implies that the wave steepness based on Tm-1,0 is 1.21 times larger than 

the nominal wave steepness, sop. 

3.1.3 BREAKER PARAMETER 

The breaker parameter, also known as Iribarren number, is defined as: 

𝜉𝑚−1,0 = 
𝑡𝑎𝑛𝛼

√𝑠𝑚−1,0
 

[3.2] 
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where α is the slope of the structure and sm-1,0 is the wave spectral steepness derived from 

the Tm-1,0. Wave conditions are measured near the structure. 

From the breaker parameter, the different types of wave breaking can be derived. For ξm-1,0 

> 2 non-breaking conditions are considered, although there may be some breaking. 

3.1.4 WAVE SPECTRUM 

To represent reality irregular waves are tested. Irregular waves are best described by using a 

variance density spectrum which provides a statistical description of the fluctuations of the 

wave height. Therefore, in this research irregular waves are generated according to 

JONSWAP-spectrum. 

JONSWAP-spectrum is based on Pierson-Moskowitz spectrum and it is characterized by three 

shape parameters: 𝛾 , 𝜎𝑎 and 𝜎𝑏. For a standard JONSWAP-spectrum, the mean values of 

these shape parameters are 𝛾 = 3.3, 𝜎𝑎= 0.07 and 𝜎𝑏= 0.09. 

3.1.5 DURATION TEST/NUMBER OF WAVES 

JONSWAP-spectrum can be considered fully developed after 1000 waves (Victor et al. 2012). 

Therefore, in order to have the complete range of wave conditions, every test is run the 

corresponding duration depending its wave conditions to ensure that it contains at least 

1000 waves. 

3.2 SCALING PROCESS 

Scale modelling must guarantee similarity in behaviour between the prototype and the 

model. Three types of similarity can be achieved: geometric similarity, kinematical similarity 

and dynamic similarity. To fulfil dynamic similarity, scaling needs to follow three laws based 

on Froude number, Reynolds number and Weber number. However, the fulfilment of these 

three criteria is not possible to achieve for a same model and therefore, scale effects occur. 

Further description regarding these similitude requirements and scaling laws can be found 

in Appendix A. 

3.2.1 BEST SUITABLE SCALING LAW 

Geometric scaling between prototype and model is fulfilled by applying a certain scaling 

factor to the structural dimensions. However, scaling all the processes that occur in a 

breakwater is not possible since intrinsic properties of the fluid such as viscosity, surface 

tension and air content cannot be scaled for the same model. 

Since overtopping phenomenon can be mainly considered as free surface flow and to 

reproduce waves correctly, Froude scaling is applied. Thus, gravity is assumed dominant over 

viscosity.  

3.2.2 SCALE EFFECTS 

As a consequence of scaling based on Froude criterion, a disproportion of viscosity and 

surface tension occurs. This leads to the introduction of scale effects in the model. From the 

observation of physical model studies some generic rules has been derived in order to avoid 

scale effects (EurOtop 2016). 

The effects of surface tension can be avoided by defining wave periods larger than T=0.35s 

and wave heights larger than Hs=5 cm. Besides, water depths in the model should be larger 
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than d=2cm. Otherwise, dampening of the waves might occur. In this research, these 

requirements are fulfilled avoiding scale effects due to surface tension. 

Besides, the permeability of the core influences the armour layer stability. In case flow 

velocities and rock grading are small, viscous forces may be greater in the model resulting in 

scale effects. In order to avoid them, stone size of the core of the structure has to be scaled 

according to the velocities in the core rather than stone dimensions. Therefore, the core is 

not scaled geometrically. Instead, the approach proposed by Burcharth et al. (1999) is used. 

This method results in a diameter for the core material that ensures that Froude scaling law 

holds for a characteristic pore velocity. The pore velocity is defined as the average velocity of 

a most critical area in the core with respect to the pore velocity.  

According to Wolters et al. (2014) for core material with a Dn50 > 7mm and Re > 300, viscous 

scale effects can be neglected. In this research, this last requirement is not met since Re = 

67 based on an average pore porosity of 8 · 10-3 m/s obtained from Burcharth’s method. This 

means that in the core, the flow is more laminar than in the prototype core since in reality 

the flow would be turbulent at least in a considerable part of the core and, thus, scale effects 

due to viscosity might be present. However, these scale effects present in the core have no 

influence on the measured overtopping since this process is governed mainly by the armour 

layer and its permeability rather than the permeability of the core. Therefore, the viscous 

forces associated with the armour layer are important to investigate. Usually, the armour 

layer is large enough to ensure fully turbulent flow since the characteristic dimension of the 

armour unit is sufficiently large. As described in Appendix B the Reynold number in this 

research is greater than 103 and therefore, viscous effects can be neglected.  

3.3 MODEL’S CONFIGURATION 

Due to the fact that this research is part of the preliminary study of the behaviour of a new 

armour unit, the hydraulic tests were not based in any prototype model that needs to be 

tested. Although the parameters used in the experiments were not scaled from a prototype 

present in reality, a scale of 1/50 is considered in order to be able to generalize the results 

to a real situation. 

3.3.1 SET-UP AND DIMENSIONS 

The set-up of the tested cross-section has been designed by considering the set-up of CLASH 

by Pearson et al. (2004) and the set-up of the first experiments done by DMC (2003) when 

studying standard Xbloc units. 

3.3.1.1 Xbloc+ units 

The small scale tests were performed using available Xbloc+ units (version 1) provided by 

Delta Marine Consultants. The model units were made also in a scale of 1:50 representing 

7.2 ton of prototype units. They are made of plastic, in order to properly scale the roughness, 

with a mass density of 2.28 g/cm3 and a mass of 58.6 gr. 

After the performance of the first series of tests, the shape of the armour units was modified 

by the introduction of an 8 mm hole in the centre of the unit. This modification is meant to 

release uplift pressures and make the armour units more stable. The modified block has a 

mass of 55.95 gr and corresponds to version 2 of the block. 

The nominal diameter of the unit is calculated based on its design armour size as defined in 

equation [3.3]: 
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𝐷𝑛 = (
𝑊

𝜌𝑎
)
1/3

 

[3.3] 

Therefore, the nominal diameter is 2.95 cm for the unit used initially (version 1) and 2.91 cm 

for the modified unit (version 2). 

 

Figure 3.1 Version 1 (left) and version 2 (right) Xbloc+ armour unit 

3.3.1.2 Breakwater cross-section and slope 

The design cross-section consists of: 

- Single layer Xbloc+ armour 

- Under layer 

- Core 

- Stone protection at the toe 

- Stone protection at the crest in order to make it stable. It has the same thickness as 

the armour layer.  

- Glued rock protection at the rear slope of 5 cm width 

- Block row enable stable position of the chute: three 20 m long blocks were available 

at the lab (W=4.8 cm; H=6.8 cm) 

The thickness of the armour layer is assumed as 3.6 cm based on studies performed by Rada 

Mora (2017). The under layer has a thickness of 2.6 cm representing 2Dn50 (see section 

3.3.2 for more details). 

Most of the studies of single layer concrete armour are performed with a slope of 1 in 1.5. 

However, in this research a slope of 1 in 4/3 is used since the previous tests done by DMC 

for Xbloc where set up with that slope. Besides, a 1 in 2 slope is also tested to analyse the 

influence of the slope angle on the overtopping. Test with a wooden plate are also performed 

in a 1:2 slope. Those tests also maintained the rock crest berm. 

The rear slope is fixed as 1 in 4/3 and in order to ensure its stability it is protected with a 

layer of glued rock.  

3.3.1.3 Crest freeboard 

The crest freeboard of the design cross-section is chosen based on other small scale tests 

performed on single layer units. Within the CLASH project, a freeboard of 1.3 and 0.8 times 

the significant wave height were selected for the conducted tests in order to analyse small 

overtopping and higher overtopping rates. Hydraulic tests on Xbloc armour (DCM, 2003) were 

performed with a variable freeboard between 1.1 and 1.9 times the significant wave height. 
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Besides, Van der Meer (1987) stated that by using a freeboard of 1.33 times the significant 

wave height the wave overtopping is restricted to only 5 to 10%. 

Based on all these experiments, the relative freeboard is fixed as 1.3 allowing some waves 

overtopping. In this research, tests are planned to be running until the failure of the armour 

layer which means higher wave heights than the design significant wave height are 

programmed.  Therefore, large overtopping for these higher wave heights is expected. 

3.3.1.4 Crest width  

In order to design the width of the crest, the distance from where the overtopping is measure 

needs to be fixed. Based on previous experiments such as CLASH and the 2D hydraulic tests 

on Xbloc armour (DMC, 2003), and to enable further comparisons with those tests, the 

overtopping needs to be measured at a distance of 3Dn (or 8.9 cm) from the seaward edge 

of the structure. In order to place the chute in a stable position, a block of 5 cm width is 

placed leading to a wider crest of 13.9 cm. 

3.3.1.5 Foreshore  

A sloping foreshore of a uniform slope of 1:30 is placed. Besides practical reasons, this 1:30 

slope is selected based on previous experiments performed on Xbloc armour by DMC (2003). 

The sloping foreshore has a length of 8.7m starting from the bottom of the flume up to depth 

0.29 m above the bottom. 

Due to positioning of connection points for the foreshore in the flume the structure had to be 

shifted 0.3m backwards to facilitate observations of the slope from the side window. 

Therefore, there is a flat transition of 0.3 m from the foreshore to the structure. This 

horizontal section in front of the structure might have some little impact on the wave 

conditions at the toe of the structure. 

3.3.1.6 Design significant wave height 

The Hudson formula can be used to derived the design significant wave height: 

𝐻𝑠 = ∆ · (
𝑊

𝜌𝑎
· 𝐾𝑑 · 𝑐𝑜𝑡𝛼)

1/3

   

[3.4] 

Where ∆=
𝜌𝑎

𝜌𝑤
− 1 = 1.28 assuming an armour density of 2281 kg/m3. Previous studies done 

by Vos (2017) showed that the stability coefficient Kd should be lower than Kd =16 (as fixed 

for Xbloc units). Therefore, for this research, Kd is fixed as 12.  

Based on the aforementioned data, the design significant wave height is calculated for the 

two slopes planned to be tested. Table 3.1 summarize the results based on the tested unit. 

 Xbloc+ v1 Xbloc+ v2 

W (gr) 58.6 55.95 

Hm0,d (cm) – slope 3:4 9.52 9.32 

Hm0,d (cm) – slope 1:2 10.9 10.74 
Table 3.1 Design significant wave height for a slope 3:4 and 1:2 
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3.3.1.7 Water depth 

DMC (2003) designed their experimental tests on Xbloc armour using a water depth of 0.35m 

and 0.40m at the structure. Tests performed within CLASH framework considered a water 

depth at the structure of 2.5 and 3 times of the design wave height, although these tests 

were conducted without a foreshore. 

Based on discussed researches and the limiting capacities of the wave flume, the water 

depth was fixed as 21 cm at the toe of the structure that means 2.2 times the design 

significant wave height. At the paddle, the water depth is 50 cm. 

This water depth implies that the structure is placed in intermediate waters. Therefore, the 

bottom configuration will have some effect on the wave propagation. Shoaling is expected. 

3.3.1.8 Dimension of the overtopping box 

In order to design the overtopping box a preliminary prediction of the expected overtopping 

volume needs to be done. The overtopping rates can be estimated from the empirical 

formulae described in EurOtop. Therefore, equation [2.9] is used to estimate the overtopping 

discharge. 

Since these experiments correspond to the first insight on the behaviour of the Xbloc+ 

concerning wave overtopping, there is no information about the roughness coefficient, 𝛾𝑓. In 

order to be able to make a first estimation, a roughness coefficient of 0.45 is considered, 

therefore, assuming slightly higher overtopping rates as compared to the standard Xbloc 

units (𝛾𝑓=0.44). 

The mean overtopping discharge is calculated for the design wave conditions. A chute width 

of 25 cm (only chute width available at the laboratory) and a test duration of 30 minutes is 

assumed in order to estimate the expected volume of overtopping water. Table 3.2 presents 

a summary of this calculation.  

 Slope 3:4 

%Hm0,d 60% 80% 100% 110% 120% 130% 140% 150% 

Hm0,toe (cm) 5.71 7.62 9.52 10.48 11.43 12.38 13.33 14.29 

Rc (cm) 12.4 12.4 12.4 12.4 12.4 12.4 12.4 12.4 

Rc/Hm0 2.2 1.6 1.3 1.2 1.1 1.0 0.9 0.9 

g_f 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 

q* (-) 1.85E-07 1.10E-05 1.06E-04 2.33E-04 4.41E-04 7.46E-04 1.16E-03 1.68E-03 

q(l/m/s) 7.92E-06 7.25E-04 9.79E-03 2.48E-02 5.34E-02 1.02E-01 1.77E-01 2.85E-01 

V(l) - chute 25 cm; 

duration = 30 min 
0.004 0.33 4.41 11.15 24.03 45.83 79.53 128.13 

 Slope 1:2 

%Hm0,d 60% 80% 100% 110% 120% 130% 140% 150% 

Hm0,toe (cm) 6.44 8.59 10.74 11.81 12.88 13.96 15.03 16.10 

Rc (cm) 14.00 14.00 14.00 14.00 14.00 14.00 14.00 14.00 

Rc/Hm0 2.17 1.63 1.30 1.19 1.09 1.00 0.93 0.87 

g_f 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 

q* (-) 1.80E-07 1.08E-05 1.05E-04 2.30E-04 4.36E-04 7.39E-04 1.15E-03 1.67E-03 

q(l/m/s) 9.22E-06 8.51E-04 1.16E-02 2.93E-02 6.32E-02 1.21E-01 2.10E-01 3.38E-01 

V(l) - chute 25 cm; 

duration = 30 min 
0.00 0.38 5.20 13.18 28.43 54.29 94.31 152.05 

Table 3.2 Estimation mean overtopping discharge and overtopping volume 
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The previous estimations show a large variability of volume. In order to be able to measure 

also the large overtopping expected for the highest waves an overtopping box of a capacity 

of 8 litres is selected together with a submerged pump that pumps water from the little 

overtopping box to a set of larger boxes placed outside the flume. 

The overtopping box is placed inside an outer box to protect it from the water running over 

the rear slope and ensure its stability.  

More details of the overtopping measuring equipment can be found in section 3.4.5.  

3.3.1.9 Toe protection 

Standard toes have a height of 2-3Dn and a width of 3-5Dn (D’Angremond et al. 2008). 

Therefore, a height of 2Dn (5.9 cm) and a width of 3Dn (8.9cm), as it is selected in the 

experiments conducted within CLASH project, is chosen. 

3.3.1.10 Sketch of the cross-section 

Figure 3.2 and Figure 3.3 indicates some important dimensions of the cross-section design 

for a 3:4 and 1:2 angle slope configuration. 

 

Figure 3.2 Cross-section design for structure with a 3:4 slope 

 

Figure 3.3 Cross-section design for structure with 1:2 slope 

To perform the tests with the smooth 1:2 slope, the concrete units are replaced by a wooden 

plate of 60 x 73 x 1.8 cm. The underalyer is increased 1.8 cm so the wooden sheet rests on 

the slope. The crest and toe protection remain unchanged. 
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3.3.2 MATERIAL 

3.3.2.1 Armour layer 

The armour layer consists of Xbloc+ units placed as one layer system. The units were placed 

with a spacing of 1.1 times the width of the unit in order to provide the maximum interlocking 

to each row and be realistic regarding crane operations. 

 Xbloc+ v1 Xbloc+ v2 

W (gr) 58.6 55.95 

Dn (cm) 2.95 2.91 
Table 3.3 Characteristic values of the different Xbloc+ units tested 

In general, for single armour layers, the thickness of the armour layer is equal to the Dn of 

the unit. However, due to the asymmetric shape of this unit, the layer thickness is greater 

than the Dn. Based on investigations performed by Rada Mora (2017) the layer thickness is 

0.76 times the characteristic length of the unit which, for the unit used in this research, this 

results in a layer thickness of 3.6 cm. 

3.3.2.2 Under layer 

The underlayer material has a rock density of 2.65 g/cm3. It has been constructed out of the 

available standard grading of 11.2 -16 mm. The grading is based on a Dn50 13 mm assuming 

one tenth of the armour layer design weight. 

Filter stability is checked based on Terzaghi’s theory. More details are provided in Appendix 

B. 

3.3.2.3 Core material 

As discussed in section 3.2.2, the core material is scaled according to Burcharth’s approach 

which results in a required Dn50 of 9.6 mm. Standard available grading of 8 – 11.2 mm has 

been selected for the core material.  

3.3.2.4 Toe protection 

The material of the toe has a rock density of 2.65 g/cm3. The grading has been composed 

out of available standard grading of 16 – 22.4 mm based on toe stability. Stones are 

handpicked and weighed. 

More information regarding the toe stability can be found in Appendix B. 

3.3.2.5 Crest protection 

The material of the crest has a rock density of 2.65 g/cm3. The grading has been composed 

out of available standard grading of 16 – 22.4 mm. Stones are handpicked and weighed. 

3.4 LABORATORY EQUIPMENT  

3.4.1 WAVE FLUME 

The experimental tests have been performed at the DMC 2D wave flume located in Utrecht. 

The flume has a length of 25m, a width of 0.6m and a height of side walls of 1.0m. The 

effective length of the flume is approximately 20m.  

It allows water depths of between 40 and 75cm and it can be filled and emptied with pump 

valves which are placed on both sides of the flume. 
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Figure 3.4 Wave flume 

 

Figure 3.5 Longitudinal section of the wave flume 

3.4.2 WAVE GENERATOR 

The wave generation is induced by a fully absorbing piston type spectral wave maker provided 

by Edinburg Designs. The wave maker is able to measure the reflected wave and correct the 

paddle motion to absorb it.  

The incoming and reflected wave fields are measured by resistance wave gauges. The 

reflection analysis is based on the method of Mansard and Funke (1980) for which the 

WaveLab3 software, created by Aalborg University, has been applied.  

The wave generation of the piston is based on a steering file which contains all the wave 

information such as the significant wave height and peak period, the type of the spectrum, 

its characteristics and the duration. Time series of water level elevations have been recorded 

at a frequency of 32Hz. 

The maximum wave height which can be generated is a significant wave height of Hm0=20cm.  

 

Figure 3.6 Piston type wave maker 



 
 

NEW   
Experimental study on the wave overtopping performance of Xbloc+ armour unit  

Jimenez, A. 
 

 

25 

3.4.3 WAVE GAUGES 

Two sets of three wave gauges are placed in the flume; one at deep water and the other one 

near the structure. The array at deep water is located at 8m from the wave generator just 

before the foreshore structure. The position of the other array is based on a compromise: it 

needs to be placed as close as possible to the structure (as it is the place of interest) but a 

sufficient distance from the structure (as this will improve the quality of reflection analysis). 

Water depth should be constant for all 3 wave gauges. Thus, positioning them on the 

breakwater slope or on the toe is not an option. Besides, dissipation of wave energy by 

breaking while passing the gauge array will reduce the accuracy of the reflection analysis. 

Based on these considerations, the gauge array near the structure is placed at 1m from the 

toe. 

The spacing between the gauges is set based on the following conditions given by Mansard 

& Funke (1980): 

𝑋1−2 =
𝐿𝑝

10
 

𝐿𝑝

6
< 𝑋1−3 <

𝐿𝑝

3
 𝑎𝑛𝑑 𝑋1−3 ≠

𝐿𝑝

5
 𝑎𝑛𝑑 𝑋1−3 ≠

3𝐿𝑝

10
  

[3.5] 

According to these recommendations, a distance of 0.3m between the first and second 

gauge and 0.7m between the first and third gauge is selected. 

3.4.4 BALANCE AND PUMP 

The overtopping water is collected behind the structure and pumped into larger buckets when 

needed. The volume of water is weighed using an electronic balance. The water is pumped 

using a submergible pump. 

3.4.5 OVERTOPPING TANK AND CHUTE 

The dimensions of the chute and overtopping tank are 25x66 cm and 60x50 cm respectively. 

Due to limitation of time, the equipment available in the laboratory is used, although the 

capacity is lower than needed. Therefore, water is collected inside the overtopping tank in a 

bucket with a capacity of 8L and pumped it outside the flume into larger buckets when higher 

wave heights are tested. 
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Figure 3.7 Top and profile view of the overtopping box and chute 

3.4.6 VIDEO CAMERAS 

In order to record video footages and images of all the executed tests, two video cameras 

are installed. One is placed on the top of the flume focusing on the armour slope and another 

in a lateral of the flume recording the cross-section. Pictures of the slope are taken before 

and after each test. 

3.5 MEASUREMING SYSTEM  

3.5.1 FINAL MEASUREMENT SET-UP 

The final measurement set-up used for the performed tests on a 3:4 slope structure is 

detailed in Figure 3.8 and Figure 3.9. The same measuring set-up is used for series 

performed in a 1:2 slope. 
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3.5.2 TEST PROCEDURE 

The performance of a test requires three main phases: a preparation phase before the 

generation of waves, the actual performance of the test where waves are generated and data 

is collected and the final phase after the test where data is analysed. 

▪ Before the test 

Before starting testing, laboratory equipment need to be calibrated and checked. The input 

files with the corresponding wave characteristics are created and the overtopping buckets 

are weighted empty. The initial water level is also checked. Moreover, the pump is introduced 

in the overtopping box in case its use is required. 

▪ Wave generation 

During the performance of the test wave data is recorded by the wave gauges. The number 

of overtopping waves is counted manually and the water is pumped outside the flume (when 

needed). 

In case of initiation of armour failure, the test is stopped before the filter layer is damaged. 

▪ After the test 

After the wave generation is completed (after 1000 waves), the wave generator is switched 

off. The recorded wave data is analysed and checked in order to confirm the reliability of the 

test. Finally, the overtopping water is weighted and the final water depth is measured. The 

overtopping water is returned to the flume in order to keep a constant water depth. 

Pictures of the armour slope are taken before and after each test. 

3.6 TEST PROGRAM 

3.6.1 RANGE OF VARYING PARAMETERS 

The main varying parameters are three: the wave height, the wave steepness and the slope 

angle. The ranges of these parameters are specified in next subsections.  

3.6.1.1 Wave height 

Wave height is increased in order to test until armour failure. Therefore, the following wave 

heights percentages are chosen: 

▪ 60%Hm0,d 

▪ 80%Hm0,d 

▪ 100%Hm0,d 

▪ 110%Hm0,d 

▪ Increments of 10% until failure or flume limitations  

The first two tests are needed to allow for compaction and initial settlements of the armour 

slope. 

Hm0,d corresponds to the design significant wave height described in Table 3.1. 

3.6.1.2 Wave steepness 

Based on the test program designed by DMC for the study of the Xbloc armour in 2003, the 

tested wave steepness groups are: 
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▪ Sop,1= 0.02 

▪ Sop,2= 0.04 

▪ Sop,3= 0.06 

The first steepness is representative of swell waves.  

3.6.1.3 Slope angle 

In order to investigate the influence of the slope, two different slope angles are tested: 

▪ tanα1 = 3:4 

▪ tanα2 = 1:2 

3.6.2 TEST PROGRAM 

Based on the varying range presented above, the set of performed experiments for each 

slope is:  

 

Series Test 
Type of 

unit 
Slope 

% Hm0, 

design 

Hm0, 

design 

[m] 

Tp [s] Sop Rc [m] Rc/Hm0 

1 a v1 3/4 60% 0.0571 0.960 0.04 0.124 2.17 

b v1 3/4 80% 0.0761 1.100 0.04 0.124 1.63 

c v1 3/4 100% 0.0952 1.240 0.04 0.124 1.30 

2 a v2 3/4 60% 0.0563 1.343 0.02 0.124 2.20 

b v2 3/4 80% 0.0750 1.551 0.02 0.124 1.65 

c v2 3/4 100% 0.0938 1.734 0.02 0.124 1.32 

d v2 3/4 110% 0.1032 1.818 0.02 0.124 1.20 

e v2 3/4 120% 0.1125 1.899 0.02 0.124 1.10 

f v2 3/4 130% 0.1219 1.977 0.02 0.124 1.02 

g v2 3/4 140% 0.1313 2.051 0.02 0.124 0.94 

3 a v2 3/4 60% 0.0563 0.950 0.04 0.124 2.20 

b v2 3/4 80% 0.0750 1.097 0.04 0.124 1.65 

c v2 3/4 100% 0.0938 1.226 0.04 0.124 1.32 

d v2 3/4 110% 0.1032 1.286 0.04 0.124 1.20 

e v2 3/4 120% 0.1125 1.343 0.04 0.124 1.10 

f v2 3/4 130% 0.1219 1.398 0.04 0.124 1.02 

g v2 3/4 140% 0.1313 1.451 0.04 0.124 0.94 

h v2 3/4 150% 0.1408 1.502 0.04 0.124 0.88 

4 a v2 3/4 60% 0.0563 0.775 0.06 0.124 2.20 

b v2 3/4 80% 0.0750 0.895 0.06 0.124 1.65 

c v2 3/4 100% 0.0938 1.001 0.06 0.124 1.32 

d v2 3/4 110% 0.1032 1.050 0.06 0.124 1.20 

e v2 3/4 120% 0.1125 1.097 0.06 0.124 1.10 

f v2 3/4 130% 0.1219 1.141 0.06 0.124 1.02 

g v2 3/4 140% 0.1313 1.184 0.06 0.124 0.94 
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Series Test 
Type of 

unit 
Slope 

% Hm0, 

design 

Hm0, 

design 

[m] 

Tp [s] Sop Rc [m] Rc/Hm0 

5 a v2 1/2 60% 0.064 1.44 0.02 0.14 2.17 

b v2 1/2 80% 0.086 1.66 0.02 0.14 1.63 

c v2 1/2 100% 0.107 1.86 0.02 0.14 1.30 

6 a v2 1/2 60% 0.064 1.02 0.04 0.14 2.17 

b v2 1/2 80% 0.086 1.17 0.04 0.14 1.63 

c v2 1/2 100% 0.107 1.31 0.04 0.14 1.30 

d v2 1/2 110% 0.118 1.38 0.04 0.14 1.19 

e v2 1/2 120% 0.129 1.44 0.04 0.14 1.09 

7 a v2 1/2 66% 0.078 0.91 0.06 0.14 1.79 

b v2 1/2 80% 0.086 0.96 0.06 0.14 1.63 

c v2 1/2 100% 0.107 1.07 0.06 0.14 1.30 

d v2 1/2 110% 0.118 1.12 0.06 0.14 1.19 

e v2 1/2 120% 0.129 1.17 0.06 0.14 1.09 

8 a Smooth 1/2 60% 0.064 1.44 0.02 0.14 2.17 

b Smooth 1/2 80% 0.086 1.66 0.02 0.14 1.63 

c Smooth 1/2 100% 0.107 1.86 0.02 0.14 1.30 

9 a Smooth 1/2 60% 0.064 1.02 0.04 0.14 2.17 

b Smooth 1/2 80% 0.086 1.17 0.04 0.14 1.63 

c Smooth 1/2 100% 0.107 1.31 0.04 0.14 1.30 

d Smooth 1/2 110% 0.118 1.38 0.04 0.14 1.19 

e Smooth 1/2 120% 0.129 1.44 0.04 0.14 1.09 

10 a Smooth 1/2 66% 0.078 0.91 0.06 0.14 1.79 

b Smooth 1/2 80% 0.086 0.96 0.06 0.14 1.63 

c Smooth 1/2 100% 0.107 1.07 0.06 0.14 1.30 

d Smooth 1/2 110% 0.118 1.12 0.06 0.14 1.19 

e Smooth 1/2 120% 0.129 1.17 0.06 0.14 1.09 

Table 3.4 Test program 
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4 |   ANALYSIS OF OVERTOPPING 

PERFORMANCE OF XBLOC+ UNIT 
This chapter presents and discusses the results of the experimental tests performed in the 

2D wave flume. Firstly, a description of the measuring accuracy is given. Secondly, an 

overview of the measured wave conditions is presented. The next section analyses the test 

results on wave overtopping. Finally, a discussion about the different parameters playing a 

role on wave overtopping is conducted. 

Note that the analysis does not include the series performed with the version 1 of Xbloc+ 

unit (without hole) since this study is focused on the latest version (version 2) of the block. 

4.1 MEASURING ACCURACY 

The measuring error is mainly induced by the measuring system and the accuracy of the used 

instruments. In this research, 6 parameters where measured: the overtopping volume, the 

duration of the test, the wave height and period, the water depth (and freeboard) and the 

angle of the slope. 

4.1.1 OVERTOPPING VOLUME 

The overtopping is measured with an electronic balance; its accuracy is ±1gr. 

During the tests, it was observed that for higher wave heights some waves overtopped the 

structure at high velocities exceeding the bucket used for water collection. The water that 

remained in the overtopping tank was pumped and weighted. This extra overtopping volume 

is also included in the calculations in order to improve the accuracy of the results.  

Based on the relationship between measured overtopping inside and outside the bucket the 

accuracy is estimated. An average error of ±1.3kg is defined, which implies a 2.5% error. 

Furthermore, the lower overtopping discharges might be more affected by the crest as 

compared to higher overtopping rates. During the execution of the tests, it was observed that 

large surging waves (which generated high overtopping rates) were so energetic that passed 

over the structure with little interaction with the crest and therefore, less water might become 

infiltrated. Besides, the volume infiltrated through the crest has a greater impact in lower 

overtopping discharges since it corresponds to a higher percentage of the total overtopping 

volume. 

4.1.2 DURATION OF THE TEST 

The duration of the test is measured by the wave data recorder. The initiation and conclusion 

of the recording is done manually. However, in a wave record the time limits are easily 

noticeable and hence, the accuracy of this measurement is not compromised. 

4.1.3 WATER DEPTH AND FREEBOARD 

Wave overtopping is extremely sensitive to variations of the relative freeboard (Molines & 

Medina 2015b). The fact that the crest is protected by rocks might lead to some variations 

on the design freeboard since rocks are not uniform and can slightly move or settle. Besides, 

due to water depth fluctuations derived from overtopped water, the crest freeboard might 

vary.  
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In order to analyse the variations in the crest freeboard, the water depth was measured 

before and after each test. Table 4.1 shows the measured differences in water depth for the 

performed tests. In most of the tests there is no or little reduction of the water depth. The 

maximum decrease in water depth is observed under smooth conditions for the test 

performed with a 100% of the design wave height where a difference of 2.2 cm was 

measured between the beginning and the end of the test. 

The reduction of the water depth during the performance of some tests implies an increase 

in the crest freeboard. To account for this effect, the crest freeboard Rc is corrected based 

on the measured difference in water depth as defined in equation [4.1]. The modified values 

of the crest freeboard are given in Table 4.1. 

𝑅𝑐
∗ = 𝑅𝑐 +

|𝑑𝑓𝑖𝑛𝑎𝑙 − 𝑑𝑖𝑛𝑖𝑡𝑖𝑎𝑙|

2
 

[4.1] 

By introducing this correction, the accuracy of the largest overtopping discharges is improved, 

reducing the scatter of the results.  

 Series Test ∆depth [m] Rc* [m]   Series Test ∆depth [m] Rc* [m] 
   

Slope 3:4 

2 

a 0 0.124  

Slope 1:2 

6 

a 0 0.140 

b 0 0.124  b 0 0.140 

c -0.002 0.125  c 0 0.140 

d -0.006 0.127  d 0 0.140 

e -0.009 0.129  e 0 0.140 

f -0.012 0.13  

7 

a 0 0.140 

g -0.02 0.134  b 0 0.140 

3 

a 0 0.124  c 0 0.140 

b 0 0.124  d 0 0.140 

c 0 0.124  e 0 0.140 

d 0 0.124  

Slope 1:2 

smooth 

8 

a -0.001 0.141 

e 0 0.124  b -0.01 0.145 

f -0.002 0.125  c -0.022 0.151 

g -0.005 0.127  

9 

a 0 0.140 

h -0.007 0.128  b -0.001 0.141 

4 

a 0 0.124  c -0.006 0.143 

b 0 0.124  d -0.009 0.145 

c 0 0.124  e -0.012 0.146 

d 0 0.124  

10 

a 0 0.140 

e 0 0.124  b 0 0.140 

f 0 0.124  c -0.003 0.142 

g 0 0.124  d -0.006 0.143 

Slope 1:2 5 

a 0 0.140  e -0.007 0.144 

b 0 0.140       
c -0.002 0.141       

Table 4.1 Measured decrease in water depth and corrected crest freeboard 
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4.1.4 PARAMETERS DERIVED FROM REFLECTION ANALYSIS 

The reflection analysis is done by WaveLab3 based on Mansard and Funke’s method (1983). 

This method requires a simultaneous measurement of the waves at three positions in the 

flume. Parameters such as wave heights and wave periods are obtained from this reflection 

analysis based on the wave data recorded by the wave gauges. The accuracy of the wave 

gauges is around 0.01 – 0.1 mm.  

By comparing signals from the wave gauges placed near the structure, a signal deviation of 

0.3% is found. Therefore, the accuracy of the parameters derived from the spectral analysis 

such as wave height and period are assumed to be equal to the signal deviation. 

4.1.1 SLOPE 

The slope is built manually based on a drawing placed at the glass wall. The slope angle is 

measured after the structure is built resulting in a slope angle of 36º and 27º for a design 

slope of 3:4 and 1:2, respectively. The measured slope angle is used for the analysis and 

therefore, no error is considered for this parameter. 

4.1.2 DIMENSIONLESS WAVE OVERTOPPING DISCHARGE 

The measured dimensionless wave overtopping is the key parameter in this research. Its 

accuracy can be derived from the individual parameters described above. 

The dimensionless wave overtopping discharge is calculated from the measured overtopping 

volume, the duration of the test and the width of the chute. In order to make the parameter 

dimensionless, it is divided by √𝑔𝐻𝑚0
3 . The inaccuracy in the determination of these 

parameters induce errors in the measured dimensionless wave overtopping.  

Based on the errors defined above, the overall error of the measured dimensionless wave 

overtopping is calculated as 1.5%. This error is insignificant compared to errors induced by 

model effects (see section 2.2.2), especially when small quantities of water are measured. 

4.2 MEASURED WAVE CONDITIONS 

Prior to the analysis of the results, an analysis of the measured wave conditions is performed. 

Due to shoaling and wave breaking caused by depth limited conditions, the wave height near 

the structure differs from the wave height at deep water. Moreover, the wave is partly 

reflected when reaching the structure, thus influencing the measured incident wave. In order 

to optimize the desired wave conditions, a previous calibration without the structure is 

performed.  

Appendix D presents the measured wave conditions at deep waters and near the structure 

for each individual test series. 

4.2.1 VARIATION IN WAVE STEEPNESSES 

Wave steepness is maintained constant throughout the duration of each test series. The 

measured nominal wave steepness near the structure is presented in Figure 4.1, Figure 4.2 

and Figure 4.3, plotted against the nominal wave steepness introduced in the wave maker. 
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Figure 4.1 Measured wave steepness for tests performed on a 3:4 slope 

 

Figure 4.2 Measured wave steepness for tests performed on a 1:2 slope 

 

Figure 4.3 Measured wave steepness for tests performed on a smooth 1:2 slope 
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It can be observed that the target wave steepness near the structure is achieved fairly well 

in most of the tests. However, the difference between measured and target wave steepness 

is more noticeable for the higher wave steepness. This is due to the loss of energy occurring 

when waves break. The larger the wave height and smaller the period, the larger the energy 

dissipation due to breaking and hence, the larger the difference between target and 

measured conditions. It is also important to bear in mind that, near the structure, 

uncertainties of the reflection analysis for breaking wave conditions (non-linear waves) might 

also be affecting the calculation of the real incident wave heights. 

 
Besides, the 6% wave steepness in the smooth 1:2 slope presents slightly lower wave 

steepness with respect to the same tests performed in 1:2 armoured slope, although the 

same steering file, calibrated without the structure, is used. In Figure 4.4 the measured 

reflection coefficients for the three tests series are shown in relation to the Iribarren number. 

It can be seen that the impermeable wooden plate leads to higher reflection coefficients than 

the armoured slopes. This might cause the differences in the measured wave steepness. 

Moreover, limitations on the absorption control might also have an influence. 

 

Figure 4.4 Measured reflected coefficient 

The wave breaking can be noticed in the wave height exceedance curves. In Figure 4.5, the 

wave distribution of test 4f corresponding to a 6% wave steepness and a target wave height 

of 12.19 cm (130% of design Hm0) on 3:4 slope is shown. It can be seen that for greater 

wave heights the wave distribution is not following a Rayleigh distribution. This deviation of 

the wave distribution is caused by wave breaking. Besides, the wave spectrum, presented in 

Figure 4.6, shows larger differences between the measured and target spectrum for higher 

frequencies (smaller periods) as a result of energy losses. 
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Figure 4.5 Wave distribution of Test 4f (130%Hm0, s=0.06, 3:4 slope) 

 

Figure 4.6 Wave spectrum of Test 4f (130%Hm0, s=0.06, 3:4 slope) 

4.2.1 VARIATIONS IN WAVE HEIGHT 

During the performance of the test, the wave height was measured at deep water and near 

the structure. Figure 4.7 presents the relationship between the spectral significant wave 

height, Hm0, at those two locations. Wave breaking caused by depth limited conditions makes 

the measured wave height decreases. This can be observed in Figure 4.7 where it is clearly 

noticed that wave height near the structure is lower than in deep water.  
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Figure 4.7 Relationship between measured Hm0 at deep water and near the structure 

Due to wave breaking, the spectral significant wave height, Hm0, also varies from the 

statistical significant wave height H1/3. Figure 4.8 describes the relationship between these 

two measured wave height near the structure. Slightly greater deviations are noticed for the 

highest measured wave heights as wave breaking process increases.  

 

Figure 4.8 Relationship between measured Hm0 and H1/3 near the structure 
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4.2.2 VARIATIONS IN WAVE PERIOD 

In this experimental research, the wave period is estimated from spectral analysis performed 

with WaveLab3. Figure 4.9 describes the relationship between wave periods measured at 

deep water (d=0.5m) and near the structure (d=0.21m) which represents intermediate 

waters. On one hand, it is observed that the peak wave period tends to be slightly higher near 

the structure in most of the series. On the other hand, less scatter is obtained for the average 

spectral wave period although deviations increase for swell conditions. 

 

 

 

Figure 4.9 Relationship between wave periods at deep water and near the structure 

EurOtop Manual (2016) describes a relationship between the spectral peak wave period (Tp) 

and the spectral average wave period (Tm-1,0) for a single peaked spectrum with Rayleigh 

distribution in deep water where Tp is assumed 1.1 times Tm-1,0. However, in shallow water 

this relationship is not always valid as the spectrum in shallow water deviates from the 

spectrum in deep water due to wave breaking (Verhagen et al. 2007). Figure 4.10 shows the 

relationship between these two spectral wave periods in deep waters and near the structure. 

Test results show that this relationship is mostly maintained in deep water. However, near 

the structure a slight deviation is found due to the fact that the structure is placed at 

intermediate waters and, thus, Rayleigh distribution is no longer followed (as Figure 4.5 

shows) and wave breaking occurs. 

 

0.8

1

1.2

1.4

1.6

1.8

2

0.8 1.3 1.8

Tp
 n

ea
r 

th
e 

st
ru

ct
u

re

Tp at deep water

0.8

1

1.2

1.4

1.6

1.8

2

0.8 1.3 1.8

Tm
-1

,0
 n

ea
r 

th
e 

st
ru

ct
u

re

Tm-1,0 at deep water



 
 

NEW   
Experimental study on the wave overtopping performance of Xbloc+ armour unit  

Jimenez, A. 
 

 

39 

 

 

Figure 4.10 Relationship between Tp and Tm-1,0 both at deep water and near the structure 

4.2.3 INFLUENCE OF THE FORESHORE ON WAVE BREAKING CONDITIONS 

The wave breaking type, as defined by the average spectral breaking parameter ξm-1,0 (see 

equation [3.2]), depends on the combination of structure slope and wave steepness. EurOtop 

(2016) considers waves not to be breaking (surging waves) for ξm-1,0>~2. As it is shown in 

Figure 4.4, the breaker parameters derived from the measured conditions are higher than 2 

which imply that tests are performed under non-breaking conditions. However, during the 

laboratory tests, collapsing and plunging waves were observed in the laboratory.  

The foreshore used in the model induces wave shoaling and thus, an increase in height. As 

the wave advances, breaking occurs either due to the structure or depth limitations. Severe 

breaking is not observed since the foreshore is placed at intermediate water and hence, the 

target wave steepness can be obtained in most of the tests. 

Miche breaking limit (1944) indicates that wave breaking occurs when Hs is greater than 0.4-

0.5 times the water depth. This limit is exceeded in most of the series after the 100% design 

wave height is tested. Furthermore, during tests of 6% wave steepness some whitecappping 

is observed due to wave steepness limitation. 

4.2.4 RANGE OF MEASURED WAVE CONDITIONS 

A summary of the wave conditions measured near the structure during the performance of 

the test (with the structure) is presented in Table 4.2. 
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 Test series Tp (s) Hm0 (cm) Sop ξm-1,0 

3:4 

slope 

2 1.36 – 2.07 5.62 – 11.89 0.018 – 0.020 4.86 – 5.01 

3 0.97 – 1.52 5.62 – 13.28 0.037 – 0.046 3.52 – 3.63 

4 0.78 – 1.21 4.26 – 11.26 0.045 – 0.053 3.62 – 3.13 

1:2 

slope 

5 1.42 – 1.88 6.88 – 10.96 0.025 – 0.026 3.22 – 3.26 

6 1.03 – 1.42 6.46 – 12.52 0.039 – 0.040 2.36 – 2.46 

7 0.91 – 1.19 7.88 – 12.74 0.053 – 0.063 1.97 – 2.02 

Smooth 

1:2 

slope 

8 1.42 – 1.88 6.88 – 10.77 0.019 – 0.022 3.18 – 3.28 

9 1.03 – 1.42 6.53 – 12.28 0.039 – 0.040 2.19 – 2.44 

10 0.91 – 1.23 7.89 – 12.89 0.053 – 0.061 1.95 – 1.97 
Table 4.2 Summary of measured wave conditions near the structure 

4.3 MEASURED WAVE OVERTOPPING  

The overtopping volume and the number of overtopping waves are measured for each test 

series. The mean overtopping rate is then calculated based on the measured overtopping 

volume and the duration of the test. Appendix E presents all the details of the measured 

wave overtopping for each specific test. 

4.3.1 DEFINITION OF MEASURED WAVE OVERTOPPING 

Wave overtopping can take different definitions as it is shown in Figure 4.11. This research 

is based on the wave overtopping measured at 3Dn from the seaward edge of the crest. 

Therefore, the discharge is influenced by the crest berm. The crest berm is made by rock and 

thus, water infiltration occurs through the crest (Q3). Besides, water might also go through 

the armour layer (Q2) due to its permeability.  

 

 

Figure 4.11 Definition of measured overtopping 

4.3.2 DIMENSIONLESS WAVE OVERTOPPING 

In general, mean overtopping discharge is displayed as dimensionless overtopping rate so a 

comparison of wave overtopping for different conditions can be made. In Figure 4.12, the 

experimental data is plotted based on an exponential distribution between the dimensionless 

overtopping discharge [q/(gHm03)0.5] and the dimensionless freeboard (Rc*/Hm0). Hm0 

corresponds to the wave height measured near the structure. 

No overtopping occurred during test 3a, 4a, 4b, 6a, 7a and 7b (see Table 3.4 for details of 

each run). Note that these runs are not included in the graphs. 
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Figure 4.12 Measured dimensionless mean overtopping discharge 

Figure 4.12 shows that all series follow the same trend: as wave height increases (relative 

freeboard decreases), dimensionless overtopping discharge increases as well. However, a 

high degree of scatter among the different tested conditions is noticed.  

As expected, it is observed that smooth conditions give greater overtopping rates as 

compared with rough armoured slopes. Moreover, steeper slopes (3:4) induce higher 

overtopping rates when compared with gentler slopes such as 1:2. This is due to the fact that 

mild slopes are larger and therefore, there is more room for dissipation, which results in less 

wave overtopping.  

Furthermore, it is observed that the wave steepness influences wave overtopping. For longer 

waves a higher amount of overtopping is obtained while a higher wave steepness (shorter 

waves) leads to reduced overtopping. For example, overtopping rates obtained in series 2 

(swell conditions in 3:4 slope) are 20 times higher (in average) with respect to series 4 (6% 

wave steepness in 3:4 slope). 

Further analyses of the different parameters influencing wave overtopping are provided in 

section 4.4. 

4.3.3 PERCENTAGE OF OVERTOPPING WAVES 

The number of overtopping waves (Now) is determined visually at the laboratory for each 

performed test. The total number of waves (Nw) is calculated from the time series analyses 

obtained from WaveLab3.  

Figure 4.13 shows the measured percentage of overtopping waves with respect to the 

dimensionless freeboard and is expressed as AcDn/Hm02 and therefore, taking into account 

the nominal diameter, Dn. In this research, the armour freeboard (Ac) is equal to crest 

freeboard (Rc). 
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Figure 4.13 Percentage of overtopping as a function of dimensionless crest freeboard 

From Figure 4.13 it becomes clear that the percentage of wave overtopping increases as 

wave height increases or, in other words, a reduction of the relative freeboard results in a 

higher percentage of overtopping waves. It is also noticed that, the longer the wave period, 

the higher the number of overtopping waves. This can be explained based on wave energy. 

The longer the wave period, more energetic the waves are and hence, they are able to 

produce more overtopping discharge. 

Furthermore, the test results show that a 3:4 slope induces a higher number of overtopping 

waves as compared with a 1:2 slope. As mentioned before, this is due to the fact that the 1:2 

slope is larger as compared with the 3:4 slope and thus, there is more space for dissipation 

and less waves are able to overtop the structure.  

4.4 PARAMETERS INFLUENCING WAVE OVERTOPPING 

Wave overtopping is a complex phenomenon that is sensitive to many different parameters 

related to breakwater geometry, construction materials and hydraulic data. To understand 

the performance of the Xbloc+ armour unit on wave overtopping, the influence of the main 

factors on overtopping rates is analysed.  Some of these main parameters are listed below: 

- Geometrical parameters: crest freeboard, crest berm width, slope angle of the 

structure. 

- Construction material parameters: porosity, roughness, crest configuration, armour 

layer configuration. 

- Hydraulic parameters: wave height, wave period, angle of wave attack, wave 

steepness, water level. 

In this research, tests are performed under perpendicular wave attack, a rock crest width of 

3Dn and a constant armour porosity and water level. Therefore, only the influence of some 

of the aforementioned parameters can be analysed (which are remarked in italics).  

4.4.1 INFLUENCE OF WAVE HEIGHT 

Wave overtopping is considered to increase almost exponentially with the wave height. This 

trend is confirmed by the present model tests as Figure 4.14 shows. Besides, similar 

trendlines are observed regardless of the wave steepness and slope angle. 
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It should be noted that within the same series the wave period changes due to the fixed wave 

steepness. 

 

Figure 4.14 Influence of wave height on wave overtopping 

For instance, in series 4 (Sop=0.06, slope 3:4) the wave overtopping discharge increases by 

e100Hm0 approximately. 

4.4.2 INFLUENCE OF WAVE PERIOD 

The wave period is not included directly in wave overtopping formulae defined for armoured 

structures. However, the tests results depicted in Figure 4.15 show that wave overtopping 

increases almost exponentially with wave period.  

It should be noted that for the tests performed within the same series the wave heights vary 

in order to keep the wave steepness constant.  

 

Figure 4.15 Influence of wave period on wave overtopping 
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For instance, in series 4 (Sop=0.06, slope 3:4) the wave overtopping discharge increases by 

e20Tm-1,0 approximately. It becomes clear that, although the wave period has a lower 

influence on wave overtopping than the wave height, it has also an effect on wave 

overtopping. Consequently,  empirical formulae for breakwaters might not consider properly 

the influence of the wave period in wave overtopping.  

4.4.3 INFLUENCE OF WAVE STEEPNESS 

The influence of the wave steepness is shown in Figure 4.16 and Figure 4.17 for a 3:4 slope 

and 1:2 slope respectively. Data from tests is depicted by dividing it based on the wave height 

measurements near the structure. Series are identified by the percentage of design wave 

height that corresponds to the measured wave heights near the structure. Bear in mind that 

due to the influence of the foreshore wave heights near the structure differ from the target 

value (as it is explained in section 4.2) and hence, the series are formed with data with slightly 

different wave height. Table 4.3 and Table 4.4 indicates the percentage of design wave 

height that each data point represents. 

 

Figure 4.16 Influence of wave steepness on wave overtopping for a 3:4 slope 

  Wave steepness Sop 
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80%Hm0,d 81% 84% 89% 

100%Hm0,d 103% 103% 97% 

110%Hm0,d 111% 111% 107% 

120%Hm0,d 119% 117% 120% 

130%Hm0,d 127% 126% - 

Table 4.3 Percentage of design Hm0 that corresponds to each wave steepness for a slope 3:4.  

Design Hm0 = 0.0938m 
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Figure 4.17 Influence of wave steepness on wave overtopping for a slope 1:2 

  Wave steepness Sop 

  0.02 0.04 0.06 

S
e

ri
e

s
 

80%Hm0,d 84% 82% - 

100%Hm0,d 102% 102% 104% 

110%Hm0,d - 111% 113% 

120%Hm0,d - 117% 119% 

Table 4.4 Percentage of design Hm0 that corresponds to each wave steepness for a slope 1:2. 

Design Hm0 = 0.107m 

Figure 4.16 and Figure 4.17 clearly show a tendency for increasing overtopping rates by a 

decrease in wave steepness.  Note that the differences in the trendlines are induced by the 

differences in wave height. For instance, the series that describes the 100% of the design 

wave height is formed by data points that represent 101%, 102% and 96% of the design Hm0 

for a 0.02, 0.04 and 0.06 wave steepness respectively.  

Moreover, as wave height exceeds the design wave height (which corresponds to 

Hm0,d=0.0938m and Hm0,d=0.107m for 3/4 slope and 1/2 slope, respectively) overtopping 

discharges increases with a lower rate compared to smaller wave heights. For instance, in a 

3/4 slope and for a 2% wave steepness, the 101%Hm0,d gives 4.3 times more overtopping 

discharge compared to the measured discharge for 81%Hm0,d (Hm0=0.0764m) and the 

overtopping discharge for 119%Hm0,d (Hm0=0.112m) is only 2.8 times higher than the 

discharge relative to the design wave height. This reduction in the increase of the overtopping 

rates might be a result of the decrease of the water level due to the overtopped water which 

leads to an increase of the crest freeboard. 

4.4.4 INFLUENCE OF SLOPE ANGLE 

Wave overtopping is also affected by the slope angle of the structure. The gentler the slope, 

the larger it needs to be in order to maintain the same crest height. This increase in length 

provides more space for wave dissipation. Waves can run up and down along a larger surface 

and therefore, more energy can be dissipated.  

Test results, depicted in Figure 4.18, shows slightly higher overtopping rates for steeper 

slopes, confirming the previous statement. It is also noticed that in swell conditions the slope 

angle has almost no influence. As observed during the physical tests, wave steepness of 2% 
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is characterized by large surging waves. Those waves have a thick water layer running up and 

down the slope and therefore, the incoming waves did not feel the top layer with the same 

“intensity” as waves with a 4% and 6% wave steepness did. 

In contrast, the increase in wave overtopping is significant in wind conditions. For example, 

for a 4% wave steepness, overtopping rates are 6 times higher in the steeper slope compared 

to the milder slope 1 in 2. 

Note that the connection lines depicted in Figure 4.18 connects data points with almost the 

same relative crest freeboard but these points do not have the exact same Rc/Hm0 due to 

differences in the measured wave height near the structure (that differs from the target wave 

height). For instance, the lowest discharges if the 4% wave steepness have a slightly different 

trendline compared with higher discharges. This effect is induced by a lager difference 

between the two relative crest freeboard Rc/Hm0. 

 

 

Figure 4.18 Influence of slope angle on wave overtopping 

4.4.5 INFLUENCE OF BREAKER PARAMETER 

As described in sections 4.4.3 and 4.4.4, the slope angle and wave steepness has an 

influence on wave overtopping. Therefore, the breaker parameter is also affecting 

overtopping rates. Figure 4.19 describes the breaker parameter based on the spectral 

average wave steepness, Sm-1,0. 
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Figure 4.19 Influence of breaker parameter on wave overtopping 

It is noticed that larger breaker parameters induce higher overtopping discharges. 

Furthermore, similar trendlines are observed for the different performed tests: as wave 

height (and wave period) increases within the same series, although the breaker parameter 

remains constant, the overtopping discharge increases due to a decrease in the relative crest 

freeboard. 

Note that the series testing swell conditions in a slope 3:4 have three data points that 

deviates from the trend due to a higher Sm-1,0 (closer to 3% wave steepness) as compared 

to the other data from that series. 

4.4.6 INFLUENCE OF THE ROUGHNESS COEFFICIENT 

Roughness is somewhat included in the wave overtopping empirical formulae by a correction 

factor, 𝛾𝑓. However, roughness is not properly represented by a constant value as it is 

confirmed by the test results depicted in Figure 4.20.  

In order to investigate the influence of the roughness of the armour layer, the roughness 

coefficient is derived from the overtopping formula for armoured structures. Rewriting the 

overtopping equation leads to equation [4.2]. The roughness coefficient is, then, expressed 

as: 
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Figure 4.20 Influence of roughness coefficient in wave overtopping 

Figure 4.20 shows that the roughness coefficient ranges between 0.34 and 0.68 with an 

average of 0.49. Within tests runs with the same wave steepness and slope angle, it is 

perceived that the increase in wave overtopping is correlated with an increase in the 

roughness coefficient. Therefore, it can be inferred that as the wave height increases, the 

thickness of the water layer covering the armoured slope increases as well, reducing the 

influence of roughness of the following incoming waves and the armour layer is identified as 

“smoother”. This can also be related to the type of wave breaking as lower wave steepness 

presents large surging waves (i.e. large breaker parameters). Under surging waves, 

roughness becomes less important and thus, the armour layer is felt “smoother” by the 

incoming waves. Consequently, overtopping rates are higher for swell conditions as well as 

their corresponding roughness coefficients.  

4.4.7 INFLUENCE OF THE PERMEABILITY, POROSITY AND ROUGHNESS 

The roughness coefficient previously analysed does not only account for the roughness of the 

armour layer but also for the permeability and porosity of the structure. Actually, this factor 

absorbs information of any parameter not directly listed in the empirical formulae.  

The influence of the permeability and roughness of the armour slope can also be observed 

based on the test results from the 1:2 armoured and smooth slope. By placing a wooden 

plate on the top layer, both the roughness and the permeability of the structure disappears. 

Therefore, the influence of the porosity and the roughness of the armour layer can be studied. 

However, these two factors cannot be investigated separately under the conditions tested in 

this research. 

The armour porosity allows part of the wave to penetrate through the armour units and 

dissipate energy. Moreover, due to the permeability of the core and underlayer, water can 

infiltrate through the structure which decrease the run-up and the wave overtopping 

discharge.  

Figure 4.21 shows the test results of the armoured slope and the smooth slope. Steeper 

trends are observed for the armoured slope test series regardless of the wave steepness. 

Therefore, as the relative freeboard crest decreases the differences between the discharge 

of the armoured slope and the smooth slope are reduced. In fact, a smaller Rc/Hm0 has less 
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room for run-up and run-down and thus, the influence of the properties of the armour on the 

incoming waves become less significant, which leads to a lower reduction of the overtopping 

discharge. 

 
Figure 4.21 Measured dimensionless overtopping discharge for 1:2 armoured and smooth slope 

Based on the trendlines depicted in Figure 4.21, the ratio of the dimensionless overtopping 

discharge of the armoured slope over the discharge of the smooth slope can be calculated 

for each wave steepness (i.e. q*armoured/q*smooth). 

Figure 4.22 depicts the ratio q*armoured/q*smooth (where q* represents the dimensionless 

discharge) as a function of the relative crest freeboard, Rc*/Hm0. It is perceived that 2% wave 

steepness is less affected by the armour porosity/roughness as compared with wind 

conditions for a given relative crest freeboard. For instance, considering a Rc*/Hm0=1.3, the 

ratio q*armoured/q*smooth is equal to 0.09, 0.012, 0.005 for the 2%, 4% and 6% wave 

steepness, respectively. Therefore, the reduction of overtopping discharge induced by the 

armour porosity/roughness is more effective for higher wave steepness. 

As already mentioned in section 4.4.6 which analyses the influence of the roughness 

coefficient, surging waves are less affected by the armour layer as the water tongue is thicker 

for these types of breakers. Therefore, properties such as porosity and roughness are not 
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able to dissipate as much energy as compared to higher wave steepness. This leads to a 

lower decrease in wave overtopping rates. 

 

Figure 4.22 Ratio armoured and smooth dimensionless discharge as a function of the relative crest freeboard 

4.4.8 INFLUENCE OF THE ROCK CREST BERM 

During the performance of the tests of 2% wave steepness it was observed that most of the 

incoming waves had high velocities and they passed over the structure with little interaction 

with the crest. Therefore, swell conditions were less affected by the rock crest berm. 

This fact is confirmed in Figure 4.23 where the dimensionless overtopping discharges 

measured in this research are compared to the CLASH tests performed under standard 

smooth conditions. The overtopping discharge in these tests is measured at the seaward 

edge of the structure and, thus, they are not affected by any crest berm. 

 

Figure 4.23 Influence of the rock crest berm 
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Note that although the model set-up is based on the model design defined for CLASH tests 

and they are both similar, there are still differences between both configurations that need 

to be considered. The main differences between the model set-up designed for this research 

and CLASH set-up are: 

▪ The CLASH tests were performed with a 1:1.5 breakwater slope. The structure used 

in this study has a slope angle of 1:2 and 3:4. Hence, slightly higher overtopping rates 

are measured in CLASH programme. 

▪ The CLASH tests were conducted with a horizontal bed. In contrast, tests in this 

research are performed with a sloping foreshore of 1:30. Therefore, wave shoaling 

occurs and wave height near the structure increases and waves can break due to the 

influence of the sloping foreshore. 
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5 |  COMPARISON WITH 

EMPIRICAL FORMULAE  
This chapter compares the measured wave overtopping discharge with the empirical 

formulae presented in the literature review of this research, included in Chapter 2. Moreover, 

a discussion of the deviations found between measurements and prediction is given. Finally, 

some correction factors are introduced in the empirical formulae in order to improve the 

overtopping prediction and reduce the scatter. 

5.1 REGIONS OF VALIDITY FOR WAVE OVERTOPPIG FORMULAE 

EurOtop manual (2016) specifies that the wave overtopping discharge can be described by 

two formulae for coastal dikes and embankments, one for breaking waves on the slope and, 

one for non-breaking (surging) waves. These two expressions correspond to equation [2.8] 

and [2.9] respectively and they are repeated here as equation [5.1] and [5.2]. 

𝑞

√𝑔𝐻𝑚0
3

=
0.023

√𝑡𝑎𝑛𝛼
𝛾𝑏ξ𝑚−1,0 · exp(−(2.7

𝑅𝑐
𝐻𝑚0

1

ξ𝑚−1,0 · 𝛾𝑏 · 𝛾𝑓 · 𝛾𝛽 · 𝛾𝑣
)

1.3

) 

[5.1] 

𝑞

√𝑔𝐻𝑚0
3

= 0.09 · exp(−(1.5
𝑅𝑐
𝐻𝑚0

1

𝛾𝑓 · 𝛾𝛽 · 𝛾
∗)

1.3

) 

[5.2] 

In case of armoured slopes such as rubble mound structures, EurOtop (2016) indicates that 

mainly equation [5.2] has to be used since these types of structures often have steep slopes 

of about 1:1.5, leading to the overtopping equation that gives the maximum (Eq. [5.2]). 

In order to determine which empirical formulae corresponds to the present research 

conditions, measured wave overtopping discharge is depicted as a function of the breaker 

parameter. Figure 5.1 shows that the test results are within the region where Eq. [5.2] is valid 

as predicted in EurOtop manual. 

In this thesis Hm0 is taken as the wave height in front of the structure and ξm-1,0 is calculated 

using wave period Tm-1,0 in front of the structure, the wave height in front of the structure 

and the slope angle of the breakwater. 
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Figure 5.1 Wave overtopping discharge as a function of the breaker parameter ξm-1,0 and for three relative 

freeboards 

Note that in further sections, Eq.5.1 is also named dike’s formula and its maximum, Eq.5.2, 

is cited as breakwater’s formula. 

5.1.1 COMPARISON WITH EMPIRICAL FORMULAE FOR BREAKWATERS 

Based on last section’s conclusion, the test results are compared with the empirical 

prediction given by the breakwater’s formula. Firstly, a comparison with the test results of a 

1:2 smooth slope is performed. Figure 5.2 presents the measured overtopping results for 

this case. It clearly shows that the empirical prediction does not give a good fit. There is large 

scatter between different wave steepness. This scatter is emphasized in swell conditions.  

Due to the presence of the rock crest, lower overtopping discharges are expected as 

compared with the empirical prediction for smooth slopes (𝛾𝑓=1.0). However, a roughness 

coefficient of 1.0 gives a good fit for swell conditions since, as discussed in section 4.4.8, 

swell conditions are not affected by the rock crest berm. Higher wave steepness present 

much lower overtopping rates, which results in a smaller roughness coefficient. 
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Figure 5.2 Dimensionless overtopping discharge of smooth slope compared to empirical prediction (Eq.5.2) 

Measured overtopping discharges of 3:4 and 1:2 armoured slopes are presented in Figure 

5.3 and Figure 5.4. Large scatter is also observed in both cases. As already seen in the results 

for the smooth slope, swell conditions have larger deviations as compared to the results of 

4% and 6% wave steepness. 

 

Figure 5.3 Dimensionless overtopping discharge of 3:4 slope compared to empirical prediction (Eq.5.2) 
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Figure 5.4 Dimensionless overtopping discharge of 1:2 slope compared to empirical prediction (Eq.5.2) 

Note that for all graphs a prediction is given with a 90% confidence band. The roughness 

coefficient used for these predictions is derived by averaging the roughness values obtained 

from equation [4.2] and depicted in Figure 4.20. These values are presented in Table 5.1 

along with its calibrated coefficient assuming 𝛾𝑓=1.0 for the smooth slope. They should be 

taken as a first and rough estimation but they cannot be considered representative for the 

armour unit since the standard overtopping formula does not give a good fit due to the high 

scatter present in the results. Besides, roughness coefficients for the two tested slopes 

differs significantly. Although the 1:2 slope is larger than 3:4 slope and units in the gentler 

slope are placed facing a little bit upwards (see. Figure 5.5) which might slightly increase the 

roughness of the armour layer (i.e. decrease roughness coefficient), this large difference 

seems unrealistic.  

Average 𝜸𝒇 

slope 𝛾𝑓 𝛾𝑓_calibrated 

3:4 0.51 0.68 

1:2 0.43 0.56 

1:2 smooth 0.76 1 

Table 5.1 Average values of roughness coefficients 

 

Figure 5.5 Placement of Xbloc+ unit (Rada Mora 2017) 
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A discussion of factors that might be playing a role in these deviations is provided in the next 

section. 

5.2 SCATTER OF THE RESULTS 

Figure 5.2, Figure 5.3 and Figure 5.4 show a large degree of scatter between the different 

series and therefore, empirical formulae does not predict overtopping rates accurately. The 

main factors that might influence this scatter are discussed below. 

5.2.1 EFFECT OF THE ROCK CREST 

Tests on the smooth slope are performed with a wooden plate and a rock crest. Figure 5.2 

shows that 2% wave steepness is not affected by the presence of the crest as it fits with the 

empirical prediction assuming 𝛾𝑓=1.0. However, results for 4% and 6% wave steepness are 

significantly reduced compared to the prediction for smooth slopes. Therefore, the effect of 

the rock crest does not have the same effect for swell and wind conditions.  

During the performance of the tests of 2% wave steepness it was observed that most of the 

incoming waves had really high velocities and they passed over the structure with little 

interaction with the crest. Therefore, large unbroken waves are less affected by the rock crest 

as it is confirmed in Figure 4.23 where the influence of the rock crest berm is analysed. In 

contrast, lower overtopping discharges are more affected by the volume infiltrated through 

the crest as it represents a larger percentage of its total overtopping volume as compared to 

the water infiltrated during high overtopping discharges. Therefore, the presence of crest can 

lead to larger scatter in the smaller overtopping discharges. 

5.2.1 PARAMETERS NOT INCLUDED IN EMPIRICAL FORMULAE 

Breakwater’s formula is really simplified and only depends on the relative crest freeboard 

Rc/Hm0 and correction factors such as roughness coefficient. Therefore, correction factors 

end absorbing more information than what they are intrinsically representing. 

In section 4.4, the influence of different parameters on wave overtopping is investigated. This 

analysis shows that parameters such as the wave period and slope angle have an influence 

on the overtopping rates. Thus, these missing parameters might be causing a poor 

estimation. 

Although the scatter, Figure 4.12 shows that all test series have parallel trends. The two main 

parameters distinguishing one series from another are wave steepness and slope angle. 

Therefore, these two factors might be producing most of the scatter in the results.  

Wave steepness is defined as the ratio between wave height and wave length (directly related 

to wave period). As the wave height is already included in the empirical prediction, the non-

inclusion of the wave period in overtopping predictions can lead to inaccurate estimations of 

the wave overtopping discharges.  

The slope angle has also an influence on wave overtopping. Figure 4.18 shows that higher 

overtopping rates are obtained for steeper slopes. This difference becomes more important 

for higher wave steepness (wind conditions). Hence, the influence of the slope angle is not 

represented by the actual empirical formulae and therefore, good predictions are hard to 

obtain. 

Furthermore, the porosity of the armour influences the wave overtopping. No parameter 

directly accounts for this influence in the empirical prediction. Therefore, its effect is grouped 

up in the roughness coefficient.  
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5.2.2 DEFINED PARAMETERS IN EMPIRICAL FORMULAE GIVEN BY EUROTOP MANUAL 

5.2.2.1 Wave height 

For the calculation of wave overtopping, empirical formulae described in EurOtop manual use 

Hm0 and Tm-1,0 measured in front of the structure to represent wave height and wave period. 

However, due to the fact that the structure is placed in intermediate waters, the highest 

waves break first when they feel the bottom, where the small waves stay unchanged. The 

significant wave height Hm0 is affected as well as the wave height distribution which does 

not follow a Rayleigh distribution anymore because of wave breaking process. Therefore, 

considering other definitions of wave height, rather than the spectral wave height specified 

by the EurOtop manual, might reduce the scatter.  

Dimensionless overtopping discharge is re-plotted using the statistical significant wave 

height, H1/3 and the 2%-exceedance wave height, H2% measured near the structure. Results 

are presented in Figure 5.6 and Figure 5.7. Note that Figure 4.12 is plotted next to the re-

plotted figures for comparison purposes.  

Figure 5.6 indicates that the introduction of H1/3 measured near the structure does not give 

significant changes in the results. However, by using H2% the scatter is reduced as shown in 

Figure 5.7. Still, some differences due to wave steepness are present, especially for swell 

conditions but deviations due to slope angle are reduced.  

 

 

Figure 5.6 Measured dimensionless wave overtopping discharge using H1/3 
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Figure 5.7 Measured dimensionless overtopping discharge using H2% 

5.2.2.2 Roughness coefficient 
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layer (more irregularities lead to higher roughness). However, the roughness factor, 𝛾𝑓, not 

only takes into account how overtopping is influenced by the amour unit, other parameters 

not accounted for in the empirical formulae such as the armour porosity, the number of layers 

or the packing density also have an influence on the determination of the roughness 

coefficient.  

Furthermore, the empirical formulae consider the roughness coefficient as a constant 

parameter. Although it is useful to define fixed values for each armour unit, this is not 

realistic. For instance, armour units at lower rows are placed deeper under water as 

compared to upper rows of the armour slope. Therefore, the roughness of the slope is not 
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layer as compared to spilling or plunging waves.  

The influence of the roughness coefficient on wave overtopping discharge was presented in 
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increase in roughness coefficient (see Figure 4.20). This confirms that the roughness 

coefficient is not a fixed value but increases with wave steepness (larger breaker parameters 

gives higher roughness coefficient). Therefore, the definition of a unique roughness 

coefficient regardless of wave conditions, also introduces inaccuracies on the wave 

overtopping prediction. 

5.3 MODIFIED OVERTOPPING FORMULA 
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Section 5.2.2.1 indicates that H2% is a better descriptor than H1/3 or Hm0. However, the 

determination of this parameter has not a standard procedure and usually general 

conversion rules are applied such as H2%/Hm0=1.4 (Verhagen et al. 2007). This type of 

relationships assumes a Rayleigh distribution and a Jonswap spectral shape with peak 

enhancement factor of 3.3 and therefore, the advantages of using H2% disappears. Thus, 

and since the spectral significant wave height is taken as standard parameter in overtopping 

estimations, the approach for the modified overtopping formula is based on Hm0 near the 

structure.  

Moreover, note that although in Figure 4.20 is shown that the roughness coefficient is not 

constant, in this research it is assumed to be a fixed value as it is considered in the existing 

literature.  

5.3.1 DIKE’S FORMULA 

By using dike’s formula wave steepness is better represented. As it is observed in Figure 5.8, 

well-defined trends are found for the armoured slopes and the smooth slope. However, the 

slope angle is still producing scatter. Therefore, a correction factor for the influence of the 

slope angle needs to be introduced. 

 

Figure 5.8 Dimensionless overtopping discharge expressed in terms of dike’s formula 
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Figure 5.9 Dimensionless wave overtopping discharge after the introduction of slope corrector factor 
Although the introduction of this correction factor reduces the scatter significantly and almost 

all the data points are in line, there are still some little deviations observed due to wave 

steepness. Thus, a correction for wave steepness is also studied. 

 

Figure 5.10 Dimensionless wave overtopping discharges after the introduction of slope and wave steepness 

correction factors 
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performance of the tests it is observed that the crest has a higher impact on wind conditions 

as compared to swell conditions. Thus, a correction of the influence of the rock crest based 

on the breaker parameter or wave steepness might be interesting to be studied.  

After all these adjustments, the modified empirical formulae for the prediction of wave 

overtopping can be expressed as: 

𝑞

√𝑔𝐻𝑚0
3
=
0.023

√𝑡𝑎𝑛𝛼
ξ𝑚−1,0 · exp(−(2.7

𝑅𝑐
𝐻𝑚0

1

𝑆𝑚−1,0
−0.42 · tan(𝛼) · (1 − tan(𝛼))0.4 · 𝛾𝑓

)

1.3

) 

[5.3] 

Note that expression [5.3] is bounded by the specific model set-up designed for this research 

and their derivations are only based on test results of this study. The applicability of this 

formula to other investigations is out of the scope, although validation of these modified 

formulae is recommended.  

Furthermore, since dike’s formula already considers the breaker parameter and the slope 

angle, it can be argued whether these corrector factors are a modification of the roughness 

coefficient or an actual correction for the wave steepness and slope angle. As mentioned in 

section 4.4.6, the roughness coefficient is not well represented as a constant parameter and 

its influence on wave overtopping is not the same under swell and wind conditions. However, 

in this research it is assumed constant. Therefore, further research on the influence of these, 

and other, parameters on the roughness coefficient must be performed to derive a 

conclusion.  

5.4 DETERMINATION OF THE ROUGHNESS COEFFICIENT 

5.4.1 BASED ON THE MODIFED EMPIRICAL FORMULA 

Using the modified empirical formula (Eq. [5.3]), the roughness coefficient can be defined 

more accurately. In Figure 5.11, the empirical prediction is plotted using the roughness 

coefficients that best-fit with the test results. A 90% confidence band is also defined in order 

to check for reliability. It is observed that only one data point exceeds the 90% confidence 

band. The red point located in the lower part of the graph presents much deviation compared 

to other data points is due to the fact that small overtopping rates are more affected by the 

presence of the crest, which influence is not included in the formulae. 
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Figure 5.11 Dimensionless overtopping discharge compared to empirical prediction (Eq.5.3) 
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summarizes the values of the roughness coefficients. 

slope 𝛾𝑓 𝛾𝑓_calibrated 
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1:2 0.53 0.55 

1:2 smooth 0.96 1 

Table 5.2 Roughness coefficients for Xbloc+ armour unit derived from the modified overtopping equation 

Note that this roughness coefficient is derived from the modified overtopping equation 

defined in this research. Thus, it is not comparable to any other coefficient present in the 

existing literature. 
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on equation [5.2] which corresponds to the breakwaters equation. In CLASH tests, the 

roughness coefficient is derived from discharge measurements which were taken at Gc=3Dn 

for rough structures (Pearson et al. 2004). These roughness coefficients were factored based 

on the results obtained under standard smooth conditions (measuring the overtopping 

discharge at the seaward edge of the structure and therefore, not affected by the crest berm). 

As already mentioned in section 4.4.6, this expression can be rewritten as equation [5.4] 

which gives an average roughness coefficient of 0.49 for the armoured slope.  

 

𝛾𝑓 = −1.5
𝑅𝑐
𝐻𝑚0

·

(

 ln

(

 
𝑞

0.09√𝑔𝐻𝑚0
3

)

 

)

 

1/1.3

  

[5.4] 

In this research, test series conducted under smooth conditions are influenced by the 

presence of a berm except for swell waves (series 8) that did not show any reduction as it is 

discussed in section 4.4.8. Therefore, series 8 is taken as a reference for the standard 

smooth conditions which gives a roughness coefficient of 1.0.  

 

Figure 5.12 Determination of the roughness coefficient based on EurOtop manual procedure 

In Figure 5.12 it is observed that based on the average roughness coefficient of 0.49, the 

empirical prediction overestimate wind waves and underestimate swell conditions. Although 

the high degree of scatter present, EurOtop manual also defined the roughness coefficient 

regardless of the scatter present in their results.  
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Figure 5.13 shows the deviations in CLASH results for the tests performed with standard 

Xblocs and one layer Cubes. Besides, the empirical prediction is drawn, which is based on 

the corresponding roughness coefficient defined for each type of armour unit. It is perceived 

that the empirical prediction usually underestimates the measurements. To quantify these 

deviations, the scatter index (SI) is calculated. The SI gives the percentage of the expected 

error of the prediction and it is derived by dividing the root mean square error (RMSE) by the 

mean of the observations as defined in equation [5.5]. 

𝑆𝐼 = (
1

|𝑙𝑜𝑔𝑞𝑚𝑒𝑎𝑠
∗ |̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅

· √
1

𝑛
·∑(𝑙𝑜𝑔𝑞𝑒𝑠𝑡

∗ − 𝑙𝑜𝑔𝑞𝑚𝑒𝑎𝑠
∗ )2) · 100 

[5.5] 

Table 5.3 summarizes the outcomes and shows that the deviations have the same order of 

magnitude. Therefore, by taking the same approach defined by EurOtop manual, it can be 

stated that, although the scatter, a roughness coefficient of 0.49 can be assumed for the 

Xbloc+ unit. 

  

Figure 5.13 Dimensionless overtopping discharge measured within CLASH programme and its empirical 

prediction (left: Xbloc, right: 1L Cubes) 

TYPE OF UNIT SI 

Xbloc+ 19% 

Xbloc (CLASH) 15% 

1L Cubes (CLASH) 15% 

Table 5.3 Scatter index for CLASH results and the measurements of this present research compared to the 

empirical prediction 

As compared with other units such as the standard Xbloc (𝛾𝑓=0.44) and the one layer Cubes 

(𝛾𝑓=0.49)1, it is perceived that the Xbloc+ units have a higher roughness coefficients with 

respect to the standard Xbloc which implies that it behaves smoother and this results in 

                                                      
1 These roughness coefficients are derived by Bruce et al. (2009) and recommended by EurOtop 

(2016) 
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higher overtopping rates. Concerning one layer Cubes, both armour units behave similarly as 

they have the same roughness coefficient. However, one should bear in mind that roughness 

coefficients are dependent on the wave overtopping predictors and the used database as 

well as the scaled model configuration. In fact, the CLASH set-up and the configuration used 

for this research differ in some points previously mentioned in section 4.4.8 (i.e. different 

slope angle, presence/absence of foreshore) but in general, both model set-ups are similar 

enough to be able to compare their results. 

5.5 COMPARISON OF THE PERCENTAGE OF OVERTOPPING WAVES WITH THE EMPIRICAL 

PREDICTION 

As described in section 2.1.5.1.4, the percentage of overtopping wave can be estimated by 

equation [5.6]. 

The percentage of overtopping waves can also be estimated as described in EurOtop (2016). 

The empirical equation is a function of the armour freeboard, Ac, (instead of the crest 

freeboard, Rc), the nominal diameter, Dn, and the significant wave height, Hm0. 

𝑃𝑜𝑣 =
𝑁𝑜𝑤
𝑁𝑤

= exp(−(
𝐴𝑐 · 𝐷𝑛

0.19 · 𝐻𝑚0
2 )

1.4

) 

[5.6] 

In which Now is the number of overtopping waves and Nw represents the total number of 

incident waves. For this study, the armour freeboard, Ac, is equal to the relative freeboard Rc. 

 

Figure 5.14 Comparison of the percentage of overtopping waves with the empirical formula 

Figure 5.14 indicates that the existing formula overestimates the number of overtopping 

waves for long waves and underestimates the percentage of overtopping for short waves. 

The formula gives a good prediction for relative freeboards greater than 0.4. However, as the 

relative freeboard starts to decrease, the deviations become significant. Furthermore, higher 

differences are observed for the results obtained in the 1:2 slope. Therefore, further analyses 

on the prediction of the percentage of waves should be conducted in order to give a better 

representation of the reality. As a starting point, the introduction of a correction factor for the 

breaker parameter might be interesting to be studied since the difference of wave steepness 

and slope angle are not accounted for in the existing formula.  
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6 |   CONCLUSIONS AND         

RECOMMENDATIONS 
This chapter summarizes the conclusions of this research based on the results obtained 

from the small scale physical tests performed in the 2D wave flume. Furthermore, 

recommendations for further research in this area are given at the end of the chapter. 

6.1 CONCLUSIONS 

After the analysis of the test results, conclusions can be drawn. They are presented in terms 

of answers to the research questions formulated in Chapter 1.  

1. What is the wave overtopping discharge and percentage of overtopping waves over 

Xbloc+ armour layer? 

Nine series of tests were performed to determine the overtopping discharge and percentage 

of overtopping waves over Xbloc+ armour layer. Series differed in wave steepness and slope 

angle. Besides, three of the series were executed with a wooden plate to test a smooth slope. 

Similar conclusions can be drawn for the wave overtopping discharge and the percentage of 

overtopping waves. It can be stated that: 

▪ The wave overtopping discharge and the percentage of overtopping waves increase 

as wave height increases. Therefore, a reduction in the relative freeboard results in 

a higher percentage of overtopping waves and also, in a higher wave overtopping 

discharge. 

▪ A 3:4 slope induces a higher number of overtopping waves and discharge as 

compared with a 1:2 slope since milder slopes are larger and thus, there is more 

space for dissipation. 

▪ The longer the wave period, the higher the number of overtopping waves due to their 

greater wave energy. 

▪ For swell conditions, a similar percentage of overtopping waves and overtopping 

rates are found between 3/4 and 1/2 slopes.  Besides, waves with a 2% wave 

steepness have a larger deviation from the trendline calculated based on the EurOtop 

equation for breakwaters.  

▪ Smooth slopes give greater overtopping rates as compared with rough armoured 

slopes 

 

2. Which parameters have an influence on wave overtopping results? 

From the analysis performed in this research, it can be concluded that the following 

parameters have an influence on wave overtopping: 

▪ Wave height 

Wave overtopping rates increase exponentially with wave height (Hm0) since higher wave 

heights leads to lower relative freeboards Rc/Hm0. 

▪ Wave period 
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Although dimensionless wave overtopping discharge is less sensitive to changes in wave 

period than in wave height, wave overtopping rates are also influenced by wave period as 

these rates increase exponentially with wave period (Tm-1,0). 

▪ Wave steepness 

For low wave steepness a higher amount of overtopping is obtained as compared to higher 

wave steepness due to the different effect of the armour porosity and roughness on swell 

and wind waves. 

▪ Slope angle 

Steeper slopes induce higher overtopping rates. However, the slope angle of the structure 

has almost no influence under swell conditions since, as aforementioned, the properties of 

the armour (porosity, roughness) have a lower effect on surging waves as the water tongue 

is thicker compared to other type of breakers. 

▪ Breaker parameter 

Larger breaker parameters induce higher overtopping discharges as they represent more 

energetic waves. 

▪ Roughness coefficient 

Despite that the empirical formulae considers this parameter as a fixed value, the roughness 

coefficient is not constant. It ranges between 0.34 and 0.68 with an average of 0.49. 

Besides, it increases as the breaker parameter becomes larger (i.e. the armour layer is felt 

“smoother”). Therefore, surging waves are less affected by roughness and permeability as in 

this type of breaking the water layer running up and down the slope is thicker as compared 

with spilling or plunging breakers. 

▪ Rock crest berm 

Wind waves are more affected by the presence of the rock crest berm as compared to swell 

waves that have high velocities and pass over the structure with little interaction with the 

crest. 

3. Do the existing empirical formulae describe properly the wave overtopping?  

Accurate overtopping predictions are hard to obtain by means of the existing empirical 

formulae. Wave overtopping depends on a large number of factors and most of them are not 

included, or not well represented, by the overtopping predictors which, for the assessment of 

breakwaters, are only a function of the relative freeboard. Consequently, a high degree of 

scatter is observed when the empirical prediction for rubble mound structures is used. These 

deviations might be induced by: 

▪ The effect of the rock protection placed on the crest berm. It is observed that the 

crest does not have the same influence on wind and swell waves as most of swell 

directly passes over the structure with little interaction with the crest.  

▪ The parameters defined in empirical formulae included in EurOtop manual might not 

be the most appropriate to use for this case. It is seen that 2%-exceedance wave 

height gives a lower scatter compared to the results obtained by using the spectral 

wave height, Hm0, as suggested in the overtopping manual. 

▪ The roughness coefficient is not well represented by a constant factor since the 

roughness and the permeability of the armour do not have the same impact 

regardless of the wave conditions. 
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▪ The exclusion of parameters that have an influence on wave overtopping such as 

slope angle and wave period are also increasing the scatter of the results. 

Furthermore, the prediction of the percentage of overtopping waves is not accurate as 

important factors such as wave steepness and slope angle are not accounted for in the 

existing formula. 

4. How can the existing empirical prediction be improved in order to obtain more 

accurate estimations? 

By using the empirical formulae for dikes and embankments the overtopping prediction is 

more accurate. This formula includes the breaker parameter and the slope angle and 

therefore, gives a better representation of the wave overtopping. However, some scatter is 

still observed. 

Thus, two correction factors are introduced in order to improve the overtopping prediction: 

▪ Slope angle correction factor: (1-tanα)0.4 

▪ Wave steepness correction factor: Sm-1,00.08 

Thus, the modified formula is expressed as: 

𝑞

√𝑔𝐻𝑚0
3
=
0.023

√𝑡𝑎𝑛𝛼
ξ𝑚−1,0 · exp(−(2.7

𝑅𝑐
𝐻𝑚0

1

𝑆𝑚−1,0
−0.42 · tan(𝛼) · (1 − tan(𝛼))0.4 · 𝛾𝑓

)

1.3

) 

[6.1] 

This formula gives accurate predictions as the measurements fit within a 90% confidence 

band. 

5. What value of roughness coefficient corresponds to this new armour unit? 

Based on the modified formula described by the equation [6.1], the Xbloc+ armour unit has 

a roughness coefficient of 0.55. However, this value is not comparable to the existing 

roughness coefficient given in the EurOtop manual as they are derived from different 

formulae.  

Based on the approach followed by EurOtop, the roughness coefficient for the Xbloc+ can be 

assumed equal to 0.49. Therefore, Xbloc+ unit has a similar behaviour as one layer Cubes 

(𝛾𝑓=0.49) and gives higher overtopping rates as compared to the standard Xbloc (𝛾𝑓=0.44) 

Although the breakwater equation for overtopping prediction gives some deviations from the 

measurements when a value of 0.49 is assumed, the same degree of scatter is observed in 

the predictions recommended by the CLASH programme and included in the EurOtop manual. 

Based on the statistical predictor Scatter Index (SI) a 15% of scatter is observed in the 

recommended predictions provided by EurOtop for Cubes and Xbloc while a roughness 

coefficient of 0.49 gives a 19% of scatter in the prediction of overtopping for the Xbloc+ 

armour tested in this research. 

6.2 RECOMMENDATIONS 

▪ Validation of the modified formulae  

Further research should be done on validating equation [6.1] in order to check for the 

applicability of this new formulae to other experimental research. CLASH database or the 
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Neural Network tool (which it is based on the CLASH database) can be used in order to 

validate the correctness of the modifications.  

▪ Inclusion of additional correction factors in the modified formula 

Breakwater’s formula does not describe properly wave overtopping. A first modification is 

introduced in this research. However, further studies should be performed to account for 

other parameters that might have an effect on overtopping prediction. For instance, it is 

observed that that crest and the properties of the armour (permeability, roughness) have a 

greater impact for wind waves. Therefore, some correction factor accounting for these effects 

should be further studied.  

▪ Testing without a sloping foreshore 

As the structure is placed in intermediate water, waves are affected by the foreshore by 

increasing in wave height due to shoaling process. By redoing the tests with a horizontal 

foreshore the influence of the foreshore on the results can be analysed and a correction 

factor for this effect can be further studied. 

▪ Improvement of the definition of the roughness coefficient  

This research confirms that the roughness coefficient varies although the existing empirical 

formulae assumes this factor as a constant. Therefore, analyses about the influence of the 

different parameters that might affect the roughness coefficient should be conducted to give 

a better representation of the roughness coefficient. 

▪ Improvement of the prediction of the percentage of overtopping waves 

The existing formula does not give an accurate prediction of the percentage of overtopping 

waves. Further analyses on the introduction of additional factors to improve this estimation 

are suggested. As a starting point, the introduction of a correction factor for the breaker 

parameter might be interesting to be studied. 

▪ Check the region of validity of the wave overtopping formulae  

The EurOtop manual considers for the dike’s formula that for ξm-1,0>2 the wave overtopping 

discharge reaches a maximum. This maximum corresponds to the overtopping prediction for 

rubble mound structures. However, in this research, although being on the region of 

maximum overtopping (since breaker parameters are greater than 2), a maximum 

overtopping discharge is not found. Thus, checking the region of validity of the wave 

overtopping formulae is suggested. 
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|  APPENDIX A: SCALING PROCESS 
I. SIMILITUDE REQUIREMENTS 

Scale modelling must guarantee similarity in behaviour between the prototype and the 

model. Three types of similarity can be achieved: 

▪ Geometric similarity 

This condition is guaranteed if the scale ratios of all linear dimensions of the prototype and 

the model are equal. Therefore, the model has the same shape as the prototype. 

▪ Kinematical similarity 

Kinematical similarity exists if the ratio between all vectorial components of motion of the 

prototype and the model is the same for all particles at all time.  

▪ Dynamic similarity 

Two systems are dynamically similar if the ratios of all masses and forces acting on them are 

equal.  

 

II. SCALING LAW 

For coastal structures, there are three relevant numbers for dynamic similarity: Froude (Fr), 

Reynolds (Re) and Weber (We). Unfortunately, the fulfilment of these three laws together is 

not possible to achieve. 

▪ Froude scaling 

The Froude number indicates the ratio between inertia and gravity forces. This ratio must be 

the same in the model as in the prototype. 

(
𝑈

√𝑔 · 𝐿
)

𝑝

= (
𝑈

√𝑔 · 𝐿
)

𝑚

=> 
𝑁𝑢

√𝑁𝑔𝑁𝐿
= 1 

Froude criterion is valid for flow situations where the inertial forces are mainly balanced by 

gravitational forces. Therefore, it applies for most flows with free surface. 

▪ Reynolds scaling 

The Reynolds number gives the ratio between inertia and viscosity and makes sure that 

viscous forces are properly scaled. Therefore, this criterion is important when viscous forces 

are the dominating ones. 

(
𝜌𝐿𝑈

𝜇
)
𝑝

= (
𝜌𝐿𝑈

𝜇
)
𝑚

=> 
𝑁𝜌𝑁𝐿𝑁𝑈

𝑁𝜇
= 1 

It is clearly notice that Reynolds criterion is in conflict with Froude criterion. This implies that 

gravity and viscous forces cannot be both correctly scaled in the same scale model. 
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▪ Weber scaling 

The Weber number is defined as the ratio between surface tension forces and inertia. It 

becomes important when air entrainment occurs, but also for breaking waves (surface stress 

acts as a membrane). 

(
𝜌𝐿𝑈2

𝜎
)
𝑝

= (
𝜌𝐿𝑈2

𝜎
)
𝑚

=> 
𝑁𝜌𝑁𝐿𝑁𝑈

𝑁𝜎
= 1 
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|  APPENDIX B: STABILITY CHECK 
I. ARMOUR LAYER 

As discussed in section 2.2.1, the Reynolds number based on the characteristic dimension 

of the armour unit should exceed 3·103 in order to be stable. Besides, in order to neglect 

viscous effects the Reynolds number should be greater than 103. 

Hughes (1993) defined the Reynolds number for the armour layer as follows: 

𝑅𝑒 =
√𝑔𝐻𝑠 · 𝐷𝑛

𝜈
=
√9.81 · 0.0938 · 0.0291

10−6
= 2.8 ·  103 

Therefore, stability of the armour layer can be considered met and scale effects due to 

viscosity are not expected. 

II. UNDERLAYER 

Terzaghi’s criteria for granular filters ensures the structure does not fail internally due to 

processes caused by the pressure developed between the armour layer and the core in 

geometrically closed granular filters. 

According to Giroud (2010) , the classical Terzaghi’s criteria are expressed by two equations: 

For the stability of the interface between base material and filter material (retention criteria): 

𝐷15𝐹
𝐷85𝐵

< 4 𝑜𝑟 5 =>  
0.0102

0.016
= 0.64  

Therefore, this first stability requirement is met. 

Secondly, for an adequate permeability of the filter layer to avoid its uplifting, the following 

condition is defined: 

𝐷15𝐹
𝐷15𝐵

> 4  𝑜𝑟 5 => 
0.0102

0.0024
= 4.25 

 

Therefore, this second stability requirement is also met and the underlayer can be considered 

stable. 

III. TOE STABILITY 

Toe protection is designed according to Van der Meer equation that relates the weight of the 

toe elements, the toe level and the damage (Nod). 

Based on the dimensions of the toe, the ratio of the water depth on the toe (ht) over the water 

depth near the toe (h) is 0.72. Therefore, the toe stability is based on the following formula 

given by Van der Meer: 

𝐻𝑠
∆𝐷𝑛,50

= (6.2 · (
ℎ𝑡
ℎ
)
2.7

+ 2) · 𝑁𝑜𝑑 

Assuming start of damage (Nod=0.5), a stability number of 4.1 is obtained.  
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Since the tests are performed until failure, a Hs of 14.3 cm is used considering 150% of the 

design significant wave height. This results in a Dn50 of 21 mm which is converted to an 

available standard grading of 16-22.4 mm. 
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|  APPENDIX C: LABORATORY FOOTAGE 

 

1 Cross section slope 3:4 

 

 

2 Cross section slope 1:2 

 

 

3 Cross section smooth slope 1:2 
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4 Top view (slope 3:4 initial blocs)   5 Top view (slope 3:4 modified blocs) 
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   6 Top layer (slope 1:2)                7 Top layer (smooth slope 1:2) 

 

       

8 Rear slope          9 Placement of the concrete unit 

 

 

 



 
 

NEW   
Experimental study on the wave overtopping performance of Xbloc+ armour unit  

Jimenez, A. 
 

 

79 

|  APPENDIX D: MEASURED WAVE 

CONDITIONS  
In appendix D the measured incident wave conditions near the structure and at deep 

waters are presented. 
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|  APPENDIX E: MEASURED WAVE 

OVERTOPPING 
 The measured wave overtopping for each test series is presented in Appendix E.  
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