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ABSTRACT 

 

Nowadays, risk based designs as well as reliable rehabilitation and maintenance 

strategies are essential when dealing with coastal structures. In this sense, the probability 

of failure due to instability of the armour layer is one of the main issues in rubble mound 

breakwaters, and so is improving the knowledge on its deterioration rate. Both stability 

and damage progression on rubble mound breakwaters have been studied for more than 

80 years, using different approaches, under regular/irregular waves and testing diverse 

geometries and armor units. However, due to the complexity of the processes involved, 

there are some modelling difficulties and the applicability of the different proposals is 

usually restricted to the typologies and specific range of the parameters tested in 

laboratory for deriving their empirical coefficients. Also, there are not many experimental 

results focused on the stochastic nature of damage progression, which is indeed an 

essential part of the problem. Despite being relatively common in coastal laboratories, a 

lack of standards for damage progression experiments in rubble mound breakwaters has 

been perceived. What is more, the concept of damage itself and how it is measured 

seems to be a debatable issue, specially taking into account the potential of the recent 

advances in scanning techniques for monitoring small scale model as well as prototypes.  

Regarding the large amount of information on this topic, part of the present dissertation is 

focused on stating a discussion on damage definition, describing the parameters 

influencing armor layer stability and providing a detailed historical overview of the most 

relevant models and contributions in the study of damage progression on rubble mound 

breakwaters. Also, a methodological approach for damage progression experiments is 

provided, describing, step-by-step, its main peculiarities and considerations. Following 

this approach, a set of experiments have been carried out in order to characterize the 

stochastic nature of damage progression in a quarry stone model, in which an innovative 

post-processing based on the results of a structured light scanner is presented. These 

results, together with the ones from Melby and Kobayashi (1999), are used for 

accomplishing an initial calibration of the damage progression probability model of 

Castillo et al. (2012), which was fully derived under probabilistic assumptions and 

following premises of general validity. A methodology for calibrating this model is also 

proposed and some preliminary conclusions derived from the results are proportioned. 
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However, further experimentation covering a wider range of design parameters, ideally 

both in model and prototype, is needed for achieving a fully developed tool for assisting 

rubble mound breakwater design and conservation.  
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RESUMEN 

 

Hoy en día, el diseño probabilista, así como el concepto de fiabilidad en las estrategias 

de rehabilitación y mantenimiento, son fundamentales en el mundo de la ingeniería 

costera. Cuando hablamos de diques en talud, uno de los principales objetos de estudio 

es la probabilidad de fallo debido a la inestabilidad de sus mantos y cómo el daño 

progresa sobre los mismos. Tanto la estabilidad como la progresión del daño en diques 

en talud han sido estudiadas extensivamente durante más de 80 años, usando diferentes 

estrategias, con oleaje regular/irregular y caracterizando una gran variedad de 

geometrías y tipos de piezas. Sin embargo, debido su complejidad, la obtención de 

modelos analíticos de progresión del daño presenta ciertas dificultades y su aplicabilidad 

suele estar reducida a las tipologías y rangos ensayados para determinar sus 

coeficientes empíricos. Además, pese al carácter estocástico de la progresión del daño, 

los estudios orientados a cuantificar esta aleatoriedad son limitados. Puede decirse que 

los ensayos de progresión del daño en diques en talud son relativamente comunes en 

los laboratorios de ingeniería de costas; no obstante, se ha percibido una ausencia de 

estándares para llevarlos a cabo. El concepto de daño en sí mismo y cómo se mide son, 

en cierta manera, aspectos debatibles, sobre todo teniendo en cuenta las posibilidades 

que ofrecen los últimos avances en técnicas de escaneo para su monitorización tanto en 

modelo como en prototipo. 

Teniendo en cuenta el cuantioso volumen de información sobre esta temática, una parte 

de la presente tesis doctoral está orientada a discutir sobre el concepto de daño, 

describir los parámetros que gobiernan la estabilidad de los mantos y acometer una 

exhaustiva revisión histórica de los principales modelos y aportes al estudio de la 

progresión del daño en diques en talud. Asimismo, se ha realizado una aproximación 

metodológica, paso a paso, de los ensayos de progresión de daño. En base a esta 

metodología, se han ejecutado una serie de ensayos para caracterizar la aleatoriedad de 

la progresión del daño en un modelo a escala reducida de escollera, incluyendo 

innovaciones en el post-proceso del daño a partir de los resultados procedentes de un 

escáner de luz estructurada. Estos resultados han sido empleados, conjuntamente con 

los de Melby and Kobayashi (1999), para acometer una calibración inicial del modelo 

probabilista de progresión de daño propuesto por Castillo et al. (2012), el cual fue 

desarrollado íntegramente de un modo probabilista siguiendo hipótesis de validez 
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general. Se ha propuesto una metodología para la calibración de dicho modelo y se han 

podido extraer algunas conclusiones preliminares en base a los resultados. No obstante, 

se necesitaría un mayor volumen de datos experimentales (idealmente tanto en modelo 

como en prototipo), cubriendo un mayor rango de parámetros de diseño, para poder 

contar con una herramienta totalmente operativa para asistir en el diseño y 

mantenimiento de diques en talud.   
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CHAPTER 1  

Introduction 

 

1.1. MOTIVATION 

In many countries, development has been historically connected to maritime trade inside and 

outside the borders. Economies of scale have favored even more sea transport and, thanks to the 

increase in ship’s dimensions, approximately 90% of the worldwide trade is carried out nowadays 

through the oceans, according to the United Nation Conference on Trade And Development 

(UNCTAD) in 2014. On the one hand, this trend suggests a demand of port’s facilities at greater 

depths (despite being more exposed to wave action), which are needed for admitting large bulk 

carriers. But, on the other hand, the lack of investment as a consequence of a current unbalanced 

economical system evidences the urge for reliable maintenance policies in order to guarantee the 

functionality of the already-built facilities. In both situations, a risk analysis is needed, normally 

accomplished by a reliability analysis of the different alternatives and maintenance strategies, 

which should account, not only for the stochastic nature of wave climate, but also for the 

uncertainties derived from the construction process and from the system response itself. 

Therefore, it is essential to develop tools to estimate the reliability of sheltering defenses or, in 

other words, to estimate the probability of occurrence of the potential failure modes of the 

system. The European PROVERBS (Oumeraci et al., 1999), the Spanish ROM 0.0-01 (Puertos del 

Estado, 2001) or the North American CEM (U. S. Army Corps of Engineers, 2002) among others, 

include methodologies for a reliability based design, and there are many examples of the 

application of the probabilistic method in the design, operation and maintenance of maritime 

structures: Burcharth (1997), Castillo et al. (2004, 2006), Kim and Park (2005), Mínguez et al. 

(2006), Tørum et al. (2012), Diamantoulaki et Angelides (2013), Gouldby et al. (2014), Alises et al. 

(2014)… 

When providing a sheltered area, a wide range of breakwaters typologies are available. In 

general, they can be divided into two groups: vertical breakwaters and rubble mound 

breakwaters. The first ones reflect incident energy by means of a monolithic structure, whereas 

the second ones dissipate incident energy by causing wave breaking on their slopes. Although 

nowadays vertical breakwaters may represent a better alternative for greater depths in terms of 

performance, total costs, quality control, environmental aspects, construction time and 

maintenance, this typology was almost fully abandoned in the thirties in most countries (with the 

exception of Japan and Italy) in favor of the rubble mound type after several vertical breakwater 

collapses (Oumeraci, 1994). To take a single example, in Spain, the country of the European 

Union with the longest coastline (7880 km), 83% of the about 200km of breakwaters in 2001 

were rubble mounds whereas just 8% were vertical at that time, according to Negro et al. (2001).  



 

 

2 

A methodology for the analysis of damage progression in rubble mound breakwaters 

Rubble mound breakwaters are basically a layered granular system composed of an armor layer, 

an underlayer and a core (see Figure 1.1). The armor layer, which is formed either by quarry 

stones or artificial units, can be disposed in one or more layers. In some cases, a crownwall is 

placed at the crest in order to reduce overtopping and/or to provide an accessible area in which 

economical activities might be carried out.  

 

Figure 1.1. Cross section of a generic rubble mound breakwater 

 

Considering the classification of rubble mounds structures
1
 described in Van der Meer (1995), the 

present study is just focused on statically stable breakwaters. In this rubble mound typology, just 

the most energetic wave conditions, or design conditions, are able to move or displace the 

individual components of the armor layer. The other typologies enumerated in Van der Meer 

(1995) are designed under dynamic/reshaping assumptions.  

Despite the appellation, statically stable rubble mound breakwaters have also a reshaping nature 

and an evolutionary response that push Port Authorities towards the need of decision making's 

tools capable of estimating/evaluating the state of the structure after a certain storm or 

sequences of storms. In other words, there is an increasing interest in monitoring rubble mound 

breakwaters both to quantify the evolution of the structure with respect to the initial "non-

damaged" state and to provide a solid basis for discussing about the adequacy of different 

maintenance or conservation activities. This interest is partially encouraged nowadays by the 

latest advances and affordability of non-intrusive drones equipped with 3D scanners or cameras 

prepared for photogrammetric restitutions. In order to develop reliable maintenance strategies 

and allow the calculation of optimum maintenance programming, breakwater monitoring should 

necessarily be complemented with mathematical models considering randomness in both actions 

and structural response. 

Breakwater failure can occur due to a system of different failure modes, which should be firstly 

identified in order to provide a reliable design (see Figure 1.2). Traditionally they are considered 

as independent; however, the combination or relations among them could be especially relevant 

when applying probability or probability-safety factor design methods (Campos et al., 2010). In 

order to face that problem, fault trees are commonly used (Gómez et al., 2009). 

                                                           
1
Statically stable breakwaters (design stability number, NS, between 1 and 4), s-shaped and berm 

breakwaters (NS between 3 and 6), rock slopes/beaches (NS between 6 and 20), gravel beaches (NS 

between 15 and 500) and sand beaches (NS>500). 
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Figure 1.2. Possible failure modes for a rubble mound breakwater. From Burcharth (1993) 

 

Among all these possible failure modes, seaside armor layer stability is probably the most critical 

to the integrity and functionality of a traditional rubble mound breakwater, and thus, it is the aim 

of the present thesis. Despite being widely studied, the formulation of this failure model presents 

a number of difficulties that transcend the physic-mathematical modeling process itself, including 

the adequate definition of what is considered as damage, how it is parameterized and how it is 

measured.  

In the last few years, some damage episodes in coastal defenses together with the increasing 

concern due to clear evidences on climate change (such us sea level rise or modification of 

intensity and direction of storms according to the Intergovernmental Panel on Climate Change, 

IPCC), highlight even more the importance of breakwaters and the huge economical and human 

repercussions associated with both their construction and their loss of functionality.  As a 

consequence, Port’s Authorities are more and more interested in evaluating the damage caused 

by past storms or estimating the effects of a future one. Furthermore, as it was stated by many 

authors, a thorough risk analysis of breakwater’s design is needed for reliability, reconstruction 

and maintenance strategies, which should take into account, not only the probability of armor 

layer instability, but also deeper understanding about the deterioration rate. In this sense, these 

lines are meant to be a modest helping tool for breakwater designers in the achievement of an 

optimum solution when dealing with costs and security, people responsible of breakwater’s 

maintenance in the essential task of ensuring breakwater’s functionality, norm’s writers in the 

development of future regulations on breakwater damage and, in general, for the scientific 

community in understanding the complex process of breakwater’s damage. 

 

1.2. OBJECTIVES 

The main objectives of the dissertation are: 

1. Synthesis on the main theoretical and practical models on armor layer stability. 

2. Identification of the desired properties to be satisfied by a damage model: variables 

involved, structure of the equation, desired properties for the variable representing 

breakwater damage… 
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3. Analysis of the peculiarities and shortcomings of deterioration tests in laboratory, 

together with a proposal for a reproducible methodology. 

4. Description of a new probabilistic damage accumulation model fulfilling the desired 

properties, capable of acknowledging the stochastic nature of both damage itself and the 

involved variables. 

5. Development of a methodology for the calibration of the proposed model. 

6. Validation of the model using laboratory test data. 

 

1.3. ORGANIZATION OF THE DOCUMENT 

Hydraulic stability of armor layers is a complex process due to the stochastic nature of both wave 

loading, initiation of movement and damage progression. Since the pioneering works of the 

Spanish de Castro (1933) and Iribarren (1938), several stability models have been proposed and 

many hundreds studies on breakwater armor layer stability have been published. That gives an 

idea on the relevance of this failure mode; however, the achievement of a unique formula seems 

to be rather difficult. Regarding the large amount of data on this topic, Chapter 2 is focused on 

summarizing the state of the art, starting with a discussion on damage definition followed by a 

synopsis of the parameters influencing armor layer stability and finishing with a historical 

overview of the most relevant models. 

After the analysis performed in Chapter 2, and as it was stated by many authors, a lack of 

standards in laboratory tests on hydraulic stability of rubble mound breakwaters has been 

perceived. Reproducibility of most laboratory experiments is either complicated or impossible, 

mainly due to the huge amount of parameters, methodologies, measurement techniques, post-

processing strategies... that need to be described for that purpose, and which are not always 

available on literature. What is more, repeatability of damage tests is also quite atypical taking 

into account that armor layer placement and response are random variables themselves.  No 

publication has been found describing the specific difficulties of these kinds of tests, and thus 

Chapter 3 is aimed to analyze their peculiarities, as a first step to elaborate a methodology for 

laboratory tests on hydraulic stability of rubble mounds. This methodology is applied to a bunch 

of damage accumulation experiments carried out at the Harbour Research Laboratory of the 

Technical University of Madrid, referred as HRL herein. 

Despite the large number of publications on breakwater armor layer stability, there have been 

few generalized studies of long-term deterioration, which is essential for a reliability analysis. 

After the well-known formulas of Van der Meer (1988), referred as VdM herein, probably the 

most thorough attempt to characterize damage progression on rubble mound breakwaters was 

carried out by Melby and Kobayashi (1998), referred as M&K herein. They not only considered 

the long-term, but also the variation in storm sequences using random waves. However, they do 

not provide the complete Probability Density Functions (PDF) needed for a more precise analysis 

of damage progression. This fact, as well as some modeling difficulties reported by M&K (1999), 

motivated Castillo et al. (2012a) to make some suggestions on how to build consistent stochastic 
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models avoiding the selection of easy-to-use mathematical functions, which were replaced by 

those resulting from a set of properties to be satisfied by the model. Contrary to other existing 

models that are deterministic, they proposed the following Cumulative Density Function (CDF), 

after applying dimensional analysis, compatibility conditions and the central limit theorem: 

( )( ) ( )( ) ( )( ) ( )( ) ( )
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Where γ  and b are breakwater dependent, k and r include wave action and μ0 and σ0 depend on 

the initial damage conditions. This model is described in Chapter 4 together with a 

methodological approach for calibrating their parameters. The proposed methodology is applied 

to the experimental results from M&K (1998) for performing an initial calibration of the model. 

This initial calibration is complemented using the experiments carried out at the HRL, which are 

based on a different approach compared with those from M&K's; they were carried out using 

energy steps with constant wave steepness, trying to avoid depth limited wave generation and 

considering damage as a mean value of a scanned surface rather than a number of 8 

independent damage measurements after each sea state based on equally spaced profiles on the 

same model.     

Finally, Chapter 5 contains the main conclusions and some future lines and Chapter 6 summarize 

all references called in the document. 

In addition to the main text, the following appendixes are attached at the end of the document:  

• Appendix A. List of symbols 

• Appendix B. Prototype dimensionless damage parameters in Spain. 

• Appendix C. HRL's tests: characterization of the quarry stones used in the armor layer. 

• Appendix D. HRL's tests: scanning results 
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CHAPTER 2 

State of the Art 

 

In this Chapter, the failure mode armor layer stability, which is probably the most common in 

rubble mound breakwaters, is analyzed. Concisely, the present document is aimed to statically 

stable rubble mound breakwater's trunks, neglecting breakwater's heads and other rubble 

mound typologies designed under dynamic/reshaping assumptions.  

In the first Section, the concept of "damage" associated with armor layer stability is discussed, 

together with the definition and suitability of different damage descriptors and the past and 

present techniques for its measurement both in laboratory and prototype. After that, the second 

Section synthesizes the parameters influencing armor layer stability, based on an extensive 

historical revision of the diverse approaches to this failure mode, which is presented in the third 

Section, including the main stability and damage progression models up to date. 

 

2.1. THE CONCEPT OF "DAMAGE": DEFINITION, 

PARAMETERIZATION AND MEASUREMENT 

Armor layer instability may be caused either by wave forces acting on the rubble-mound slope 

(hydraulic instability) or by breakage of armor units. Most of the publications, including these 

lines, are focused on hydraulic instability. Breakage of armor units is associated with special-

shaped concrete units; some guidance and references can be found in the CEM (U. S. Army Corps 

of Engineers, 2002).  

Rubble mound breakwaters behave as a static granular system (with the exception of the units 

that are not integrated in the system) until wave energy is higher than the one needed for the 

initiation of movement. At that moment, wave forces might provoke movements of the 

rocks/armor units such as rocking, displacement of units out of the armor layer, sliding of a whole 

blanket or settlement due to compaction (see Figure 2.1). In this way, pieces close to SWL start to 

be moved towards the toe of the structure, causing the geometrical initial shape to evolve with 

wave attack, up to the point of dealing with a perceptible volumetric erosion and accretion. 

When the underlayer units start to be removed, the progression of the geometrical 

rearrangement is much quicker, as the energy needed to move lighter units is obviously lower. 

Once the core material is exposed, the destruction of the structure is imminent. 

Generally speaking, damage in rubble mound breakwaters could be defined as the partial or total 

loss of its functionality. If, for example, a berm breakwater is addressed, movements of the main 

layer might not be considered as damage until a certain degree of deformation is achieved, 



 

 

8 

A methodology for the analysis of damage progression in rubble mound breakwaters 

because its thicker armor layer is actually designed to reshape. On the other hand, in a 

conventional cube armored breakwater with some activities being developed on the emerged 

platform, such as bulk storing, a simply face-to-face reorganization of the cubes might increase 

wave run-up and overtopping, and, consequently, affect the functionality of the breakwater. 

Therefore, the concept of "damage" when referred to armor layer instability is subjected to 

different interpretations, as not every rubble mound breakwater is designed under the same 

functional requirements and not every structure presents the same "fragility": there is a 

relatively wide variety of typologies, what is considered as damage in single-layered structures 

might not be equivalent in multi-layered structures, each type of armor unit presents a particular 

behavior against wave action...  

 

 
Figure 2.1. Typical armor layer failure modes. From CEM (USACE, 2002) 

 

The amount of literature on the definition, parameterization and measurement of damage is 

quite extensive, and each laboratory has their own standardized protocols for damage 

measurement, which are not always specified. It seems that there is not a worldwide standard on 

how to consider and measure damage, although there have been several attempts such as the 

research project funded by the Spanish organism Puertos del Estado for establishing standards on 

laboratory experiments referred in Vidal et al. (2003). 

Nowadays there are two widely dissimilar approaches for measuring damage: the visual counting 

method of displaced stones and the profiling method to determine the eroded armor volume. 

However, the lack of a standardized methodology for damage progression experiments induces, 

not only additional difficulties for comparison between experiments, but also the achievement of 

damage tests that are practically impossible to reproduce.  

This Section is divided into three parts where there are described, respectively, some qualitative 

ways of defining damage, main damage descriptors and historical and current ways of measuring 

damage. 
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2.1.1. Damage definition 

In a traditional rubble mound breakwater, the concept of damage is generally related to the 

displacement of armor units. Losada et al. (1986) defined three qualitative damage criteria, 

complemented with a fourth one (initiation of destruction) in Vidal et al. (1991): 

• Initiation of damage: a certain number of armor units are displaced a distance equal to 

or larger than Dn50 from their original position. Holes larger than the average porous size 

are clearly appreciated, but the functionality of the structure is not compromised. 

• Iribarren's damage: the holes are big enough to expose the lower layer of the armor 

layer, which units start to be susceptible of being extracted. An incipient s-profile is 

developed. 

• Initiation of destruction: it is similar to the concept of "Initiation of damage", but applied 

for the lower layer of the armor layer. A small number of units (two or three) in the lower 

layer are pulled out and the underlayer starts to be exposed to wave action. 

• Destruction: the underlayer is exposed to wave action and their units are easily removed. 

The mound is likely to eventually cease to give the designed level of service. 

In Figure 2.2 a particular interpretation of the four qualitative damage levels is presented, based 

on one of the damage progression experiments described in Chapter 3. As it can be deduced 

from the figure, the qualitative damage criterion has a certain degree of subjectivity, particularly 

the initiation of damage. Even for quantitative methods, the dispersion when predicting lower 

values of damage is higher than for larger values of damage, in relative terms (by means of the 

coefficient of variation). The latter was pointed out by many authors, such as Davies et al. (1994) 

who stated that "lower damage levels have been seen to exhibit greater experimental variability".  

 

 

Figure 2.2. Particular interpretation of the qualitative damage criteria defined by Vidal et al. (1991): A) Non-

damaged section, B) Initiation of Damage, C) Iribarren's Damage, D) Initiation of Destruction, E) Destruction. 
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According to Vidal et al. (1991), the definition of damage criterion assumes that the breakwater 

stabilizes at the specified level of damage if the wave action does not increase (except for 

destruction). However, other authors maintain that damage does not stabilize, but damage 

progression rate is reduced. From a probabilistic point of view, after applying a certain wave 

energy, the probability of the extraction of armor units is associated with the way they are 

integrated in the granular system: once the pieces with higher probability of being removed are 

pulled out, there is a lower probability of extraction of new pieces. 

 

2.1.2. Damage parameterization 

Instead of using qualitative criteria, another way of facing damage definition is by quantitative 

parameters. However, objective parameters should necessarily give information about the 

aforementioned qualitative response of the structure, specially taking into account that there is 

not an absolute damage descriptor hitherto (they are typically dependent on the geometry, 

armor grading, porosity...). As an example, Vidal et al. (1994) proposed Table 2.1 relating the 

objective values of the dimensionless damage index, S(see Eq. 2.2),and the qualitative response 

of the structure for different slopes. These thresholds depend on how each subjective qualitative 

damage criteria is considered, on the breakwater's characteristics, on how damage is measured 

and on how the damage descriptor is defined. Thus, they are not straightly applicable to every 

single case. 

 

Table 2.1. Thresholds of S for different damage levels for non-overtopped two layers conventional 

breakwater. From Vidal et al. (1994) 

 DAMAGE PARAMETER S 

cot α Damage Initiation Iribarren's damage Initiation of destruction Destruction 

1.5 1.5 2.5 6.5 12.0 

2.0 2.0 3.0 8.0 14.0 

3.0 2.5 3.5 9.5 16.0 

4.0 3.0 4.0 11.0 18.0 

5.0 3.0 4.0 11.0 18.0 

 

In Abanades et al. (2011), the following properties were recommended for a consistent damage 

descriptor:  

• The descriptor should increase together with breakwater damage, i.e. the damage 

descriptor should be directly proportional to breakwater damage. 

• The descriptor should be easily interpretable, that is, it should provide clear information 

about damage level. 

• The descriptor should be dimensionless in order to show no dependence on the scale. 

• The descriptor should present a known rank of variation, independently of the rubble 

mound's characteristics or the type of wave actions imposed. 
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As it was introduced before, there are two dominant methods for damage measurements: a 

visual approach, where the number of displaced armor units is counted individually, or a profiling 

approach, where the eroded armor volume is measured using different techniques further 

explained in Section 2.1.3, such as physical profilers or scanning methods. An additional third 

approach, described in Vidal et al. (2003), is the pixel counting method, in which the volume of 

the eroded units of one layer is measured indirectly based on the planar exposed area of the 

layer immediately subsequent.  

Each methodology has a different way of defining the damage descriptor, some of which are 

summarized below: 

• D%, the percentage volume of stones eroded relative to the total volume of stones in 

the active armor layer 

This is the historical method for characterizing damage from the U. S. Army Engineer 

Waterways Experimental Station (WES), and it was used in relevant experiments such as 

the ones from Hudson (1959). The active armor layer was defined as extending from the 

middle of the breakwater crest to one zero-damage wave height below the still water 

level. The complete methodology is described in Melby (1999). As damage is computed 

over the active region, this descriptor is dependent on the geometry of the breakwater.  

No indication of the severity of damage associated with this damage descriptor has been 

found by the author. However, the SPM (1984) presented a useful table (see Table 2.2) 

for predicting damage levels, original from Jackson (1968). Despite being widely used, 

this table is limited to regular waves starting from an undamaged structure and it is not 

time-dependent. 

 

Table 2.2. Jackson (1968) breakwater damage from Table 7.9 of SPM (1984) 

Percent damage D% Rough Stone H/HD=0 Smooth Stone H/HD=0 

2 to 5 1.00 1.00 

5 to 10 1.08 1.08 

10 to 15 1.19 1.14 

15 to 20 1.27 1.20 

20 to 30 1.37 1.29 

30 to 40 1.47 1.41 

40 to 50 1.56 1.54 

 

• DN%, the percentage of stones removed relative to the total number of stones in the 

active armor layer 

This parameter is equivalent to D%, but based on unit counting. It was defined in the SPM 

(1984) and presents the same shortcomings of D%, because the number of stones within 

the active zone is dependent on the breakwater geometry. In addition, it can be 

unreliable or unfeasible for high damage levels. 
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• N∆, equivalent number of spherical stones

Using a similar profiling methodology to the WES's experiments, Thompson and Shuttler 

(1975) calculated the damage number 

of the breakwater, assuming spher

where ρb is the armor bulk density, 

armor density and D50 

curve. This parameter 

but presents some important shortcomings: the measurement of bulk density in 

prototype might be difficult and the nominal diameter is preferable for construction 

purposes than the sieve dia

weight of the stones. 

• C, cover depth 

The minimum remaining depth of the cover layer along a profile (see 

defined by Tørum et al (1979), and used by authors such as Davies et al. (1994) or 

(1998). This descriptor decreases with damage and, thus, it does not accomplish the 

desired properties of a damage descriptor. In addition, Medina and Hudspeth (2000) 

stated that C "is not a good damage parameter to be selected for practical design 

applications" because, even for 

Figure 2.3. Sketch of breakwater profile with definition of damage parameters
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, equivalent number of spherical stones 

Using a similar profiling methodology to the WES's experiments, Thompson and Shuttler 

(1975) calculated the damage number N∆ as the number of stones in a 9

of the breakwater, assuming spherical armor shape: 
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is the armor bulk density, Ae is the cross-sectional eroded area, 

 is the diameter of stone which exceeds the 50% value of the sieve 

This parameter gives a rough estimation on the actual number of displaced stones, 

but presents some important shortcomings: the measurement of bulk density in 

prototype might be difficult and the nominal diameter is preferable for construction 

purposes than the sieve diameter, because it allows the straight consideration

 

The minimum remaining depth of the cover layer along a profile (see 

rum et al (1979), and used by authors such as Davies et al. (1994) or 

(1998). This descriptor decreases with damage and, thus, it does not accomplish the 

desired properties of a damage descriptor. In addition, Medina and Hudspeth (2000) 

"is not a good damage parameter to be selected for practical design 

because, even for C=0, the breakwater still preserves significant capacity.

Sketch of breakwater profile with definition of damage parameters. From Melby(
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Using a similar profiling methodology to the WES's experiments, Thompson and Shuttler 

as the number of stones in a 9Dn50 wide region 

sectional eroded area, ρa is the actual 

is the diameter of stone which exceeds the 50% value of the sieve 

gives a rough estimation on the actual number of displaced stones, 

but presents some important shortcomings: the measurement of bulk density in 

prototype might be difficult and the nominal diameter is preferable for construction 

cause it allows the straight consideration of the 

The minimum remaining depth of the cover layer along a profile (see Figure 2.3) was 

rum et al (1979), and used by authors such as Davies et al. (1994) or M&K 

(1998). This descriptor decreases with damage and, thus, it does not accomplish the 

desired properties of a damage descriptor. In addition, Medina and Hudspeth (2000) 

"is not a good damage parameter to be selected for practical design 

=0, the breakwater still preserves significant capacity. 

 

. From Melby(1999) 

Eq. 2.1 
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• S, dimensionless damage index 

This parameter (see Eq. 2.2) was proposed by Broderick and Ahrens (1982), although it is 

sometimes referred to be from Broderick (1983). It is defined as the eroded volume per 

unit length or, in other words, the cross-sectional eroded area, divided by the square of 

the nominal stone diameter. The eroded area is calculated as a comparison with the 

undamaged profile (see Figure 2.3). A physical description of S is the number of cubic 

pieces with a side of Dn50 eroded within a width of one Dn50. The actual number of eroded 

units depends on the porosity, armor grading and shape of the stones but, according to 

VdM (1988), is equal to 0.7 to 1 times the damage S. 

2
50/ ne DAS = , where Ae is the cross-sectional eroded area 

This damage descriptor is one of the most extended nowadays, and it was used in 

recognized damage studies, such as VdM (1988), Van Gent (2003), M&K (1998)... 

However, there are some difficulties in correlating the value of S with the subjective 

qualitative damage criteria defined in Section 2.1.1. For example, for the initiation of 

damage, the SPM (1984) indicates an erosion of 0 to 5% of the active armor zone (S from 

0 to 1.6), VdM (1988) considered an erosion of S=2, Medina (1992) aimed for a value of 

S=1... Medina (1992) found that the failure point also differs from different authors: S=8 

for Iribarren (1965), S=9 for VdM (1988), S=14 for the SPM (1984) and even S=20 for 

some cases in large scale experiments from Medina et al. (1990). These shortcomings in 

the interpretability of S might be due to two main reasons: 

� S is not capable of characterizing the spatial concentration of damage, because it 

represents a mean eroded area on a whole profile. Figure 2.4 clearly represents 

this issue. 

 
Figure 2.4. Various possible damage configurations with the same damage descriptor, S 

(Davies et al., 1994) 

� There is not a concise methodology for measuring and calculating S, agreed and 

implemented in all/most laboratories. On the contrary, profiling techniques, 

Eq. 2.2 
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distance between profiles, post-processing strategies... are different for each 

case or, in many cases, are not meticulously defined or not defined at all. In 

addition, some authors, such as VdM (1988), work with a mean value of the 

cross-sectional eroded area; others, such as M&K (1998), consider each profile as 

an independent value of damage; and in many cases the method implemented 

for computing damaged is not even specified. 

• SN, dimensionless damage index accounting for number of displaced units 

The parameter S can be re-formulated when visual methods are used, as it was proposed 

in Davies et al. (1994). The volume eroded from a section of width X can be expressed in 

terms of the average eroded area (Ve=AeX), or in terms of the number of displaced armor 

stones (Ve=NdD
3

n50/(1-n)), where Nd is the number of displaced stones and n is the 

porosity). Combining both equations together with Eq. 2.2, the dimensionless damage 

index is obtained: 

( )nX

DN
S nd

N −
=

1
50  

This descriptor is widely used when visual methods for damage characterization are 

carried out: Teisson (1990), Cornet (1995), Vidal et al. (1995b), Burcharth et al. (2006)...In 

Vidal et al. (1995b), some referent values on relating SN to qualitative damage criteria are 

provided.  

SN is useful for describing low damage values. However, for a high number of displaced 

stones it is likely not to give accurate results, it could be highly time consuming (even if it 

is assisted with digital image processing) or it could be directly unfeasible. To take a 

single example, Vidal et al. (2003) stated that for SN>12 the counting method is difficult to 

implement. 

With this method, the movements due to slides are not addressed and the threshold to 

consider what a displacement is might be somehow subjective. In addition, this 

descriptor is dependent on the porosity, which is not easy to measure, nor even 

homogeneous. Not only that, the diameter of the stones is neither homogeneous and, 

thus, the nominal diameter could not be accurately representative of the eroded volume 

for breakwaters armored with stones. Also, the eroded volume in Eq. 2.3 is calculated 

assuming that the layer thickness is equivalent to the nominal diameter, which is not 

always true and would depend on the shape of the units and the placement method. 

Therefore, in order to achieve comparable results, SN might be required to be calibrated 

with direct volumetric measurements, i.e. by estimating a correction factor after 

comparing SN with S. The same shortcomings of S about the characterization of the 

spatial concentration of damage are also extensible to SN. 

Notice that some stability formulae, such as Eq. 2.15, Eq. 2.16 or Eq. 2.17, are directly 

built taking into account the number of displaced units. This kind of equation is basically 

designed to characterize damage in breakwaters constructed with special shaped 

artificial pieces. For those cases, the damage descriptor would be directly the number of 

displaced units. 

Eq. 2.3 
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• St, dimensionless damage index based on planar exposed area. 

This damage descriptor was suggested in Vidal et al. (2003) and it is based on counting 

the number of pixels of the planar exposed area, Ape, between two consecutive layers. 

For doing so, a good color contrast between layers and homogeneous lighting is 

desirable. St is calculated from the average transversal eroded area, Ate, which is 

estimated after applying a layer thickness factor, δ, according to the following equation: 

50
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The correcting factor, δ, depends on the armor characteristics and the angle of the visual 

of the camera with respect to the slope's surface (in case it is not orthogonal). Similarly to 

SN, this damage descriptor needs to be calibrated (by means of the factor δ) using the 

results from directly measured dimensionless damage indexes, S. As an example, Vidal et 

al. (2003) obtained a calibration value of δ=1.58. 

The application of this dimensionless damage index presents some difficulties in 

prototype, where the algorithms for associating the color of each pixel with the 

corresponding layer would need to be substituted by a computational aided system for 

manually selecting the planar exposed areas. In laboratory, some filtering strategies 

would be needed for neglecting rocking or little movements in the calculation of damage, 

as well as for correcting possible errors due to bright spots or mismatches in the layer's 

assignment of the pixels. Also, this method would be only recommended if the 

calculation of damage is limited to the outer layer. This is due to the fact that the holes 

caused by removed units from the inner layer can be filled with other units from the 

outer layer, distorting damage calculation. 

• De, equivalent dimensionless damage accounting for porosity variation 

Porosity could be seen as a parameter influencing damage rather than a damage 

descriptor. However, as it was stated by Gómez-Martín and Medina (2004), changes in 

the packing density of cubes may end up with losses in the desired functionality of the 

structure. This failure mode related to a SLS (Serviceability Limit State) was named as 

Heterogeneous Packing, HeP.  

In Gómez-Martín and Medina (2006), a Virtual Net method for visual damage 

measurement was proposed, together with a damage descriptor considering both HeP 

and the extraction of armor units. The methodology, further described in Section 2.1.3, is 

based on creating a virtual array over the armor layer in which the porosity is evaluated 

on each strip of known real dimensions. Individual dimensionless damage (Di) is 

calculated for each strip by means of the initial porosity in the strip, p0, the actual 

porosity in the strip, pi, and a integer, d, which represents the number of nominal 

diameters contained in a strip width. Integrating these damages over the slope, the 

equivalent dimensionless damage (De) is obtained: 

 

Eq. 2.4 
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After the detection of the HeP failure mode, the importance of quantifying the 

randomness in the positioning of concrete armor units was pointed out by Medina et al. 

(2011). In that sense, they proposed three Armor Randomness Indexes (ARIs) for cubes 

and Cubipods, which are calculated from particular angles between the armor unit's 

faces, the slope plane and the faces of the neighboring armor units. The coefficients ARI1 

and ARI2 serve to evaluate the face-to-face disposition around a given armor unit. For 

obtaining these coefficients, laser scanner techniques were applied. 

• E, normalized maximum eroded depth and L, normalized maximum eroded length 

E and L (see Figure 2.3) were defined by M&K (1998) after noticing some weakness in the 

dimensionless damage index, S: it doesn't provide any information of the profile shape 

and it is not capable of distinguishing if the damage is concentrated in one hole or spread 

out over several pockets. They also considered cover depth (C) but, as it was said before, 

this descriptor is not appropriate because it decreases with increasing damage. On the 

contrary, E and L provide information about the eroded depth and eroded length 

respectively, and they are directly proportional to damage increase. The first one 

indicates the progress towards failure, especially if failure is defined by the exposure of 

the underlayer, whereas the second one is related to the extension of the damaged area.  

Medina and Hudspeth (2000), considered L to be almost meaningless in the experiments 

carried out by M&K (1998), because it was not directly measured but calculated assuming 

a triangular shape: L=2Ae/E. However, relevant information might be obtained if both L 

and E dimensions were measured independently for the widest and also for the deepest 

hole, and combined together with S. 

• hn, neutral point between eroded and accreted armor areas.  

Despite not being a damage descriptor, an almost constant value of hn=HD=0 between the 

eroded and accreted armor areas (see Figure 2.5) was found by Medina (1992), where 

HD=0 is the limit wave height that induces zero damage. The neural point seemed to be 

independent of the level of armor damage and also independent of Ir. Nevertheless it is 

expectable a variation of this parameter together with variations of water depth or setup. 

Ota et al. (2010) also found a constant location of the neural point for revetments, 

showing no dependence on armor damage. 

Eq. 2.5 

Eq. 2.6 

Eq. 2.7 
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Figure 2.5. Graphical definition of the neural point. From Medina (1992) 

 

The damage descriptors described in this Section are summarized in Table 2.3, together with a 

color code for each of them evaluating the accomplishment of the recommended requirements 

described in page 10. According to this information, the most adequate damage descriptor is the 

dimensionless damage index, S, which is indeed the most extended up to date. However, it has 

been considered that none of them are able to provide clear information about damage level, i.e. 

none of them are evaluated as easily interpretable, because their direct extrapolation to 

qualitative damage criteria independently on the breakwater properties or severity of wave 

action seems not to be straightforward: with the exception of E and L combined together, the 

rest of damage descriptors presented in this Section are not able to characterize the shape of the 

eroded area. In fact, E and L together offer just limited information, and should necessarily be 

accompanied by S for a more complete description on the actual level of damage. 

Table 2.3. Synthesis of damage descriptors and accomplishment of the recommended requirements 

defined in Abanades et al. (2011) 

Requirements of a damage 

descriptor defined in 

Abanades et al. (2011) 

D% DN% N∆ C S SN St De E L 

Increase with damage           

Easily interpretable           

Dimensionless           

Known rank of variation           
 

 

 Accomplished  Partially accomplished  Not accomplished 

 

Damage initiation and progression is a 3D process, even for breakwaters tested in a wave flume. 

The eroded units from a certain profile are not necessary accreted at the bottom of the same 

profile, as they could roll down following a non-normal trajectory. In addition, the consequences 

of the extraction of units concentrated in a deep pocket are different from an extensive 

superficial removal. The spatial component and shape of damage is, therefore, crucial to 

understand this failure mode; nevertheless, the available descriptors up to date seem to be 

mainly focused on providing an averaged magnitude on a 2D profile. Even damage descriptors 

derived from visual methods, which are based on a front view of the slope, are averaged over a 

longitudinal unit width, loosing information such as the planar shape of the eroded area or the 

number of eroded pockets. 

The development and availability of scanning tools and the versatility of artificial vision 

algorithms give us the chance to step forward more interpretable damage descriptors and 

deeper knowledge of damage progression on rubble mound breakwaters. For doing so, there are 

still two main challenges to overcome: 
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• To incorporate the "side view" of profiling methods together with the "front view" of 

visual methods for achieving a complete characterization of damage, considering both 

the spatial component and the shape of the eroded area.  

• To state a concise measuring methodology applicable both to scaled models and 

prototype, so as the results from different studies can be easily compared. The 

incorporation of prototype data is highly required, as nowadays it is practically inexistent 

(at least within the research community). 

 

2.1.3. Damage measurement 

The concept of damage measurement comes after establishing the adequate damage descriptor, 

but it could also affect how damage is defined due to technical or methodological limitations. As 

it was stated before, damage after a real or modeled storm is traditionally measured following 

two main approaches: counting the number of displaced stones or measuring the geometrical 

variations of the slope by comparison with an initial surface. For the first approach, direct 

counting method or the Virtual Net method can be used. The pixel counting method from Vidal 

et al. (2003) is also based on visual information. For the second approach, profiling methods or 

scanning methods are available. These methods are detailed below: 

• Visual assessment methods 

Visual methods include the observation of the exposure of under-layers, monitoring the 

development of holes in the armor, counting the number of displaced units...  The latter 

is the most extended damage descriptor for visual methods, and one of the first 

references on this approach is probably Hedar (1960). 

Visual techniques are usually supported by image processing. The image quality is 

essential in order not to restrict accuracy, and assisting software for unit counting might 

also be helpful (see Figure 2.6). In addition, using a color coding for the various layers, or 

even in strips of the same layer, is commonly used to facilitate the process. What is more, 

with an appropriate reference system, measurements can be also carried out, although it 

would be necessary to drain the basin to allow for direct measurements below the SWL. 

David et al. (1994) demonstrated that visual techniques and profiling measurement 

showed good agreement for a limit number of displaced stones, around 60-80. In 

addition, visual methods are easy to be implemented both in scaled models and in 

prototype (though just focused on the emerged zone), economical and non-intrusive. 

However, this technique presents a number of shortcomings. First of all, it is just 

appropriate for low damage levels. David et al. (1994) stated that for more than 50 

removed stones, counting is likely to be complicated. Visual techniques could be actually 

implemented for higher damage levels when using image processing and color coding, 

although it might be also highly time consuming. Secondly, most techniques are focused 

on the surface, but not on the deepness of penetration. This can be partially solved by 

using a color coding of the different layers and by calibrating the results with 
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profiled/scanned data similarly to the methodological proposal of Vidal et al (2003). And 

finally, it has a certain degree of subjectivity.  

• The Virtual Net method 

This methodology permits taking into account both the armor unit extraction and the 

HeP failure mode introduced by Gómez-Martín and Medina (2004). In fact, unlike 

classical visual methods, the porosity of the armor layer during damage development is 

not considered constant, but indeed measured together with the number of displaced 

units.  

For doing so, a camera is fixed at a certain location with a good line of vision to the armor 

layer. Before starting the experiments, some removable or non-intrusive physical 

references are placed in the slope in order to project a virtual net with known real 

dimensions over the damage snap-shots. The counting process is clustered into the 

different strips, which dimensions were defined to be a=n∙Dn50 and b=0.75∙m (see Figure 

2.6) in Gómez-Martín and Medina (2006). Despite not specifying the optimal width of the 

strips, it is considered in the damage formulation by means of the parameter d in Eq. 2.6, 

which is an integer representing the number of nominal diameters within a strip. After 

counting the number of pieces on each strip, preferably assisted by a counting software, 

damage is calculated by comparison with the initial state. The final damage descriptor is 

the equivalent dimensionless damage (De) defined in Eq. 2.7. 

This method is recommended just for low damage levels, and it was proven to be 

adequate for regular armor units, such as cubes or blocks. Notice that changes in porosity 

of the bottom layer cannot be addressed, and that the counting of pieces could show a 

certain degree of subjectivity, especially at the borders of the strips. The Virtual Net 

method is a particular case of the visual assessment method; therefore, the pros and 

cons of the latter are also applicable to this case. 

 

 

Figure 2.6. Virtual Net and assisted counting of armor units over a testing rock slope 

m 

a 
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• The pixel counting method 

This method was proposed in Vidal et al. (2003) and it is based on counting the number 

of pixels of the planar exposed area between two consecutive layers. Artificial vision 

algorithms are applied for matching the pixels of the snap-shots to their corresponding 

layer. The methodology might be enhanced with filtering strategies for neglecting rocking 

or little movements in the calculation of damage, as well as for correcting possible 

mismatching errors. 

As it was exposed in Section 2.1.2,this method is only appropriate if the damage 

characterization is limited to the outer layer. A good color contrast between layers is 

required. The latter conditions the viability of measurements in prototype, up to the 

point that the identification of the planar exposed areas would be needed to be 

accomplished manually by comparison between snap-shots.  

This methodology provides information just on the planar eroded area. Thus, calibration 

is required to extrapolate the results to the cross-sectional damage deepness. 

• Profiling methods 

One of the most extended methods for damage measurement is profiling several 

longitudinal sections of the rubble mound breakwater. By comparing these profiles with 

the initial non-damaged state, the eroded area Ae can be estimated and damage can be 

expressed in terms of the dimensionless damage index, S. 

Davies et al. (1994) defined two kinds of profilers: electro-mechanical and mechanical 

profilers. The first ones are more sophisticated, but require the flume to be either fully 

flooded or fully drained, which could be highly time consuming. The second ones are able 

to readily cross the air-water interface but the data quality provided is usually lower. 

What is more, because they use direct contact with the rocks, mechanical profilers are an 

intrusive technique that could even produce movements of armor units. Indeed, De Jong 

(2003) reported that some rocks were pushed over a few times during their experiments.   

Mechanical profilers have been used in most of the main studies focused on damage in 

rubble mound breakwaters: Hudson (1959), Ahrens (1975), Broderick (1983), Thompson 

and Shuttler (1975), VdM (1988), M&K (1998)... and usually consisted on a rod equipped 

with a circular foot with a diameter equal or close to 0.5Dn50. The rod not only measures, 

but also acts like a physical filter, as pockets smaller than rod's size are not considered. 

Davies et al. (1994) presented a good description of the semiautomated profiler and 

measuring strategy used in their experiments.  

Despite being widely extended, it seems that there is not a standardized agreement on 

how to measure and compute damage. As it was said before, some authors calculate a 

mean value of S for the whole section, whereas others consider each profiled value of S 

as an independent damage descriptor. Also, there are no references on the optimal 

accuracy of the profiles, that is, the distance between measured points and the number 

of parallel profiles along the slope: Ahrens (1975) measured 6 profiles, Thompson and 

Shuttler (1975) aimed for 10 profiles, Davies et al. (1994) studied 9 profiles... What is 
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more, damage measurement is sensible, not only to the accuracy of the measurements 

itself, but also to the post-processing strategies, which are not specified in most cases.  

These strategies may include: 

� Methods for filtering and smoothing the raw data in order to eliminate possible 

errors or noises in the measurement. If the resolution is high enough, smoothing 

might be omitted. 

� Methods for discriminating between rocking, displacements and settlements. A 

stabilization wave loading is suggested before starting the experiments, so as to 

reduce possible settlements. 

� Methods for integrating the cross-sectional area of eroded material, such as 

Simpson's method: 

( ) ( ) ( )[ ]∫ −=
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� Correcting methods based on a balance between the eroded area and the 

accreted area. Notice that armor units' movements are not necessarily 

developed in the profile axis and the mean porosity of the accreted volume 

might differ from the one derived from the construction process. 

� Methods for estimating the error in the measurement. Medina and Hudspeth 

(2000) recommended various repetitions on the same measurement for that 

purpose. 

Profiling methods are useful in laboratory, but no application to prototype has been 

evidenced by the author. In fact, the characterization of prototype's geometry is basically 

linked to sounding or scanning methods.  

• Sounding methods 

Sounding methods are widely used for bathymetric restitutions and have also been used 

for the characterization of the submerged part of prototype breakwaters. However, they 

are not appropriate in laboratory: the confined study area, especially in wave flumes, 

induces significant sound wave reflection, and thus, distortion of the measurements.  

This method is difficult to apply even in prototype and usually involves high costs both 

due to the logistic and the instrumentation. In addition, damage descriptors are related 

to eroded area, which is basically concentrated on the emerged part of the structure. 

Therefore, the applicability of sounding methods to damage measurement is limited. 

• Scanning methods 

While profilers provide information about the 2D geometry, scanning methods are 

capable of measuring the 3D shape of the slope. Nowadays, there are different 

techniques that might be used for the 3D-restitutions: structured light scanners, infrared 

Eq. 2.8 



 

 

22 

A methodology for the analysis of damage progression in rubble mound breakwaters 

scanners, laser scanners... Additionally, photogrammetric restitutions can also provide 

accurate information about the geometrical evolution of mound's armoring. 

These techniques were also available some years ago; for example, the LIDAR technology 

was developed in the early 60's, shortly after the invention of the laser. Nevertheless, 

they presented limitations in the availability and applicability for damage experiments in 

laboratory. Some authors, such as M&K (1998), considered the possibility of using a laser 

scanner instead of a mechanical profiler, but rejected this option due to the limitations in 

the accuracy of the measurements and the post-processing difficulties. Indeed, before 

Vidal et al. (2003) not many references of scanning methods in laboratory have been 

found. On the contrary, prototype scanner measurements of the emerged part seem to 

be more extended, especially in breakwaters built with artificial units, where the LIDAR 

technology installed in a light aircraft was usually employed. The high cost of the whole 

process, however, commonly dissuades Port Authorities to monitor damage on their 

structures.  

In recent years, new scanning instruments have been developed, together with post-

processing and graphic tools that make easier the interpretation of the results. This 

technological development permits nowadays to measure in detail rubble mound slopes 

with a non-intrusive instrumentation, which can also be implemented in laboratory 

experiments. Chapter 3 is, indeed, focused on describing a methodology for damage 

accumulation tests after carrying out some laboratory experiments with a structured light 

scanner. Further examples using laser scanners are provided by the Water Research 

Laboratory (WRL) of the University of New South Wales, the Council for Scientific and 

Industrial Research (CSIR) of South Africa or the Laboratory of Ports and Coasts of 

Valencia (see Pardo et al. 2012, 2013) among others. 

 

 

Figure 2.7. Precise placement of targets (left) and scanning in process of a drained section as part of the 

damage progression tests carried out at the HRL of Madrid (right) 

 

One of the main issues of scanning methods is the calibration and spatial positioning of 

the point cloud. For that purpose, some references (targets) with known coordinates x, y, 

z need to be physically placed when using mobile scanners (see Figure 2.7). Due to 

refraction, measurements are just focused on the emerged part in prototype, but could 

Targets Scanner 

Targets 
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be extended to the whole section in scaled models after draining the basin. 

could be highly time-consuming: however, a methodology for draining just the water 

around the model is described and applied in Chapter 3. 

point cloud, the same post

valid for scanning methods, in 3D instead of 2D. 

Derived from the revision of the available ways of measuring damage, it has been perceived the 

importance of developing a standard methodology for damage definition and measurement, 

easily applicable both to laboratory experiments and prototype breakwaters

experiments from different laboratories 

methodology for damage definition/measurement is complemented with concise and affordable 

tools for monitoring damage in prototype, the models could be

information, and particularized for each structure. What is more, if these values were accessible 

to the research community, an increasing data

prototype could be settled. Based 

in the CLASH project for overtopping predictions in breakwaters can be also developed for 

damage accumulation in rubble mound breakwaters. 

Nowadays, it is perceptible an

technologies and methodologies for monitoring breakwaters. 

addressed damage characterization using WebGIS data from satellite

proposed the use of terrestrial LIDAR for monitoring damage in rubble mound breakwaters

Prototype monitoring is also being revolutionized recently with the availability of little drones 

capable of carrying a scanning system or digital cameras. They have enough autonomy to actually 

measure the emerged part of a whole rubble mound breakwater, and they are potentially 

affordable for most Port Authorities. 

which was used to measure the new 

2014. The accurate results after applying photogrammetric restitution with the software ZEUSair 

(developed by the HRL of Madrid) are also sh

 

Figure 2.8. Drone equipped with digital cameras (left) used for the photogrammetric restitution (right) of a section of 

the new 
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the whole section in scaled models after draining the basin. 

consuming: however, a methodology for draining just the water 

around the model is described and applied in Chapter 3. After measuring and locating

ud, the same post-processing strategies defined for profiling methods are 

scanning methods, in 3D instead of 2D.  

Derived from the revision of the available ways of measuring damage, it has been perceived the 

importance of developing a standard methodology for damage definition and measurement, 

easily applicable both to laboratory experiments and prototype breakwaters

experiments from different laboratories can be inter-compared. Not only that, if the 

methodology for damage definition/measurement is complemented with concise and affordable 

tools for monitoring damage in prototype, the models could be further calibrated with prototype 

information, and particularized for each structure. What is more, if these values were accessible 

to the research community, an increasing data-base with standardized values of damage in 

prototype could be settled. Based on that database, tools similar to the Neural Network created 

in the CLASH project for overtopping predictions in breakwaters can be also developed for 

damage accumulation in rubble mound breakwaters.  

it is perceptible an effort to achieve affordable, accurate and easily interpretable 

technologies and methodologies for monitoring breakwaters. As an example, Marujo et al. 

addressed damage characterization using WebGIS data from satellite and Puente et al. (2014) 

ial LIDAR for monitoring damage in rubble mound breakwaters

Prototype monitoring is also being revolutionized recently with the availability of little drones 

capable of carrying a scanning system or digital cameras. They have enough autonomy to actually 

easure the emerged part of a whole rubble mound breakwater, and they are potentially 

affordable for most Port Authorities. Figure 2.8 shows a drone equipped with digital cameras, 

which was used to measure the new Cubipod's breakwater of San Andrés (Málaga, Spain) in 

2014. The accurate results after applying photogrammetric restitution with the software ZEUSair 

(developed by the HRL of Madrid) are also shown in the figure. 

Drone equipped with digital cameras (left) used for the photogrammetric restitution (right) of a section of 

the new Cubipod breakwater of San Andres, Málaga (Spain). 
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Prototype monitoring is also being revolutionized recently with the availability of little drones 

capable of carrying a scanning system or digital cameras. They have enough autonomy to actually 

easure the emerged part of a whole rubble mound breakwater, and they are potentially 

ipped with digital cameras, 

s (Málaga, Spain) in 

2014. The accurate results after applying photogrammetric restitution with the software ZEUSair 

 

Drone equipped with digital cameras (left) used for the photogrammetric restitution (right) of a section of 
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2.2. PARAMETERS INFLUENCING ARMOR LAYER STABILITY 

This Section is aimed to synthesize the parameters influencing armor layer stability in rubble 

mound breakwaters. It is based on the historical revision of about 80 years of the most relevant 

studies on armor layer stability up to date, which are presented in Section 2.3. As a reminder, this 

study is just aimed at breakwater's trunks, neglecting breakwater's heads where the angle of 

incidence is fundamental and where further parameters need to be included, such as the shape 

and the size of the breakwater's head.  

Some of the selected parameters are included in every stability formula, such as wave height. 

Others, nevertheless, are not usually accounted for in an explicit way, which does not necessarily 

mean that they are negligible: they might have been taken into account in the different models in 

an indirect way through empirical coefficients.  

The identified parameters influencing armor layer stability are described below: 

• H, wave height parameter. This parameter is raised to the third power in most stability 

models if they are expressed in terms of the weight of armor units necessary to resist 

wave action. Therefore, damage is extremely sensitive to the way it is defined, which is 

not straight forward due to the stochastic nature of wave loading. For irregular wave 

trains, HS is frequently used but, as it is discussed in Section 2.3.4., HS might not be 

representative enough of the highest waves of the sea state which, in fact, are the most 

likely to provoke damage in the armoring. Other ways of defining the wave height 

parameter for irregular waves include H1/10 from SPM (1986), H13.6% from Jensen (1986), 

Hb (wave height at breaking) from Hedar (1986), H=1.18HSt
0.095 from Teisson (1990), 

H100from Vidal et al. (1995a), H250 from Jensen (1996), H2% from Van Gent (2003) or 

Verhagen and Mertens (2009) and H50 from Vidal et al. (2004, 2006). 

• T, wave period, which is usually defined using mean wave period, Tm, or peak wave 

period, Tp. It should be representative of the waves associated with breakwater damage 

and, thus, might be related to the way H is defined. Tm is typically applied for calculating 

an average number of waves. Some authors prefer wave length, L, instead of wave 

period, but both parameters are correlated by means of the dispersion equation as a 

function of water depth and the acceleration of gravity. Carver and Wright (1991), among 

others, demonstrated for depth limited waves that armor layer stability decreases when 

decreasing the relative depth (h/L), that is, when increasing T. 

• Nw, number of waves, which is an indicator of the persistence, and it is often roughly 

estimated by dividing the time interval considered between Tm. 

• g, the acceleration of gravity. 

• h, water depth. This parameter is fundamental for addressing wave interaction with bed 

slope or, in other words, wave breaking. Indeed, a simplify criteria for wave breaking limit 

is H/h≈0.8. Iribarren's number (see Eq. 2.11) is normally used for characterizing the 

different types of wave breaking. When h/H>3 it can be considered that water depth 

does not influence damage, according to Vidal et al. (1994). 
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• αb, bed slope, between deep waters and the water depth at the toe of the structure. This 

angle influences wave transformation due to shoaling. It is generally accepted that steep 

foreshores are more damaging than gentle foreshore slopes, because depth limited 

waves can be larger for the first case, and more plunging waves are more likely to impact 

in the breakwater. Further information and references can be found in Verhagen et al. 

(2006) and Verhagen and Mertens (2009). 

• Wave groupiness, which was traditionally characterized by spectral peakedness or mean 

run length. However, Medina et al (1990, 1994) recommended using an envelope 

exceedance coefficient accounting for the variability of the energy flux, and a newly 

defined groupiness factor. In this sense, the spectrum and the random seed used for 

reproducing an irregular wave train in laboratory might be also considered as parameters 

affecting damage, unless the wave height descriptor is similar to the H50 parameter 

defined by Vidal et al. (2004, 2006). 

• ψ, wave's direction or angle of wave attack. For quarry stones and gravity armor units 

such as cubes, normal incidence is assumed to be the most damaging direction, as it was 

proven by Losada and Giménez-Curto (1982) or Wolters and Van Gent (2010). 

Nevertheless, this assumption is not applicable to interlocking armor units. 

• υ, dynamic fluid viscosity, which is normally expressed as part of Reynolds's number 

(Re), that is, the ratio between inertia and viscous forces. This parameter can't be 

reproduced in most scaled models, which are normally aimed at maintaining Froude 

number between inertial and gravity forces. However, some authors such as Broderick 

and Ahrens (1982) or VdM (1988) found no significant scale effects on armor stability for 

Re in the range 1∙104 - 4∙104. 

• γw and γs, specific weight of water and armor units respectively, which are a function of 

mass density of water, ρw, or armor units, ρs, and the acceleration of gravity, g. 

• ϕ, internal friction angle, known also as natural angle of repose of the quarry stones. This 

parameter is associated with the initiation of movement. 

• αa, sea-side armor slope, frequently referred in terms of tanα or cotα. According to 

Appendix B: Prototype dimensionless damage parameters in Spain, the most frequent 

values for tanα are 1:1.5 and 1:2. This parameter should necessarily be lower than ϕ, and 

is related to wave breaking type along the breakwater's slope. 

• Dn50, nominal diameter or equivalent cube length (nowadays the equivalent sphere 

diameter is rarely used). This parameter is common in the design process, but for 

construction purposes the weight of armor units is more practical. Therefore, Dn50 is 

usually calculated from Dn50 = (W50/ρs)
1/3, where W50 is the armor unit weight exceeded 

by 50% of the armor units.  

• Armor shape, which is just partially defined by the parameterDn50. A complete 

description on this matter is provided in The Rock Manual (2007), where the following 

shape factors are defined: length-to-thickness ratio (LT) also known as aspect ratio, 
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blockiness (BLc) also referred as shape factor, cubicity, roundness and proportion of 

crushed or broken surfaces. A bunch of formulae for predicting initial porosity and bulk 

density are proposed in the manual, as a function of LT and BLc. The simultaneous 

definition of LT and BLc also improves the prediction of the stability and the hydraulic 

response of the structure, and makes possible the inter-comparison between laboratory 

experiments and the extrapolation to prototype.  

• D85 / D15, armor grading of main layer and filter, as an indicator of the uniformity of the 

granular system. The Rock Manual (2007) establishes the following categories for 

evaluating the uniformity of the different layers, both expressed using armor dimensions 

or armor weight: 

Table 2.4. Armor stones grading width with respect to uniformity. From The Rock Manual(2007) 

Grading width D85/D15 M85/M15 

Narrow or single-sized gradation Less than 1.5 1.7 - 2.7 

Wide gradation 1.5 - 2.5 2.7 - 16 

Very wide or quarry run gradation 2.5 - 5.0 16 - 125 

 

• Mechanical strength of armor units, which is particularly relevant for special shaped 

artificial units design to interlock, where little movements (rocking) may induce the 

breakage of armor units due to mechanical strength excess. 

• P, permeability, which is a source of wave energy dissipation: the higher the permeability 

is the more energy is dissipated through the interaction with armor layer, underlayer and 

core. This is also a key parameter when dealing with scale effects, because saturation of 

scaled core material is likely to occur for low values of Dn50,core and, as a result, damage 

progression becomes higher. Some authors, such as VdM (1988), explicitly defines P in 

their damage models, whereas others, such as Van Gent (2003), account for permeability 

using factors similar to Dn50/Dn50,core. 

• Positioning method, which greatly influences the initiation of movement and damage 

progression. The Rock Manual (2007) classified the type of placement in four categories: 

random, standard, dense and specific, with a different structural response each. In 

addition, many damage models define their empirical coefficients according to the 

positioning method, and there are many studies which are mainly focused on the 

placement methodology: Yagci et al. (2004), Gürer et al. (2005), Van Buchen (2009), 

Medina et al. (2010, 2011), Pardo et al. (2012, 2013)... According to Font (1968) and 

Thompson and Shuttler (1975) among others, the armor placement technique is 

important for determining the initiation of damage, but is less relevant for advanced 

damage levels. 

• n, porosity , which can be referred also in terms of packing density. This parameter is 

intrinsically related to the positioning method and, in general, a high porosity of the 

armor layer (low packing density) might cause higher damage progression (see Medina et 

al., 2014). 
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• Bed nature. The nature and mechanical properties of the soil might be also parameters 

influencing damage, as could be responsible for differential settlements provoking 

modifications in breakwater geometry and packing density. 

• Geometrical design parameters: thickness of armor layer, height of the crest, width of 

the crest, toe's dimensions... which are related to the hydraulic response of the 

breakwater, influencing run-up, overtopping, reflection coefficient... If the breakwater is 

overtopped, rear-side stability should also be addressed and, generally, sea-side 

instability is reduced as part of the energy is transmitted inshore.  

The total number of parameters can be diminished by means of dimensionless variables, which 

are commonly used in stability models not only for that reason, but also for providing 

reproducible formulae independent of the scale and, thus, applicable to prototype estimations. 

These are the most common dimensionless variables for the study of armor layer stability, some 

of which were already explained:  

• Stability number, NS=H/(∆Dn50) 

• Relative water depth, h', which is defined in several ways depending on the authors. For 

example, Hudson (1959) defined h'=h/L, VdM (1988) proposed h'=h/HS and Castillo et al. 

(2012a) aimed for h'=h/Dn50. 

• Wave steepness, s = H / L 

• Iribarren's number, also referred as surf similarity parameter, ξ = tanα/(H/L0)
0.5. It is 

normally calculated through the design wave length at deep water: L0=gT
2
/2π. However, 

it should be noticed that the sea-side slope of the breakwater does not remain static, but 

evolves with time after being exposed to wave action; in this sense, when calculating the 

parameter ξ at the breakwater's location, this variation should be accounted for, 

together with the variation in L due to shoaling. 

• Mean number of waves or relative duration, Nw= t' = t / Tm 

• Wave's direction or angle of wave attack, ψ 

• Wave groupiness and spectral shape. 

• Reynolds number, Re = (gH)
0.5

Dn50 / υ 

• Bed slope, αband sea-side armor slope, αa 

• Relative specific weight, ∆=(γs - γw)/ γw  

• Internal friction angle, ϕ 

• Mechanical strength of armor units 

• P, permeability 

• Armor grading of main layer and filterD85 / D15 
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• Armor shape coefficients, such as the aforementioned length-to-thickness ratio, 

blockiness, cubicity, roundness, proportion of crushed or broken surfaces... 

• n, porosity, which can also be referred in terms of packing density. 

• Dimensionless geometrical parameters, such as relative thickness of armor layer, 

relative crest height, relative crest width... which, similarly to relative water depth, can 

be obtained by dividing these dimensions by H, L or Dn50. 

 

2.3. HISTORICAL SYNTHESIS ON ARMOR LAYER STABILITY IN 

RUBBLE MOUND BREAKWATERS 

After revising the concept of "damage" (including its definition, parameterization and 

measurement) and highlighting the parameters influencing its initiation and progression, this 

Section is aimed to overview the most relevant studies up to date on armor layer stability in 

rubble mound breakwaters. The complicated highly non-linear flow over the slope, involving 

wave breaking, together with the variable shape of armor units and their random placement, 

make practically impossible to achieve analytical expressions for the calculation of actions and 

reactions, and thus, to determine instantaneous armor unit stability. That is the reason why 

stability formulae is historically empirical or semi-empirical, associated with experimental results 

for relating the response of the armor layer to parameters of the incident wave train and 

breakwater characteristics, and improved with prototype observations.  

The most important hydraulic stability formulae for rubble mound breakwaters (most of them 

focused just on rock armoring rather than artificial blocks) are summed up in Table 2.5: 

Table 2.5. Revision of hydraulic stability formulae (extended from Hald, 1998). Part I 

RESEARCHER FORMULA 
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Table 2.5.Revision of hydraulic stability formulae (extended from Hald, 1998). Part II 

RESEARCHER FORMULA 
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* Referenced in PIANC (1976) 

KD= Hudson's empirical coefficient 

Rest of symbols = See Appendix A  

K, K1, K2, K3 = Empirical coefficient. Notice that despite using 

same notation in the table, the values of these coefficients 

are different for each hydraulic stability formula. 
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Some of the stability models in Table 2.5 have been slightly modified in order to be consistent 

with the symbols used herein (see Appendix A) and to fit the following general structure: 

),...,,,( 21
50

n
n

S pppKf
D

H
N <

∆
=  

Thus, the stability of the armor layer is reached when the stability number (NS) is lower than a 

certain function (f) depending on the n parameters (p1, p2,…, pn) influencing stability and an 

empirical coefficient K determined by the parameters not directly accounted for in the stability 

equation. 

 
Table 2.6. Revision of damage progression's models 

RESEARCHER FORMULA 
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D = Damage level (generic definition) 

Nd = Number of displaced stones 

S = Damage level defined as Ae / D
2

n50 

Se = Equilibrium damage level 

D0(H,T), D0(H,Ir) = Asymptotic max. damage 

n63%, n50% = Mean damage parameter, nº of regular 

waves causing 63/50% of the max. asymptotic damage 

A, B, C = Empirical coefficients 

Rest of symbols = See Appendix A  

 

Eq. 2.9 
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While hydraulic stability formulae were originally aimed at characterizing the initiation of 

movement of armor units, damage progression models are designed to predict the evolution of 

rubble mound's geometry by means of a quantitative damage parameter. Consequently, damage 

progression models represent a much more useful design tool and are indispensable in any 

reliable maintenance or conservation program. However, due to the complexity of the problem, 

this approach has been faced just in the last decades and more research is still needed, especially 

considering the adequacy of the different models to prototype measurements, which is not 

extensive even nowadays. A revision of damage progression models is presented in Table 2.6. 

Notice that some of the models, mainly based on experimental results, consider the 

dimensionless damage index (S) for describing damage, while others, mainly built under 

theoretical assumptions, define the damage descriptor in a generic way (D). 

Before expounding on a historical synthesis on armor layer stability from the first hydraulic 

stability models to the latest contributions, the timeline of Table 2.7 presents a selection of the 

most relevant hydraulic stability models and damage progression models from Table 2.5 and 

Table 2.6. This scheme permits, not only to arrange chronologically the different proposals in the 

study of armor layer stability, but also to have an idea of the parameters/properties accounted 

for and the innovations introduced by each of them. 

 

Table 2.7. Timeline of some of the most relevant models on armor layer's stability, together with the 

parameters/properties accounted for and the innovations introduced by each of them. 

RESEARCHER 
Wave action Breakwater Others 

R I T Ir Nw h α A P D0 DPM CDF 

Iribarren(1938)             

Mathews (1948)             

Larras(1952)             

Hudson(1958)             

SPM(1973)  H1/3           

Losada & G.C.(1979)             

SPM(1984)  H1/10           

Hedar(1986)  Hb           

VdM (1988)  H1/3           

Teisson(1990)  H1/3           

Kaku et al. (1991)  H1/3           

Medina(1996)  Hi           

M & K (1998, 1999)  H1/3           

G.M.& Medina (2004)  Hi           

Van Gent et al. (2004)  H1/3           

Vidal et al. (2006)  H50           

Castillo et al. (2012a)  H           

 

 

 

 

R = Regular waves      Ir = Iribarren's number      α = breakwater's slope    D0 = Initial damage 

I = Irregular waves     Nw = Number of waves      A = armor type                  DPM = Damage Progression Model  

T = Period        h = water depth at toe      P = Permeability               CDF = Cumulative Distribution Function 

 Directly considered 
Indirectly considered (for example by means of modifying 

the magnitude of a constant based on experimental results) 
Innovation 
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2.3.1. First approaches to hydraulic stability characterization. 

Iribarren's and Hudson's formulae. 

 

The first published formula for the calculation of the design weight of armor units evidenced by 

the author was due to de Castro (1933). The Spanish engineer and professor reported a brief 

paper about rubble mound breakwaters using a modest approach based on experience and 

highlighting the prevailing importance of rundown forces on instability. 

The recommendations of de Castro inspired Iribarren (1938) to develop another model, 

considered by many authors as the pioneer work on armor stability.  From laboratory tests with 

non-overtopped regular waves, normal incidence, and assuming that hydraulic instability was 

mainly due to sliding of armor units, Iribarren proposed a model depending on design wave 

height, specific weight of armor units, seaside armor slope and an empirical coefficient 

(dimensional) related to the nature of armor units. In 1950, after 12 years of analyzing the 

consistency of the previous formula, Iribarren and Nogales ratified the empirical coefficients 

presented in 1938 and generalized the formula by introducing some modifications in the wave 

height parameter in order to account for water depth and wave period. Their final model was 

published in Iribarren (1965), summarizing the previous work and studying the limitations on the 

application of the formula by analyzing different slopes, materials and types of wave breaking. 

The formula of 1938 was redefined using a dimensionless coefficient (Ki) and considering a 

friction coefficient between armor units (f, interpreted by other authors as the internal friction 

angle tanφ), which were both defined in design curves as a function of armor unit type (quarry 

stones, parallelepiped blocks or tetrapods) and level of damage (strict damage initiation or 

damage initiation). Also, a simple stability curve was settled, relating the percentage of damaged 

slope and a coefficient between wave height and the wave height causing total destruction of the 

structure. 

Initial works of Iribarren (1938) were translated and published in English in 1949 and, after that, 

several models were proposed all around the world. In France, Larras (1952) developed a model 

considering water depth and wave length (associated with wave period through the dispersion 

equation), a few years later Beaudevin (1955) published a simpler one; in the United States, 

Mathews (1948) and Epstein and Tyrrel (1949) built the first North-American hydraulic stability 

formulations, Hickson and Rodolf (1951) proposed a model for jetties based on mining 

experience, Hudson and Jackson (1953) presented a formula consisting in some modifications on 

Iribarren’s; in Sweden, Hedar (1960) ratified the Spaniard’s results reaching to the same stability 

criterion during downrush despite considering rotation, and not sliding, to be the dominant mode 

of motion; in Norway, Svee (1962) ended up with model considering just a lifting force normal to 

the slope; in the Soviet Union, there were many publications with limited availability such as 

Goldschtein and Kononenko (1959), the design code SN-92-60 (1960), Rybtchevsky (1964), 

Metelicyna (1967)… 

However, the most widely known empirical stability model corresponds to Hudson (1958, 1959). 

After trying to characterize the friction coefficient for different armor units, Hudson noticed that 

the experimental coefficients of Iribarren’s model could not be determined accurately from small 

scale breakwater stability tests because they were sensitive, not only to variations in armor 

shape and placing method, but also varied from test to test for the same conditions. Thus, he 



 

 

33 

A methodology for the analysis of damage progression in rubble mound breakwaters 

proposed a simpler formula after carrying out new stability tests with normal non-overtopped 

regular waves and using quarry stones and tetrapods (it was extended a few years later to tribars, 

tetrahedron and other special-shape armor units): 

( ) ( )α
γ

cot1 3

3

−
⋅=

rD

s

SK

H
W  

where KD is tabulated for each armor unit type as a function of the H/HD=0 ratio (HD=0 is the limit 

wave height that produces no damage, considered as less than 1% volume of units eroded 

relative to the total volume of stones in the active armor layer). At the same time, the H/HD=0 

ratio was related to a certain percentage of damage, which means that Hudson’s model was 

probably one of the first providing quantitative information about the level of damage. The latter 

was possible thanks to a standardized method for damage profiling, developed by the U.S. Army 

Engineer Waterways Experiment Station (WES), which is further described in Section 2.1.2. 

Despite not considering water depth or wave period, Hudson recommended his model as a first 

approximation of the major forces of both breaking and non-breaking waves. However, he 

pointed out that “there is some doubt as to which of the various wave heights in natural wave 

trains should be selected as the design wave”. In fact, the Shore Protection Manual (U. S. Army 

Corps of Engineers, 1977 and 1984), in which Hudson’s formula was spread out, suggests the 

equivalences H1/3 and H1/10 respectively as representative of the wave height of irregular waves 

without offering a clear justification. Nevertheless, due to its simplicity, it is still widely used for 

breakwater design all around the world. 

In 1962 Saville introduced the “hypothesis of equivalency”, stating that every individual wave in 

the spectrum generates a wave run-up similar to a regular wave of the same characteristics. This 

hypothesis was shown to be valid for wave run-up by Van Oorschot and D’Angremond (1968) 

but, as it was stated later, it can't be extended to breakwater armor stability as the armor unit 

weight is a nonlinear function of wave height. 

Probably one of the first laboratory test using irregular waves on quarry stones stability 

corresponds to Carstens et al. (1966).  The experiments were carried out at the Technical 

University of Norway, using a magnetic tape for sending the electric signal to the piston paddle, 

and testing wide and narrow spectra. 

The difficulty to select an appropriate design wave for the stability models was also pointed out 

by Font (1968), together with empirical evidence on the influence of storm duration on rubble 

mound breakwater stability. 

Battjes (1974) introduced Iribarren’s number (ξ), also known as surf similarity parameter, in the 

study of smooth and impermeable slopes. This parameter has also been found to be practical for 

description of breaker type, run-up and run-down on both smooth and permeable slopes by 

Bruun and Günbak (1976). Based on their conclusions, breaker type on beaches or rubble mound 

breakwaters can be estimated following the simple criteria on Figure 2.9: 
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Figure 2.9. Types of wave breaking on impermeable slopes, related to Iribarren number. From CEM (2002). 

 

In the 70's, there was an effort to compile the formulae available up to date and to provide some 

design recommendations: Bruun (1973) summed up the most relevant stability formulae and 

presented some clues for rubble mounds design, such us increasing block size on breakwater's 

heads (as it was stated by Iribarren in 1964);the first design manual, the North-American SPM 

(Shore Protection Manual) was published in 1973, and re-edited in 1975, 1977 and 1984; and a 

complete list of the available hydraulic stability models(mainly developed with regular waves) 

was provided in the final report of PIANC (1976). 

 

2.3.2. 70's to 80's: Intensive research on the stability of rubble 

mound breakwaters. VdM's formulae 

At the end of the 70's and beginning of the 80's, catastrophic failures were experienced by a 

series of large rubble mound breakwaters, as it was reported by Oumeraci (1994). This shock to 

the profession had two effects. Firstly, for the rehabilitation of some damaged rubble mounds 

the old berm breakwater concept was rediscovered. And, secondly, there was an extensive 

increase in research activities towards improving the design and construction of rubble mound 

breakwaters, which demanded a reliable design formula due to the ever growing dimensions of 

the structures and the necessity to move into more hostile environments. Van Hijum (1976) 

studied the equilibrium profile of coarse material under wave attack, which was the basis for 

subsequent research on berm breakwaters, Bruun (1978) analyzed the common reasons for 

damage or breakdown of mound breakwaters, which were ratified from a practical point of view 

by the 25-years-experienced engineer Kjelstrup (1979), and many experimental works on 

breakwater stability were carried out: 

• Ahrens (1975) and Ahrens and McCartney (1975) conducted several tests using regular 

waves and stated, among others, the influence of wave period on riprap stability. 

• Thompson and Shuttler (1975) presented a detailed study on riprap stability concluding 

that “the erosion damage caused by irregular waves on a riprap slope is itself a random 

variable”, and that the method for positioning the stones highly affects damage 

evolution. They tested long term as well as short term with impermeable core, finding 
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no relationship with depth or wave period, but with mean number of zero crossing 

waves among others. In addition, they suggested that damage tends to reach 

equilibrium or, in other words, that damage curves are meant to be asymptotic. 

• Bruun and Günbak (1976) assured that “the significance of wave period is clearly 

demonstrated” on breakwater stability, and started to develop a risk criteria in design 

stability of sloping structures in relation to Iribarren's number. 

• Whillock and Price (1976) presumably coined the concept of “fragility” when indicating 

that elements with high void ratio and designed to interlock, such as dolosse, were 

associated with a reduction in the safety margin as failure is approached. They also 

supported the idea of quarry stones being more stable to oblique wave attack, but 

denied that assumption for armor units that are susceptible to drag forces. They actually 

demonstrated that the overall stability for a particular test with dolosses decreased up 

to an angle of 60⁰.  

• In line with the above, Magoon and Baird (1977) underlined the importance of rocking 

movements in the breakage of armor units designed to interlock. 

• Losada and Giménez-Curto (1979) proposed a stability model for the initiation of 

damage by means of design curves depending on armor unit type and Iribarren’s 

number. They used Iribarren’s data to fit their model, and compared it with the results 

from Hudson (1959) and Ahrens and McCartney (1975), with satisfactory results. 

However, they stated the difficulty to establish a comparison between experimental 

results undertaken in different laboratories due to divergences in both experimental 

process and damage criteria and remarked that “To obtain general criteria on the 

behaviour of rubble mound breakwaters under wave action, laboratories should 

establish uniform experimental procedures and criteria.” 

• Losada and Giménez-Curto (1982) studied the influence of oblique incidence. They 

concluded that for gravity armor units the stability of steep slopes under oblique wave 

attack is not worse than for normal incidence, whereas for high interlocking armor units 

(such as dolos or tetrapods) oblique wave attack is hazardously worse than 

perpendicular incidence, in agreement with Whillock and Price (1976). 

• Broderick and Ahrens (1982) presented a technical paper on scale effects using the large 

scale tests (with wave heights up to 1.83m and periods up to 11.3s) from Ahrens (1975), 

and compared them with a 1:10 Froude scaled model. They found a 20% reduction in 

the zero-damage stability numbers from the large scale tests whereas run-up increased 

about 20%. Scale effects were less severe at high levels of damage and the shapes of the 

damage profile for tests having the same relative depth were very similar. Furthermore, 

at the zero-damage level, wave period had less influence in the small scale. In this paper, 

the widely used damage criterion on Eq. 2.2 was firstly proposed. 

• Jensen (1984) published a thorough monograph on rubble-mound breakwaters. He 

suggested using H13.6%instead of HS as a descriptor for wave height in both deep waters 

(where wave height is usually characterized by a Rayleigh distribution) and shallow 
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waters (where a certain percentage of waves break) and recommended scaled storms 

representing at least 8 to 10 hours in prototype, so as to reach a stable damage. In 

addition, he proposed what is probably the first formula on rear slope stability. 

• Hedar (1986) developed a complete stability model taking into account water depth, 

wave height at breaking, rubble mound slope, the internal friction angle, a permeability 

function and two empirical coefficients. 

This intensive research on breakwater stability evidenced many shortcomings of the simple and 

widely used Hudson's formula. In that context, VdM (1985, 1987, 1988a, 1988b) developed a 

revolutionary stability model with a dissemination similar to Hudson’s, including the influence of 

wave height (H),wave period (by means of Iribarren’s number, ξ0), number of waves (Nw), 

equivalent cube length (Dn50), relative excess specific weight (Δ), breakwater slope (cotα) and 

permeability of the core (P). Furthermore, the dimensionless damage index (S) proposed by 

Broderick and Ahrens (1982) was introduced in the formulae: 
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Figure 2.10. Influence of damage level on VdM formulae. From VdM (1988b) 

The formulation distinguished between plunging waves and surging waves, an even includes the 

possibility of being used in a probabilistic design by considering the coefficients 6.2 and 1.0 in Eq. 

2.12 and Eq. 2.13 to be normally distributed with a standard deviation of 0.4 for the first 

coefficient and 0.08 for the second one. 

As Figure 2.10 shows, there is a minimum stability for ξ≈3 corresponding to collapsing waves: 

while plunging waves are meant to cause damage during run-up and surging waves during run-

down, collapsing waves are supposed to erode armor layer during both run-up and run-down.  

Eq. 2.13 

Eq. 2.12 
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VdM performed 262 tests and used also the 300 tests carried out by Thompson and Shuttler 

(1975) finding, contrary to them, a damage relationship with wave period after reanalyzing their 

data. He tested impermeable, conventional and homogeneous rubble mound models concluding 

that stability is straightly related to permeability. Despite using rip-rap and selected natural rocks, 

he found no influence of armor grading on stability, which was well defined by the parameter 

Dn50. What is more, after trying two different Pierson-Moskowitz spectrums (a wide and a narrow 

one), he could not find any relationship with spectral shape, nor with wave groupiness. Strong 

differences between monochromatic and irregular tests were pointed out, together with a 

damage dependence on the number of waves: for a number of waves between 1000 and 7000 

the relationship between damage and number of waves can be simply described by the 

parameter group S/(NW)
0.5 introduced in Eq. 2.12 and Eq. 2.13; whereas for less than 1000 waves 

or for a large number of waves the damage function should be almost linear or should reach an 

equilibrium respectively, and can be characterized by the following expression: 

( )
( ) ( )[ ]W

W N
S

NS 4103exp13.1
5000

−⋅−−=  

Therefore, his formulae are only valid for 1000 to 7000 waves and, as it was reported by different 

authors, it indeed tends to overestimate damage for more than 8000 waves. VdM related the 

Hudson’s “no-damage” criteria and filter exposure (failure criteria) to different values of S 

depending on breakwater slope (see Table 2.8). However, the model is not designed to include 

the cumulative effect of previous storms. 

 

Table 2.8. Lower and upper damage levels for two diameter thick rock slopes. From VdM(1988b) 

cotα S (start of damage) S (filter layer visible) 

1.5 2 8 

2.0 2 8 

3.0 2 12 

4.0 3 17 

6.0 3 17 

 

VdM (1988c) also developed a formulation for cubes, tetrapods and accropode, singling out the 

study for the most common slope for each armor type: 1V:1.50H for cubes and tetrapods, and 

1V:1.33H for accropode. In addition, different damage descriptor was used, firstly introduced by 

Hedar (1960): No, the number of units displaced out of the armor layer within a strip width of one 

equivalent cube length (Dn50 for cubes, 0.65h for tetrapods and 0.7h for accropode). 
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2.3.3. Studies based on VdM's. Van Gent's formula 

The results from VdM were analyzed by many authors and further conclusions and 

improvements on armor stability were settled down. Among the extensive references on 

researches using VdM studies, the following are highlighted:  

• Using exactly the same rocks tested by VdM, Latham et al. (1988) demonstrated the 

dependency of damage on armor shape and suggested an additional coefficient to 

consider the armor shape effect: as rock units become more rounded they also become 

more unstable, especially under surging waves. 

• Medina and McDougal (1990) highlighted other shortcomings of VdM formulae, such as 

the complexity of the equation or the overestimation of damage for more than 7000 

waves, and proposed a simpler stability model. They were especially critical with the 

independence of VdM's model on wave groupiness despite the insistency of the 

importance of this matter by authors like Bruun. In fact, they detected a small, but 

systematic, higher stability for random waves from narrow spectra in VdM tests. 

• Kaku et al. (1991) found that VdM’s formulae provided reasonable estimates on the 

stability number for specified damage levels, but failed to yield predicted damage levels 

with adequate accuracy. Therefore, they proposed a new empirical model assuming that 

the damage level approaches an asymptotic equilibrium with time. They also included 

the initiation of armor movement based on the similarity between the stability number 

and the Shields parameter used for sediment transport. However, Smith (1992) indicated 

the difficulties of both empirical formulae in accounting for the complex wave and 

structural interactions affecting breakwater slope's rearrangements, mainly because they 

were built up under static stability conditions. 

• Vidal et al. (2004, 2006) proposed a modification of VdM's formulae after facing a 

comparison among the results from Thompson and Shuttler (1975), Losada and Giménez-

Curto (1979) and VdM (1988) using H50 instead of HS. H50 is defined as the average wave 

height of the 50 highest waves reaching the rubble-mound breakwater. This new way of 

describing wave height parameter is further discussed in Section 2.3.4. 

• Mertens (2007) made an interesting effort to transform the datasets of Thompson and 

Shuttler (1975) and VdM into comparable information with the one from Van Gent et al. 

(2003). He also reported some deviations in VdM data due to the influence of stone 

roundness. Following this line, Verhagen and Mertens (2009) proposed a methodology 

for unifying the formulation for both deep and shallow water by adding a correction 

factor based on the Iribarren’s number in order to incorporate the effect of the 

foreshore. For the correct application of this method they claimed for an accurate 

calculation of the wave height and wave period at the toe of the breakwater, including a 

precise determination of H2% and Tm-1,0. 

Among these works, probably the most renowned corresponds to Van Gent et al. (2003), who 

reanalyzed VdM’s results and added some new experimental data in shallow water conditions. 

Initially they added the parameter H2%/HS and arrived at some minor modifications on the 
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formulae. However, after noticing that the influence on this parameter was small, as well as the 

influence of the wave period compared to the amount of scatter in the data due to other 

reasons, he proposed a single and simpler formula, in which the permeability was incorporated in 

a direct way by using the nominal diameter of the core material: 
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2.3.4. Wave groupiness and wave height parameter discussion. H50 

parameter by Vidal et al. 

The correlation of wave groups with armor layer damage was a controversial topic for the 

researching community especially during the decade of the 80's: some authors suggested that 

wave groups with short wave runs were more damaging, others stated that long wave runs were 

more damaging and others, such as VdM, did not find any major damage dependence on wave 

grouping. Medina et al. (1990, 1994), recommend avoiding the use of traditional wave grouping 

parameters, such as spectral peakedness or mean run length, after not finding significant 

correlation between them and armor damage. Alternatively, using linear theory (and therefore 

excluding breaking design conditions), they proposed an envelope exceedance coefficient 

accounting for the variability of the energy flux, related to a newly defined groupiness factor. 

Both coefficients were proved to be capable of explaining damage variability about the mean 

value of more than 50% for a given design sea state and storm duration. 

The new parameters for accounting wave groupiness on breakwater damage were found to be 

related to the maximum wave heights of the design sea state by Medina et al (1990, 1994). That 

was the trigger for restarting a debate on the adequate descriptor of the wave height (H) for 

being representative of the spectrum/sea state. This parameter is raised to the third power in 

most stability models, and thus, damage is extremely sensitive to the way it is defined. As it was 

mentioned before, Hudson pointed out the uncertainty of selecting a “design wave” from a 

natural wave train, and the SPM didn’t offer a clear justification of the reasons for replacing the 

design wave from Hudson (obtained using regular waves) by the equivalent H1/3 (firstly) and H1/10 

(afterwards)for irregular waves. Indeed, for some authors H1/10 is extremely conservative, and for 

others, such as Jensen et al. (1996),H1/20 is reported to be a more suitable parameter. 

Researchers attempted to relate regular and irregular wave effects on stability in the 70's with no 

definitive conclusions. Despite HS is, even nowadays, the most extended parameter for the 

characterization of irregular waves, it does not give enough information about the highest waves 

of the train which, in fact, are the most likely to be responsible of armor damage development. In 

that sense, some studies discussing the adequacy of an alternative wave height descriptor are 

highlighted below: 

• Teisson (1990) presented a statistical approach of duration of extreme storms and its 

consequences on breakwater damage, where it was stated that “to select HS as design 

wave height in Hudson formulae assumes that the associated storm will last for only 10 

minutes: this choice could lead to an under estimation of breakwater design". 

Eq. 2.18 
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Alternatively he proposed using the expression HD=1.18 HS t
0.095 for the calculation of the 

design wave height, and tried to relate regular and irregular wave effects on stability. 

Furthermore, by an integrated theoretical approach, he developed a step-by-step 

methodology for calculating cumulated damage all along the storms, assuming that a 

storm can be described by a sequence of significant wave height with certain duration 

each.  

• Vidal et al. (1995a) suggested that the wave height parameter should contain information 

about the distribution of the highest waves, the length of the time series and the number 

of times it is recycled to achieve a given degree of damage. The longer the test is, the 

higher waves are likely to attack the structure and, therefore, the damage evolution after 

testing two times series with a certain HS and a duration t will be different compared to 

testing a unique time series with the same HS and duration of 2t. Using numerical 

simulation, they reported variations in the damage parameter exceeding 50% when 

applying HS after testing JONSWAP spectra with the same HS and Tp but different random 

seeds, and confirm that highest waves are related to wave groupiness. An Hn parameter, 

directly related to test duration and suitable also for breaking conditions (that is, where 

wave height distribution during storms can depart from Rayleigh's due to non-linearity), 

was proposed for a better characterization of wave damaging energy, which was 

expected to facilitate the comparison of stability results obtained in different 

investigations, including those carried out with regular waves. Initially they proposed 

Hn=H100, but in Vidal et al. (2004, 2006) this parameter was adjusted to H50 after 

comparing the datasets from Thompson and Shuttler (1975), Losada and Giménez-Curto 

(1979) and VdM (1988). In addition, a new formula was developed based on VdM 

equations. The adequacy of the H50 parameter for better stability estimation was also 

pointed out by Etemad-Sahidi and Bali (2011).The lack of consistency of the Rayleigh 

distribution for breaking conditions was also accounted for by other authors, such as 

Battjes and Groenendijk (2000), which suggested a Weibull distribution for damage 

models in shallow foreshores after a spectral analysis, or Méndez and Castanedo (2007), 

which provided a model for the depth-limited distribution of the highest wave in a sea 

state. 

• Jensen et al. (1996) tested both regular and irregular waves, trying to identify an irregular 

wave height parameter that corresponds to the wave height of a regular wave in terms of 

inducing a similar degree of damage to the structure. In line with Vidal et al. (1994), they 

ended up with a Hn parameter, but in this case a n-value of approximately 250 was found 

to be more suitable.  

• Medina (1996) claimed for non-stationary stochastic models as more adequate for 

modeling real waves. He defined five conditions for any rational armor damage model to 

properly take into account storm duration, such as damage must necessarily increase 

with the duration of the storm under random wave attack in deep water conditions. A 

wave-to-wave exponential model accomplishing these conditions was proposed. The 

model depends on the number of waves, an asymptotic maximum damage to the armor 

layer under a constant regular wave attack and a mean damage parameter consisting on 

the number of regular waves causing 63% of the maximum asymptotic damage, which is 
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similar to the mean life time concept. He compared the results with Teisson’s and Vidal’s 

models (based on different assumptions but accomplishing most of the five 

aforementioned conditions) and applied the new method to a real case: the partial 

failure of Zierbana breakwater (Port of Bilbao, Spain) under construction in February 

1996. In Gómez-Martín and Medina (2004), the wave-to-wave exponential model was 

slightly modified and the mean damage parameter was found to be dependent on 

Iribarren’s number after considering experimental data. They also designed a Neural 

Network (NN) applicable to random waves in non-stationary conditions, finding that the 

estimation of accumulated armor damage using both wave-to-wave exponential method 

and NN model showed a good agreement to damage observations. 

 

2.3.5. 90's: Probabilistic approaches and damage progression 

models. M&K's model 

After the intensive research on stability of rubble mound breakwaters during the 70's and 80's, 

there was a new attempt in the 90's to compile and check the most relevant models on armor 

stability: 

• In 1991, Pfeiffer compared Hudson (1958), Hedar (1986), Losada and Giménez-Curto 

(1979) and VdM (1988) formulae with prototype data from Burns Harbor breakwater 

(Indiana). 

• In 1992, the final report from PIANC provided a revision on random wave’s armor 

stability models. 

• In 1992, Koev studied statistically a homogeneous set of 21 armor layer stability 

formulae developed under regular waves, and proposed a new model as a regression 

relationship valid for 0.04 ≤ H/L ≤ 0.1 and 1.1 ≤ cotα ≤ 20. 

• In 1994, Vidal et al. revised the available methodologies for the calculation of the 

hydraulic stability of armoring, both for breakwater heads and trunks and including 

formulations and design recommendations for berm breakwaters, low-crested 

breakwaters and conventional breakwaters. 

At the same time, some clues about physical modeling and laboratory techniques in coastal 

engineering were established based on the experience gathered by the scientific community 

over 60 years: 

• Hughes (1993) presented possibly the most complete publication on physical modeling, 

covering the principles of dimensional analysis, scale effects, similitude criteria including 

specific similitude requirements for different coastal structures, considerations about 

movable-bed models, generation of gravity waves in laboratory and a discussion on 

laboratory measurements and data analysis. Scale effects were further addressed by 

Tirindelli et al. (2004), focused on wave impacts, run-up, overtopping, structure 

deformation, porous flow and flow forces on plants and organisms.  
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• Davies et al. (1994) enquired into the different methods for damage measurement, 

describing the different techniques available for that purpose. Using experimental data, a 

comparison between profiling measured damage and damage defined by stone counting 

method was carried out, with good agreement for low levels of damage. In addition, the 

sliding failure of the armor layer was investigated. A further discussion on damage 

definition and measurement can be found in Section 2.1. 

• Burcharth et al. (1999) suggested a methodology for scaling core material in small scale 

rubble mound breakwater models, so as to reduce the significant scale effect that could 

happen if the type of flow through the core is different from a scale model compared to 

the corresponding flow in prototype (typically being laminar in a Froude small scale 

model and turbulent in a considerable part of the prototype core). De Jong (2003) ratified 

the obtaining of lower values of damage after scaling the core according to Burcharth's 

methodology. Some additional information on core permeability and damage, together 

with prototype data, can be found in Reedijk et al. (2008). 

Similarly to what happened after the effort made in the 70's to compile the available formulae at 

that time and to provide some design recommendations, the new attempt to get together armor 

stability models and laboratory techniques coincides with a prolific decade, in which two main 

conceptual and methodological progress were made: the consolidation of the probabilistic 

approach and the origin of the first damage progression models. 

At the first steps, the introduction of the probabilistic approach faced a controversial acceptance 

in a profession where experience and expert criteria is fundamental for breakwater design. The 

negative connotation of "probability of failure" (which can be referred euphemistically as 

"reliability"), the lack of confidence due to uncertainty in the calculation of the strict failure 

bound (see Figure 2.11), or the limited availability of probabilistic information on the different 

factors and structural response (except the associated with wave climate, still based on a limited 

database in comparison with the current buoys registers), were some of the reasons of this 

initial skepticism in favor of deterministic methodologies using safety factors. 

 

 

Figure 2.11. Failure and secure region for a generic bi-dimensional case. 
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Despite the described difficulties, the probabilistic approach, widely extended nowadays, was 

materialized in design codes including reliability methodologies such as the European PROVERBS 

(Oumeraci et al., 1999), the Spanish ROM 0.0-01 (Puertos del Estado, 2001), or the North-

American Coastal Engineering Manual (CEM, 2002). Some examples about the investigations on 

the probabilistic character of armor stability in the referred period are given below: 

• Wang and Peene (1990) possibly made the first attempt on the development of a fully 

probabilistic model of rubble mound armor stability, based on the stochastic nature of 

both wave forces and resistance forces. After pointing out that “the random nature of 

the resistant force offered by the armor blocks has not been seriously addressed at all”, 

they examined the behavior of interlocking resistance and the random nature of 

breakwater stability through laboratory experiments. A theoretical probabilistic model 

containing six random variables was proposed, which behaviors not all were known at 

that time, not even hitherto. Instead of using wave loading in a conventional way, they 

calculated the resistance of the armor layer by pulling out the units with a motorized lift 

line (static stability test), recording the force history with a load cell. They applied a 

modified version of the Kolmogorov-Smirnov D-test on five data sets (with about 120 

samples each) with Tetrapods and Dolos, after testing different bed slopes, pull-out 

directions and locations, methods of placement and size of units. They concluded that 

the resistance of Tetrapods and Dolos could be treated as a random variable with a log-

normal distribution. Furthermore, comparing these results with the ones carried out 

with stones, they found no strong evidence to suggest that the resistance offered by 

armor units differs from weight-related regardless of types and geometry, that is, they 

cast a doubt on the stabilizing effects of interlocking properties of artificial units. 

• Carver and Wright (1991) pointed out the random variations in stability response of 

stone-armored rubble mound breakwaters after carrying out stability tests with depth 

limited irregular waves. They concluded that “repeat testing is a must” (each spectrum 

was repeated repeat six or seven times) and registered how the lower stabilities 

occurred at the lowest values of h/Lin shallow water, that is, at the longer wave periods. 

• Medina (1996), as it was detailed in Section 2.3.4, recommended non-stationary 

stochastic models as more adequate for modeling real waves.  

• Burcharth (1997) published the Chapter Reliability-Based Design of Coastal Structures as 

part of a book which sum up the advances in coastal and ocean engineering. Sort of 

uncertainties are described, together with a probabilistic methodology for single failure 

mode probability analysis, including formulations and examples using Level III methods, 

Level II methods and FORM (First Order Reliability Method). Additionally, further 

examples of probabilistic methodologies applied to breakwater design can be found in 

Castillo et al. (2004, 2006), Kim and Park (2005), Mínguez et al. (2006), Tørum et al. 

(2012), Diamantoulaki et Angelides (2013), Gouldby et al. (2014), Alises et al. (2014)… 

Burcharth (1997) also set a discussion on failure probability analysis of failure mode 

systems, typically faced using fault trees. Some practical examples on this topic can be 

found in van Gent and Pozueta (2004), who studied rear-side stability of rubble mound 

structures (affected after being overtopped), Gómez et al. (2009), who proposed a 
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methodology for the reliability verification of a mooring line using conditional 

probability, or Campos et al. (2010), who addressed the effects of a fuse parapet failure 

in other failure modes of a caisson breakwater using Monte Carlo simulations. 

• Similar to Wang and Peene (1990), Hald (1998) and Hald and Burcharth (2000) also 

chose an alternative approach instead of correlating wave parameters directly to armor 

layer stability. For doing so, they studied the wave-induced loading by means of a force 

transducer connected to an 8mm steel rod attached to a single stone of average size 

made in coated plastic foam (the rest of the armor layer was made of conventional 

natural stones). Largest forces were found to take place normal and upslope, and a 

dimensionless force model of the normal and the peak force as a function of wave 

parameters was proposed. Again, a log-normal distribution was found to be suitable for 

describing the necessary pullout forces. From the force model, they derived a stability 

model based on a lifting criterion, obtaining comparable scatter with respect to Hudson 

and VdM's equations.  

The evolution toward probabilistic approaches in the 90's reveals deeper comprehension on 

wave-structure interaction and, consequently, it happened together with an improvement in the 

conception of hydraulic stability models. Traditional hydraulic stability formulae were aimed to 

characterize the initiation of movement, which is useful for estimating the design weight of 

armor units, but failed to give information about the evolutionary behavior of rubble mounds. 

Some of these models, such as Iribarren's formula (1965) or Hudson's formula (1958), were 

complemented with tabulated or graphic information about damage percentage related to the 

H/HD=0 coefficient or similar (see Table 2.2). These approaches are helpful for design purposes, 

but, they are not time dependent and assume starting with a non-damaged structure. In a 

context where, not only the design was meant to be addressed, but also the evolution of the 

structure for maintenance programs and evaluation of the total costs during its useful life, 

hydraulic "static" stability concept moved on towards damage progression models. These kind of 

models are aimed to predict the evolution of rubble mound's geometry by means of a 

quantitative damage parameter, which formulation and measurement is further discussed in 

Section 2.1.  

Probably the first damage progression model was due to VdM (1988). As it was detailed in 

Section 2.3.2, these widely known formulae include the possibility of being used in a probabilistic 

design, although the way of adapting the equation for this purpose presents some shortcomings 

from a probabilistic point of view: the scatter is all focused on one parameter, instead of 

designing a fully probabilistic formulation with an analytic CDF (Cumulative Distribution 

Function). As it was stated by some authors, VdM's formulae are not valid for the long term, as 

they tend to overestimate damage for more than 7000 waves, and despite providing reasonable 

estimates of the stability number for specified damage levels, failed to yield predicted damage 

levels with accuracy. Indeed, as it was shown in Table 2.8, two referent values of damage are 

provided by VdM related to visual criteria: damage initiation (lower level) and filter layer visible 

(upper level).  

Other damage progression models in the 90's have been already mentioned, and are all 

summarized in Table 2.6. The formulation of Teisson (1990) is developed using a step-by-step 
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methodology assuming that a storm can be described by a sequence of significant wave height 

with certain duration each. Kaku et al. (1991) proposed an exponential model with similarities 

between the stability number and the Shields parameter used in sediment transport. Medina 

(1996) and Gómez-Martin and Medina (2004) also suggested exponential models based on a 

wave-to-wave approach. However, probably one of the main contributions to damage 

progression formulations was due to M&K (1998a, 1998b), which was re-formulated in M&K 

(1999) for allowing non-zero initial damage values: 

Initial model:  ( ) ( ) 1
5 ; +≤≤







 −+= nnb
m

b
n

b

ssn ttt
T

tt
NatStS  

Re-formulated model:  ( )[ ] ( )[ ] ( ) 1

/15/1/1 ; +≤≤−+= nn
m

nb

ss
b

n
b ttt

T

tt
NatStS  

where ( )ntS  is the known damage at the time tn, NS is the stability number based on the highest 

one-third wave heights from a zero-upcrossing analysis, Tm is the mean period, b is an empirical 

coefficient introduced for long-duration tests and as is related to breakwater slope, permeability 

and an empirical coefficient derived from the tests. Therefore, it is an iterative damage 

progression model that allows the calculation of the damage at the instant tn+1 based on the 

damage level at the instant tn and the incident wave conditions between tn and tn+1 represented 

by a constant value of HS and Tm. 

The experiments were conducted at the WES. A complete description of them, together with an 

analysis of incipient stability of armor units (where it was demonstrated that the critic force for 

the initiation of movement, developed under steep plunging waves or collapsing waves, is 

vertical), damage measurement and damage definition, are completely detailed in the technical 

report of Melby (1999). Seven Series were tested: Series A’, a long term test with up to 60.000 

waves (see Figure 2.12); Series B’ and C’, two shorter tests repeated twice with about 18.000 

waves each; and Series D’, E’, F’, G’, four tests similar to B’ and C’ used for investigating the 

period and armor grading effects on damage. Two identical sections were tested at the same 

time and eight profiles were measured for each section, characterizing the eroded area, depth 

and length of the armor layer and the remaining cover depth. Considering every measurement as 

an independent value of damage, the mean and standard deviation of these statistical variables 

were used to describe the tendencies, variability and ranges of the damaged profile descriptors. 

As it can be seen in Figure 2.12, the damage variability Sσ tends to increase with the mean 

damage value .S  However, the relative variability defined as SS /σ decreases with increasing 

,S  which means that the higher the damage is, the lower the relative error of the estimation. 

Contrary to other authors who maintained that damage evolution reaches an equilibrium, M&K 

observed that damage keeps on increasing with a lower rate. Actually, Eq. 2.19 and Eq. 2.20 don’t 

have an asymptotical trend and, thus, a large number of small waves between two storms would 

theoretically provoke a damage increase. For that reason, they recommend to set up a critical 

stability number (similar to the concept introduced by Kaku et al. 1991) so that the damage won’t 

increase for waves associated with lower stability numbers. 

Eq. 2.19 

Eq. 2.20 



 

 

46 

A methodology for the analysis of damage progression in rubble mound breakwaters 

 
Figure 2.12. Mean damage and damage variation as function of storm duration for Series A. From M&K (1998a). 

 
The damage progression model from M&K is especially helpful in a lifecycle analysis, because it 

allows engineers to balance initial cost with expected maintenance costs, and therefore it is also 

useful for rehabilitation or maintenance programs in already-built breakwaters. However, it 

presents a number of shortcomings, mainly pointed out by the authors themselves (see also 

Melby 2005). The results were reported to be conservative for most applications because they 

were based on severely breaking waves, a relatively steep beach slope and relatively 

impermeable core. However, damage initiation is unpredicted in all series studied and fails to 

yield accurate predictions for low damage levels. Furthermore, the model is aimed just at the 

mean damage evolution and, consequently, it does not provide information about the Probability 

Density Function (PDF) of each estimated value of damage, which is needed for a more precise 

probabilistic analysis of damage progression.  

 

2.3.6. Research on breakwater's damage on the last decade. Castillo 

et al.'s model. 

The XXI century started with the publication of some aforementioned design codes with a high 

impact all over the world: the European PROVERBS in 1999, the Spanish ROM 0.0-01 in 2001, the 

North-American CEM in 2002... In addition, the International Standard Organization published in 

2007 a new standard, ISO 21650 "Actions from Waves and Currents on Coastal Structures", which 

became the first one in coastal engineering. In the Annex D of the standard some stability 

formulae are attached. 

During this recent period there seems not to be an extensive research on breakwater damage 

based on new approaches, but a revision and comparison among the existing models. The 

already referred studies of Van Gent et al. (2004), Gómez-Martín and Medina (2004), Vidal et al. 

(2004, 2006), Mertens (2007), Verhagen and Mertens (2009) or Etemad-Sahidi and Bali (2011) 

are some examples of that trend.  
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However, the lack of a stochastic damage progression model totally designed from a probabilistic 

approach, together with some damage accumulation modeling difficulties reported by M&K 

(1999) when re-formulating their formula, motivated Castillo et al. (2012a) to investigate on how 

to build consistent stochastic models. Instead of developing an empirical or semi-empirical 

formulation based on a set of experimental data, Castillo et al. proposed a dimensionless 

stochastic damage progression model with general validation, avoiding the selection of easy to 

use mathematical functions, which were replaced by those resulting from a set of properties to 

be satisfied. The model, which was proven to have a normal distribution (notice that damage is 

not normal according to the model, but transformed damage (D*
-γ)1/b is instead), was built after 

applying dimensional analysis (using Π Buckingham’s theorem), compatibility conditions and the 

central limit theorem, and it is expressed in terms of the following Cumulative Distribution 

Function (CDF): 
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where γ and b are breakwater dependent, k and r include wave action and μ0 and σ0 depend on 

the initial conditions. This model is described in Chapter 4 together with an initial calibration of 

the parameters using data from M&K (1998), and a further calibration under a different approach 

using a bunch of experiments carried out at the HRL of Madrid. 

Other researches accomplished in the last decade are highlighted below: 

• Benedicto (2004) and Benedicto et al. (2004) reported a study for stability 

characterization, using a classic configuration of a scaled mound breakwater, where, 

after 6 repetitions of the same experiment, the global behavior (reflection, wave 

breaking...) was similar, but damage progression differs for each case. The lack of 

repeatability was attributed to scale effects introduced by the multilayer system and, 

thus, further experiments consisting on homogeneous uniformed graded rubble mound 

breakwater were designed, in order to reduce scale effects provoked by layering. They 

concluded that the granular system behaves as a self-organized system: if the number of 

waves is large enough, a stable profile is developed for the incident wave height or 

smaller ones. A transfer of energy to infragravitatory waves was found, attributed to 

rhythmic geometrical forms similar to the ones formed at beaches (they actually 

reported beach cusps during profile evolution). 

• Ota et al. (2007) focused on the influence of damage on overtopping rate and reflection 

coefficient, finding not many differences on the latter but an increase in overtopping rate 

together with damage progression. In Ota et al. (2010) they did a similar study for 

revetments, highlighting the need of standards to define the quantification of damage. 

More recently, Ota et al. (2014) proposed a Neural Network to predict the performance 

of rubble mound breakwaters (overtopping rate and reflection coefficient) under damage 

progression. 

• Eslami and Van Gent (2010) presented one of the few studies relating wave overtopping 

and rubble mound stability with combined loading of waves and current. The current was 

Reminder of Eq.1.1 
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found to affect wave characteristics such as wave steepness and wave angle and both 

overtopping and damage levels were generally reduced compared to the situation 

without a current. However the results are not definitive. 

• Wolters and Van Gent (2010) addressed the effect of oblique wave attack on cube and 

rock armored rubble mound breakwaters. Some references on other studies and 

formulae accounting oblique wave attack were provided. The results are in agreement 

with the ones from Losada and Giménez-Curto (1982) for gravity armor units: the 

stability of steep slopes under oblique wave attack is not worse than for normal 

incidence. In that sense, it is important to point out that 3D damage testing is quite 

extended for real designs but most general studies on stability of rubble mounds are 

conducted in 2D wave flumes, and thus assuming highest wave loading under normal 

incidence. 

• Medina et al. (2010) studied the influence of armor units’ placement on armor porosity 

and hydraulic stability, analyzing different placement grids of cubes and Cubipods by 

means of pressure clamps. They compared two different methodologies for rubble 

mounds construction in laboratory, using a Cartesian positioning system and crawler 

cranes. Similar experiments were discussed by Pardo et al. (2012, 2013) after accounting 

for three Armor Randomness Indexes (ARIs) introduced by Medina et al. (2011) and 

measured with a laser scanner, in order to quantify the randomness of cube and 

Cubipods in armor layers. Further information on the influence of initial placement can 

be found in Yagci et al. (2004), Gürer et al. (2005), Van Buchen (2009)...  

• Van Gent and Van der Werf (2014) recently developed an empirical formulation for the 

calculation of toe stability in rubble mound breakwaters, valid for slopes between 

1V:1.5H and 1V:2H. 
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δ  is the simplified estimation ofthe velocity above the toe. 

 

2.3.7. Special shaped armor units 

Most of the hydraulic stability formulae and damage progression models described hitherto are 

particularized for quarry stones or parallelepiped concrete units, which are the most extended all 

over the world. As an example, in Spain, rubble mound breakwaters with artificial special units 

represent just about 4% of the whole number of rubble mound breakwaters (see Appendix B).  

Special shaped armor units appeared during the economical growth after World War II. 

Breakwaters started to be built at greater depths and many laboratories attempted to develop 

new types of artificial armor units, with a high stability coefficient to reduce the weight and, 

Eq. 2.21 
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consequently, the total cost of the structure. The tetrapod was the first interlocking armor unit 

and probably the most widely used. It was designed in 1950 by the Laboratoir Dauphinois 

d'Hydraulique (Grenoble) and its main advantages are the improved interlocking, compared with 

cubes, and a larger porosity of the slope which increases energy dissipation and reduces wave 

run-up. The tetrapod inspired similar precast armor units and, according to The Rock Manual 

(2007), "there are probably in excess of 100 varieties of armor units", some of which have been 

used just for one single project. The PIANC (2005) gives an extensive inventory of frequently used 

armor units, some of them presented in Figure 2.13 and Table 2.9: 

Table 2.9. Main artificial special shaped armor units 

Armor Unit Country Year Armor Unit Country Year 

Tetrapod France 1950 Seabee Australia 1978 

Tribar USA 1958 Accropode France 1980 

Stabit UK 1961 Shed UK 1982 

Akmon Netherlands 1962 Haro Belgium 1984 

Tripod Netherlands 1962 Hollow Cube Germany 1991 

Dolos South Africa 1963 Core-Loc USA 1996 

Cob UK 1969 A-Jack USA 1998 

Antifer Cube France 1973 Cubipod Spain 2006 

 

 

Figure 2.13. Selection of artificial special shaped armor units. From The Rock Manual (2007). 

 

One of the latest designs is the Cubipod (see Figure 2.14), developed at the LPC of Valencia 

(Spain). Despite being used just in Spain and Mexico so far, it has been proven to be a robust, 

impact-resistant armor unit, much more stable than the conventional cubic block and can even 

be placed in a single layer. Contrary to cubic blocks that tend to a face-to-face organization with 

heterogeneous porosity, the Cubipod tends to self-position at random forming a layer of uniform 

porosity, which remains almost constant during the useful life. 

 
Figure 2.14. Small scale samples of Cubipods 
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Stability of armor units can be divided in two factors: self weight and interlocking. Slender shaped 

units, such as Dolosse, might be affected by a fragile breakage during rocking; if that happens, 

damage progression is much quicker compared with weight resistant units, such as cubes, 

because broken armor units have little residual stability, i.e. they are more fragile. As it was said 

in Section 2.3.2, the concept of "fragility" was presumably coined by Whillock and Price (1976), 

but there are further studies on this topic, such as the one from De Rover et al. (2008), aimed on 

breakwater stability with damaged single layer X-blocks.  

Specific hydraulic stability formula and deterioration rates of artificial special armor units are 

mainly accounted by private companies and research centers, which develop and patent the 

special armoring. Nevertheless, there are many publications and studies using artificial units, 

which commonly employ a damage descriptor based on the number of displaced units out of the 

armor layer, similar to the aforementioned formulae of VdM for cubes, tetrapods and accropode 

(see Eq. 2.15, Eq. 2.16 and Eq. 2.17). The CEM (2002) recommends the following references for 

stability formulations particularized for different artificial units: 

• For Tetrapods two-layer armored non-overtopped slopes, the formula of d'Angremond et 

al. (1994) is suggested, whereas Hanzawa et al. (1996) is aimed for Tetrapods, 

horizontally composite breakwaters. 

• For dolosse non-overtopped slopes, the formulae from Burcharth and Brejnegaard-

Neilsen (1986) and Burcharth and Liu (1992) are meant to be used. Also the one from 

Holtzhausen and Zwamborn (1991), which provides a stability comparison between 

Accropodes and dolosse, and the one from Brorsen et al. (1974), which is as well valid for 

concrete cubes, two layer armored non-overtopped slopes. 

• For Core-Locs non-overtopped or marginally overtopped slopes, Melby and Turk (1994) 

and Turk and Melby (1997) are referred.  

• For Accropode non-overtopped or marginally overtopped slopes, the model of Burcharth 

et al. (1998) is recommended. 

In addition, other researches aimed on artificial units are highlighted: 

• VdM (1999) compares the advantages and disadvantages of different concrete armor 

layers and their stability formula, including cubes, tetrapods, dolosse, accropodes and 

core-locs. 

• De Jong et al. (2004) addressed damage on the first and second layer of a tetrapod's 

breakwater, together with the interaction between them. Damage on the first layer was 

measured using visual methods, and two different movements were distinguished: 

movements (2Dn50) and slides (0.5-2Dn50). For the second layer physical profiles were 

used. They pointed out settlements during testing, which could provoke distortion on 

damage measurements, and stated that the conventional damage descriptor of Broderick 

and Ahrens (1982) was not capable of characterizing armor units’ slides. Furthermore 

they found a clear relation between an increase in armor units packing density and a 

decrease in damage. 
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• Gómez-Martín and Medina (2006) studied damage progression on cube armored 

breakwaters, introducing a new failure mode for the armor layer: the Heterogeneous 

Packing failure mode (HeP). This failure mode accounts for the slight movements that 

tend to reduce packing density near the still water level (SWL) without extraction of 

armor units, which is typically due to face-to-face undesired arrangements under the 

SWL. In order to avoid Heterogeneous Packing failure mode, the Cubipod was 

recommended. Van Buchen (2009) also addressed stability of cubes by means of a 

packing density parameter, but in this case some formulae were derived to predict the 

behavior of a single top layer of cubes after being placed with a certain proposed 

methodology: the stretching bond placement method. 

 

2.3.8. Numerical models 

Hitherto, some historical references on rubble mound hydraulic stability formulae and damage 

progression models have been analyzed. However, armor unit stability may also be faced from a 

different approach, based on characterizing wave forces acting on the individual units, together 

with a numerical model reproducing the flux behavior. From the wide amount of research on this 

topic, just a rough outline is described herein. 

Probably one of the main referents in the analysis of forces acting over armor units combined 

with numerical modeling is Professor N. Kobayashi: 

• In Kobayashi and Otta (1987) and Kobayashi et al. (1990) some of their first approaches 

are detailed, including some references about their computer program IBREAK, capable 

of predicting the flow and armor response on a rough permeable slope, as well as the 

flow in a thin permeable underlayer. They managed to obtain good agreement between 

the stability number for damage initiation measured by VdM (1988) and the computed 

critical stability number for initiation of rock movement under the computed irregular 

wave motion. In addition, by proposing a simplified model, the eroded area was also 

computed using the probability of armor movement by the numerical model, which was 

shown to be in qualitative agreement with the empirical formula of VdM.  

• One of his latter contributions on this topic can be found in Kobayashi et al. (2010) and 

Farhadzadeh et al. (2010), where a probabilistic hydrodynamic model for the wet and dry 

zone on a permeable structure is developed to predict irregular wave action on the 

structure above the still water level. With this model damage progression and 

overtopping can be calculated, but still more testing and prototype data is needed for 

calibrating the model. 

The IH of the University of Cantabria (Spain) has also developed some of the latest numerical 

models with a conscientious visual interface (see Figure 2.15), such as IH2VOF, IH3VOF or 

IHFOAM. Their newly developed three-dimensional numerical two-phase flow solver, IHFOAM, 

which core is based on OpenFOAM®, has been recently released to simulate coastal, offshore and 

hydraulic engineering processes. The model is able to solve two-phase flow within porous media 

by means of the VARANS equation (Volume-Averaged Reynolds Averaged Navier-Stokes) and 
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thus, it is applicable to rubble mound breakwaters. However, it is just focused on the flow 

behavior and can't model damage evolution of armoring. Furthermore it has a high 

computational cost, dealing with long simulation times. 

 

 

Figure 2.15. Snap-shot of a simulation of wave-structure interaction using IHFOAM. From 

http://ihfoam.ihcantabria.com, accessed in July 2014. 

 

Indeed one of the major bottlenecks of numerical models, as well as one of their main potentials, 

is to address structural stability at the scale of individual units. Latham et al. (2013) were capable 

of achieving force distribution results on a numerical-created breakwater trunk composed of a 

single layer of Core-Locs placed on a rock underlayer. They developed a positioning software tool, 

POSITIT, for positioning the individual numerical units with the required packing density. 

Afterwards, based on the combined finite-discrete element method FEMDEM, they solved the 

multi-body mechanics of the problem. This is straightly applicable for evaluating the initial 

placement quality and it would presumably be a basis for future innovations, but it still needs to 

be implemented to other types of armor units and, above all, to be combined with the forces 

derived from wave action and to reproduce the dynamic behavior of the individual units. 

Therefore nowadays there is not a fully developed numerical model to account for damage 

progression on breakwaters, mainly because the computational cost to reproduce the wave-

structure dynamic interaction in the porous media is still extremely high. This matter, together 

with the practical view of having a simpler tool for design and maintenance purposes, makes 

extensive the use of empirical, semi-empirical or theoretical damage progression models with a 

certain analytical equation. The latter could be improved by using artificial intelligence methods: 

Mase et al. (1995) examined the applicability of Neural Networks to analyze the stability of 

rubble mounds breakwater using VdM's (1988) data, Medina et al. (2003) extended the use of 

Neural Networks to non-stationary conditions, Yagci et al. (2005) used three different artificial 

Neural Networks methods and a fuzzy logic model for damage ratio estimation, Kim et al. (2014) 

formulated an artificial Neural Network for estimating breakwater damage considering tidal level 

variation... 
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CHAPTER 3  

Methodology for damage experiments of rubble 

mound breakwaters on a 2D physical model 

 

After the historical revision on Chapter 2 about damage on rubble mound breakwaters over more 

than 80 years, it has been stated that most experiments have been carried out in wave flumes 

using normal incidence. For quarry stones and gravity armor units such as cubes, normal 

incidence is assumed to be the most damaging direction, as it was proven by Losada and 

Giménez-Curto (1982) or Wolters and Van Gent (2010). This assumption is not applicable 

nevertheless to interlocking armor units, nor to breakwater heads, for which a 3D approach with 

directional waves is more recommendable.  

In the revision, it has been pointed out a lack of standards on the definition and measurement of 

damage. In addition, no detailed methodology for damage experiments has been found in the 

literature, in which usually main inputs and outputs are just reported. Reproducibility of most 

laboratory tests is, consequently, either complicated or impossible. In fact, damage tests present 

a high number of variables that need to be defined for that purpose, together with a systematic 

description of the workflow, measurement techniques, post-processing strategies... Not only 

that, due to the stochastic nature of both wave loading and hydraulic response of rubble mound 

breakwaters, damage results are not repeatable but an inherent variability should be expected. 

The first Section of this Chapter is aimed at proposing a step-by-step methodological approach 

for 2D damage tests, in which some of the peculiarities and difficulties of these kinds of tests are 

highlighted. A particular vision of the complex process for designing damage tests in laboratory is 

offered, based on the experimental experience gathered at the HRL of Madrid and the guidance 

and recommendations offered by the researchers of the laboratory. In the second Section of this 

Chapter, the methodology is applied to a series of damage accumulation tests with quarry 

stones. The results from these tests are used in Chapter 4 as part of an initial calibration of the 

Damage Progression Probability Model (DPPM) of Castillo et al. (2012a).  

 

3.1. BASIS FOR THE DEVELOPMENT OF A METHODOLOGY FOR 

DAMAGE EXPERIMENTS ON RUBBLE MOUND BREAKWATERS 

IN A 2D PHYSICAL MODEL 

Rubble mound breakwaters are basically a layered granular system composed of armor layer, 

underlayer and core. The hydraulic stability of the system is highly dependent on the individual 
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positioning of each stone or artificial unit. In addition, stones do not have a regular shape, even if 

they are selected with a size grading criteria and shape criteria. Therefore, the geometry and 

hydraulic stability of the structure have a certain degree of uncertainty, increased with the 

stochastic nature of wave action for different bed slopes, water depths, breakwater geometries...  

Due to the complexity of the problem and the intrinsic randomness of breakwater stability, the 

reproduction and prediction of the structural response of rubble mound breakwaters have been 

historically addressed by means of physical modeling. Hughes (1993) quoted a basic but 

indispensable principle of physical models from Yalin (1989):  

"A physical model is a precision device used in order to predict the behavior of a 

physical phenomenon. A model can be regarded as reliable only if it is designed 

correctly. If the design is not correct, then the model is wrong in principle, and in 

that case, the employment of the most sophisticated instrumentation and 

measurement-methods can serve only to increase the accuracy of wrong 

predictions." 

The conclusions derived from a physical model are, at first, just valid for the specific range of 

variation of the design parameters tested in the experiments. For damage tests, a set of 

parameters influencing damage is listed in Section 2.2. These parameters are often expressed in 

dimensionless terms, so as not to show dependency on the scale of the physical model.  

Every model, as a simplified representation of reality, presents a number of shortcomings, some 

of which are related to scale effects (see Broderick and Ahrens, 1982, Hughes, 1993, Tirindelli et 

al., 2004...). For hydraulic models, scale effects are unavoidable facing the impossibility to scale 

at the same time all main forces involved in the problem: inertia, gravity, viscous, elastic and 

surface tension. To assure the scale reproduction of waves and provide hydrodynamic similitude, 

physical models of rubble mound breakwaters are usually scaled combining geometric similarity 

with Froude criteria, i.e. maintaining the ratio between inertia and gravity forces. Froude models 

neglect the effects of viscosity and surface tension, which are indeed fundamental for scaling 

wave breaking and wave-structure interaction, and also ignore elastic forces, which can be crucial 

in processes involving air content, like impact pressures. Some authors, such as Thompson and 

Shuttler (1975), found no clear dependence of armor layer's erosion on the Reynolds number, i.e. 

the ratio between inertia and viscous forces, when scaling Froude number. Others, such as 

Broderick and Ahrens (1982), noted that scale effects were less severe at high levels of damage 

than at the zero-damage level. And others, such as VdM (1988), Carver and Wright (1991), 

Hughes (1993)... found no significant scale effect on armor stability if Reynolds number exceeds a 

critical value. Nevertheless, it seems that there is not an agreement on this threshold, because it 

differs from each author and sometimes presents a wide range of variation. According to Hughes 

(1993), "Generally, Reynolds numbers above 1∙10
4
 are in the range of turbulent flow where the 

viscous force becomes independent of Reynolds number". But following Hudson (1975), the 

minimum Reynolds number that leads to no significant scale effect is 3∙10
4
. VdM (1988), on the 

other hand, suggested a range between 1∙10
4
-4∙10

4
.  

As it was introduced before, the prediction of breakwater damage cannot be addressed from a 

deterministic point of view. In fact, authors like Davies et al. (1994), reported a high experimental 

variability, especially for lower damage levels. Therefore, repeatability of damage results is not 
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expected for the same testing conditions and it is generally accepted that the dispersion when 

predicting lower values of damage is higher than for larger values of damage, in relative terms 

(dealing with the coefficient of variation). This is the reason why damage tests must necessarily 

be repeated to characterize the variability of damage measurements. However, the only 

guidance found by the author about a recommended number of repetitions was due to Hughes 

(1993), who suggested, in a general way for every coastal experiment, 2 to 4 repetitions in order 

to assure the statistical certainty of the measurement, increasing that number if the deviation is 

high. As a reference, when applying tests for normality (Kolmogorov-Smirnov test, Shapiro-Wilk 

test, Anderson-Darling test...), less than 30 samples are usually considered as a small sample. But, 

on the other hand, damage experiments have temporal and economical constraints that make 

almost impossible to carry out such a high number of repetitions. It seems that, in the paradox of 

designing as many repetitions as possible to characterize damage randomness and as few 

repetitions as possible to make feasible a research project with a certain range of validity, many 

authors have ended up with a number of 6 repetitions: Carver and Wright (1991) tested 6 or 7 

repetitions when attempting to quantify the random variations from damage tests, Benedicto et 

al. (2004) also attempted 6 repetitions when studying the expected damage evolution of a 

mound breakwater during its useful life, Vidal et al. (2006) repeated the experiments up to 6 

times when addressing a wave height parameter for damage description of rubble mound 

breakwaters... However, this number is not at all scientifically justified. As an example, Ota et al. 

(2010) suggested a much higher number of repetitions after finding great damage dispersion in 

the 4 repetitions carried out in their study.  

Regarding the randomness of breakwater stability, the quote from Yalin (1989) might be 

completed with an additional requirement for physical models aimed to characterize breakwater 

damage: reproducibility. If damage experiments are reproducible: 

� They can be repeated using a specific methodology and, thus, getting rid of most sources 

of uncertainty derived from the experimental process. 

� They can be used to verify the validity of the methodology of further experiments based 

on different design parameters. In other words, by having a reproducible reference, 

different laboratories would have the chance to check if their results are in consonance 

with previous experiments before extending a particular study to other design 

parameters. 

� Experiments based on the same design parameters can be straightly employed to extend 

the damage sample, if they are developed under the same reproducible methodology. 

That would allow increasing the accuracy in the predictions of the range of variation of 

damage descriptors. This is particularly interesting for enhancing the calibration of 

damage progression models, such as the DPPM of Castillo et al. (2012a).  

The only way to provide reproducible damage tests is by firstly defining a detailed methodology, 

ideally expressed in terms of standards to be fulfilled by every laboratory. The elaboration of this 

methodology escapes the scope of these lines and should be derived from an agreement 

between the scientific community and research institutions. In fact, many authors highlight the 

need of standards for damage measurement, and this need might be extrapolated to the whole 

experimental process. Taking into account the lack of available information on this matter, this 
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chapter is aimed to describe some peculiarities, difficulties and considerations when designing 

and accomplishing damage tests on rubble mound breakwaters in wave flumes (2D). For doing 

so, the whole process is divided and analyzed into the following sections: 

• Objectives 

• Wave flume 

• Wave generation system 

• Wave cases 

• Model 

• Instrumentation 

• Testing  

• Post-processing 

 

3.1.1. Objectives 

Hughes (1993) described three goal-related categories for physical models: validation models, 

design models and process models. Damage experiments can actually fit in any of these 

categories: some tests might be aimed to validate numerical models, others could be addressed 

to develop design guidance or to represent a specific project site and, others, might have the goal 

of studying in detail the physics of damage development. 

 

 

Figure 3.1. Example of a general objective (influence of overtopping on the vulnerability of sheltered areas) broken 

down into a workflow of three particular objectives focused on flow-structure interaction, overtopping hazard and 

vulnerable area. From Campos et al. (2012). 

 

Although it might sound pretty obvious, one of the main aspects to ensure a successful 

achievement of any objective is firstly to detail the objective itself, in a concise way, which is not 

always an easy task. For example, when considering a hypothetical model aimed to predict the 

overtopping rate in a real breakwater for accomplishing a risk-based renting proposal of the 

sheltered area, the goal is straight forward. But, if the general influence of overtopping on the 
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vulnerability of sheltered areas is meant to be investigated, the viability of any research project 

(in terms of temporal, personal, technical and economical resources) would be directly related to 

the specific scope of the project. In that sense, a general goal usually needs to be divided into 

several approaches, with a concise objective/s each. For the previous example, the influence of 

overtopping on the vulnerability of sheltered areas might be analyzed from three different 

perspectives (see Figure 3.1). Firstly, to predict the overtopping type (white water, high density 

green water, low density green water...) as a function of the flow-structure interaction (see 

Campos et al., 2012). Secondly, to characterize the physical properties of each type of 

overtopped flow (see Llana et al., 2012), such as spatial distribution, density, energy... And finally, 

to relate the overtopping type with the hazards to port activities and to develop a methodology 

for risk management based on the conclusions of the first two steps (see Alises et al., 2014). 

In the case of damage characterization of scaled rubble mound breakwaters in wave flumes, 

some initial questions might be addressed in order to clarify the objective/s, which will also help 

to have an initial idea of the workflow, experimental criteria and required resources:  

• What kind of hydraulic behavior is expected/desired? 

The experimental layout, variables to be monitored, instrumentation, wave loading 

design... will vary according to dealing with a non-overtopped structure, a partially 

overtopped structure or an overtopped structure.  

• Which are the variables to monitor? 

Focused on the water mass, the following variables might be of interest: water surface 

variation, water pressure at different points, water velocity, overtopping rate, reflection 

index... Testing wave loading together with wave currents is not practical on a wave 

flume; these kinds of tests are carried out using a 3D approach on wave tanks (see Eslami 

and Van Gent, 2010). In some cases, such as experiments aimed at calibrating a 

numerical model, it might be necessary to monitor wave paddle displacements as well. 

Focused on the granular system along the seaward slope, leeward slope and/or the 

berm, the main variables to monitor are linked to the concept of damage discussed on 

Chapter 2: the geometrical rearrangements, the number of displaced stones, variations 

of the porosity... 

Notice that sometimes it could be incompatible to test every process in the same 

experiment. For example, measuring rear-side stability in the whole section cannot be 

accomplished together with measuring overtopping discharge with an overtopping tank.  

• What is the range of variation of the design parameters? 

The range of variation of the design parameters (see Section 2.2) should be settled down 

in advance, as a function of the scope of the experiments, the number of repetitions and 

the temporal, personal, technical and economical limitations. Sometimes, such as in 

experiments aimed to optimize a certain breakwater design, it is not feasible to pre-fix 

the range of variation of the parameters to optimize. For those cases, the experimental 

strategy should be delimited in order to have a "road map" as concise as possible. 
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• Which level of damage is meant to be characterized? 

Damage experiments can be aimed to characterize the initiation of movement, damage 

accumulation until a certain damage level or total destruction. The reconstruction effort 

is different for each case, as well as the testing time. For damage accumulation tests it is 

recommended to define a qualitative damage criteria similar to the one described in 

Section 2.1.1 from Vidal et al. (1991) and, above all, an easily visually-interpretable 

stopping criteria based on the qualitative damage criteria, such as Iribarren's Damage or 

Initiation of Destruction. 

• What is the method for measuring damage? 

In Section 2.1.3 some methods for damage measurement are described. Depending on 

the method chosen, testing time and post-processing are likely to be different. For 

example, scanning methods require the wave flume to be fully drained, which can be 

extremely time-consuming. However, in Section 3.2.7 a methodology for draining just the 

water around the model is described, which was proved to be pretty efficient.  

 

3.1.2. Wave flume 

A wave flume is basically a watertight straight channel with a wave generator system on one end, 

where water can be pumped in and drained out. Some wave flumes, such as the one from the 

HRL of Madrid (see Figure 3.2), have see-through walls to permit a side visual inspection during 

the experiments. Sizes are widely variable, typically from some tens of meters length and up to 

the approximately 310 m of usable length, 5 m width and 7 m depth of the current largest free 

accessible wave tank in the world: the Great Wave Flume (GWF) of Hannover, Germany (see 

Figure 3.3). 

The wave flume needs to have enough length to provide three different areas: 

1. Wave generation area, which includes space for the stroke of the wave paddle and to 

stabilize generation, i.e. to make evanescent waves decay. According to some authors, 

waves from a well-controlled paddle need to travel approximately twice the depth of the 

paddle to become fully developed. What's more, an additional length should be 

considered for installing an array of wave gauges, in order to measure the variations of 

the sea level in the generation area. By this, the generated wave train can be calculated 

and, thus, these measurements can be used to calibrate wave generation. 

2. Model area, which may include enough space for the model itself and its motion (when 

applied, such as for movable beds). An additional area for measuring devices should be 

also accounted for, together with a transition length for wave transformation and wave 

stabilization considering generation, shoaling, breaking and reflection of waves.  

3. Wave absorbing area which, according to some authors, has to be at least half the length 

of the design wavelength to achieve 90% absorption. 



 

 

59 

A methodology for the analysis of damage progression in rubble mound breakwaters 

 

Figure 3.2. Inside view (left) and overall view (right) of the wave flume of the HRL of Madrid. 

 

Figure 3.3. Waves at the GWF of Hannover, Germany. From http://www.utwete.nl, accessed in July 2014. 

 

The bed of the flume can be movable or fixed. For damage tests, sandy movable-beds are not 

operational due to the usually high number of reconstructions. Therefore, damage studies are 

generally particularized for a certain fixed bed geometry. Nevertheless, sometimes a thin layer of 

siliceous sand is placed below the rubble mound model so as to better reproduce the friction 

coefficient at the contact between armor layer and seabed. For most damage experiments, the 

bed of the flume is fixed rather horizontal or with a simple geometry: horizontal near the 

wavemaker and with one or more constant slopes until the waves reach the model. The slope/s 

provokes shoaling and is used both to stabilize wave generation and to obtain waves at the 

model's location that cannot be straightly generated by the wavemaker: waves with high 

steepness or breaking waves. According to Verhaghen (2006) and Verhagen and Mertens (2009), 

steep foreshore slopes result in more plunging waves impacting the breakwater and, thus, 

produce higher levels of damage compared to milder slopes. 

One of the main technical limitations of wave flumes is related to undesirable resonant events, 

due to wave reflection against different obstacles, flume sides and the model itself. Resonance 

can be developed in two different directions: 

• Resonant longitudinal waves 

They are typically associated with the various modes of seiching related to the natural 

frequency response of the water body. In that sense, the University of Delaware provides 

an easy-to-use online applet that allows the calculation of the natural resonance 

frequencies assuming a horizontal bed. The main reflective surfaces in a wave flume 
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before setting up the model are the edge walls, although bed slope is also a source of 
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Figure 3.4. Array of resistive wave gauges aimed to evaluate longitudinal and transversal 
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before setting up the model are the edge walls, although bed slope is also a source of 

In order to avoid resonant events, passive absorbers are normally placed at both edges of 

the flume. As an example, the polymeric porous media presented by 

permits the control of the porosity, reflection and transmission of energy. Active 

absorbers, which are mechanical devices that can move in response to a wave so that 

incident wave energy is extracted, are less common for the far end of the wave flume, 

although they are quite extended as integrated dynamic systems in

When the model is set up in the flume, it reflects part of the incident energy and, thus, 

the location of the model should avoid natural resonant frequencies matching the 

experimental designed wave frequencies. 

 

alter the 2D behavior of the flume and may produce some 3D effects, such as 

heterogeneous overtopping or concentration of damage in certain areas of the 

breakwater. Moreover, inconsistencies in the dynamic absorption system of the wave 

paddle are likely to occur because the cross swinging wave alters the measurement of 

the reflected waves at the board. 

As it was proven by Lichter and Shemer (1986) in a water basin, a subharmonic cross 

wave is generated in the neighborhood of wavemakers, which could be transformed into 

a progressing wave in the far field at large forcing amplitudes. In general, the wider a 

wave flume is, the more likely to develop 3D processes for long-

addition, cross waves might be formed as a result from a non-normal reflection, due to 

not having a perfect parallelepiped flume or to a lack of precision in the 

placement/construction of bed slopes. The correct placement of the model, which should 

be orthogonal to the side walls, is also important to avoid the development of an 

undesired cross wave.  
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resonance of a wave flume 
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Sometimes resonance events are visually appreciable in laboratory, especially transversal 

resonance. However, they can be difficult to detect for the human eye and are usually deduced 

from unexpected peaks in the wave spectrum from wave gauges records. A simple way to discern 

if there are resonant events taking place in a wave flume is by generating a white noise, i.e. a 

wave spectrum containing all the frequencies in which every frequency has the same energy, and 

checking whether any frequency is amplified in the wave gauge registers. When assessing 

transversal distortions, the array of sensors should cover the whole section, similarly to the 

configuration shown in Figure 3.4. 

 

3.1.3. Wave generation system 

One of the basis of damage experiments in a wave flume is the wave generation system, which 

permits the reproduction of waves bearing many resemblances to natural processes (irregular 

waves), and also are able to analyze artificial processes for theoretical approaches (regular 

waves). Wavemakers were extensively developed in the 70's and started to be common 

machines in the 80's, with standard industrial components. Indeed, Funke and Mansard stated in 

1987 that "the capability of wave generators and computers exceeds the current understanding 

of wave dynamic processes".  

The most common wave generators are oscillating paddles placed at one edge of the flume. 

Initially, they were custom designs produced in laboratory, some of them rather unique or with 

not important dissemination: displacement pistons, sliding wedges, plunger typologies, double 

hinged flaps... Even nowadays, there are some innovative unusual proposals, such as the 

Hydraulic Control Wavemaker (HCW) of Ko and Lynett (2014) for controlling the vertical 

distribution of flow, based on a set of vertical baffles connected to an individual pump control 

system each. 

However, the two main typologies widely extended in most ocean and coastal laboratories are 

the piston-type and flap-type (see Figure 3.5): 

 

 

Figure 3.5. Sketch of a flap wavemaker on the left and a piston wavemaker on the right. From 

http://www.edesign.co.uk/waves/some-wave-1, accessed in August 2014. 
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Piston wavemakers are recommended when water depth is less than half the wavelength, or will 

be varied. This is due to the fact that the horizontal water particle velocities are almost cons

over the water column in shallow waters. In deep waters, the wave motions are confined near 

the surface, and thus flap wavemakers better reproduce that behavior. Therefore, flap paddles 

are typically used in laboratories specialized in modeling floati

investigating the physics of ocean waves, whereas piston paddles are more extended in 

experiments on coastal structures

Piston paddles can displace larger volumes of water (

typically designed with a stroke of 50

require high power but wave generation might be limited by wave breaking. On the other hand, 

lower frequency waves might be

displaced by the paddle limits the wave hei

limited when exceeding a certain acceleration or velocity of the paddle that could endanger the 

wavemaker's structure due to the usually high inertial load of the paddle. Wave paddles are 

frequently heavy equipment, which sizes 

(see Figure 3.6).  

 

Figure 3.6. Back view of the wave paddle of the GWF

accessed in July 2014) and front view of the wave paddle of the HRL(1m x 1.6m) 
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is capable of measuring the position of the water level.  This system is integrated as part of the 

generation software, so as the required displacement of the board can be corrected in real time 
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according to the reflected wave measured at that moment. By doing this, there is a better control 

of the generated incident wave train and experiments are able to be conducted for higher 

durations without undergoing undesired resonant events. However, it is generally not 

recommended to extend the experiments on wave flumes for more than 15 minutes. 

Figure 3.7 represents a workflow of the main processes taking place in the operation of a wave 

paddle. The transfer function relates the design waves with the movements that need to be done 

by the servomotor, based on similar approaches to the aforementioned governing equations 

described by Hughes (1993). For irregular waves, the transformation of the spectrum introduced 

in the wavemaker's software into a wave train in the time domain is usually accomplished by the 

Fast Fourier Transform (FFT). However, infinite discrete time series can be derived from a certain 

spectrum, and thus, the pseudorandom
2
 seed used for that purpose needs to be specified in 

order to achieve reproducible experiments. In fact, Vidal et al. (1995) demonstrated that damage 

in rubble mound breakwaters differs according to different pseudorandom seeds for the same 

spectrum. This seed could be defined by default in the wavemaker's software or might be 

designed by each laboratory. The main requirements for a suitable pseudorandom seed are to 

provide a fully developed spectrum, i.e. with waves in all the frequencies of the spectrum, and to 

generate realistic sea states rationally equilibrated, avoiding, for example, the concentration of 

highest waves at the beginning of the wave train.  

Finally, it is important to point out that the transfer function is based on physical and 

mathematical principles that may not always match the real behavior of the waves in the 

channel. This can be due to a wide variety of factors: changes in the temperature or composition 

of the water, loss of water through gaps between the wave paddle and the side walls and 

bottom, evanescent waves caused by the board, distortions and reflection against different 

boundaries... An iterative technique, usually referred as calibrating laboratory waves, is 

recommended to solve the lack of matching between the theoretical spectrum sent to the 

wavemaker and the real spectrum obtained at a control point. This process is further explained in 

Section 3.1.4. 

 
Figure 3.7. Diagram of the workflow of a wave paddle with its main processes. 

                                                           
2
The term "pseudorandom" is used here referring the fact that even random numbers are usually 

generated following a certain numerical pattern. 
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3.1.4. Wave cases 

Damage accumulation tests can be conducted with/without a dynamic absorption system on the 

paddle board, and with regular or irregular waves. Nowadays, dynamic absorption systems are 

generally used, because they permit better matching between the desired and the generated 

waves. Regular waves, despite not being realistic, are useful for addressing a simplistic approach 

by reducing the number of the variables involved in the problem. On the other hand, irregular 

waves better reproduce the randomness of sea states. A wide variety of wave spectra, which 

define the theoretical amount of energy contained on each frequency, can be used for 

generating irregular waves (see Silva, 2005): Bretschneider-Mitsuyasu, Pierson-Moskowitz, 

Neumann, Kitaigorodskii-Toba, ISSC (International Ship Structures Congress), Krylov, ITTC 

(“International Towing Tank Conference”), JONSWAP (“Joint North Sea Wave Project”), Davidian 

et al., Wallops, Ochi-Hubble, TMA... Although JONSWAP spectrum is probably one of the most 

extended, the selection of the appropriate spectrum should consider the local trend (for studies 

particularized in a certain location) or the main characteristics of the designed waves (for general 

studies), such as the level of interaction with the seabed. In many cases the distribution of wave 

heights is assumed to follow a Rayleigh function. However, for breaking conditions there is a lack 

of consistency of the Rayleigh distribution, and the suggestions made by Battjes and Groenendijk 

(2000) or Méndez and Castanedo (2007) might be applied. 

For deep waters, it is reasonable to assume linear wave theory. Nevertheless, when waves 

approach shallow waters their steepness increase due to shoaling and more complex theories 

need to be considered: Stokes 2
nd

, 3
rd

 or 4
th

 order, cnoidal theory... The diagram of Le Méhauté 

(1976) zone the range of validation for the different theories as a function of H/gT
2
 and h/gT

2
 

(see Figure 3.19). Alternatively, the grade of non-linearity could be addressed by means of Ursell 

parameter: 
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Some authors, such as Carver and Wright (1991) or M&K (1998), conducted damage 

accumulation experiments with depth limited waves under the assumption of being more 

realistic to prototype's environments. Caver and Wright (1991) found that damage is increased 

when decreasing relative depth (h/L) and Melby (1999) maintained that, in depth limited 

conditions, plunging to collapsing breakers were more likely to occur. These types of breakers 

were found to be the most damaging by many authors and, according to Melby (1999), one of 

the dominant incipient motion modes was due to the upward force occurring under the steep 

wave front. On the contrary, other authors such as Vidal et al. (1994) indicate that breakwaters in 

shallow foreshores are generally more stable than in deep waters for the same theoretical wave 

spectrum at the toe of the structure, due to a loss of energy by spilling breakers. Damage 

experiments under depth limited conditions provide, in fact, useful information for designs 

accomplished under similar constraints. However, that reduces the range of applicability for 

design purposes and many parameters are needed to characterize the properties of the flux, 

resulting typically in experiments vaguely reproducible. The results are highly dependent on the 

bathymetry and testing conditions are difficult to control: as an example, variations in the SWL 

Eq. 3.1 
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will constrain the highest waves reaching the structure, and these variations are subjected to the 

large wave control system (different for each laboratory) and how setup is developed in the 

proximity of the model. In addition, wave breaking before reaching the model introduces high 

non-linearity, scale effects and could even favor the origination of currents. Consequently, it 

hinders the interpretation of the results regarding that the turbulent flux complicates the 

measurement of the water level, the reconstruction of the temporal wave series and the 

separation between the incident and reflected waves in the post-processing of wave gauge 

registers (see Section 3.1.6). Not only that, as it was exposed in Section 3.1.3, the generation of 

waves in shallow waters presents shortcomings in the governing equations of the wave paddle 

and eventual breakings at the wavemaker are likely to occur due to excesses in the critical 

velocity at the crest.  

Once the selection of the types of waves, water depth and appropriate spectrum is made, the 

next step is to design the sea states attacking the model during the experiments. For a given 

spectrum, sea states are typically defined by the pair HS-Tp, the duration and the random seed. 

For damage accumulation tests, the model is usually exposed to a series of sea states with 

increasing energy until the structure reaches a certain level of damage. In many cases, energy 

steps are established by fixing Tp and increasing HS. But this approach is not in consonance with 

natural processes, where the increment in wave height is normally accompanied by an increase 

in wave period. Alternatively, designed sea states could be based on increasing energy by 

maintaining a certain steepness or, if the experiments are centered on a certain location, by 

characterizing the HS-Tp dependence on site (for the Spanish coasts this relationship is usually 

HS=α∙(Tp)
0.5

, where α is a constant). 

Vidal et al. (2006) indicated that, in order to predict damage, the following parameters need to 

be characterized: the number of storms in the useful life of the structure, the number and 

magnitude of each sea state associated with these storms and the duration and distribution of 

wave height for each sea state. Focusing on the duration of each sea state, Jensen (1984) 

suggested testing storms which represent 8 to 10 hours in prototype, whereas Melby (1999) 

indicated that the persistence should be prolonged in case damage has not reached equilibrium
3
 

when the long term is meant to be characterized. However, in order to avoid long wave resonant 

effects in the wave flume, experiments are usually limited to 15 minutes. This fact introduces a 

limitation because, if no reflection is ideally assumed, damage progression with irregular waves 

differs from testing a number of "x" experiments of "t" duration in comparison with testing a 

single experiment of "x∙t" duration, where higher waves are more likely to occur (as it was 

described by Vidal et al., 1995a). For standardizing the post-process of the damage progression 

curves, i.e. for providing equidistant damage values in abscissas, it might be recommendable to 

fix a certain duration or a certain number of waves attacking the structure for each repetition of 

each sea state. Notice that, because the total duration of each sea state depends on the 

structural response following the aforementioned approach of Melby (1999), it is difficult to 

arrange an accurate temporal plan for this kind of experiments. 

                                                           
3
Some authors state that damage is stabilized with time for a certain level of energy, whereas others 

indicate that it is not equilibrium but a lower damage progression rate what is reached. 
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Figure 3.8. Calibration of waves in the HRL's wave flume of Madrid. 

After designing wave cases and before starting the experiments, a calibration process needs to 

be accomplished (see Figure 3.8). As it was introduced in Section 3.1.3, it is an iterative method 

that allows the empirical correction of the theoretical waves generated by the board so that they 

match more closely the target spectrum/regular train. Hughes (1993) indicates that the 

calibration process is traditionally carried out before constructing the model. In most cases, the 

measurement of the target spectrum/regular train is done either at the model's location or near 

the wave board: 

• For the first case, waves are measured after being transformed due to shoaling, breaking, 

decay... Despite being useful, wave information at the model location is difficult to 

obtain, because the reconstruction of water level variation from wave gauge registers, 

together with the analysis of incident/reflected waves, are sensible to the turbulence and 

non-linearity caused by wave breaking. The measurement of the position of the water 

surface is even more complex with the model in place (apart from the fact that wave 

gauges cannot be physically placed at the model's location), due to the turbulence 

caused by breaking waves at the model and because more waves are likely to be unstable 

due to reflection, which eventually could provoke spilling of the higher waves. Therefore, 

it is difficult both to measure and to correlate incident waves during the experiments 

with incident calibrated waves. 

• For the second case, waves near the board suffer not significant transformation. The 

correlation with the waves generated during the experiments is easier, regarding that an 

analysis of the incident/reflected waves could be satisfactorily carried out both during 

the calibration and while testing the model. Nevertheless, no empirical information is 

available about the waves actually attacking the structure and, thus, the expert criterion 

is fundamental for achieving appropriate waves at the model. 

An alternative third approach would consist on allocating an array of wave gauges both near the 

wavemaker and at the model's location. By doing so, it is possible to calibrate the desired 

spectrum at the model's location while measuring the generated spectrum at the board. When 

the experiments are carried out with the model in place, it might be reasonable to assume that 

the desired spectrum is reached at the model by checking that the spectrum obtained at the 

board matches the calibrated one. The spectrum close to the model should be also analyzed 

during the experiments in order to check that coherent results are obtained. This approach 

would be only valid if the reflection during the experiments does not cause further wave breaking 
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compared to that obtained during the calibration and if the SWL remains similar in both cases. 

However, the presence of the model, as an obstacle, always induces setup, especially at the end 

of the experiments, and thus, higher waves could reach the breakwater. Therefore, with the 

methodologies and tools up to date, it is not possible to accurately determine the incident 

spectrum at the model's location. 

Calibrations with the model placed inside the wave flume would require protecting the slope so 

damage is not developed and, in principle, only the described second approach would be 

feasible. These cases are uncommon. Sometimes the model is straightly tested without any wave 

calibration when there is no need to know "a priori" the wave loading. This typically happens 

when a certain amount of damage is meant to be reached by gradually increasing wave energy, 

which would be calculated "a posteriori" from wave gauge registers. This process is not 

systematic and the expert criteria would be indispensable. 

Notice that the whole process could be enhanced by combining it with numerical models. This is 

particularly interesting when there are a high number of sea states to be calibrated because, 

after calibrating the numerical model with physical testing of some sea states, the rest can be 

calibrated numerically, releasing the wave flume for starting the experiments. 

  

3.1.5. Model 

As it was stated at the beginning of the Chapter, most physical models of rubble mound 

breakwaters are scaled combining geometric similarity with Froude criteria, in order to assure the 

scale reproduction of waves and provide hydrodynamic similitude. The selection of the scale, 

usually between 1:10 and 1:100, depends on the size of the wave flume, the limitations on wave 

generation and the availability of granular material of the desired properties. The scale tends to 

be as large as possible, so as to reduce scale effects. In particular, when the Reynolds number is 

higher than 1∙10
4
-4∙10

4
 (according to VdM, 1988), it seems reasonable to assume a turbulent 

flow around the main armor layer, i.e. viscous forces can be considered as not dependent on 

Reynolds number. Nevertheless, scale effects should be always expected, due to the different 

bubble formation in fresh/sea water and the presence of impulsive effects. This typically happens 

with plunging waves, where the compression of air cannot be scaled down in the model. In fact, 

Tirindelli et al. (2004) noted that impulsive wave forces from small scale tests on rubble mound 

breakwaters may be over-estimated by approximately a factor of 2 by using Froude scaling. In 

addition, there are some difficulties in scaling down the core behavior when using geometric 

similarity: the flux throughout the core is turbulent in prototype whereas it is mainly laminar in 

the model due to the small size of the core particles, and could eventually behave as an 

impermeable media. As a result, less energy is dissipated through the core in scaled models, 

which means that damage rate, run-up and overtopping are likely to be higher in laboratory. 

Burcharth et al. (1999) proposed an alternative methodology for scaling the core, based on 

increasing the size of its particles so as to achieve the desired permeability. De Jong (2003) 

ratified obtaining lower values of damage after scaling the core according to Burcharth's 

methodology due to higher energy dissipation through the core. However, this methodology 

might be sometimes incompatible with the filter requirement between different layers. 
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Once the scale is settled down, the next step is where to place the model along the wave flume. 

Sometimes, the combination of bed slope at the bottom of the channel, required depth at the 

toe of the model and required depth at the wave board for allowing the generation of high waves 

plays a role. In other cases, there are particular factors for making that decision, such as the 

presence of a transparent wall in an opaque flume, better illumination, more adequate 

conditions for installing the instrumentation, the presence of already-built models that need to 

be maintained during the experiments... Whatever the case is, the distance from the wavemaker 

to the model should be long enough for ensuring the stabilization of the waves (or for achieving 

the desired transformation of the wave train through a sloping bed), as well as for placing the 

instrumentation. 

The next step before building the model is to mark some references in the wave flume. For that 

purpose a wide variety of tools for measuring and leveling are available. In particular, regarding 

the usually reduced dimensions of scaled rubble mound breakwaters, the process can be assisted 

by using a printed plan of the section, as it is shown in Figure 3.9.  

 

 

Figure 3.9. Marking references in the wave flume for the construction of the model (left), construction in process of a 

scaled rubble mound breakwater (middle), and verification of a rubble mound slope using a slope tester (right) 

 

Sometimes more than one rubble mound section are tested at the same time for optimizing the 

generation of independent values of damage (see Carver and Wright 1991, Medina 1992, Medina 

and Hudspeth 1994, M&K 1998...). Some clues on that matter are given in Section 3.2.5. 

The last step is the construction of the model itself. It is a laborious process which starts with the 

spilling of the core material until the referent marks are reached. These marks are very useful for 

building up the model, but should be complemented with instruments to control the straightness 

of the slope, such as a rigid mesh or a slope tester similar to the one shown in Figure 3.9. The 

core material might be compacted or not. Following the first assumption, the settlements would 

be lower but damage is expected to be higher as the core would behave almost impermeably. 

The contrary is applicable to the second assumption. After placing the core, the filter is spilled 

and, finally, the different layers of armoring are disposed. If visual methods are used for 

measuring damage, the targets for defining the ROI (and maybe for dividing it into different 

strips) might be needed to be positioned before placing the last layer. The porosity of the armor 

layer should be measured in order to check if it is similar to the designed one. For doing so, a 

snap shot can be used, as it is further described in Section 3.2.5. 

Finally, before starting the experiments, it is advisable to slightly load the model in order to 

reproduce the natural adjustments of armor units with lower waves previous to a storm. 

Level 

Slope 
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developed. In case the properties of the crownwall are not meant to be scaled but just its 

geometry, for the sake of simplicity a rigid structure can be modeled and stuck on the edge walls. 

Small-scale concrete armor units are pre-cast using typically concrete or polymeric materials such 

as resins, with similar densities to the ones used in prototype (around 2.30-2.35 t/m
3
 according 

to the revision on Appendix B). Their physical properties and shapes are detailed by the 

designers, but their fragility can't be easily modeled in laboratory; in fact, scaled concrete armor 

units tend to be highly more resistant to cracking. Notice that sometimes their frictional 

coefficient is also scaled, and thus, when painting them according to a color coding in the 

experiments, their frictional behavior could be modified. In order to avoid that, it is 

recommended to use colored resins when casting the model units. If that is not possible, they 

might be painted with a low pressure spray by letting the spray sinking down the pieces instead 

of pointing at them directly, in order to have as less amount of paint as possible in the small-scale 

armor units. The latter is also applicable to scaled quarry stones (see Figure 3.11). 

 

 

Figure 3.11. Painting small-scale quarry stones with a low pressure spray 

 

In the case of quarrystones, they need to be washed, selected by size and their main 

characteristic parameters must be measured. Washing the granular material is appropriate for 

avoiding turbidity around the model during the experiments, which could not only complicate the 

visibility, but also alters the measurements of wave gauges or dynamic absorption systems due to 

modifications in water conductivity. The selection and gradation of the core and different layers 

are usually accomplished using sieves. However, due to the irregular shape of the stones (with 

length-to-thickness factors typically close to 2), sometimes an individual weighting criteria is 

needed for obtaining a well-characterized narrow graded armor layer. After selecting the 

material for the different layers, a certain sample
4
 must be analyzed for determining the physical 

properties and shape factors defined in Section 2.2. For doing so, precision scales are normally 

used for weighting each piece, hydrostatic weighting systems for estimating their volume and 

calipers for measuring the main dimensions of each stone. Density is deduced from the measured 

weight and volume. 

Following the indications of Latham et al. (1988), it must be pointed out that armor units are 

exposed to abrasion during the experiments. This could be especially relevant while manipulating 

                                                           
4
 As a reference, The Rock Manual (2007) recommends to select and test 200 pieces when building a 

prototype rubble mound breakwater 
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them. For example, while washing the stones or during the several reconstructions, when they 

are typically thrown and spilled into different containers, re-selected, and placed again. In fact, 

VdM (1988) reported the renewal of the quarry stones at the middle of his experiments due to an 

increasing roundness of the initial ones, and thus, an increase on damage rates. 

 

3.1.6. Instrumentation 

As it was stated by Hughes (1993), "evaluation of new instruments and data acquisition methods 

is considered a continuous process that is needed to assure that modern techniques are used for 

gathering and analyzing laboratory data". A whole chapter is dedicated in Hughes (1993) to 

describe the types of measurements in laboratory, measurement accuracy and errors, 

measurement tools and techniques... and thus, herein just a brief review of the main tools used 

for damage accumulation experiments is presented. 

One of the main clues to select appropriate instruments for damage accumulation tests is to 

establish the post-processing strategy at the beginning of the experimental design process, i.e. to 

have a detailed idea of the desired results before even starting the construction of the model. By 

this, it is possible to estimate the type, range and spatial coverage of the variables of interest, the 

acquisition rate, the total quantity of data to be measured... and so, to have an idea of the most 

adequate tools/models, the instrumental layout, the required data transmission rate of the 

wire/wireless transmission system, the computational requirements for data acquisition/post-

process, the energy power needed... Not only that, by detailing in advance the post-processing 

strategy, it is possible to identify shortcomings or problems that, in other way, could be 

irreversible or unfixable.  

Some decades ago, the impossibility to obtain enough satisfactory measurements was usually 

reported, whereas nowadays the improvements on electronic tools linked to computers in 

constant development permit, in most cases, the acquisition of high-quality data. In fact, 

regarding the high acquisition rates and the high number of instruments that are likely to be 

controlled by a single computer, one of the challenges at the present time is data managing 

design. Some key points on this issue are the synchronization of the set of instruments 

(sometimes accomplished by the use of an external trigger), the limitations on data transmission 

mainly due to buffering and the limited capacity of computers to process external information 

(acquisition), for which a number of commercial data recording hardware and software are 

available. In addition, wireless technologies for exchanging data, such as Wi-Fi or Bluetooth, are 

replacing little by little wire networks, which present notable weakness: they are intrusive, 

subjected to deterioration or connections which reduce data transmission rates, sensible to 

electromagnetic fields that could be developed along energy power wires (especially when they 

have a coil shape, such as electrical extension cords not fully extended), with a time/resource 

consuming installation... In the same line, after being improved both in precision and accuracy, 

nowadays the latest improvements on instrument's design and experimental methodologies tend 

to be focused on the non-intrusiveness. 

In the following lines, some of the most frequent instruments in damage accumulation 

experiments are briefly described, including wave gauges, velocimeters, pressure transducers, 
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video imagery, overtopping reception tanks and profiling/scanning tools. In general, their 

operation might be divided into four steps: calibration, placement, data-acquisition and post-

processing. Sometimes the calibration function is straightly given by the manufacturer and, in 

other cases, the calibration is a common regular task during the experiments.  

• Wave gauges 

Resistance or capacitance wave gauges (see Figure 3.4) are the most extended tools to 

measure the variations on water surface elevation at a certain location in the wave 

flume. They register voltage or frequency variations according to the position of the 

water level along their vertical wires and, thus, they need to be submerged at all times.  

Wave gauges are sensible to changes in the water conductivity due to modifications in 

water temperature or concentration of dissolved salts. That is the reason why they need 

to be frequently calibrated: in the case of resistance wave gauges the calibration process 

needs to be carried out every day, or even a couple of times a day if there is a high water 

temperature gradient during the testing time. When the model is recently placed in the 

channel, conductivity of the water is also likely to change, even if the granular material 

has been duly washed in advance. Fortunately, wave gauges show good measurement 

linearity and so, only three different calibration points are often enough to determine the 

linear relationship between the recorded voltage/frequency and the actual water level. 

In order to gather information about wave height and wave period, the temporal record 

of the water elevation needs to be post-processed (see Section 3.1.8). A minimum 

number of 3 wave’s gauges should be placed so as to allow a post-processing analysis of 

the incident/reflected waves. According to Mansard and Funke (1980), the 

recommended gauge spacing for monochromatic waves is L/10 between the first and 

second sensor and in the midst of L/6 and L/3 between the first and third sensor 

(avoiding multiples of L/10). In addition, they are suggested to be placed at least one 

wave length away from the model, so as to be set apart from excessive fluctuations of 

the water surface due to wave breaking and reflection. 

One of their disadvantages is that they are intrusive, because they need to be physically 

submerged in the water. Alternatively, videoimagery might be used, analyzing the 

evolution of a vertical line with a time-stack approach. 

• Velocimeters 

Velocimeters are used to measure 3D velocity variations in the water mass, addressing 

turbulence, boundary layer measurements, surf zone measurements... Although there 

are other available techniques, such as the Particle Image Velocimetry (PIV), the most 

common devices for measuring the flow velocity are Laser Doppler Velocimeters (LDV) 

and Acoustic Doppler Velocimeters (ADV). Both of them use the Doppler shift, either in a 

laser beam or using sounding beams. LDVs are more sophisticated and non-intrusive but, 

on the other hand, they represent a higher investment and caution must be taken during 

their operation regarding the direct eye's radiation risk. ADVs have been more recently 
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introduced in coastal experiments. They are economically more accessible, easier to use, 

but one of their limitations is that they are intrusive.  

• Pressure transducers 

Nowadays, there are a high number of different technologies for dynamic pressure 

measurement, and an even higher number of companies making pressure sensors 

worldwide. Most of them use a force collector (such as diaphragms, pistons, bourdon 

tubes or bellows) to measure the strain or deflection due to the applied force over an 

area. Some of them incorporate a venting pipe in order to reference measurements to 

the atmospheric pressure, whereas others are auto-calibrated, i.e. the calibration 

function is straightly given by the manufacturer for a certain range of use. For calibrating 

pressure transducers or checking their accuracy, a simple static test can be conducted, 

based on submerging the gauge to a known water depth and comparing the output with 

the calculated static pressure.  

In damage progression tests of rubble mound breakwaters, pressure transducers might 

be placed in the front side of the crownwall so as to evaluate wave loading or in a rear 

platform for measuring the impacts of the overtopped water mass. They are not likely to 

be placed in the armor layer, because it would cause distortion in the initiation and 

progression of damage, although their use might be of interest when addressing the 

physics of wave actionor when calibrating numerical models. 

The selection of pressure transducers for a particular experiment should be accomplished 

by estimating in advance the expected range of pressures to measure. Ideally, the range 

of the instrument should be wide enough but, at the same time, narrow enough to cover 

the range of pressures generated during the experiments with an adequate resolution. 

Moreover, the sample rate also needs to be defined in advance, which will be dependent 

on the willingness/unwillingness of characterizing impulsive peaks. 

• Video imagery 

At the present time, the use of video cameras in laboratory is quite extended in order to 

record the experiments and reproduce or exhibit them (see Figure 3.12). But the 

applications of video cameras are far from being just a visual documenting tool: with the 

recent advances on video imagery analysis, they are able to provide measurements as 

non-intrusive instruments, such as the aforementioned possible application as virtual 

wave gauges. One example is the ZEUS project developed at the HRL of Madrid, applied 

for the elaboration of 3D maps of vulnerability (Gómez et al., 2010), for developing a new 

methodology for measuring overtopping based on a time-stack analysis of a ROI along 

the crownwall (Campos et al., 2012), for monitoring the operation of a floating gate by 

controlling their six degrees of freedom (Molina et al., 2012), for detecting ship paths and 

quay occupation in port management (Gómez et al., 2012)... They are also essential to 

assist the evaluation of damage evolution with visual methods, as it was exposed in 

Section 2.1.3. 



 

 

74 

A methodology for the analysis of damage progression in rubble mound breakwaters 

Finding an appropriate location for the cameras could even condition the position of the 

model along the wave flume, specially taking into account that some high speed cameras 

have a fixed focal distance. Not only a good angle of vision without interfering objects is 

required, but also homogeneous lighting conditions avoiding shadows and reflections. 

The resolution and the frequency rate are also fundamental for selecting the appropriate 

camera and could be key parameters when designing the system for data transmission 

and reception. 

 

Figure 3.12. Lateral view (left) and overhead view (right) of some experiments at the HRL of Madrid 

 

• Overtopping reception tanks 

Overtopping reception tanks are containers situated at the rear side of the model used 

for measuring the volume of the overtopped flux. Although they are more common in 

laboratory than in real breakwaters, there are some prototype examples in Ostia, Italy 

(see Franco et al., 2009) and in Zeebrugge, Belgium (see Geeraerts et al., 2009) among 

others.  

 

Figure 3.13. Overtopping reception tank with a weighting system, focused just on a certain section of the 

total wave flume's width. From Herrera(2012). 

 

The CLASH project briefly described the overtopping tanks designed for their 

experiments. However, no reference has been found by the author describing the 

peculiarities of this instrument. They are typically designed and built inside each 

laboratory and, as a result, there is a bunch of different typologies worldwide. For 

instance, the overtopping tank might be sunk inside the wave flume, or might be placed 

in dry conditions by means of an impermeable gate at the rear of the model. In addition, 
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the volumetric measurement can be accomplished following diverse techniques: using a 

weighting system below the reception tank (CLASH project), locating a pressure 

transducer at the bottom of the reception tank, hanging the reception tank up on a load 

cell (see Llana et al., 2012)... Overtopping can be associated with the whole width of the 

wave flume, or just with a certain section (see Figure 3.13). Whatever the case is, a 

transition ramp is always needed for leading the water inside the reception tank. 

Therefore it is an intrusive instrument that makes almost impossible to analyze 

simultaneously damage progression at the rear slope of the rubble mound breakwater. 

When designing an overtopping reception tank, four key points might be addressed: 

� Waterproofing, paying special attention to junctions.  

� Attachment or prevention against floating, which may be achieved by building the 

container from a dense material, such as iron, or by ballasting it with lead or other 

high-density material. Another solution might be fixing it to the wave flume, but that 

might cause distortion in the measurements due to the transmission of the 

vibrations in the channel produced by the wave paddle and the impact loads. 

� Capacity, which should be, on the one hand, high enough to allow inside the whole 

water mass overtopped during an experiment and, on the other hand, low enough 

to permit the measurement of low discharges. For example, a relatively big 

reception tank would not be compatible with the use of pressure transducers 

because the increase of the water depth inside the tank would be negligible for 

relatively low discharges. Despite the CLASH project provides formulations and tools 

to estimate the mean overtopped discharge (q), hitherto there are not analytical 

formulations to predict the individual overtopping discharges. Notice that q is 

averaged along the whole testing duration and, thus, no information is actually given 

about the individual overtopping discharges. In that sense, Campos et al. (2012) 

suggest a methodology for averaging the overtopping discharge using just the total 

overtopping duration in order to calculate the "modified mean overtopping 

discharge (qnew)". If the total overtopped volume is predictably high, it might be 

necessary to restrict the overtopping ROI just to a limited section of the flume's 

width, or to design a draining system with a known constant pumping rate. 

� Draining system, which might require a dewatering pump for draining the water in a 

practical way. 

When using pressure transducers, a further requirement needs to be considered: the 

internal shape of the container. The area of the water surface inside the reception tank 

needs to be maintained along the tank's height in order to allow the calculation of the 

overtopped volume from the measurement of the hydrostatic pressure and the previous 

knowledge of this constant area. Also, a physical filter is recommended to minimize the 

noise of the measurements due to the water column oscillation after each overtopped 

discharge. For that purpose, the container can be divided into independent cells 

interconnected by means of a dissipating polymeric porous media, such as the one 

presented by Cabrerizo et al. (2010). 
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• Profiling/Scanning tools 

Main approaches and instruments for measuring rubble mound surface have been 

already described in Section 2.1.3.  

The most referred tools in damage progression experiments up to date are mechanical 

profilers, which present the advantage of being suitable both in wet and dry conditions 

but are just limited to a number of profiles. In addition they are intrusive and could even 

move some of the more unstable armor units. With the recent development and 

commercialization of 3D scanners, more extensive, non-intrusive and accurate 

measurements are feasible. They present the inconvenient of being suitable just for the 

emerged part; however, this is not an extreme limitation taking into account that most 

damage, if defined as the eroded area, is developed in the emerged part of the 

breakwater. What is more, in laboratory experiments dry conditions can be provided for 

a complete measurement of the rubble mound. In Section 3.2 an example of damage 

progression experiments using a 3D scanner is presented, together with a methodology 

for draining just the water around the model, which has been proven to be pretty 

efficient. 

 

3.1.7. Testing 

Even if the experiments have been thoroughly planned and designed, unexpected events might 

occur, especially at the first steps of the testing process. Therefore, they must be faced under a 

systematic approach, for which five key points are suggested: 

• To set up an easily-interpretable codification of each experiment and unifying every 

register and analysis according to this codification. 

• To complete a testing diary of the experiments. Ideally, it would be a filling template 

where it would be noted down, for each experiment, the code of the test, person in 

charge, starting time, duration, properties of the water mass (such as temperature), 

results from the calibration of the different instruments, water level, parameters sent to 

the wave maker, results obtained and different comments about visual observations, 

analysis or difficulties. 

• To follow a checklist for each individual experiment. The number of tasks to be fulfilled in 

laboratory experiments could be high, and typically need to be accomplished following a 

certain order. Therefore, by using a checklist signed by the person in charge, the 

probability of human errors is reduced. For the same purpose, the wave generation, data 

acquisition and data analysis are recommended to be concentrated at the least number 

of physical locations and tools/computers as possible. 

• To create a virtual repository (data cloud), accessible for all the people involved in the 

experiments, in order to centralize the amount of information, facilitate the 

communication between different teams and avoid data loss. 

• To post-process the acquired data as soon as possible, ideally in real time or after 

concluding each individual experiment. In that way, possible errors can be rapidly 

identified and the testing strategy could be re-oriented according to the results. 
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3.1.8. Post-processing 

Despite being the last step in the experimental flowchart, post-processing is meant to be 

considered during the design and planning of the experiments: getting an advanced glimpse of 

the shape and contents of the desired results is the best way to efficiently establish the  

methodology, variables to measure, instruments and their location, acquisition rate, resolution, 

requirements for data transmission, computational needs... Once the instruments to be used are 

settled down, it is possible to start developing the post-processing tools before even starting 

building the model. In the ideal case, the post-processing flowchart, post-processing codes, post-

processing templates... would be ready-to-use at the initiation of the experiments. This permits 

to analyze the results in real time (or reasonably fast) which implies, not only saving time, but 

also being able to detect unexpected behaviors or shortcomings in the experimental/post-

processing layout. If the acquired data takes too long to be post-processed, one takes the risk of 

putting the results at disposal of the acquired data, rather than producing data at disposal of the 

results. 

There are innumerable publications on the basis of data analysis and a number of specialized 

software for filtering and analyzing data. In Hughes (1993), a section is dedicated to describe data 

editing (eliminating errors, offsets or filtering time series with a low-pass filter or high-pass filter), 

time domain statistical analysis and frequency domain spectral analysis in coastal engineering 

physical models. Herein just a rough outline of the main post-processing approaches in damage 

progression experiments is offered, including reconstruction and analysis of sea states based on 

registers from wave’s gauges, post-processing of video-images, post-processing of 

profiled/scanned surfaces and some general indications about post-processing of other usual 

instrumental registers. 

• Reconstruction and analysis of sea states based on registers from wave gauges 

Nowadays, these aspects are frequently considered as scientifically overcome and, in 

many publications, just the results are provided (omitting the assumptions, tools, 

methods... used for the analysis). In fact, a strong effort was done on this issue, standing 

out, among others, the several studies of Mansard and Funke during the 80's. However, 

there are still some limitations in the reconstruction and analysis of sea states based on 

registers from wave gauges. Not only that, the results are sensitive to be affected by the 

post-processing techniques, and thus, they need to be specified in order to allow for the 

inter-comparison between experiments. 

The diagram of Figure 3.14 sum up the different steps for post-processing data from 

wave gauges in laboratory, which are expounded on within the next lines. 

Wave registers offer just the time domain variations of the water surface. Usually, one of 

the first steps when analyzing these measurements is to correct the mean water level, 

i.e. to provide a zero-averaged time series. For doing so, several methodologies are likely 

to be applied, such as following a linear or a parabolic approach to calculate the mean 

level and subtract it from the register. Notice that the MWL is not likely to remain 

constant during the experiments, especially in the vicinity of the model, where setup 

might be expected. Therefore, convolution techniques, such as Moving Average methods 
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or Auto Regressive - Moving Average methods, might be of interest. The selection of the 

appropriate methodology for correcting the mean water level represents a first source of 

disagreement between analyses accomplished under different approaches. 

 

 

Figure 3.14. Diagram of the post-processing steps for registers from laboratory wave gauges 

 

Once mean water level is corrected, the next step is doing a reflection analysis with a 

double purpose: to relate the model response just to parameters of the incident wave 

field and to calculate the reflection coefficient. For that purpose, the most referred 

methodologies are three: the method from Goda and Suzuki (1976), based on two wave 

gauges separated by a short distance, the method from Mansard and Funke (1980), 

based on least-squares over a three wave gauge registers with a known spacing and the 

method from Baquerizo (1995), which enhanced the latter by extending it to sloping 

bathymetries. These methods were developed under linear assumptions, and thus, they 

present shortcomings when wave breaking or other non-linear processes occur. For that 

reason, Medina (2001) presented a new time-domain method considering linear and 

Stokes-II non-linear components together with a simulated annealing algorithm to 

calculate the parameters of a local approximation model. The method, named LASA 

(Local Approximation using Simulated Annealing), was proven to be very robust for both 

non-linear and non-stationary waves. In Figueres and Medina (2004) the model was 

extended to further non-linear conditions by including Stokes-V components, and was 

renamed as LASA-V. 

After dividing the variations of the water surface into an incident component and a 

reflected component, both sources are liable to be analyzed. However, main evaluations 

are typically focused on individual waves contained within the record. These waves are 

determined by a zero-crossing analysis over a zero-averaged water elevation time series, 

either using an up-crossing or a down-crossing approach (the results will depend on the 

selected approach). In Figure 3.15, a down-crossing analysis is presented: each wave is 

delimited by two consecutive down-crosses of the zero elevation. In the figure, Hdis the 
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wave height, taken as the vertical distance between the wave crest, 

s the period of the maximum wave, defined as the total time 

crosses of Hd. 

Example of a simplified zero-averaged wave register time series with a down

crossing analysis presents a number of limitations. On the one hand, waves not 

crossing the zero level are neglected. This is unavoidable for high

travelling on the crest and trough of measured waves and could also happen when the 

process for obtaining a zero-averaged time series does not account for changes in th

MWL due to setups or resonant events. The latter would end in untrue upraised wave 

heights and periods. On the other hand, high-frequency fluctuations around the zero 

level could be counted as individual waves, which would be especially evident 

interval at the beginning and the end of the tested sea state. These limitations can

partially enhanced by filtering out high and low frequencies, but both the filtering 

parameters and the threshold criterion are somehow subjective. An alternative appro

for reproducing and analyzing random sets of sea states is given in Castillo et al. (2012b).

In this study, Markov and Markov chain models of turning points were proposed in order 

to include long and short range and period cycles in damage accumulation tests.

The final step, after transforming the water elevation register into a number of individual 

waves characterized by their height and period, is to analyze the results. This can be 

achieved from a statistical point of view, which is more adequate for the long term, or 

from a spectral point of view, which better represents the short term conditions:

First one is focused on the time domain, and it is straightly accomplished using 

the results from the zero-crossing/Markov transformation. Most common 

calculated parameters are the maximum and minimum elevation of the water 

level, number of waves (Nw), mean period (Tm), maximum wave height (

significant wave height (HS), mean wave height (Hm)... 

Second one is developed in the frequency domain after transforming the time 

domain results. For this aim, probably the most common and extended algorithm 

. Once the spectrum is determined, the following parameters are usually 

calculated: zero momentum order of the spectrum (m0=ɳ
2

rms), significant spectral 

wave height (Hm0=4m0
0.5

), peak period (Tp, associated with the frequency of 

maximum energy)... 

79 

vertical distance between the wave crest, ac, and 

he maximum wave, defined as the total time 

 

averaged wave register time series with a down-crossing analysis 

the one hand, waves not 

crossing the zero level are neglected. This is unavoidable for high-frequency waves 

travelling on the crest and trough of measured waves and could also happen when the 

ies does not account for changes in the 

events. The latter would end in untrue upraised wave 

frequency fluctuations around the zero 

evident at the calm 

a state. These limitations can be 

partially enhanced by filtering out high and low frequencies, but both the filtering 

An alternative approach 

Castillo et al. (2012b). 

In this study, Markov and Markov chain models of turning points were proposed in order 

and period cycles in damage accumulation tests. 

The final step, after transforming the water elevation register into a number of individual 

waves characterized by their height and period, is to analyze the results. This can be 

point of view, which is more adequate for the long term, or 

from a spectral point of view, which better represents the short term conditions: 

First one is focused on the time domain, and it is straightly accomplished using 

g/Markov transformation. Most common 

calculated parameters are the maximum and minimum elevation of the water 

), maximum wave height (Hmax), 

veloped in the frequency domain after transforming the time 

domain results. For this aim, probably the most common and extended algorithm 

. Once the spectrum is determined, the following parameters are usually 

), significant spectral 

, associated with the frequency of 



 

 

80 

A methodology for the analysis of damage progression in rubble mound breakwaters 

• Post-processing of video images 

Taking into account the considerations of Section 3.1.6, there are mainly two different 

applications of video images as instrumental tools for damage experiments on rubble 

mound breakwaters: visual analysis of snap shots over a fixed ROI or virtual analysis on a 

particular process using video imagery techniques.  

In the first case, a representative example is the evaluation of damage evolution with 

visual methods. As it was described in Section 2.1.3, this might be assisted with an armor 

layer counting program similar to the one presented in Figure 2.6. 

In the second case, the evolution of video imagery techniques makes possible many 

applications already mentioned: virtual wave gauges, overtopping measurements based 

on time-stack analysis, run-up monitoring... This field is being developed nowadays inside 

the scientific discipline of computer vision and there are some particularizations for 

coastal laboratories, such as the aforementioned ZEUS project of the HRL of Madrid. 

• Post-processing of profiled/scanned rubble mounds 

Main approaches and instruments for measuring rubble mound surfaces have been 

already described in Section 2.1.3. Nowadays, the development and commercialization of 

scanning tools might suppose the obsolescence of electro-mechanical/mechanical 

profilers in laboratory in favor of scanning techniques. 

Post-processing would be different according to each scanning principle (laser, infrared 

light, structured white light...) and each scanning approach (fixed, mobile along a rail, 

tilting, manual...) For every case, the accuracy in the measurements must be estimated. 

As an example, a rough estimation might be achieved by measuring several times the 

same ROI, as it was pointed out by Medina and Hudspeth (2000) for mechanical profilers. 

Generally speaking, errors in the scanned measurements are mainly spread out within 

the following tasks: 

� Positioning of the targets and determination of their coordinates xi, yi, zi, which 

will be used later for the spatial positioning of the scanned point cloud (this step 

might be omitted when using a fixed self-positioned scanner). The targets must 

be close to the breakwater slope to reduce possible aberrations. Notice that 

they might be subjected to undesirable displacements due to impact waves if 

they are not adequately fixed. 

� Scanning the ROI of the breakwater, which accuracy could be subjected to the 

tolerance of the scanner, lighting conditions, brightness and shape of armor 

units, operator skills... 

� Spatial positioning of the scanned point cloud when using a mobile scanner with 

no absolute (but relative) self-positioning system. For doing this, the exact 

center of each target needs to be virtually found within the point cloud by 

means of specific software. This process is highly influenced by the scanner 

resolution and the operator skills both scanning the targets and choosing the 
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virtual point to be assigned the coordinates of the correspondent real target. 

Once the targets are referenced, the whole point cloud is translated and tilted 

according to them (distortion of the wave cloud should, in principle, be avoided 

so as not to introduce a non-systematic step in the post-processing flow-chart). 

� Meshing the point cloud, for which an algorithm for filling holes might be 

previously applied. Meshing can be accomplished either with interpolating 

algorithms or with specific surface reconstruction models such as Ball Pivoting, 

Power Crust, Poisson... The first approach presents the advantage of maintaining 

the original measured points, but it is not appropriate when there are uncovered 

scanned areas, when the scanning resolution is low or when the scanning 

measurements are not accurate. On the other hand, the second approach 

permits smoothing the raw data and a more thorough reconstruction of the non-

scanned areas. However, in the iterative surface reconstruction process, the 

position of the original point cloud is subjected to be modified, which might be 

undesirable in some cases.  

� Filtering settlements, rocking and displacements, which is not an easy task. 

Stabilization wave loading is suggested before starting the experiments, so as to 

reduce possible settlements and, in order not to include rocking in the 

calculation of the eroded section, a threshold for the minimum length to be 

counted as displacement might be established.  

� Integrating the eroded section by comparison with an initial undamaged mesh, 

and correction based on a balance between the eroded area and the accreted 

area
5
. Notice that, when defining the ROI, it must be considered that sometimes 

armor units might roll down further than the breakwater toe. 

For a systematic and efficient post-processing, the latter steps are recommended to be 

automated when possible. Numerical computation, visualization and programming 

software are useful for that purpose. An example is presented in Section 3.2.8. 

• Post-processing of other instruments: pressure transducers, load cells, weighting 

systems (overtopping)... 

The rest of instruments mentioned in Section 3.1.6 usually acquire data at a certain 

frequency rate during the whole damage progression experiment. The continuous 

register typically presents fluctuations that are likely to be smoothed during the post-

process by means of convolution algorithms, such as moving average, or by running low-

pass or high-pass filters.  

Data analysis would depend on the measured parameter. For example, when post-

processing registers from pressure transducers, extreme value analysis might be applied: 

maximum values, minimum values, POT method for quantifying the number of impact 

loads... In case of overtopping registers, just the final cumulated overtopped volume is 

                                                           
5
 The porosity of the accreted volume does not necessarily match the one achieved in the construction 

process and, thus, this correction might be discarded when the measuring accuracy is high. 
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used for calculating the mean overtopped discharge (q). However, if the parameter qnew 

proposed by Campos et al. (2012) is meant to be measured, the individual cumulated 

steps for each overtopping event need to be characterized as well.  

As an example, Figure 3.16 shows the register of a pressure transducer located at the 

bottom of an overtopping reception tank in the HRL of Madrid, after being converted into 

volumetric measurements. Despite using an interconnected multi-cell layout with a 

dissipating porous media at the bottom, fluctuations of the raw data are observed mainly 

due to vibrations of the wavemaker, waves impacting the model and the overtopped 

volume pouring into the reception tank. Individual overtopped volumes can be easily 

distinguished, although they present a decay derived from the water transmission from 

the central cell (where the pressure transducer was located) to the lateral cells.  

 
Figure 3.16. Example of a pressure transducer register (converted into volumetric measurements) located at 

the bottom of a multi-cell overtopping reception tank in the HRL of Madrid. 

 

 

3.2. PRACTICAL CASE: 2D DAMAGE PROGRESSION TESTS ON A 

RUBBLE MOUND SCALED MODEL 

A set of damage progression experiments were carried out during 2014 at the wave flume of the 

HRL of Madrid. The results are applied in Chapter 4 for calibrating the DPPM of Castillo et al. 

(2012a), complementary to the results from the experiments of M&K (1998). Indeed M&K's 

experiments were used as a reference for designing HRL's experiments, but four main conceptual 

differences might be highlighted: 

• Rather than working with depth limited conditions, in the HRL's experiments wave 

breaking is attempted to be avoided in order to facilitate reproducibility and 

interpretation of the results. 

• Instead of exposing the model to energy steps by fixing Tp and increasing HS, in the HRL's 

experiments both parameters are designed to rise together. This is more representative 

of the increasing energy steps naturally developed in real storms. 
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• An absorption system was used in the paddle board of HRL's experiments. 

• Damage is measured by means of a structured light 3D scanner in HRL's experiments, 

instead of using physical profilers. 

In this Section, a step-by-step description of the methodology for obtaining damage progression 

results is provided, according to the same key points and indications of Section 3.1: objectives, 

wave flume, wave generation system, wave cases, model, instrumentation, testing and post-

processing. Damage progression results are shown at the end of the Section. 

 

3.2.1. Objectives 

The main objective is to characterize damage variability on quarry stone non-overtopped rubble 

mound breakwaters. For doing so, damage progression is analyzed over 6 identical sections 

exposed to the same incident wave energy in intervals of around 660 waves(from 13.6 minutes 

to 17 minutes depending on the wave case). When visual stabilization is observed, incident wave 

energy is increased until the Initiation of Destruction defined by Vidal et al. (1991) is reached. 

Variables to monitor are water surface variations and geometrical variations of the rubble 

mound. A structured light scanner is used to characterize rubble mound geometry and, in order 

to overcome the temporal constraints of emptying and filling the wave flume for measuring the 

whole section in dry conditions, the MOISES (MOdel's Isolating Strategy for Enable Scanning) 

method was developed. This method is further explained in Section 3.2.7. 

 

3.2.2. Wave flume 

The 2D wave flume of the HRL of Madrid is 52m x 1m x 1.6m (length x width x height). One side is 

made of glass permitting side visual inspection along the whole channel during the experiments. 

The experimental layout is shown in Figure 3.17. Seabed is flat for the first 16m beyond the 

paddle board and, after that, it follows a mild slope of 2% for 12m and a milder one of 1% for the 

last 11m before reaching the model. Passive absorption systems are allocated at both sides of the 

flume, made of the polymeric porous media described by Cabrerizo et al. (2010). Before placing 

the model, an analysis of the possible asymmetric effects induced by the ramp was carried out, 

confirming that resonant cross waves were not developed along the flume. 

 
Figure 3.17. Experimental layout at the 2D wave flume of the HRL of Madrid (dimensions in meters). 
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3.2.3. Wave generation system 

The wave generation system consists of a piston paddle with an absorption system on (see Figure 

3.6). This kind of wavemaker is specially indicated for the tested conditions and, thanks to the 

absorption system, waves are more accurately generated and the development of undesired 

resonant long waves is better controlled. 

 

3.2.4. Wave cases 

The model is exposed to irregular waves following a JONSWAP spectrum with a peak 

enhancement factor of γ=3.3. Designed wave cases at the model's location are summed up in 

Table 3.1. In order to provide a fully developed spectrum, but avoiding long testing durations, a 

maximum sequence length of 13 has been applied for every wave case, resulting in about 660 

waves (t/Tm) per experiment. Energy increasing steps have been designed by maintaining a 

steepness of 0.04 (see Figure 3.18) rather than simply increasing wave height for a fixed period. 

By doing this, both significant wave height and peak period are gradually enlarged for better 

representing the natural energy increase of sea states during a storm. 

 

Table 3.1. Incident wave characteristics at the model's location for the four designed wave cases 

CASE ht (m) Hs (m) Tp (s) Tm (s) t (s) H/L 

01 0.29 0.085 1.40 1.08 717 0.04 

02 0.29 0.100 1.60 1.24 820 0.04 

03 0.29 0.115 1.81 1.40 927 0.04 

04 0.29 0.130 2.02 1.56 1024 0.04 

 

 

Figure 3.18. Location of the designed wave cases in a steepness isolines map for h=0.29m. 

 

As it was described in Section 3.1.4, depth limited waves complicate repeatability and 

interpretation of the results. For damage accumulation experiments, energetic waves need to 

reach the model and, depending on the size of the wave flume and the size of armor units, the 

required water depth to avoid wave breaking along the flume might be unfeasible. In those 

situations the scale of the stones might be reduced if depth limited waves are meant to be 

avoided increasing, consequently, scale effects. For the present study, the design of wave cases 
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combines three considerations: an energetic wave loading at the model's location, no breaking 

waves taking place along the wave flume and a model scale that leads to no significant viscous 

scale effect. Designed wave cases are located in the diagram of Le Méhauté (1976) in Figure 3.19, 

together with the wave cases tested by M&K. Notice that, despite steepness at the model's 

location is slightly higher in our experiments, every case is theoretically under the breaking limit. 

Viscous force becomes independent of Reynolds number when the latter is greater than 1∙10
4
 to 

4∙10
4
,according to VdM (1988). Based on the designed wave heights and the nominal diameter of 

the scaled quarry stones, a Reynolds number between 2.2∙10
4
 and 2.7∙10

4
 was expected 

assuming a water temperature of 10° (kinematic viscosity of 1.31∙10
-6

m
2
s

-1
). In fact, water 

temperature was measured to be between 11.3° and 15.6° during the experiments and, thus, 

higher values of Reynolds number might be expected (the kinematic viscosity for water at 15° is 

1.01∙10
-6

m
2
s

-1
, which makes the Reynolds number increase up to a range from 2.8∙10

4
 to 3.5∙10

4
 

for the tested conditions). 

 
Figure 3.19. Location of M&K (1998) wave cases and the designed wave cases at the HRL in the diagram of Le Méhauté 

(1976). 

 

Wave calibration has been performed before placing the model, following the third approach 

described in Section 3.1.4, and allowing a tolerance when matching the wave spectra of ±5mm in 

the significant wave height. The results of the calibration are summed up in Table 3.2. 

 

Table 3.2. Wave characteristics during the calibration process 

 
Designed spectrum 

at model's location 

Measured spectrum 

at model's location 

Spectrum sent to 

wave paddle 

Measured 

spectrum at wave 

paddle 

CASE Hs (m) Tp (s) Hs (m) Tp (s) Hs (m) Tp (s) Hs (m) Tp (s) 

01 0.085 1.40 0.086 1.37 0.105 1.40 0.093 1.38 

02 0.100 1.60 0.102 1.56 0.115 1.60 0.104 1.55 

03 0.115 1.81 0.113 1.85 0.118 1.81 0.111 1.81 

04 0.130 2.02 0.127 1.97 0.120 2.02 0.118 2.00 

h 
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Despite not reaching the breaking limit in the diagram of Le Méhauté, some of the highest waves 

of the more energetic spectrum (Case 4) were observed to break before reaching the model 

during the damage experiments. Because of that, Case 4 has not been taken into account for 

calibrating the DPPM but just used for reaching the Initiation of Destruction. On the other hand, 

Case 1 barely produces displacements of a few stones and, thus, it has been used just as a 

stabilization wave case for reducing settlements and facilitating damage analysis.  

 

3.2.5. Model 

The physical model consists on a section of a generic rubble mound breakwater which is 

composed of a core, a double layered filter and a double layered armor layer of quarry stones 

(γs=2.65 ton/m
3
) with a 3H:2V slope. Main properties of each layer are resumed in Table 3.3. 

More information is provided in Appendix C: Characterization of the stones used in the armor 

layer. Regarding that the results are employed to calibrate the dimensionless DPPM of Castillo et 

al. (2012a), the physical model does not have a specific scale. As a reference, if the scaled armor 

layer is extrapolated to a 10 ton quarrystones in prototype, the scale would be around 1:50.  

 

Table 3.3. Main characteristics of the core, filter and armor layer (quarrystones) 

 

W15 

(g) 

W50 

(g) 

W85 

(g) 

Dn50 

(cm) 

Dn85 / 

Dn15 

Rock Manual 

(2007) 

classification 

LTmean 

(Aspect 

ratio) 

BLcmean 

(Blockiness 

factor) 

Core 0.03 0.62 1.20 0.61 3.5 
Quarry run 

gradation 
- - 

Filter 3.28 4.92 6.58 1.23 1.3 Narrow gradation - - 

Armor 
62.8 75.4 86.1 3.05 1.1 Narrow gradation 1.9 44.9% 

 
  

 

 
Figure 3.20. Sketch of the physical model tested (dimensions in meters). 

 

Main geometrical dimensions are shown in Figure 3.20. Layer thickness is calculated according to 

the following equation from the Rock Manual (2007): 

502 nt Dkthicknesslayer =
 

layer 

Eq. 3.2 
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In order to estimate the layer thickness coefficient (kt) and the porosity (n) for standard 

placement as a function of the Length-to-Thickness coefficient (LT) and the Blockiness factor 

(BLc), the Rock Manual proposes the following predictive equations: 

meanmeant LTCBLcBAk /++=
 

meanmean LTCBLcBAn /++=
 

After applying the particular coefficients (A, B, C) of Table 3.11 in the Rock Manual, an estimation 

of kt=0.88 and n=35% is obtained. 

The physical model has three peculiarities: 

• A triangular shape, instead of the complete trapezoidal shape of a generic rubble mound 

breakwater. This permits to reduce the required volume of granular material and to 

invest less time in the initial construction and successive reconstructions.  

• A retaining permeable wall to enable the triangular shape, capable of supporting the 

pressure of the granular system against the wall, the hydrostatic pressure caused by the 

differential level during the filling/emptying of the flume and the wave loading within the 

experiments. Figure 3.21 shows how permeability across the wall is obtained by means of 

drilled holes, which are meant to avoid saturation of the core and, therefore, to avoid 

damage values excessively high as a consequence of an impermeable behavior of the 

core. 

 

 

Figure 3.21. Retaining permeable wall of the physical model, with a detail of the water passing through 

during the filling of the wave flume. 

• A central divider for testing two independent sections at once. Some examples can be 

found in Carver and Wright (1991), Medina (1992), Medina and Hudspeth (1994), M&K 

(1998)... although the dividing system was not barely explained in any of them. In this 

case, the divider is a transparent methacrylate plate of 1800mm x 580mm x 6mm, which 

permits visual observations during the experiments on both sections. The divider is 

driven into the bottom ramp and into the retaining wall. Additional strengthen against 

buckling is provided by the placement of the physical model and by the reinforcing rib 

shown in Figure 3.22. The initial construction and successive reconstructions are faced 

Eq. 3.3 

Eq. 3.4 
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independently on each side of the divider, including the core, so as to ensure an 

independent response of each section. Even if the reflection coefficient might be slightly 

different for each section, no cross wave along the flume was appreciated, based on 

visual observations during the experiments. Also, the waves reaching the model seem to 

be identical at both sides of the divider. 

 

 

Figure 3.22. Driving the central divider into the bottom ramp (left) and detail of the reinforcing rib (right). 

 

Focusing on the granular material, they are firstly selected by means of normalized sieves. In the 

case of the filter and the armor layer, they need to be further selected by weight due to their 

irregular shape, which is indeed a laborious work. The core material is not scaled according to 

their hydraulic response in prototype (see Burcharth, 1999) and, thus, higher values of damage in 

laboratory might be expected compared with prototype conditions, due to presumably lower 

energy dissipation throughout the core. 

Once the granular material is selected, it is washed, so as to avoid turbidity inside the wave 

flume. Afterwards, it is painted according to the color coding of Figure 3.20 for facilitating the 

visual interpretation of damage and for making possible the application of the visual stopping 

criteria (Initiation of Destruction, from Vidal et al., 1991). This process is accomplished with a low 

pressure spray, in order to have as less amount of paint as possible in the small-scale armor units. 

When the granular material is ready, the physical model is built up (see Figure 3.23). This process 

is assisted by the references marked in advance in the flume and the slope tester of Figure 3.9. 

The core is spilled first and it was slightly compacted for reducing settlements. After that, the 

double blue layer of the filter is spilled and, finally, the quarrystone armor layer is placed. The 

whole process is carried out reproducing as close as possible the placement in prototype. With 

the model in place, the targets for referencing the scanned point cloud during the experiments 

are meticulously stuck and spatially referenced. 

The last step before starting the experiments is to measure the actual porosity of armor units in 

the physical model. For doing this, specific software for counting stones throughout virtual strips 

with known real dimensions is applied (see Figure 3.24). The "real" porosity of each section is 

defined as the mean porosity of their strips, where the latter is calculated from: 

( ) 100
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Eq. 3.5 

Reinforcing rib 
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Figure 3.23. Overview of the building process of the physical model. A: spilling filter; B: spilling first layer of armor 

layer, C: spilling second layer of armor layer, D: placing targets for referencing the scanned point cloud. 

 

Figure 3.24. Dividing the two sections of the physical model in 7 virtual strips with known real dimensions (left) and 

computer-aided counting process (right) 

 

Even taking into account that the same technician built the 6 tested sections, aided by the marks 

on the flume and the slope tester, and also the same technician measured the initial porosity, the 

porosity measurements show a range of variation: 33.8%, 32.9%, 34.4%, 30.7%, 31.1% and 

30.7%. The variation is expectable as an inherent part of the construction process, but might be 

also due to the assumption of equally sized units of D
2

n50 when calculating the porosity. Despite 

porosity is a common parameter in breakwater design, it is indeed difficult to measure and to be 

achieved with accuracy during the construction process. Regarding that some authors relate 

initiation of movement with initial porosity that gives an idea of the stochastic nature of the 

process itself and proves the existence of randomness in the initial damage. 

A B 

C D 

S1 S2 



 

 

90 

A methodology for the analysis of damage progression in rubble mound breakwaters 

3.2.6. Instrumentation 

The instrumentation consists of:  

• Two arrays of four resistive wave gauges for measuring water surface variations, one 

allocated next to the model, and the other one close to the wave paddle (see Figure 

3.20). According to the data acquisition software, the designed probe spacing assures a 

valid measurement range of 0.31-1.52Hz for the wave paddle's array and of 0.28-1.61Hz 

for the model's array. Wave’s gauges need to be calibrated every day, even twice a day 

when a water temperature gradient is appreciated between morning and afternoon. 

Based on their good linearity, just three different water levels
6
 are measured for 

obtaining the calibration function: 0, +8cm and -8cm. The calibration is validated when 

the regression line presents a coefficient of determination (R
2
) of at least 0.9999. 

• A lateral and an overhead camera for monitoring the experiments, and also a high 

resolution camera for measuring the initial porosity and for documenting visual damage 

progression by means of an initial and a final snap-shot after each test. 

 
Figure 3.25. Lateral view (left) and overhead view (right) of the experimental layout. 

 

• A structured light 3D scanner for measuring the model slope, operated by Global Scan 

3D. The scanner captures up to 16 fps, which are aligned automatically in real-time 

allowing manual scanning in an easy way. The scanning process is assisted by specific 

software which offers a real-time image of the scanned surface together with some 

parameters for enhancing the manual process, such as the actual and optimal distance 

between the scanned surface and the scanner (see Figure 3.26). Apart from the frame 

rate, main properties of the scanner are an exposure time of 0.0002s, a data acquisition 

speed up to 2000000 points/s, a 3D resolution up to 0.5mm and 3D point accuracy up to 

0.1mm. For optimizing the total duration of the experiments and measuring noticeable 

damage increments, the scanning is carried out just from 2 to 2 tests within each Series. 

Each Section is measured independently at each time, in dry conditions. That could be 

extremely time-consuming for most wave flumes, which are not designed, in principle, 

                                                           
6
Instead of changing water level, wave gauges are slid up and down a known distance. 
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for filling and emptying the channel within a few minutes. For that reason, a specific 

strategy named MOISES method has been developed for pumping out just the water 

around the model. This method is further explained in Section 3.2.7. 

 

 

 

Figure 3.26. Scanning in progress of a damaged section at the HRL using a structured light scanner (targets 

remarked), with a detail of the real-time results from the data acquisition software. 

 

3.2.7. Testing 

For accomplishing the experiments, the recommendations of Section 3.1.7 are applied. Every test 

follows a unified codification both in the acquisition and post-processing's files, which is also 

physically written in a label at the model's location before starting each test (see Figure 3.27), 

similar to the following one:  

DA1_CS01_t01_S1 

where, 

• DA is the Damage Accumulation Series, starting with a non-damaged structure and 

finishing when the stopping criteria (Initiation of Destruction) is reached. Three 

repetitions of the whole Series are carried out: DA1, DA2 and DA3. 

• CS is the wave case, which incident parameters at the model's location are given in Table 

3.1: CS01, CS02, CS03 and CS04. 

• t is the number of times a wave case is generated until damage equilibrium is visually 

appreciated or until the stopping criteria is reached: t01, t02, ..., tn. Notice that damage 

is measured only after an even number of repetitions. 

• S is the breakwater's section. Notice that two models are tested at the same time: S1 at 

the left side of the divider and S2 at the right side of the divider (see Figure 3.24). 

T1 T2 

T3 T4 

Scanner 
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A testing diary was completed according to the guidelines of Section 3.1.7, including the results 

from post-processing wave gauge registers right after each experiment. The post-processing of 

scanned surfaces was achieved after finishing each testing day thanks to the automation of the 

process described in Section 3.1.8. All the information was centralized in a data repository, 

accessible for all the people involved in the experiments and the following checklist was designed 

for reducing the probability of human errors: 

 

Checklist for the damage progression experiments at the HRL of Madrid 

 

Simplified initial tasks 
1. Build the model 

2. Install the instrumentation 

3. Take a initial snap-shot of the model's slope in dry conditions 

4. Scan the initial surface 

5. Fill the wave flume 

6. Take an initial snap-shot of the model's slope in wet conditions 

7. Send the stabilization wave case 

Daily tasks 
1. Connect the spotlights 

2. Verify the water level 

3. Start the protocol of the initiation of the wave paddle 

4. Measure water temperature 

5. Calibrate wave gauges 

6. Complete the initial information of the testing diary 

7. Start the monitoring system (continuous acq. of the lateral and overhead camera) 

8. Update the experiment's identification code in the physical label at the model 

9. Prepare the wave gauge's acquisition files in the acquisition software 

10. Prepare the wave generation according to the wave case in the generation software 

11. Set zero wave gauges - start wave generation - start wave acquisition 

12. Observe the experiment until it finishes. If testing number t is odd, go to step 17. If 

not, continue with step 13. 

13. Initiation of the initial stage of MOISES method 

14. Scan Sections 1 and 2 

15. Take a final snap-shot of the model's slope in dry conditions 

16. Initiation of the final stage of MOISES method 

17. Post-process the wave gauge's registers while waiting the water surface to stabilize, 

and analyze the results 

18. Complete the testing diary with the information from the experiment 

19. Take a final snap-shot of the model's slope in wet conditions 

20. Go to step 8 for starting another round until the workday ends (in that case continue 

with point 21) or until the Initiation of Destruction is reached (in that case empty the 

flume or use the MOISES method for reconstructing Sections 1 and 2 and go back to 

step 3) 

21. Stop the monitoring system 

22. Stop the wave paddle 

23. Disconnect the spotlights 

24. Calculate automatically damage for all the scanned sections, which have been 

previously spatial-positioned by means of the referent targets. 
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Figure 3.27. Testing the model. Notice that the divider allows visual observation on both sections and that the incident 

wave is barely distorted by the divider 

 

As it was mentioned before, during the testing process a methodology for optimizing the 

scanning time was developed. Most wave flumes are not designed under the constraints of being 

able to fill and empty within a few minutes. This could be a handicap for damage progression 

experiments using scanning methods, because they need to be accomplished in dry conditions 

and the number of required scans is usually high. That is the reason why the MOISES (MOdel's 

Isolating System for Enabling Scanning) method was proposed (see Figure 3.28). It consists 

basically of two removable gates and a pumping system: 

• The gates are made of wood and their main dimension is slightly higher than the flume's 

width. They are thin (about 5mm) for allowing an easy manual placement by buckling it 

from the center, in a shape similar to an arch dam. Their edges are wrapped with 

neoprene for improving the adherence and for reducing leaking: by applying some 

pressure during the placement the neoprene is able to adjust to the irregularities at the 

junctions. Because they are light, the gates need to be reinforced for standing the 

hydrostatic pressure. One is placed right behind the model and the other one is placed 

about 3m far from the model so as to enclose a water volume between gates as low as 

possible (around 1m
3
) and, at the same time, avoiding being too close to the water 

probes in front of the model. 

• A movable balling pump is used for pumping out the water enclosed between the gates 

or pumping it back in when the scanning process is finished. The bed slope around the 

model is just 1% and the pump is not designed for drawing out water for less than 5 to 

10cm water column. In order to provide a model's section fully dried, a hole next to the 

front gate was dug in the ramp, so as to place inside the balling pump. This hole was 

covered during the experiments. 

The MOISES method has two stages: an initial stage, when the gates are placed and the water is 

pumped out for enabling scanning the whole pair of sections; and a final stage, when the balling 

bump is moved outside the drained area for pumping water back in before removing the gates. 

The process can be easily enhanced by substituting the manual placement of the gates with 

mechanical or electromechanical gates. For example, a vertical guideway with a mechanism for 

Label with 

test's code 
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sliding the gates up and down, or more sophisticatedly, a tilting gate similar to the flood barriers 

placed in Venice within the MOSE (M

Nevertheless, the methodology described herein was proved to be pretty efficient: both the 

initial stage and the final stage take less than 10 minutes each with only one technician.

 

Figure 3.28. Different views of the initial stage of MOISES method, which permit

conditions without investing much time in empt

 

3.2.8. Post-processing

For these experiments there are three post

states based on registers from wave gauges, post

processing of video images. The latter was 

actual porosity after building/re

Section. 

• Reconstruction and analysis of sea states based on registers from wave gauges

The raw water elevation register was corrected using a linear approach for providing a 

zero-averaged time series on every wave probe. After that, a reflection analysis was 

carried out using the method from Baquerizo (1995) 

surface variations into an incident component and a reflected one. The 

into individual waves was 

the zero-averaged time series, using

reflected wave series were statistically analyzed and transformed into the frequency 

domain after applying the FFT for further analysis. 
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sliding the gates up and down, or more sophisticatedly, a tilting gate similar to the flood barriers 

placed in Venice within the MOSE (Modulo Sperimentale Elettromeccanico) project. 

Nevertheless, the methodology described herein was proved to be pretty efficient: both the 

initial stage and the final stage take less than 10 minutes each with only one technician.

rent views of the initial stage of MOISES method, which permits to scan the entire model in dry 

conditions without investing much time in emptying and filling the whole wave flume.

processing 

For these experiments there are three post-processing lines: reconstruction and analysis of sea 

states based on registers from wave gauges, post-processing of the scanned sections and post

processing of video images. The latter was already described in Section 3.2.5 for estimating the 

ng/re-building the model and, thus, just the first 2 are described in this 

Reconstruction and analysis of sea states based on registers from wave gauges

The raw water elevation register was corrected using a linear approach for providing a 

eraged time series on every wave probe. After that, a reflection analysis was 

carried out using the method from Baquerizo (1995) in order to separate

into an incident component and a reflected one. The 

idual waves was later accomplished by means of a zero-crossing analysis over 

averaged time series, using a down-crossing approach. Finally, the incident and 

reflected wave series were statistically analyzed and transformed into the frequency 

n after applying the FFT for further analysis.  
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Main results are shown in Table 3.4, including the incident significant wave height (HS,i), 

incident peak period (Tp,i), incident mean period (Tm,i), bulk reflection coefficient and 

matching accuracy with the aimed incident spectra from Table 3.2 (derived from the 

calibration process). In addition, the spectral shape of the measured wave train at the 

model's location together with the theoretical aimed incident spectrum for each wave 

case is presented in Figure 3.29. 

Table 3.4. Main incident wave parameters for each wave case according to the registers of the wave 

probes situated at the wave paddle's location and at the model's location 

 CASE 01 CASE 02 CASE 03 CASE 04 

 
Paddle's 

array 

Model's 

array 

Paddle's 

array 

Model's 

array 

Paddle's 

array 

Model's 

array 

Paddle's 

array 

Model's 

array 

HS,i≈Hm0,i 

[m] 
0.093 0.082 0.106 0.100 0.114 0.112 0.120 0.118 

Matching 

accuracy 
-0.36% -3.76% 2.22% 0.06% 2.50% -2.46% 1.95% -9.38% 

Tp,i [s] 1.43 1.45 1.54 1.61 1.82 1.85 2.00 2.17 

Matching 

accuracy 
2.04% 3.52% -3.85% 0.81% 0.45% 2.31% -0.99% 7.62% 

Tm,i [s] 1.11 1.12 1.19 1.25 1.41 1.43 1.55 1.68 

Reflection 

coefficient 
0.31 0.40 0.36 0.46 0.39 0.48 0.38 0.50 

 

 
Figure 3.29. Incident/Reflected spectrum according to the wave probe's registers at the model's location and 

theoretical incident aimed spectrum. 

Case 04 Case 03 

Case 02 
Case 01 
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After comparing the incident designed spectrum with the measured incident energy, it 

can be stated that there is an excellent matching at the wave paddle's location for every 

wave case between the measured and the designed/calibrated spectra. At the model's 

location, there is also an accurate matching, except for Case 4, the most energetic wave 

case. As it was aforementioned, Case 4 presents some depth limited difficulties including 

breaking of some of the highest waves before reaching the model. This can be easily 

identified in Figure 3.29, where the incident measured peak is lowered down with 

respect to the theoretical one. Because of that, Case 4 has not been taken into account 

for the DPPM calibration in Chapter 4, but just used for reaching the stopping criteria of 

Initiation of Destruction.  

• Post-processing of scanned sections 

Regarding the high number of sections scanned (up to 110) and the high resolution of the 

point cloud for each case (with about 110.000 measured points per section), post-

processing of scanned sections was indeed a critical task for the real-time post-

processing willingness of the project. Not only that, the systematization of the whole 

process was also a challenge, due to the fact that not the whole procedure was likely to 

be accomplished by means of an automatic post-processing routine. The designed 

strategy permits to obtain all damage results at the end of the workday and reduces the 

non-automation just to the first step of the process. The other stages are programmed 

and automated within Matlab® environment. 

The post-processing strategy is divided into the following steps: 

� Spatial positioning of the scanned point cloud.  

Because the structured light 3D scanner was operated manually, the scanned 

point cloud is not measured in a unified coordinates system for all the scanned 

sections. In order to enable the systematization of the selection of the ROI, they 

need to be translated and rotated to match the specific coordinates of the four 

targets. The targets are polymeric cubes of 25mm side. They have a drilled cross 

on one face, which centers were taken as the aforementioned reference to be 

matched. Taking into account Figure 3.26 and according to a coordinate system 

with origin at target T1, the position of the cross centers are specified in Table 

3.5: 

Table 3.5. Position of the reference targets in Sections 1 and 2 according to the codification of 

Figure 3.26. 

 SECTION 1 SECTION 2 

 T1 T2 T3 T4 T1 T2 T3 T4 

X (mm) 0 421 421 0 0 422 422 0 

Y (mm) 0 3 -974 -974 0 0 -970 -972 

Z (mm) 0 0 -595 -594 0 0 -594 -597 
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The spatial positioning of the point cloud, although assisted by 

has a manual component bearing i

identified among the point cloud for being assigned their specific coordinates

(see Figure 3.

coordinates of the real ones just by translating and rotating the point cloud. 

Because distortion of the point cloud was meant to be avoided, a tolerance of 

±2.5mm in the individual target matching was allowed.  

 

Figure 3.30. Screenshot of the computer

 

� Meshing the point clou

The good quality and coverage of the scanned data permits 

reconstruction models, which are likely to modify the original coordinates of the 

point cloud and might introduce a lack of control and systematization of the 

process. In this case the point cloud has been transformed into a 1x1mm mesh 

by taking the highest ele

enveloping coverage) and completing the small number of uncovered cells using 

a linear approximation.

� Selection of the ROI

The scanned surface and referred mesh cover not only the breakwater section, 

but also additional edge surfaces. The ROI 

longitudinal bands of about 12.5mm width from the lateral walls confining each 

section (the side of the wave flume 

ROI representative of about

has been taken from the edge of the upper targets (T1 

away from the bottom targets (T3 and T4), so as to include the stones 

down the slope towards the bottom ramp. Once

coordinates are redefined as shown in 

r the analysis of damage progression in rubble mound breakwaters 

The spatial positioning of the point cloud, although assisted by 

has a manual component bearing in mind that cross centers need

identified among the point cloud for being assigned their specific coordinates

Figure 3.30). It is unlikely that the four virtual targets 

coordinates of the real ones just by translating and rotating the point cloud. 

Because distortion of the point cloud was meant to be avoided, a tolerance of 

±2.5mm in the individual target matching was allowed.   

Screenshot of the computer-assisted process of finding a cross center in the point 

cloud for assigning it their specific coordinates 

Meshing the point cloud 

The good quality and coverage of the scanned data permits 

struction models, which are likely to modify the original coordinates of the 

point cloud and might introduce a lack of control and systematization of the 

process. In this case the point cloud has been transformed into a 1x1mm mesh 

by taking the highest elevation on each cell of the grid (so as to ensure an 

enveloping coverage) and completing the small number of uncovered cells using 

a linear approximation. 

Selection of the ROI 

The scanned surface and referred mesh cover not only the breakwater section, 

also additional edge surfaces. The ROI has been defined by neglecting 

longitudinal bands of about 12.5mm width from the lateral walls confining each 

side of the wave flume and the divider), resulting in a

ROI representative of about 95% of the total section width. The length of the ROI 

been taken from the edge of the upper targets (T1 and T2) to 100mm further 

the bottom targets (T3 and T4), so as to include the stones 

down the slope towards the bottom ramp. Once the ROI is selected, the 

coordinates are redefined as shown in Figure 3.31: 
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The spatial positioning of the point cloud, although assisted by specific software, 

centers need to be 

identified among the point cloud for being assigned their specific coordinates 

. It is unlikely that the four virtual targets exactly fit the 

coordinates of the real ones just by translating and rotating the point cloud. 

Because distortion of the point cloud was meant to be avoided, a tolerance of 

 

assisted process of finding a cross center in the point 

The good quality and coverage of the scanned data permits to avoid surface 

struction models, which are likely to modify the original coordinates of the 

point cloud and might introduce a lack of control and systematization of the 

process. In this case the point cloud has been transformed into a 1x1mm mesh 

vation on each cell of the grid (so as to ensure an 

enveloping coverage) and completing the small number of uncovered cells using 

The scanned surface and referred mesh cover not only the breakwater section, 

been defined by neglecting 

longitudinal bands of about 12.5mm width from the lateral walls confining each 

nd the divider), resulting in a 471mm wide 

95% of the total section width. The length of the ROI 
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the bottom targets (T3 and T4), so as to include the stones rolling 
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Figure 3.31. Example of a meshed ROI from an undamaged section 

 

� Profiling the meshed ROI.  

In order to calculate damage according to the dimensionless damage index of 

Eq. 2.2 ( 2
50/ ne DAS = ), the mesh was divided into 472 profiles with a spacing of 

1mm. 

� Calculating damage (S) for each scanned section.  

S was defined here as the mean value of the 472 profiles extracted from each 

scanned section. For each profile, S is calculated considering the eroded area (Ae) 

derived from the comparison with the non-damaged profiles (see Figure 3.32). 

Taking into account that the resolution of the grid is 1mm, this area is simply 

calculated by numerical integration of the 1mm wide dz rectangles, i.e. by 

applying the Simpson's method (see Eq. 2.8). A ±10 mm tolerance was 

established, equidistant from the non-damaged profiles, so as not to account for 

rocking or minor sliding into damage calculation. Settlements were checked not 

to be significant, presumably due to the stabilization wave loading sent before 

starting the experiments and the slightly compaction of the core during the 

construction of the model. 
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Figure 3.32. Example of a profile comparison at x=300mm for test DA1 CS02 t10 S1. 

 

Mean eroded area was corrected with mean accreted area; although both values 

were expected to be similar, some differences are observed. This might be 

explained, apart from the possible errors in the process, attending to three 

possible reasons. The first one is that the accreted stones might not be 

necessarily placed with the same porosity than the initial armor layer. The 

second one is that in the eroded surroundings some stones might suffer minor 

sliding that, despite not being considered in the damage calculation, might also 

motivate a modification in the initial porosity of the armor layer. And the third 

one is that movements of stones with a high LTc or low value of Dn50 might not 

be considered in some cases. In line with the conclusions of De Jong (2003), the 

process for calculating the dimensionless damage index (S) is not able to 

properly account for armor layer sliding.   

Corrected mean eroded values are used to build the damage progression curves 

of Figure 3.34, which are presented and discussed in Section 3.2.9.  

� Calculating/proposing alternative descriptors for measuring damage.  

The detailed 3D scanned information derived from the experiments invites to 

explore further ways of describing damage for complementing the  

dimensionless damage index (S), which might not be completely successful for 

characterizing the spatial component, shape and severity (from a reliability 

based point of view) of the eroded part of the breakwater. 

Based on the same meshed ROI, new alternative damage descriptors are 

suggested in Section 3.2.9. 
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3.2.9. Damage progression results 

In the final section of this chapter, main damage progression results are presented. 

After applying the post-processing methodology described in Section 3.2.8, corrected mean 

eroded values are used to calculate the dimensionless damage index (S) for each scanned 

section. With this information, the damage progression curves of Figure 3.34 are obtained.  

Regarding the 6 progression curves of Figure 3.34, the expected randomness in damage initiation 

and progression is clearly evidenced. As it was stated by many authors, damage development and 

progression highly depends on placement. Even using the same laboratory technician and 

allocating the armor units with a similar porosity (from 31% to 34%), different structural 

behaviors are observed, mainly due to differences in the interlocking of the granular system as an 

unavoidable part of the construction process. 

Figure 3.34 also includes a snap-shot of the final state of the 6 tested sections, corresponding to 

the aforementioned qualitative damage criteria Initiation of Destruction introduced by Vidal et al. 

(1991). It is noticeable that the final state differs from each studied section despite using the 

same stopping criteria. This criteria has a certain degree of subjectivity, taking into account that 

rubble mound breakwaters have a self-reparation capacity (quarrystones rolling down from the 

upper side are sometimes able to fill eroded areas) and that testing waves cases are maintained 

during the whole designed duration, without being interrupted even if an Initiation of Destruction 

is observed in the meantime. This qualitative damage criterion is associated with a range of 

different values of the dimensionless damage index (S), from 11.9 to 18.6. 

Combining all the results from Figure 3.34 and neglecting the results from Case 4 for the reasons 

mentioned in Section 3.2.8, the mean damage progression curve of Figure 3.33 is built, which 

includes the associated deviations derived from each damage measurement. This curve is the 

one used in Chapter 4 for calibrating the DPPM of Castillo et al. (2012a). 

 

 
Figure 3.33. Experimental damage progression curve from the HRL's damage tests 
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Figure 3.34. Damage progression measured curves for the 6 sections tested at the HRL. Snap-shots 

correspond to the final state (Initiation of Destruction) for each section, where the exposure of the filter has 

been highlighted 
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As it was mentioned in Chapter 2, the widely extended dimensionless damage index (S) presents 

a number of shortcomings. Most of these shortcomings are derived from the technical limitations 

for measuring damage when it was first proposed in 1982 by Broderick and Ahrens, and which 

restricted the formulation and characterization of damage just to one or several profiles along 

the whole section. However, the last advances and affordability of scanning techniques permits 

to jump over the 2D conventional measuring vision in order to incorporate the 3D spatial 

component.  

Traditionally, damage characterization can be divided into two approaches: a side-view, where 

damage was usually measured by means of a physical profiler, and an overhead-view, in which 

visual methods were applied, such as the stone-counting method. Both approaches can be 

automatically integrated in the post-processing algorithms when dealing with scanned surfaces, 

as it is shown in Figure 3.36 and "Appendix D. Scanning results". Consequently, a more complete 

analysis of the geometrical evolution of rubble mound breakwaters is enabled, providing the 

opportunity of discussing new damage descriptors. For example, the eroded/accreted areas can 

also be addressed, not only for a side-view (as it was traditionally done), but also from an 

overhead-view for estimating the extension of damage areas. This is shown in Figure 3.35, based 

on the results presented in Figure 3.36. 

 

 

Figure 3.35. Erosion/Accretion maps for the first and the last tested cases of Series DA1, Section 1, after comparison 

with the initial non-damaged section. Black squares are the reference targets for spatial positioning of the point cloud. 
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Figure 3.36. Isolines of dz after comparison with the initial non-damaged scanned section for the first and the 

last tested cases of Series DA1, Section 1. Notice the similarities with their associated snap-shots, taken 

under dry conditions 
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This alternative analysis is also extensible to prototype conditions, where a drone equipped with 

a scanning system has proven to be able to characterize the emerged part with accurate results 

(see Figure 2.8). If measurements are carried out during low tide, a high percentage of the 

eroded part can be characterized, allowing the development of new strategies relating emerged 

measured damage and real total damage. These possibilities invite to discuss about new damage 

descriptors, easily interpretable, for assisting Port's Authorities when monitoring their structures 

and for enhancing decision making tools for maintenance strategies. 

In the present dissertation, some initial proposals of additional damage descriptors 

complementing the dimensionless damage index (S) are studied. These proposals are based on 

the scanned results from the damage progression experiments: 

• Percentage of Plan eroded Area (PAe) 

This index is calculated from the areal information derived from diagrams similar to the 

one on Figure 3.35. PAe represents the percentage of the overhead eroded area over the 

total overhead area likely to be eroded: 

( ) 100% ⋅=
erodedbetolikelyareaOverhead

areaerodedOverhead
PAe  

The overhead area likely to be eroded is defined here as the emerged part plus the 

submerged section up to the neural point between the eroded and accreted areas (see 

Figure 2.5). Both Medina (1992) and Ota et al. (2010) found a constant location of the 

neural point showing no dependence on the damage level of the armor layer nor on 

Iribarren's number. Medina defined this constant value as hn=HD=0, where HD=0 is the limit 

wave height that induces zero damage. In fact, a pseudo-constant depth from 9 to 9.5cm 

was estimated as a neural point for the present experiments. Applying Hudson's formula 

for the tested conditions and considering a KD coefficient of 4, we end up with a value of 

HD=0 =9.15cm, and so, the measured range of 9 to 9.5 cm for the neural point is in 

agreement with the conclusions from Medina. 

From the four requirements defined by Abanades et al. (2011) for a consistent damage 

descriptor (see Section 2.1.2), PAe completely fulfills the latter two, i.e. it is dimensionless 

and with a known rank of variation: from 0% to 100%. However, it does not necessarily 

increase when increasing damage because it considers just the plan eroded area but not 

the eroded depth. Despite being easily interpretable as a concept, it also fails to provide 

complete information about the damage level for the reason aforementioned. Also, this 

parameter presents the shortcoming of being dependent on the dimensions of the 

emerged part or, at least, on how the "overhead area likely to be eroded" is defined. 

Based on the experimental results, the PAe progression curves of Figure 3.37 are 

calculated for each of the tested sections. Notice that manifest similarities with the 

damage progression curves from Figure 3.34 are observed. Also, PAe seems to have an 

increasing trend together with damage, despite not straightly accounting for the eroded 

depth. The Initiation of Destruction corresponds, in this case, with PAe percentages of 

55%, 72%, 67%, 76%, 62% and 75%. 

Eq. 3.6 
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Figure 3.37. Plan eroded Area (%) progression curves for the 6 sections tested at the HRL. 

 

• Normalized mean eroded depth of the whole eroded volume (Emean) 

Mean eroded depth is calculated from the eroded volume of the whole section, after 

comparing it with the initial non-damaged section. The vertical dz difference (which, as a 

reminder, is calculated with a ± 10mm tolerance for neglecting rocking or minor sliding 

into damage calculation) is converted into an orthogonal magnitude to the breakwater 

surface by simply transforming it according to Figure 3.38. Finally, mean eroded depth is 

normalized dividing this magnitude by Dn50. This parameter is similar to the normalized 

maximum eroded depth (E) defined in Chapter 2 and, thus, the same pros and cons are 

applicable to this case. 

 

 

 

  

 

 

Figure 3.38. Sketch representing the transformation of the measured dz difference into eroded depth. 

 

Emean progression curves are represented in Figure 3.39 for each of the 6 sections tested 

at the HRL. Regarding the shape of these progression curves, this descriptor, or at least 

the present strategy to calculate this descriptor, is not consistent for characterizing 

damage because it does not always increase with the increase in breakwater damage. 

However, it might be used as a threshold for estimating the Initiation of Destruction: this 

visual criterion is associated with a range of variation of Emean between 1.0 and 1.2. 
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Figure 3.39. Emean progression curves for the 6 sections tested at the HRL. 

 

• Normalized maximum eroded depth of the whole eroded volume (Emax) 

This parameter is essentially the same than the normalized maximum eroded depth (E) 

defined in Section 2.1.2. Instead of accounting for the maximum eroded depth of a 

specific profile, in this case the maximum eroded depth from the total eroded volume is 

considered. Analogously to Emean, the maximum vertical dz difference is transformed into 

an eroded depth distance, and the result is normalized by means of Dn50. 

Emax progression curves are represented in Figure 3.40 for each of the 6 sections. Despite 

being more adequate as a damage descriptor in comparison with Emean, the index Emax 

also presents some lacks of correlation between damage increase and a pertinent 

increase in the descriptor. In this case the Initiation of Destruction corresponds to a range 

of variation of Emax between 2.65 and 3.2. 

 

 
Figure 3.40. Emax progression curves for the 6 sections tested at the HRL. 
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Notice that, because no smoothing algorithm was used for reconstructing the scanned 

surface, the calculation of the eroded depth indexes, Emean, and Emax, might be highly 

influenced by the accuracy in the scanning/post-processing and the individual placement 

and shape of the stones, which in this case have a LT factor of 1.9. That would explain the 

highest value of Emax, which is 3.2 times the nominal diameter Dn50, whereas the designed 

theoretical thickness of the armor layer is just around 2∙Dn50. 

As it was presented, the application of scanning techniques for the study of damage progression 

in rubble mound breakwaters allows a more complete analysis of the phenomenon and could 

even provide opportunities to introduce new damage descriptors or new parameters 

complementing the traditional approach to the problem. One of the main advantages is that this 

technique can be implemented in prototype by means of drones equipped with scanners or 

digital cameras, as it was shown in Figure 2.8. Ideally, the breakwater would be measured at low 

tide after the initial construction and also after severe storms. That would permit to improve the 

models derived from laboratory results with real damage progression data in prototype, which is 

essential taking into account that almost no reference on damage measurement in prototype has 

been found by the author. 

As important as keeping on shedding light on damage progression on rubble mound breakwaters 

is facing every researching approach on a reproducible way for the reasons already mentioned at 

the beginning of Section 3.1. For facilitating this issue, some standards on the quite usual 

experiments on hydraulic stability and damage progression are required, as it was highlighted by 

many authors. In that sense, this Chapter was aimed to analyze the whole experimental process 

step by step, trying to elucidate its peculiarities, main techniques, possible sources of 

uncertainty... and offering a methodological approach complemented by apractical case. The 

results from the damage progression experiments are used, together with the ones from M&K 

(1998), in the following Chapter for calibrating the DPPM of Castillo et al. (2012a). 
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CHAPTER 4  

Modeling damage progression in rubble mound 

breakwaters: the DPPM of Castillo et al. (2012a) 

 

After the revision accomplished in Chapter 2, it has been stated that there is a large number of 

publications on breakwater armor layer stability, but just a few generalized studies on long-term 

deterioration, which is essential in any reliability analysis. The damage progression experiments 

described in Chapter 3 highlighted the random nature of the structural response of rubble 

mound breakwaters made with quarry stones, due to the unavoidable dependence on the 

individual positioning of each single unit in the construction process. In addition, despite being 

narrow graded, quarry stones present a relatively wide range of variation in shape, roughness 

and weight. As a consequence, even models built under identical patterns and constructed by the 

same technician, show unavoidable differences in geometry, porosity, interlocking... and, thus, 

damage initiation and progression also differ for each of the sections studied (see Figure 3.34). 

The random nature of the structural response, when addressed, is usually characterized by a 

mean magnitude of the model's parameters and a certain deviation based on the variability of 

experimental damage results, assuming a normal distribution (for example the equations from 

VdM, 1988). Authors such as M&K (1998) additionally provide analytical expressions of the 

overall variability of damage descriptors derived from the experiments, assuming a normal 

distribution; however, they do not prove it to be the correct model.  

This fact, as well as some modeling difficulties reported by M&K (1999), motivated Castillo et al. 

(2012a) to make some suggestions on how to build consistent stochastic models avoiding the 

selection of easy-to-use mathematical functions, which were replaced by those resulting from a 

set of properties to be satisfied by the model. Contrary to other existing models that are built 

under a deterministic approach, the Damage Progression Probability Model on Eq. 1.1 (which 

was already introduced in Chapter 1 and it is referred here as DPPM), was proposed in terms of a 

CDF:  

( )( ) ( )














+
−−−Φ=

*2
0

*
0

1

**

rt

ktx
xF

b

tD σ
µγ

 

where γ and b are breakwater dependent, k and r include wave action, μ0 and σ0 depend on the 

initial damage conditions and t
*
 is the relative duration. Notice that, unlike other damage 

progression models, damage D
*
 was proven not to be normal according to Eq 1.1, but 

transformed damage Dtrans=(D
*
-γ)

1/b
 is instead.  

Reminder of Eq. 1.1  
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The DPPM was developed under assumptions of general validity, applying dimensional analysis 

(Buckingham Π theorem), compatibility conditions and the central limit theorem. Therefore, 

their parameters need to be calibrated for each particular case. It permits to consider, not only 

the stochastic nature of wave climate, but also the uncertainties derived from the construction 

process, from the system response itself and from the deterioration rate of damaged or 

undamaged rubble mound breakwaters. It is a versatile mathematical tool that might improve 

the probabilistic approach in breakwater design and maintenance strategies. 

When dealing with probability in coastal engineering, most efforts have been focused on 

characterizing the randomness of wave climate by means of three main entities: monitoring on-

site, modeling and predicting. Based on that, in order to enhance the predictability of the DPPM, 

it should necessarily be complemented, not only with physical testing, but also with prototype 

monitoring. Thanks to the recent advances and affordability of non-intrusive drones, scanning 

technologies or photogrammetric restitutions among others, Port’s Authorities have nowadays 

several tools to monitor their structures in order to evaluate the state of the breakwater after a 

certain storm. As it was exposed at the end of Chapter 3, the scanning process of the prototype 

breakwater would be ideally accomplished after the initial construction and also after severe 

storms likely to cause damage in the structure. That would be really useful for monitoring the 

actual state of the breakwater and would also help to develop a field's database in the near 

future for enhancing laboratory predictions and, in particular, for a better calibration of the 

DPPM. 

This Chapter is presented as a first DPPM's calibration proposal
7
 after the publication of Castillo 

et al. (2012a). For doing so, a methodology for modeling damage progression by means of the 

DPPM is described in the first Section of this Chapter. The second Section includes an initial 

calibration of the DPPM's parameters based on the experimental data from M&K (1998). This 

initial calibration is complemented in the third Section using the experiments carried out at the 

HRL, which were developed under a different approach compared with those from M&K. The 

experimental design, methodology and results of the HRL's damage progression experiments are 

detailed in Chapter 3. 

 

4.1. METHODOLOGY FOR CALIBRATING THE DPPM 

One of the bases for developing the DPPM was the use of dimensionless analysis by applying the 

Buckingham Π theorem. Castillo et al. (2012a) ended up with six ratios affecting dimensionless 

damage (D
*
): relative specific weight (∆*

=(γs-γw)/γw), breakwater rubble mound slope (α∗
), relative 

still water depth (h
*
=ht /Dn50), initial dimensionless damage (D0

*
), stability number (Ns*=H/∆∙ Dn50) 

and relative duration (t
*
=t/Tm). First triad is considered fixed in the DPPM, whereas second triad 

is variable, as it is schematized in Eq. 4.1: 

 

 

 

                                                           
7
 Some preliminary results have been already published in Campos et al. (2014). 
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As it was aforementioned, the parameters of the DPPM need to be particularized for each 

specific case. This is especially evident for the various types of armor units, each of which has a 

different mechanism for damage initiation, different interaction with waves, different 

interlocking or even a different way of defining what is considered as "damage". The calibration 

presented in these lines is just focused on quarry stones, considering, as damage descriptor, the 

dimensionless damage index on Eq. 2.2 ( 2
50/ ne DAS = ) proposed by Broderick and Ahrens (1982). 

However, the methodology is extensible to any other type of armor unit, or even to any other 

way of defining damage, such as the ones defined in the previous Chapter. 

The calibration of Eq. 1.1 presents a number of considerations that are resumed within the 

following points: 

• According to Castillo et al. (2012a), the median and standard deviation of the DPPM can 

be calculated as follows: 
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• The calibration of the DPPM, based on experimental results, involves two phases. First 

one is to fit the damage distribution for each group of measurements taken at ti
*
. As it 

was described in Chapter 3, several repetitions of the experiments are needed for that 

aim. The second phase consists on being able to characterize the progression of this 

damage distribution over the whole experiments. 

The first phase is achieved within the present lines by comparing the aforementioned 

theoretical values (mt, σt) with the ones obtained experimentally (me, σe). Based on 

Castillo et al. (2009), the second stage is performed under different regression models: 

least squares (LS), minimax (MM) and the least sum of absolute deviations (LSAD). Taking 

into account that the results obtained under the different regression models are similar 

for most of the cases studied, the results presented herein are just the ones associated 

with the LS regression model. According to this method, the individual error derived from 

each relative duration (ti
*
) is proposed to be defined following Eq. 4.4, where W1 and W2 

are weighting coefficients for the median and standard deviation. As an initial approach, 

both weights have been assigned a value of 1. The total error along the damage 

progression curve is considered here as a mean value of the n individual errors, as it is 

given in Eq. 4.5. 

Eq. 4.3  

Eq. 4.2  

Eq. 4.1  

DIMENSIONLESS RATIOS:          Fixed in the DPPM        Variable in the DPPM 

PARAMETERS OF THE DPPM:                        γ, b        μ0, σ0     k, r      t*  
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• The DPPM can be faced under two different approaches: an "initial damage referred 

method" and a "step-by-step method". In the first case, t
*
 is accounted as a cumulated 

relative duration and the whole damage progression curve is fit from an initial value of µ0 

and σ0. In the second case, t
*
 is just the one between two consecutive values of the 

damage progression curve and the values of µ0 and σ0 used for calculating Di are the ones 

associated with Di-1. The “initial damage referred method” was chosen for the present 

study.  

The calibration process is basically an optimization problem, where the parameters of the DPPM 

are varied until a minimum error along the whole damage progression curve is reached. Notice 

that the problem implies some constraints: 

• The breakwater parameters, γ and b, need to be fixed for the whole damage progression 

curve on each optimizing iteration. 

• The initial damage parameters, μ0 and σ0, have a physical meaning, i.e. their magnitude 

should be in accordance with the expected initial damage range. 

• The wave action parameters, k and r, have an unknown distribution so far and therefore, 

their characterization are one of the main clues in the calibration of the DPPM. The 

iterative process used for elucidating the way of defining k and r has lead to the 

application of two different calibration methods: 

� Calibration Method 1 

As an initial approach, k and r are independently optimized for each value of t
*
, in 

order to have an initial idea about their magnitude and distribution. In theory, a 

perfect fit can be achieved regardless of the breakwater parameters and initial 

damage parameters. Therefore, they are fixed in the optimization process and 

just the values of k and r are optimized. After that, the optimized magnitudes are 

plotted against t
*
 and NS so as to visualize their evolution. 

� Calibration Method 2 

After the results from Calibration Method 1, and after iteratively trying different 

approaches and fitting functions, a potential relationship between wave action 

parameters and relative duration was found to be adequate (see Eq. 4.6 and Eq 

4.7). Potential functions are quite common in damage progression models, as 

they are capable of characterizing the damage stabilization behavior. Despite not 

being evident after applying Calibration Method 1 to M&K Series, a potential 

function relating wave action parameters and relative duration is clearly 

noticeable after applying Calibration Method 1 to HRL results (see Figure 4.15). 

Eq. 4.5  

Eq. 4.4  
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However, for being physically consistent, this relationship should incorporate an 

indicator of wave action severity. The most common parameter for this aim is the 

stability number (NS). Therefore, for each interval of constant NS, the following 

expressions are proposed: 
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The overall calibration process is schematized in Figure 4.1. After applying this 

methodology, a set of results containing information about the relationship of k 

and r with NS is obtained. These results are a first step for reducing the number of 

wave action parameters to calibrate and to simplify the optimization process, for 

which a higher number of experimental cases is required. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Diagram of the algorithm used in the Calibration Method 2 

The calibration of the DPPM was carried out numerically rather than analytically under the 

computing environment of Matlab®. For the optimization strategy, the bound constrained 

optimization code "fminsearchbnd", developed by Jonh D'Errico, was applied.  

In the next two Sections, the methodology described herein is implemented for calibrating the 

DPPM using, respectively, the experimental damage progression curves from M&K and the 

experimental damage progression curves described in Chapter 3, developed at the HRL. 

Eq. 4.6  

Eq. 4.7  

Eq. 4.8  

Eq. 4.9  
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4.2. CALIBRATION OF THE DPPM BASED ON M&K's RESULTS 

For attempting and initial calibration of the DPPM, the experimental data from M&K (1998) was 

utilized. In particular, the results from Series A were selected, corresponding to a long term 

experiment (see Figure 4.2). 

 

 

Figure 4.2. Experimental damage progression curve of M&K, Series A. From M&K (1998) 

 

For developing Figure 4.2, two similar rubble mound sections were tested at the same time. They 

were composed of a core, a double layered filter and a double layered armor layer with quarry 

stones of Dn50=3.64cm, uniformly graded, at a 2H:1V slope. The models were exposed to depth 

limited irregular waves in a wave flume following a TMA spectrum, generated by a wave paddle 

without dynamic absorption system, in intervals of 15 minutes. Damage was measured after 30 

min along 8 equidistant profiles, by means of a mechanical profiler. Each profile was considered 

as an independent damage measurement after calculating the damage descriptor according to 

Eq. 2.2 ( 2
50/ ne DAS = ). Wave conditions were tested until damage equilibrium was visually 

appreciated. At that moment, a new wave condition (more energetic) was generated. The 

stopping criterion is the exposure of the filter, analogous to the concept of Initiation of 

Destruction introduced by Vidal et al. (1991).  

The dimensionless variables successively tested in Series A of M&K are summed up in Table 4.1. 

Notice that water depth was increased at the middle of the experiment. Regarding that the 

DPPM was developed assuming a constant value of the relative still water depth, the whole 

Series A was divided into an Initial Section (lower water depth) and a Final Section (higher water 

depth). The calibration process was derived independently for each Section of Series A. 

  

Initial Section 

Final Section 
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Table 4.1. Dimensionless variables successively tested in Series A of M&K 

WAVE CASE ∆* α* h* Ns* t* 

1 

1.66 0.46 

3.28 

1.55 1022.7 

2 1.92 1065.1 

3 2.18 1034.5 

4 

4.33 

1.67 1040.5 

5 2.15 1077.8 

6 2.47 1084.3 

 

As it was described in Section 4.1, two different methods for calibrating the DPPM were applied 

to the experimental results of M&K. The calibration results are analyzed within the next two 

Sections. 

 

4.2.1. Calibration results after applying Method 1 

 

For applying Method 1, breakwater parameters and initial damage parameters are fixed as 

follows: 

• γ = 0, b=0.5 for both Initial Section and Final Section. 

• µ0 = 0, σ0 = 0 for the Initial Section and µ0 = 5.73, σ0 = 1.133 for the Final Section. The 

latter correspond to the experimental values of the last damage step of the Initial 

Section. 

Therefore, as exposed in Section 4.1, just wave action parameters (k and r) are optimized. This is 

carried out individually for each experimental distribution of damage associated with each ti
*
 

wave action interval, which means 42 (21 x 2 wave action parameters) optimization parameters 

in the Initial Section and 68 (34 x 2 wave action parameters) optimization parameters in the Final 

Section.  

The results are presented in Figure 4.3 and Figure 4.5. As expected, the total mean error in the 

fitting process is close to 0 (minor differences are observed in the Final Section as a consequence 

of the limitations of the optimization algorithms for a relatively high number of optimization 

parameters). These results are complemented with Figure 4.5 and Figure 4.6, in which the 

optimized values of k and r are represented against ti
*
 and NS. 
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Figure 4.3. Results after applying Calibration Method 1 to the Initial Section of Series A. 

 

 

Figure 4.4. Results after applying Calibration Method 1 to the Final Section of Series A. 
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Figure 4.5. Values of the optimized wave action parameters (k and r) for the Initial Section of Series A after applying 

Calibration Method 1, against each value of ti
*
 and NS 

 

Figure 4.6. Values of the optimized wave action parameters (k and r) for the Final Section of Series A after applying 

Calibration Method 1, against each value of ti
*
 and NS 

 

These initial results offer information about the range of variation of the wave action parameters, 

which is a relevant aspect for the application of the algorithms in the Calibration Method 2 (in 

which an initial value and a range of variation of the optimization parameters need to be 

specified). In these cases, r is an order of magnitude higher than k, and the results for the Final 

Section are also an order of magnitude higher than the ones obtained for the Initial Section. The 

fulfillment of this Calibration Method, ratify the adequacy of the optimizing tools for the DPPM 

calibration. 
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4.2.2. Calibration results after applying Method 2 

 

Seven different calibration cases were generated, derived from fixing b during the optimization 

process while the rest of parameters are optimized. The reason for fixing b is to go into detail 

about how that would affect the rest of parameters and the goodness of fit, taking into account 

that some authors have considered this parameter as a constant in their damage progression 

models. For example, VdM assumed a value of b=0.5, whereas M&K opted for fixing it to b=0.25.  

The results for the breakwater parameters and initial damage parameters, together with the 

goodness of fit, are presented in Table 4.2 for the Initial Section and in Table 4.3 for the Final 

Section. Graphical results derived from these tables are presented in Figure 4.7 and Figure 4.8 

respectively. 

The results for the wave action parameters of Eq. 4.8 are summed up in Table 4.4 for the Initial 

Section and in Table 4.5 for the Final Section. These results are represented graphically in Figure 

4.9 and Figure 4.10 respectively. On the other hand, the results for the wave action parameters 

of Eq. 4.9 are presented in Table 4.6 for the Initial Section and in Table 4.7 for the Final Section. 

Again, these results are represented graphically in Figure 4.11 and Figure 4.12 respectively. 

It has been noticed that optimized results are dependent on the initial magnitude of the 

parameters of the DPPM selected for starting the iterative optimizing process, or even on the 

range of variation defined for each of them. That indicates the presence of local minima for this 

particular problem when applying the "fminsearchbnd" algorithm. Because of that, different 

initial points and various ranges of variation of the optimizing parameters were checked for 

selecting the optimized solution that leads to the best goodness of fit for each case.  
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Table 4.2. Optimized breakwater parameters and initial damage parameters of Eq.1.1 based on the experimental 

results of M&K, Series A, Initial Section (lower water depth), using Calibration Method 2. Bold characters are fixed 

values in the optimization process 

CALIBRATION CODE γ b µ0 σ0 Error 

MK1_M2_01 0.2510 0.4611 0.8603 0.1509 0.0332 

MK1_M2_02 0.2585 0.25 0.6997 0.6290 0.0357 

MK1_M2_03 0.4407 0.30 0.5788 0.5278 0.0336 

MK1_M2_04 0.2888 0.35 0.5122 0.5086 0.0329 

MK1_M2_05 0.3457 0.40 0.4624 0.1255 0.0332 

MK1_M2_06 0.3693 0.45 0.6282 0.0058 0.0333 

MK1_M2_07 0.4224 0.50 0.6418 0.0054 0.0332 

 

 
Table 4.3. Optimized breakwater parameters and initial damage parameters of Eq.1.1 based on the experimental 

results of M&K, Series A, Final Section (higher water depth), using Calibration Method 2. Bold characters are fixed 

values in the optimization process 

CALIBRATION CODE γ b µ0 σ0 Error 

MK2_M2_01 3.6738 0.2096 5.2055 1.5958 0.0688 

MK2_M2_02 3.6690 0.25 5.8287 1.9020 0.0740 

MK2_M2_03 3.8896 0.30 5.5793 0.6028 0.0746 

MK2_M2_04 3.8869 0.35 5.5005 0.5648 0.0759 

MK2_M2_05 3.8092 0.40 5.1071 0.7622 0.0802 

MK2_M2_06 3.6087 0.45 4.9727 0.9419 0.0844 

MK2_M2_07 3.5429 0.50 5.0106 0.2101 0.0883 
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Figure 4.7. Results from Table 4.2 (Series A, Initial Section)  
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Figure 4.8. Results from Table 4.3 (Series A, Final Section)  
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Table 4.4. Optimized wave action parameters of Eq.4.8 based on the experimental results of M&K, Series A, Initial 

Section (lower water depth), using Calibration Method 2 

CALIBRATION CODE k0 as1,1 as1,2 as1,3 β1,1 β1,2 β1,3 

MK1_M2_01 6.39E-07 3.12E-04 2.61 E-04 2.59 E-04 0.0022 0.0103 0.0985 

MK1_M2_02 2.86E-06 5.70 E-04 5.43 E-04 5.29E-05 0.0330 0.3234 0.6723 

MK1_M2_03 1.22E-04 2.00 E-04 1.10 E-04 1.07 E-04 0.0398 0.3952 0.4569 

MK1_M2_04 2.03E-05 5.13 E-04 5.13 E-04 1.45 E-04 0.0072 0.0491 0.3370 

MK1_M2_05 1.02E-06 3.92 E-04 3.10 E-04 1.90 E-04 0.0039 0.0339 0.2221 

MK1_M2_06 8.94E-07 2.45 E-04 2.23 E-04 1.60 E-04 0.0243 0.0514 0.1652 

MK1_M2_07 2.81E-06 2.26 E-04 2.26 E-04 2.26 E-04 0.0007 0.0068 0.0651 

 

 
Figure 4.9. Results from Table 4.4 (Series A, Initial Section)  
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Table 4.5. Optimized wave action parameters of Eq.4.8 based on the experimental results of M&K, Series A, Final 

Section (higher water depth), using Calibration Method 2 

CALIBRATION CODE k0 as1,4 as1,5 as1,6 β1,4 β1,5 β1,6 

MK2_M2_01 0.0453 4.35E-04 4.24E-04 4.08E-04 0.0106 0.1794 0.7707 

MK2_M2_02 8.24E-03 3.07E-03 5.89E-04 5.83E-04 0.0385 0.0828 0.5582 

MK2_M2_03 2.05E-03 1.40E-03 1.87E-04 1.48E-04 0.0087 0.1696 0.5379 

MK2_M2_04 2.41E-04 8.57E-04 4.66E-04 1.31E-04 0.0079 0.0809 0.4376 

MK2_M2_05 9.77E-04 1.68E-04 1.28E-04 9.58E-05 0.0872 0.0932 0.3828 

MK2_M2_06 9.24E-04 1.68E-04 1.51E-04 9.50E-05 0.0015 0.0156 0.3106 

MK2_M2_07 2.92E-08 4.07E-04 8.84E-05 8.60E-05 0.0105 0.0131 0.2629 

 

 

Figure 4.10. Results from Table 4.5 (Series A, Final Section)  
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Table 4.6. Optimized wave action parameters of Eq.4.9 based on the experimental results of M&K, Series A, Initial 

Section (lower water depth), using Calibration Method 2 

CALIBRATION CODE r0 as2,1 as2,2 as2,3 β2,1 β2,2 β2,3 

MK1_M2_01 1.03E-05 9.24E-04 9.43E-04 0.0011 0.0551 0.2109 0.2123 

MK1_M2_02 5.67E-03 2.09E-04 2.12E-04 2.17E-04 0.5251 1.1362 1.2271 

MK1_M2_03 1.27E-05 7.65E-05 1.34E-04 1.36E-04 0.5154 0.9154 0.9818 

MK1_M2_04 1.71E-04 3.28E-05 4.35E-05 4.49E-05 0.6422 0.9043 0.9043 

MK1_M2_05 2.70E-05 2.40E-04 2.43E-04 2.46E-04 0.2739 0.5408 0.5441 

MK1_M2_06 3.23E-04 3.76E-04 4.31E-04 4.37E-04 0.1401 0.3383 0.3402 

MK1_M2_07 9.65E-05 5.71E-04 5.72E-04 5.90E-04 0.0418 0.1801 0.1801 

 

 
Figure 4.11. Results from Table 4.6 (Series A, Initial Section)  
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Table 4.7. Optimized wave action parameters of Eq.4.9 based on the experimental results of M&K, Series A, Final 

Section (higher water depth), using Calibration Method 2 

CALIBRATION CODE r0 as2,4 as2,5 as2,6 β2,4 β2,5 β2,6 

MK2_M2_01 0.0093 0.0967 0.1050 0.2397 0.6857 0.7999 1.2076 

MK2_M2_02 0.0026 0.2074 0.2651 0.5950 0.2314 0.4397 0.7348 

MK2_M2_03 0.0033 0.0313 0.0335 0.0335 0.2289 0.4050 0.6903 

MK2_M2_04 0.0935 0.0011 0.0051 0.0234 0.0958 0.4418 0.4790 

MK2_M2_05 0.0805 0.0042 0.0052 0.0109 0.0915 0.1684 0.3711 

MK2_M2_06 0.0230 0.0015 0.0037 0.0040 0.0917 0.2292 0.2980 

MK2_M2_07 0.0020 0.0057 0.0070 0.0074 0.0309 0.0374 0.0854 

 

 

Figure 4.12. Results from Table 4.7 (Series A, Final Section)  
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After analyzing this information, the following conclusions can be extracted: 

• The initial damage parameters, μ0 and σ0, allow the characterization of damage progression 

in damaged structures, as it shows the results for the Final Section of Series A. Even at the 

Initial Section, the results indicate a certain initial damage, which might be indeed expectable 

due to the natural randomness of the construction process. That is, the unavoidable 

inaccuracy in the positioning of quarry stones and their own irregularities in size, shape, 

roughness... lead to an initial "non-damaged" breakwater with indeed a certain damage level. 

• From the breakwater parameters, b is able to modify the smoothness of the damage 

progression trend and, thus, it seems to be related to the way damage evolves. This is 

especially evident in the Final Section of Series A: for b=0.5 damage progression is more 

linear and less likely to stabilize with the number of waves, whereas for b=0.25 damage tends 

to a more rapid stabilization. Melby (1999) stated that VdM's data suggests a coefficient of 

b=0.5, but a value of b<0.5 for more than 8500 waves. Indeed M&K proposed b=0.25 in their 

model. According to the results herein, the optimum magnitude of b is 0.46 for the Initial 

Section of Series A (although lower values also lead to a gentle goodness of fit), which 

contains slightly more than 20000 waves. Nevertheless, the optimum value of b decreases to 

0.21 for the Final Section of Series A, which contains slightly less than 40000 waves. This is in 

agreement with the considerations of Melby and could imply that the magnitude of b is 

inversely proportional to the number of waves. However, this hypothesis is just based herein 

on two damage progression curves and, thus, cannot be ratified. In fact, in the Final Section 

the water level was raised up and, therefore, the reduction in the parameter b could be also 

due to the increase in the relative still water depth, among others.  

• The second breakwater parameter, γ, is a location parameter that seems to be different for 

the Initial Section (between 0.25 and 0.44) and the Final Section (between 3.54 and 3.89). 

• Melby (1999) indicates that, in the damage progression model of M&K, the empirical 

coefficient for characterizing wave action, as, was related to the breakwater slope and the 

permeability among others. According to the wave action parameter’s results herein, it 

seems that there is also a dependency of k and r on the breakwater characteristics, as both of 

them tend to increase when decreasing b. This can be seen in Figure 4.13 and Figure 4.14, 

where k and r were calculated from Eq. 4.8 and Eq. 4.9 respectively. The values of k and r are 

various orders of magnitude higher for the Final Section of Series A with respect to the Initial 

Section. Also, in line with the results from the Calibration Method 1, r is always higher than k. 

• With the exception of as,1, the wave action parameters represented in Figure 4.9 to Figure 

4.12 seem to be directly proportional to the magnitude of NS. An evident dependence on the 

breakwater parameter b is appreciated, where as,1, as,2, β1, β 2 usually increase when 

decreasing b. However, no common trend was found between the results from the Initial 

Section and the Final Section, i.e., no satisfactory results were obtained when fixing as,1-NS, 

as,2-NS , β1-NS  and β2-NS functions (based on the results) for both the Initial Section and Final 

Section. 

• The coefficients k0 and r0 of Eq.4.8 and Eq. 4.9.seem to be higher for the Final Section and no 

clear relationship with the breakwater parameter b was found. In line with the conclusions 

from the Calibration Method 1, r0 is higher than k0 for most cases. 

Regarding the results we can conclude that Eq. 4.8 and Eq. 4.9 permit to fit the experimental data 

with high accuracy, especially for the lower values of the breakwater parameter b. However, 

more experimental results are needed in order to reduce the number of wave action parameters. 
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Figure 4.13. Wave action parameters (k and r) calculated from Eq.4.8 and 4.9 after applying Calibration Method 2 to 

the experimental results of M&K, Series A, Initial Section (lower water depth). Notice that the Calibration Codes are 

associated with different values of the breakwater parameter b, presented in Table 4.2. 
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Figure 4.14. Wave action parameters (k and r) calculated from Eq.4.8 and 4.9 after applying Calibration Method 2 to 

the experimental results of M&K, Series A, Final Section (higher water depth). Notice that the Calibration Codes are 

associated with different values of the breakwater parameter b, presented in Table 4.3  
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4.3. CALIBRATION OF THE DPPM BASED ON THE HRL's RESULTS 

In order to extend the calibration of the DPPM, the same methodology implemented in Section 

4.2 is applied to the experimental results obtained at the HRL, which were described in Section 

3.2.  

The dimensionless variables successively tested at the HRL are summed up in Table 4.8. However, 

as it was stated in the previous Chapter, just wave cases 2 and 3 were selected for developing the 

experimental damage progression curve used for calibrating the DPPM. 

Table 4.8. Dimensionless variables successively tested in HRL's damage tests 

WAVE CASE ∆* α* h* Ns* t* 

1 

1.65 0.59 9.5 

1.7 1320 

2 2.0 1320 

3 2.3 1320 

4 2.6 1320 

 

The experimental results from the HRL were obtained under different conditions in comparison 

with Series A from M&K. One of the main differences is the attempt to avoid depth limited waves 

in the HRL's experiments. This entails a wider wave spectrum attacking the model and, thus, a 

higher probability of obtaining a greater dispersion in the damage measurements. In other 

words, because the waves at the model's location are not physically "filtered" due to wave 

breaking before reaching the model, the damage progression curve presents a wider deviation's 

band in the HRL's experiments. In fact, σ≈1.2 at the end of the Initial Section of Series A (after 

about 20000 waves), whereas σ≈3 at the end of the HRL's damage progression curve (after about 

25000 waves). This disparity in the standard deviation could be also due to the conceptual 

differences when defining what an independent damage measurement is. 

Another important difference is the deterioration rate. Wave conditions selected for Series A of 

M&K favors a more gradual damage increase in comparison with the ones tested at the HRL, 

despite having similar increasing steps on the stability number: wave case 2 deteriorates the 

model with a rate comparable to the ones from M&K, but the deterioration rate associated with 

wave case 3 is significantly higher. Again, this can be explained as a consequence of avoiding 

depth limited waves; not only that, in order to design energy increasing steps in line with the 

processes occurring in nature, the increase in the significant wave high of the spectrum was 

followed at the HRL’s experiments by an increase in wave period for maintaining wave steepness.  

As it was described in Section 4.1, two different methodologies were designed in the present 

dissertation for calibrating the DPPM. The next two sections present the results from each of the 

calibration methodologies when based on the experimental results from the HRL. 
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4.3.1. Calibration results after applying Method 1 

Similarly to the calibration results from Section 4.2, breakwater parameters and initial damage 

parameters are fixed: γ = 0, b=0.5, µ0 = 0 and σ0 = 0. Therefore, as exposed in Section 4.1, just 

wave action parameters (k and r) are optimized. This is carried out individually for each 

experimental distribution of damage associated with each ti
*
 wave action interval, which means 

38 (19 x 2 wave action parameters) optimization parameters. 

The results are presented in Figure 4.15. As expected, the total mean error in the fitting process 

is close to 0. These results are complemented with Figure 4.16, in which the optimized values of k 

and r are represented against ti
*
 and NS. 

These initial results offer information about the range of variation of the wave action parameters, 

which is a relevant aspect for the application of the algorithms in the Calibration Method 2 (in 

which an initial value and a range of variation of the optimization parameters need to be 

specified). In this case, the optimized values of k belong to the same order of magnitude than the 

ones from the Initial Section of Series A, whereas the optimized values of r reach the same order 

of magnitude than the ones from the Final Section of Series A (2 order of magnitude higher). In 

comparison with the ones derived from M&K’s results, in this case the optimized wave action 

parameters show a potential trend with a noticeable stabilization similar to the one observed in 

the damage accumulation graph. That was the trigger for assuming the potential function of 

Eq.4.8 and Eq. 4.9 used in the Calibration Method 2. 

 

 

Figure 4.15. Results after applying Calibration Method 1 to the HRL’s results. 

 

 

Ns,2 

Ns,3 
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Figure 4.16. Values of the optimized wave action parameters (k and r) for the HRL’s results after applying Calibration 

Method 1, against each value of ti
*
 and NS 

 

 

4.3.2. Calibration results after applying Method 2 

In line with Section 4.2.2, seven different calibration cases were generated, derived from fixing b 

during the optimization process while the rest of parameters are optimized. The results for the 

breakwater parameters and initial damage parameters, together with the goodness of fit, are 

presented in Table 4.9. Graphical results derived from these tables are presented in Figure 4.17. 

The results for the wave action parameters of Eq.4.8 are summed up in Table 4.10, whereas the 

ones for the wave action parameters of Eq.4.9 are resumed in Table 4.11. These results are 

represented graphically in Figure 4.18 and Figure 4.19 respectively.  

 
Table 4.9. Optimized breakwater parameters and initial damage parameters of Eq.1.1 based on the HRL’s 

experimental results, using Calibration Method 2. Bold characters are fixed values in the optimization process 

CALIBRATION CODE γ b µ0 σ0 Error 

HRL_M2_01 -2.0997 0.2565 0.9955 0.7497 0.0390 

HRL_M2_02 -2.1079 0.25 0.0650 0.0926 0.0390 

HRL_M2_03 -1.4551 0.30 0.9914 0.2320 0.0406 

HRL_M2_04 -1.1812 0.35 0.9641 0.7667 0.0488 

HRL_M2_05 -0.9382 0.40 0.8327 0.3164 0.0505 

HRL_M2_06 -0.1657 0.45 0.6857 0.3163 0.0556 

HRL_M2_07 -0.4641 0.50 0.3485 0.9996 0.0721 
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Figure 4.17. Results from Table 4.9  
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Table 4.10. Optimized wave action parameters of Eq.4.8 based on the HRL’s experimental results, using Calibration 

Method 2 

CALIBRATION CODE k0 as1,1 as1,2 β1,1 β1,2 

HRL_M2_01 0.0489 3.56E-03 3.10E-03 0.0248 0.5582 

HRL_M2_02 0.0557 3.33E-03 3.17E-03 0.0629 0.5851 

HRL_M2_03 0.0115 8.59E-04 7.32E-04 0.0407 0.5398 

HRL_M2_04 0.0050 1.94E-04 1.90E-04 0.0968 0.5470 

HRL_M2_05 0.0028 1.36E-04 1.27E-04 0.0356 0.4842 

HRL_M2_06 0.0007 1.04E-04 4.85E-05 0.0356 0.4965 

HRL_M2_07 0.0011 5.00E-05 3.92E-05 0.0192 0.4566 

 

 
Figure 4.18. Results from Table 4.10 
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Table 4.11. Optimized wave action parameters of Eq.4.9 based on the HRL’s experimental results, using Calibration 

Method 2 

CALIBRATION CODE r0 as2,1 as2,2 β2,1 β2,2 

HRL_M2_01 0.0304 0.0025 0.4567 0.0551 0.2109 

HRL_M2_02 0.0100 0.0019 0.5433 0.5251 1.1362 

HRL_M2_03 0.0338 2.49E-04 0.0348 0.5154 0.9154 

HRL_M2_04 0.0492 4.91E-05 0.0038 0.6422 0.9043 

HRL_M2_05 0.0184 3.39E-05 0.0007 0.2739 0.5408 

HRL_M2_06 0.0011 2.80E-05 0.0011 0.1401 0.3383 

HRL_M2_07 0.0013 5.65E-04 0.0096 0.0418 0.1801 

 

 
Figure 4.19. Results from Table 4.11 
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After analyzing the results the following conclusions can be extracted:      

• Similarly to the results presented in Section 4.2, the optimal initial damage parameters, μ0 

and σ0, indicate that the initial "non-damaged" breakwater has indeed a certain damage 

level. 

• The optimum breakwater parameter, b=0.26 is close to the one obtained for the Final Section 

of Series A from M&K. In agreement with the conclusions from Section 4.2, the lower values 

of b seem to be more adequate, as they are associated with a more rapid stabilization 

capable of better adjusting the damage stabilization shape of the experimental curve. 

• The location parameter, γ, is lower than the ones obtained for Series A of M&K. Despite not 

showing a clear dependence on the other breakwater parameter (b) after the calibration 

results on Section 3.2, in this case γ tends to decrease when decreasing b. 

• In line with the results from Section 3.2, wave action parameters k and r are inversely 

proportional to the breakwater parameter b (see Figure 4.20). Again, r is significantly higher 

than k. 

• The results represented in Figure 4.18 and Figure 4.19 ratify the conclusions from Section 3.2 

for the wave action parameters on Eq.4.8 and Eq.4.9: as,1, as,2, β1 and β 2 increase when 

decreasing b and all but as,1 are directly proportional to the magnitude of NS.  

• The coefficients k0 and r0 of Eq.4.8 and Eq. 4.9.are higher than the ones obtained in Section 

3.2 and, for certain values of b, their magnitude is similar. However, in line with the results 

from Section 3.2, no clear relationship with b was found. 

As a reminder, the DPPM was developed by fixing 3 dimensionless ratios: relative specific weight 

(∆*
=(γa-γw)/γw), breakwater rubble mound slope (α∗

) and relative still water depth (h
*
=ht /Dn50). 

The first one is about 1.66 for every case. The second one is 0.46 for Series A and 0.59 for the 

HRL's Series. And the third one is 3.28 for the Initial Section of Series A, 4.33 for the Final Section 

and 9.5 for the HRL's Series. Also, the number of waves of the experimental damage progression 

curve is about 20000 for the Initial Section of Series A, about 40000 for the Final Section and 

about 25000 for the HRL's Series. Notice that, despite the DPPM of Eq.1.1 is based just on 6 

parameters (2 breakwater parameters, 2 initial damage parameters and 2 wave action 

parameters), in the present study each wave action parameter is calculated using Eq. 4.8 and 4.9. 

Consequently the number of wave action parameters is increased here as a function of the 

number of energy increasing steps of constant NS and can only be reduced by fixing these 

functions for each particular case. However, taking into account the high number of variables 

involved in the problem, the reduced number of experimental cases (belonging to different 

sources) and the fact that the experimental data is not necessarily an ideal damage progression 

trend (and, consequently, none are the calibrated results), it would be adventurous to work out 

any further conclusion than the ones already exposed. 

A more complete set of experimental damage progression curves incorporating damage 

deviation is needed for a more thorough calibration of the DPPM, ideally incorporating field 

results. Also, the application of the proposed methodology to other armor units other than 

quarry stones might be of interest.  
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Figure 4.20. Wave action parameters (k and r) calculated from Eq.4.8 and 4.9 after applying Calibration Method 2 to 

the HRL’s experimental results. Notice that the Calibration Codes are associated with different values of the 

breakwater parameter b, presented in Table 4.9. 
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CHAPTER 5  

Conclusions and future lines 

 

Hydraulic instability of armor layers in rubble mound breakwaters has been studied for more 

than 80 years. The researching effort on this matter is not only due to the fact that it is the main 

failure mode of this kind of structures, but also has to do with the lack of an analytical expression 

fully derived from physical principles and capable of determining instantaneous armor unit's 

stability. In fact, this has been traditionally addressed by means of empirical or semi-empirical 

models as a simplified approach to a complex group of problems: stochastic nature of the waves 

attacking the breakwater, highly non-linear flow over the slope involving wave breaking, wide 

range of available typologies and design conditions, variable shape and random placement of 

armor units...  

As it was detailed in Chapter 2, first approaches on hydraulic instability of armor layers were 

deterministic or pseudo-deterministic, both in the characterization of wave action and in the 

estimation of the structural response in terms of the "Initiation of Movement". With the passing 

of time, the stochastic nature of wave action was faced and, as a consequence, wave climate 

started to be monitored. Thanks to that, nowadays it is possible to statistically characterize local 

wave climate in many countries based on a relatively large record from measuring buoys. 

Focusing on the structural response, the next step was to move on to the characterization of the 

evolution of the geometrical rearrangements. For that purpose, the concept of "damage" was 

introduced, although it seems difficult, even nowadays, to find a clear correlation between its 

connotation as "partial or total loss of functionality" and any of the damage descriptors proposed 

up to date. Taking into account that the structural response is a random variable itself, the logical 

following step would have being to assess this stochastic nature by monitoring in prototype. This 

was not accomplished for a number of reasons: firstly, for the difficulties on damage definition 

and the consequently lack of methodological standards for its measurement; secondly, for the 

technical limitations and restricted affordability of measuring tools in prototype; and thirdly, 

because damage development could be seen as an unacceptable failure by designers and Port 

Authorities and, thus, it is not the kind of information likely to be shared with the scientific 

community.  

Despite the little amount of publications about damage measurements in prototype, the 

stochastic response of the granular system has been addressed by many authors in laboratory. 

Recently, Castillo et al. (2012a) developed a fully probabilistic damage progression model (see Eq. 

1.1), which preliminary calibration has been part of the Leitmotiv of the present dissertation. 

Before presenting the main conclusions of the document, a brief summary of the contents is 

outlined. Due to the extensive amount of information about hydraulic instability and damage 
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progression in rubble mound breakwaters, Chapter 2 was aimed to accomplish a historical 

revision of the diverse approaches to this failure mode, together with a synthesis of the 

parameters influencing armor layer stability, a discussion on the concept of "damage" and the 

definition and suitability of main damage descriptors and measuring techniques up to date. Due 

to the lack of standards identified after the revision, Chapter 3 was focused on analyzing step-by-

step the peculiarities and difficulties of damage progression experiments on rubble mound 

breakwaters in 2D wave flumes, applying, subsequently, the methodological approach to a set of 

experiments with quarry stones. The results from these tests were used to address an initial 

calibration of the DPPM of Castillo et al. (2012a) in Chapter 4, accounting also for the damage 

progression results from M&K (1998) for the same purpose.  

Most conclusions have already been mentioned throughout the different Chapters, and are 

resumed in the following lines: 

• As it was stated by many authors, damage development and progression highly depend 

on the initial placement. Even using the same laboratory technician and allocating the 

armor units with a similar porosity (31% to 34%), different structural behaviors have been 

reported for the 6 similar quarry-stones rubble mound sections tested in our 

experiments, after exposing them to the same wave cases. This is associated with 

different interlocking configurations of the granular system, as an unavoidable part of the 

construction process, and lead to a clear conclusion: repeating damage experiments is a 

must and so it is the characterization of the variability of damage descriptors. 

• The previous conclusion implies an unavoidable requirement for damage experiments on 

rubble mound breakwaters: they need to be reproducible. Due to the lack of 

standardized methodologies, a thorough description of the whole process needs to be 

accomplished. In that sense, Chapter 3 offers a particular detailed vision of main 

peculiarities, techniques, possible sources of uncertainty... of this kind of experiments. 

• Damage has a spatial component that could not be completely addressed with the solely 

characterization of the well-known dimensionless damage index (S). Recent advances and 

affordability of scanning techniques allow a more complete analysis of the geometrical 

evolution of rubble mound breakwaters in comparison with physical profilers. Not only 

that, scanning techniques also provide the opportunity of discussing new approaches to 

the concept of "damage" or even new damage descriptors complementing the 

dimensionless damage index, such as the ones presented at the end of Chapter 3. In 

addition, this technique can be easily implemented in prototype using, for example, 

drones, LIDAR or WebGIS Satellite data. 

• The characterization of the variability of damage descriptors needs to be accounted for in 

damage progression models so as to improve reliability based designs or maintenance 

strategies. In that sense, the DPPM of Castillo et al. (2012a) permits to consider, not only 

the stochastic nature of wave climate, but also the uncertainties derived from the 

construction process, from the system response itself and from the deterioration rate of 

damaged or undamaged rubble mound breakwaters. Being developed under 
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assumptions of general validity, it is a versatile mathematical tool that needs to be 

calibrated for each particular case. 

• According to Castillo et al. (2012), damage was proven not to follow a normal 

distribution, but transformed damage, Dtrans=(D-γ)
1/b

, does instead. 

• The calibration of the DPPM implies a number of considerations, which were outlined in 

Chapter 4. In order to achieve an initial calibration of the DPPM, a methodological 

proposal for its calibration was presented, together with an application of the 

methodology to different sets of damage progression experiments with quarry stones.  

• Taking into account the high number of variables involved in the calibration problem, the 

reduced number of experimental cases and the fact that the experimental data is not 

necessarily an ideal damage progression trend (and, consequently, none are the 

calibrated results), it would be adventurous to work out definitive conclusions on the 

magnitude of the parameters of the DPPM. However, the following properties have been 

found during the calibration process: 

� The initial damage parameters, μ0 and σ0, allow the characterization of damage 

progression in damaged structures. Also, the DPPM estimates a certain damage level 

even for an initial "non-damaged" section, which could be associated with the 

natural randomness of the construction process derived from the unavoidable 

inaccuracy in the positioning of quarry stones and their own irregularities in size, 

shape, roughness...  

� From the breakwater parameters, b is able to modify the smoothness of the damage 

progression trend, and thus, it seems to be related to the way damage evolves. 

Melby (1999) stated that VdM's data suggests a coefficient of b=0.5, but a value of 

b<0.5 for more than 8500 waves. Indeed M&K proposed b=0.25 in their model. 

According to the results herein, damage progression tends to a faster stabilization 

for the lower values of b. In this case, the lower values of b seem to enhance the 

goodness of fit of the DPPM and, in agreement with M&K, a value of b=0.25 always 

lead to a high goodness of fit in the calibration. However, although it would 

encourage the applicability of the model, more data and further typologies are 

needed to elucidate whether b could be fixed in the DPPM according to each armor 

unit type. 

� The second breakwater parameter, γ, is a location parameter. γ is not usually 

accounted for in other damage progression models, i.e. other damage progression 

models consider γ=0. Although not presented in the present document, different 

attempts to calibrate the DPPM when fixing γ=0 were tried, always implying a higher 

mean error in comparison with the presented cases. Besides, the goodness of fit was 

especially low for the Final Section (higher water depth) of Series A from M&K, 

which starts with a damaged structure with a dimensionless damage index between 

S=5 and S=6. Therefore, γ seems to be particularly relevant when dealing with 

initially damaged structures.  

� The wave action parameters, k and r, show an inversely proportional relationship 

with the breakwater parameter b. It has been stated that k and r need to be 

straightly related to descriptors of the sea state, such as the stability number, NS. An 
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attempt for characterizing this dependence was implemented in Chapter 4, but 

more data is still needed in order to achieve a robust proposal on this matter. 

‘This dissertation is meant to shed some light on the complex process of damage progression in 

rubble mound breakwaters but, at the same time, it introduces new questions and opens new 

researching fields and possibilities in the design and maintenance of this kind of coastal 

structures. In the future lines, the following aspects might be included: 

• Standardization of damage experiments in rubble mound breakwaters.  

Experiments for characterizing the initiation of damage or for testing the model up to a 

certain degree of damage are quite common in coastal laboratories. They are likely to be 

accomplished as validation models for real designs or even used as a design optimization 

tool. Every laboratory typically develops their own methodology for this kind of 

experiments, but an agreement between the scientific community and research 

institutions would be extremely useful: that would allow the generation of reproducible 

results, the straight comparison between different studies or even the creation of a data 

base linked to a NN for elaborating damage estimations, in a similar way to the 

overtopping estimations within the CLASH project. In this sense, Chapter 3 is meant to be 

a starting point for promoting discussions on this issue. 

• Further calibration of the DPPM for its application in reliability based designs, 

maintenance programs, conservation policies...  

Each armor unit has a different mechanism of damage initiation, different interaction 

with waves or even a different way of defining what is considered as "damage". 

Therefore both damage definition and parameters of the DPPM need to be defined 

independently for each armor unit. As it was stated before, the way of defining the wave 

action parameters, k and r, is probably the crucial feature of the calibration process. For 

finding the best function relating them to the parameters representing the sea state 

(such as NS), it is recommended to generate experimental damage progression curves 

with, at least, three associated wave cases. 

• Monitoring damage in prototype rubble mound breakwaters.  

One of the shortcomings of damage progression models nowadays is that their 

parameters cannot be calibrated with prototype data. This is not only due to the 

difficulties of finding available damage measurements in prototype, but also because a 

relatively large record is preferable for that purpose whereas, in prototype, each 

measurement is usually associated with high costs. However, the recent development of 

drones capable of carrying a scanning system or digital cameras, or the evolution of 

terrestrial LIDAR allows an accurate measurement of the emerged part of a whole 

breakwater (as it was shown in Figure 2.8) at a potentially affordable cost for most Port 

Authorities
8
. For a low investment, prototype breakwaters could be monitored after a 

severe storm (preferably at low tide) and the results could be compared with the initial 

                                                           
8
 WebGIS Satellite data can also be useful, although this source is less accurate and typically with no 

control of the measuring campaign schedule. 
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state for evaluating the state of the structure and the urge of accomplishing maintenance 

or reconstruction activities. In addition, if this information is shared with the scientific 

community, aspects such as the randomness related to the construction process or the 

stochastic nature of damage could be also addressed in prototype. Ideally, in the near 

future, a data base with prototype damage measurements would permit the stochastic 

characterization of the structural response as well as, nowadays, a gradual increasing 

sample is available for characterizing the random nature of the sea. 
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APPENDIX A 
List of symbols 
 
ABBREVIATIONS 
ADV = Acoustic Doppler Velocimeter 
ARI1, ARI2, ARI3 = Armor Randomness Indexes defined in Medina et al. (2011) 
CDF = Cumulative Distribution Function 
CEM = Coastal Engineering Manual (USACE, 2002) 
CLASH = Crest Level Assessment of coastal Structures by full-scale monitoring, neural network 

prediction and Hazard analysis on permissible wave overtopping 
CSIR= Council for Scientific and Industrial Research of South Africa 
DEM = Discrete Element Method 
DPPM = Damage Progression Probability Model 
FEM = Finite Element Method 
FEMDEM = combined FEM + DEM 
FFT = Fast Fourier Transform 
FOAM = Field Operation And Manipulation 
FORM = First Order Reliability Method 
fps = frames per second 
GIS = Geographic Information System 
GPS = Global Positioning System 
GWF = Great Wave Flume of Hannover, Germany 
HCW = Hydraulic Control Wavemaker 
HeP = Heterogeneous Packing (failure mode identified in Gómez-Martín and Medina, 2004) 
HRL = Harbour Research Laboratory of the Technical University of Madrid 
IH = Instituto de Hidráulica Ambiental de Cantabria (Spain) 
ISO = International Standard Organization 
ISSC = International Ship Structures Congress 
ITTC = International Towing Tank Conference 
JONSWAP = Joint North Sea WAve Project 
LASA = Local Approximation using Simulated Annealing 
LDV = Laser Doppler Velocimeter 
LIDAR = Laser Imaging Detection And Ranging 
LPC = Laboratory of Ports and Coasts of the Technical University of Valencia 
M&K = Melby and Kobayashi 
MOISES = MOdel's Isolating System for Enabling Scanning 
MOSE = Modulo Sperimentale Elettromeccanico 
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MWL = Mean Water Level 
NN = Neural Network 
PDF = Probability Density Function 
PIANC = Permanent International Association of Navigation Congress 
PIV = Particle Image Velocimetry 
POSITIT = Automated placement software for armor units developed by Dr. Xiang 
POT = Peak Over Threshold 
PROVERBS = PRObabilistic design tools for VERticalBreakwaterS 
RMS = Root Mean Squared 
RMSE = Root Mean Squared Error 
ROI = Region Of Interest 
ROM = Recomendaciones para ObrasMarítimas (Spanish recommendations for maritime works)  
SWL = Still Water Level 
SPM = Shore Protection Manual (USACE, 1973, 1975, 1977 and 1984) 
USACE = United States Army Corps of Engineers 
SLS = Serviceability Limit State 
ULS = Ultimate Limit State 
VdM = Van der Meer 
VARANS = Volume-Averaged Reynolds Averaged Navier-Stokes 
VOF = Volume of Fluid (in numerical methods) 
WES = U. S. Army Engineer Waterways Experimental Station, Vicksburg, Mississippi. 
WRL = Water  Research Laboratory of the University of New South Wales 
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LATIN SYMBOLS 
as = coefficient of the damage progression model of M&K 
ac = wave crest 
at = wave trough 
Ae = cross-sectional eroded area 
Ape = number of pixels of the planar exposed area between two consecutive layers 
Ate =average transversal eroded area used for calculating St 
 
b = coefficient of the damage progression model of M&K 
BLc = blockiness, also referred as shape factor in the Rock Manual (2007) 
Bt = width of the breakwater's toe 
 
C = cover depth (damage descriptor) 
 
d = number of nominal diameters contained in a strip width, used for calculating De D= damage defined in a generic way 
D* = dimensionless damage defined in a generic way in the DPPM of Castillo et al. (2012a) 
De = equivalent dimensionless damage accounting for porosity variation 
Di =individual dimensionless damage used for calculating De 
Dn50 =median nominal diameter or equivalent cube size: Dn50 = (W50/a)1/3 
DN% = % of stones removed relative to the total number of stones in the active armor layer 
Dtrans = transformed damage according to Eq.4.3. 
D0 = initial damage 
D*0 = initial dimensionless damage in the DPPM of Castillo et al. (2012a) 
D50=sieve diameter, diameter of the stone which exceeds the 50% value of the sieve curve 
D15= 15% value of sieve curve 
D85= 85% value of sieve curve 
D% = % volume of stones relative to the total volume of stones in the active armor layer 
D0(H,T) =Asymptotic maximum damage defined in Medina (1996) 
D0(H, Ir) = Asymptotic maximum damage defined in Gómez-Martín and Medina (2004) 
 
E = normalized maximum eroded depth 
Emean = normalized mean eroded depth of the whole eroded volume 
Emax = normalized maximum eroded depth of the whole eroded volume 
 
g = acceleration of gravity 
 
h = water depth 
ht = water depth above the breakwater's toe 
ht,h = water depth above the breakwater's toe for the mean highest tide 
ht,l = water depth above the breakwater's toe for the mean lowest tide 
hn = neutral point between eroded and accreted armor areas 
h' = relative water depth, defined ash/L in Hudson (1959), h/HSin Van der Meer (1988) and h/Dn50 

in Castillo et al. (2012a). 
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h* = h/Dn50 = relative still water depth in the DPPM of Castillo et al. (2012a). 
h't,h = ht,h/Dn50 h't,l = ht,l/Dn50 
H = wave height 
Hb = wave height at breaking 
HD = design wave height 
HD=0 = maximum wave height producing no damage 
Hmax = maximum wave height 
Hm = mean wave height 
Hm0 = 4m00.5 = cero-moment wave height in a spectrum or significant spectral wave height 
Hn = average wave height of the n highest waves in a sea state 
H1/n = average wave height of the N/n highest waves in a sea state composed of N waves  
HS = H1/3 = significant wave height  
Hn% = wave height exceeded by the n% highest waves in a sea state 
 
Ir or ξ = tan/(H/L)0.5 =Iribarren's number, also referred as surf similarity parameter 
 
k = wave action parameter in the DPPM of Castillo et al. (2012a) 
kL = 2/L = wave number 
kt = layer thickness coefficient 
K = empirical coefficient in hydraulic stability models 
KD = empirical coefficient in the hydraulic stability model of Hudson (1958) 
K1, K2, K3 = empirical coefficient in hydraulic stability models 
 
L = wave length 
L = normalized maximum eroded length 
L0 = gT2/2 = deep water wave length 
LT= length-to-thickness ratio, also referred as aspect ratio in the Rock Manual (2007) 
 
m = median 
mt = theoretical median damage in the DPPM 
me = median experimental damage 
m0 = 2rms= zero momentum order of the spectrum 
M15 = Mass of particle for which 15% of the granular material is lighter 
M50 = Mass of particle for which 50% of the granular material is lighter 
M85 = Mass of particle for which 85% of the granular material is lighter 
 
n = porosity 
n63% = number of regular waves causing 63% of the maximum asymptotic damage (see Medina 

1996) 
n50% = number of regular waves causing 50% of the maximum asymptotic damage (see Gómez-

Martín and Medina 2004) 
Nd = number of displaced stones 
NSor N*S=Hs/(Δ∙Dn50) = stability number 
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No= number of units displaced out of the armor layer within a strip width of one equivalent cube 
length 

NOD= number of displaced stones at the toe 
Nw = number of waves 
N= equivalent number of spherical stones (damage descriptor) 
 
p0 = initial porosity in the strip, used for calculating De 
pi = actual porosity in the strip, used for calculating De P = permeability 
PAe = percentage of plan eroded area 
 
q = mean overtopped discharge 
qnew = modified mean overtopping discharge introduced by Campos et al. (2012) 
 
r = wave action parameter in the DPPM of Castillo et al. (2012a) 
Re = (gH)0.5Dn50/  = Reynolds's number (ratio between inertia and viscous forces) 
R2 = coefficient of determination of a certain regression function 
 
s = H/L = wave steepness 
S = Ae/D2n50 =dimensionless damage index 
Se = equilibrium damage level (introduced by Kaku et al. 1991) 
SN = dimensionless damage index accounting for number of displaced units 
Sr = s / w = submerged-related density 
St = dimensionless damage index based on planar exposed area 
 
t = time 
t' or t* = t/Tm = relative duration, also referred as mean number of waves 
tt = thickness of the breakwater's toe  
T = wave period 
Tm = mean wave period 
Tm-1,0 = wave period calculated from the first negative moment of the spectrum 
Tp = peak wave period 
 
U = HL2/h3 = Ursell parameter 
 
Ve = eroded volume 
 
W1, W2 = weighting coefficients for the median and variation in Eq. 4.13. 
W15 = armor unit weight exceeded by 85% of the armor units.  
W50 = armor unit weight exceeded by 50% of the armor units.  
W85 = armor unit weight exceeded by 15% of the armor units.  
 
x, y, z = Cartesian coordinates 
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GREEK SYMBOLS 
b = bed slope 
a or or = sea-side armor slope 

 = layer thickness factor used for calculating St 
or=(s - w)/ w = relative excess specific weight 

 = peak enhancement factor in a JONSWAP spectrum 
 = breakwater parameter in the DPPM of Castillo et al. (2012a) 
w =w∙g = specific weight of water 
s = s∙g =specific weight of armor units 

= water elevation 

 = internal friction angle 

= Initial mean damage parameter in the DPPM of Castillo et al. (2012a)

a = actual armor density 
b = armor bulk density 
w = mass density of water 
s = mass density of armor units 

= Initial standard deviation damage parameter in the DPPM of Castillo et al. (2012a)
t= theoretical standard deviation in the DPPM 
e= experimental standard deviation damage 

= dynamic fluid viscosity 
 
ξ or Ir =tan/(H/L)0.5 =Iribarren's number, also referred as surf similarity parameter 
ξ0 =tan/(H/L0)0.5 = deep water Iribarren's number 

 = wave's direction or angle of wave attack 
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APPENDIX B 

Prototype dimensionless damage parameters in 

Spain 

 

After analyzing the state of the art of armor layer damage in rubble mound breakwaters, it has 

been stated that, despite the huge amount of studies carried out in scaled models, there is not 

much published information about damage evolution in prototype. In order to provide some 

references on common prototype values of the dimensionless parameters used in damage 

progression models such as the ones from M&K (1998) or Castillo et al. (2012), main rubble 

mound breakwaters of the Spanish coast have been analyzed. Spain is the European country with 

the longest coastline (about 7880km) and, according to Negro et al. (2002), it has more than 

200km of breakwaters divided among more than 300 structures, which statistically corresponds 

to almost 4 structures per 100km of coastline. Furthermore, Spanish breakwaters represent a 

heterogeneous data set, covering a wide rank of wave climates and water depth scenarios with 

many peculiarities and notorious differences between the Mediterranean coastline and the 

Atlantic and Cantabrian ones.  

 

 

Figure B.1. Location of Port Authorities of Spain, grouped in different coastlines. From Puertos del Estado (2012). 
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Rubble mound breakwater’s data has been collected from two different sources: 

• Negro et al. (2009), based on a breakwater inventory published in 1988 and which 

collects data up to 1986 from both National Ports of General Interest and Ports of Local 

Interest. 102 breakwaters have been selected, taking into account the information about 

wave height (H), slope (α), armor type, armor weight (W) and block dimensions (a∙b∙c). 

The equivalent cube size and armor specific weight have been calculated respectively 

from Eq. B.1 and Eq. B.2: 

3
50 cbaDn ××=  

3
50

−⋅= ns DWγ  

Therefore, for each armor type, the following dimensionless parameters can be 

calculated, which results are presented in Table B.1: 
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• Puertos del Estado (2012), which collects data from breakwaters of National Ports of 

General Interest built between 1986 and 2011 and with water depths and design waves 

greater than 5 m and 3m respectively. 118 breakwaters have been selected, considering 

the information about significant wave height (HS), peak period (Tp), breakwater length, 

water depth at the toe (ht), slope (α), armor type, armor weight (W) and armor specific 

density (γs). In this case, Dn50 has been calculated from Eq. B.2. Taking into account that 

the tidal range could reach up to 4.6m in some locations, two water depths have been 

used when available: one associated with mean lowest tide (ht,l) and the other one with 

mean highest tide (ht,h). Therefore, for each armor type, the following dimensionless 

parameters can be calculated, which results are presented in Table B.2: 
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Figure B.2 shows the percentage of armor types over the number of sections studied for each 

case (102 sections before 1986, 118 sections from 1986 to 2011 and 220 sections in total), 

distinguishing between cubes, blocks, natural rocks and special units (such as Accropode, Antifer 

or Beta among others). Most of the sections studied were built with artificial units, with a 

preponderance of blocks
10

 before 1986 and cubic blocks (cubes) from then on. Nowadays, almost 

80% of the sections studied are made with blocks, and approximately half of them are made 

specifically with cubes. This is in contrast to the general trend mentioned in Chapter 1, where the 

majority of rubble mound breakwaters all around the world are meant to be composed of quarry 

stones. Apparently, there is an increase in the use of natural rocks in the sections studied, which 

can be explained regarding the notable development of the Mediterranean Ports in recent years 

(such as Málaga, Almería, Alicante, Castellón, Valencia, Sagunto, Tarragona, Barcelona…), 

                                                           
10

Despite presenting a parallelepiped shape, they are directly cut from natural stones in some cases 

(specially at the North of Spain) 

Eq. B.2 

Eq. B.1 

Eq. B.3 

Eq. B.4 
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exposed to a less severe wave climate. There is also a trend towards incorporating special units, 

particularly in the Canary Islands and the Mediterranean coastline. 

 

Figure B.2. Percentage of armor types in Spain over number of sections studied for each period. 

 

Figure B.3. Percentage of armor types in Spain over section’s length from 1986 to 2011. 

 

The percentages of Figure B.2 are calculated over the number of sections studied but, in order to 

check that they are indeed related to the actual volume of built breakwaters, a second graph 

calculating armor type over breakwater’s length is presented in Figure B.3. This graph is only 

focused on the period 1986-2011 due to limitations in the availability of the information. The 

results are very similar to the ones on Figure B.2. 

For the analysis of the distribution of the values for each dimensionless parameter (α, Δ, Ns and 

h'), different histograms have been calculated using Sturges rule for the estimation of the 

optimum number of classes:  

Nn 2log1+=  

where n is the integer number of classes and N is the number of sections studied. The results are 

presented and commented below: 

 

RUBBLE MOUND SLOPE ANGLE (α)  

Almost 40% of the studied structures are built with a slope of 1V:1.5H, whereas about 30% are 

designed with a milder slope 1V:2H. There is also a relevant group of 15% using an intermediate 

slope of 1V:1.75H, in which the breakwaters of the new Port of Barcelona are included. Other 

slopes are less frequent. The mildest, 1V:4H, belongs to San Pedro del Pinatar (Málaga, 

Mediterranean coastline) and the steepest, 1V:1.2H, belongs to Cudillero (Asturias, Cantabrian 

coastline). 

< 2011 

Eq. B.5 
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The histogram of the common values of α in Spanish breakwaters is presented in Figure B.4. 

 

Figure B.4. Histogram of common values of rubble mound slope angle (α) in Spanish breakwaters 

 

RELATIVE EXCESS SPECIFIC WEIGHT (Δ) 

This parameter is representative of the density of armor units. Regarding that most of the 

sections studied incorporate parallelepiped or cubic blocks made of concrete, the most frequent 

value of Δ is associated to an armor specific weight of 2.35 t/m
3
. However, Figure B.5 has a 

bimodal shape, centered in the aforementioned concrete specific weight and a value of 2.60 t/m
3
 

for natural rocks and blocks sculpted with natural rocks. The lowest values of Δ are referred to an 

unusually low concrete density for breakwater armor units and, thus, they should be read 

carefully. 

 

Figure B.5. Histogram of common values of excess specific weight (Δ) in Spanish breakwaters 



 

 

163 

A methodology for the analysis of damage progression in rubble mound breakwaters 

STABILITY NUMBER (NS) 

The stability number accounts for the wave energy attacking the breakwater and, as it was 

exposed in Chapter 2, it is widely used in the formulation of hydraulic stability models. In 

addition, breakwaters are commonly designed for a certain critic stability number when applying 

a deterministic or pseudo-deterministic approach.  

In Figure B.6 the design stability numbers for the studied sections are presented. According to 

this graph, they are contained in the interval [1, 3], being NS=2 the most frequently used in the 

design of the studied Spanish breakwaters. This is in agreement with the classification of Van der 

Meer (1995), who defined the interval [1, 4] for statically stable breakwaters. 

 

Figure B.6. Histogram of common values of stability number (NS) in Spanish breakwaters 

 

RELATIVE WATER DEPTH AT THE TOE OF THE STRUCTURE (h') 

Due to the limited availability of information, only breakwaters from Ports of General Interest 

built between 1986 and 2011 and with water depths greater than 5m have been considered for 

the analysis of this parameter, including water depths from mean lowest tide (ht,l) and mean 

highest tide (ht,h).  

In the histogram of Figure B.7, a minimum limit value of h'=1.16 has been settled down, 

representing a depth limitation edge for wave breaking. For values of h'<1.16 the design wave HS 

used in the calculation of h' is not likely to attack directly the breakwater, as it would break due 

to seabed interaction. This bound has been calculated by comparing HS with the theoretical wave 

breaking limit established by Miche (1951): 
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Figure B.7. Histogram of common values of relative water depth at the toe (h') in Spanish breakwaters 

 

Finally, all calculated parameters from the first source (Negro et al., 2009) are presented in Table 

B.1. In the same way, all calculated parameters from the second source (Puertos del Estado, 

2012) are summed up in Table B.2. 

Table B.1. Dimensionless parameters (α, ∆, NS) calculated from Negro et al. (2009). Part I 

COASTLINE BREAKWATER ARMOR TYPE α ∆ Ns 

Cantabrian Fuenterrabia S.1 Natural Rocks 0.59 1.54 2.15 

Cantabrian Fuenterrabia S.2 Natural Rocks 0.52 1.54 1.86 

Cantabrian Orio S.1 Natural Rocks 0.59 1.54 2.23 

Cantabrian Orio S.2 Natural Rocks 0.59 1.54 2.28 

Cantabrian Orio S.3 Natural Rocks 0.46 1.54 2.64 

Cantabrian Guetaria S.1 Natural Rocks 0.59 1.54 2.09 

Cantabrian GuetariaS.2 Natural Rocks 0.59 1.54 2.19 

Cantabrian Guetaria S.3 Natural Rocks 0.59 1.54 1.57 

Cantabrian Lemoniz Natural Rocks 0.59 1.54 2.26 

Cantabrian Cudillero Cubes 0.59 1.17 2.85 

Cantabrian Ondárroa Blocks 0.32 1.28 2.59 

Cantabrian Bermeo S.1 Blocks 0.46 1.44 1.54 

Cantabrian Bermeo S.2 Blocks 0.55 1.31 1.85 

Cantabrian Bermeo S.3 Blocks 0.32 1.31 1.87 

Cantabrian Punta Lucero Blocks 0.46 1.26 2.00 

Cantabrian Lastres Blocks 0.46 1.17 2.68 

Cantabrian P. Asturias S.1 Blocks 0.41 1.25 2.03 

Cantabrian P. Asturias S.2 Blocks 0.32 1.26 2.05 

Cantabrian P. Asturias S.3 Blocks 0.55 1.26 2.05 

Cantabrian De la Osa Blocks 0.46 1.20 1.60 

Cantabrian Outer Gijon Blocks 0.32 1.26 2.07 

Cantabrian External Gijon Blocks 0.32 1.25 1.18 

Cantabrian Aboño Beach S.1 Blocks 0.38 1.25 2.88 

Cantabrian Aboño Beach S.2 Blocks 0.38 1.24 2.55 

Cantabrian Aboño Beach S.3 Blocks 0.38 1.25 - 

Cantabrian Candás Blocks 0.46 - - 

Cantabrian S. Esteban Blocks 0.35 1.51 2.03 

Cantabrian Outer San Esteban Blocks 0.35 1.34 2.25 

Cantabrian Cudillero Blocks 0.69 1.13 1.76 
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Table B.1. Dimensionless parameters (α, ∆, NS) calculated from Negro et al. (2009). Part II 

COASTLINE BREAKWATER ARMOR TYPE α ∆ Ns 

Galician Malpica S.1 Cubes 0.52 1.33 2.40 

Galician Malpica S.2 Cubes 0.52 1.35 2.36 

Galician Malpica S.3 Cubes 0.52 1.34 2.37 

Galician Panjón S.1 Cubes 0.52 1.38 1.81 

Galician Panjón S.2 Cubes 0.52 1.31 1.62 

Galician Bayona S.1 Cubes 0.59 1.24 2.19 

Galician Bayona S.2 Cubes 0.59 1.24 1.91 

Galician La Guardia Cubes 0.46 1.31 - 

Galician Burela S.1 Blocks 0.43 1.31 1.73 

Galician Burela S.2 Blocks 0.59 1.26 1.88 

Galician San Ciprián Blocks 0.32 1.26 2.47 

Galician Cillero Blocks 0.59 1.25 1.91 

Galician Malpica S.1 Blocks 0.38 1.41 2.20 

Galician Malpica S.2 Blocks 0.59 1.28 2.26 

Galician Lage Blocks 0.59 1.29 1.66 

Galician Aguiño Blocks 0.46 1.33 2.86 

Galician Portonovo Blocks 0.42 1.23 2.60 

Canary Islands Tenerife Blocks 0.59 1.58 1.42 

Canary Islands Reina Sofía Blocks 0.59 1.35 2.04 

Canary Islands Outer Las Palmas Blocks 0.59 1.44 1.96 

South-Atlantic Rota Cubes 0.59 1.38 1.66 

South-Atlantic San Felipe Cubes 0.38 1.09 2.31 

South-Atlantic Outer Barbate Cubes 0.46 1.10 2.72 

South-Atlantic Chipiona Blocks 0.59 1.34 - 

South-Atlantic Pto. de Sta. María Blocks 0.46 1.23 2.40 

South-Atlantic Cádiz Blocks 0.52 1.29 2.37 

South-Atlantic Conil Blocks 0.59 1.20 2.59 

South-Atlantic Barbate Blocks 0.30 1.15 2.19 

South-Atlantic Tarifa Blocks 0.38 1.15 2.17 

Alboran Sea Motril Cubes 0.32 1.20 2.47 

Alboran Sea Algeciras Blocks 0.35 1.41 2.22 

Alboran Sea Marbella S.1 Blocks 0.59 1.15 2.33 

Alboran Sea Marbella S.2 Blocks 0.59 1.22 1.94 

Alboran Sea Breakwater Marbella Blocks 0.59 1.25 2.18 

Alboran Sea Fuengirola S.1 Blocks 0.59 1.03 2.54 

Alboran Sea Fuengirola S.2 Blocks 0.59 1.41 1.73 

Alboran Sea Málaga Blocks 0.52 1.34 1.35 

Alboran Sea Vélez Blocks 0.59 1.23 2.21 

Alboran Sea Carboneras Pucarsa S.1 Blocks 0.46 1.25 - 

Alboran Sea Carboneras Pucarsa S.2 Blocks 0.46 1.26 2.11 

Alboran Sea Carboneras Pucarsa S.3 Blocks 0.46 1.25 1.94 

Alboran Sea Carboneras Pucarsa S.4 Blocks 0.46 1.25 1.75 

Alboran Sea Garrucha S.1 Blocks 0.35 1.21 3.13 

Alboran Sea Garrucha S.2 Blocks 0.59 1.12 2.56 

Alboran Sea Garrucha S.3 Blocks 0.42 1.12 2.23 

Alboran Sea Ceuta Blocks 0.46 1.39 2.15 

Alboran Sea Melilla Blocks 0.32 1.31 1.68 

Mediterranean S. Pedro del Pinatar Cubes 0.24 1.25 2.84 

Mediterranean Mazarrón S.1 Blocks 0.59 1.25 2.19 

Mediterranean Mazarrón S.2 Blocks 0.59 1.24 1.90 

Mediterranean Curra, Cartagena Blocks 0.52 1.17 - 

Mediterranean Torrevieja Blocks 0.32 1.25 2.53 

Mediterranean Alicante Blocks 0.52 1.17 1.51 

Mediterranean Altea S.1 Blocks 0.59 1.03 2.54 

Mediterranean Altea S.2 Blocks 0.59 1.07 2.17 
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Table B.1. Dimensionless parameters (α, ∆, NS) calculated from Negro et al. (2009). Part III 

COASTLINE BREAKWATER ARMOR TYPE α ∆ Ns 

Mediterranean Calpe S.1 Blocks 0.32 1.24 2.10 

Mediterranean Calpe S.2 Blocks 0.59 1.24 2.46 

Mediterranean Calpe S.3 Blocks 0.59 1.10 2.46 

Mediterranean Jávea Blocks 0.32 1.14 2.56 

Mediterranean Denia Blocks 0.59 1.03 - 

Mediterranean Gandía Blocks 0.32 1.18 2.59 

Mediterranean Valencia S.1 Blocks 0.52 1.22 2.38 

Mediterranean Valencia S.2 Blocks 0.52 1.21 2.29 

Mediterranean Burriana Blocks 0.32 1.36 1.82 

Mediterranean Tarragona Blocks 0.46 1.26 2.39 

Mediterranean Barcelona S.1 Blocks 0.59 1.32 2.14 

Mediterranean Barcelona S.2 Blocks 0.44 1.32 1.85 

Mediterranean S. Feliu de Guixols S.1 Blocks 0.42 1.23 2.57 

Mediterranean S. Feliu de Guixols S.2 Blocks 0.46 1.34 2.83 

Mediterranean Palamós Blocks 0.40 1.34 2.64 

Mediterranean Soller Blocks - 1.23 1.87 

Mediterranean Palma de Mallorca Blocks 0.42 1.06 2.09 

Mediterranean Cala Ratjada Blocks 0.46 1.34 1.55 

 

Table B.2. Dimensionless parameters (α, ∆,NS, ht,l, ht,h) calculated from Puertos del Estado(2012). Part I 

PORT AUTHORITY BREAKWATER ARMOR TYPE L (m) Tp (s) α ∆ Ns h't,l h't,h 

Bilbao Zierbena S.1 Blocks 800 - 0.46 1.29 - - - 

Bilbao Zierbena S.2 Blocks 625 14.50 0.46 1.29 2.60 2.58 3.08 

Bilbao Zierbena S.3 Blocks 150 14.50 0.46 1.29 2.18 2.58 3.08 

Bilbao Zierbena S.4 Blocks 350 19.00 0.46 1.29 2.15 2.61 3.11 

Bilbao Zierbena S.5 Blocks 1050 19.00 0.46 1.29 2.55 2.09 2.49 

Bilbao Zierbena S.6 Blocks 500 19.00 0.46 1.29 2.81 2.00 2.38 

Bilbao Zierbena S.7 Blocks 402 19.00 0.46 1.29 2.81 1.92 2.30 

Gijón P. Asturias S.1 Cubes 320 15.00 0.59 1.29 2.12 4.28 5.32 

Gijón P. Asturias S.2 Cubes 155 15.00 0.59 1.29 1.02 4.28 5.32 

Gijón De la Osa S.1 Selected Rocks 124 10.00 0.59 1.59 2.54 1.43 2.52 

Gijón De la Osa S.2 Cubes 308 10.00 0.59 1.29 2.16 2.14 3.24 

Gijón De la Osa S.3 Cubes 130 10.00 0.59 1.24 2.00 2.14 3.24 

Gijón De la Osa S.4 Cubes 240 10.00 0.59 1.24 2.11 1.48 2.33 

Gijón De la Osa S.5 Cubes 803 10.00 0.59 1.29 1.79 2.78 3.63 

Gijón Aboño S.1 Cubes 237 18-20 0.46 1.24 2.11 0.93 1.78 

Gijón Aboño S.2 Cubes 184 18-20 0.59 1.29 1.38 0.83 1.60 

Gijón Aboño S.3 Cubes 170 18-20 0.59 1.29 1.38 1.11 1.88 

Gijón Aboño S.4 Cubes 100 18-20 0.59 1.29 1.38 1.27 2.03 

Gijón Torres S.1 Selected Rocks 154 <10 0.59 1.59 1.51 2.00 3.84 

Gijón Torres S.2 Cubes 101 <10 0.59 1.29 1.19 4.80 6.64 

Gijón Torres S.3 Cubes 278 <10 0.59 1.29 1.19 4.80 6.64 

Gijón Torres S.4 Cubes 120 10.00 0.59 1.29 1.10 3.16 4.37 

Gijón Torres S.5 Cubes 185 12.00 0.59 1.29 1.50 3.65 4.54 

Gijón Torres S.6 Cubes 170 16.00 0.59 1.29 1.61 2.86 3.51 

Gijón Torres S.7 Cubes 408 18.00 0.59 1.29 1.86 2.32 2.80 

Gijón North Cubes 64 18.00 0.59 1.29 1.67 2.42 2.91 

Gijón Outer NorthS.1 Cubes 485 16.00 0.46 1.29 2.26 3.85 4.44 

Gijón Outer NorthS.2 Cubes 248 16.00 0.46 1.29 1.79 3.72 4.31 
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Table B.2. Dimensionless parameters (α, ∆,NS, ht,l, ht,h) calculated from Puertos del Estado(2012). Part II 

PORT AUTHORITY BREAKWATER ARMOR TYPE L (m) Tp (s) α ∆ Ns h't,l h't,h 

Gijón Inner S.1 Cubes 234 12.00 0.51 1.29 1.43 7.67 9.20 

Gijón Inner S.2 Selected Rocks 459 12.00 0.46 1.59 1.82 7.00 8.53 

Gijón Inner S.3 Cubes 748 12.00 0.46 1.29 1.91 5.25 6.40 

Gijón Inner S.4 Cubes 165 14.00 0.46 1.29 1.99 3.50 4.27 

Avilés Sand protection Cubes 238 15.00 0.46 1.29 2.25 0.67 1.28 

Ferrol Cabo Pioriño Blocks 1067 15.00 0.52 1.24 1.80 4.34 5.04 

La Coruña P. Langosteira S.1 Cubes 862 15.00 0.46 1.29 2.67 1.40 1.82 

La Coruña P. Langosteira S.2 Cubes 338 14.00 0.46 1.29 - 1.33 1.63 

La Coruña P. Langosteira S.3 Cubes 264 20.00 0.46 1.29 2.90 2.00 2.30 

La Coruña P. Langosteira S.4 Cubes 336 20.00 0.46 1.29 2.90 2.33 2.63 

La Coruña P. Langosteira S.5 Cubes 943 20.00 0.46 1.29 2.90 2.67 2.97 

La Coruña P. Langosteira S.6 Cubes 377 20.00 0.46 1.29 2.90 2.67 2.97 

La Coruña P. Langosteira S.7 Cubes 280 20.00 0.46 1.29 2.90 2.67 2.97 

Cadiz Sea of Leva Beta 350 20.00 0.46 1.29 2.52 1.42 1.98 

Algeciras Outer Accropode 380 20.00 0.59 1.29 2.50 1.50 1.72 

Algeciras South Special Units 1104 15.00 0.59 1.29 1.46 1.43 1.80 

Málaga Outer S.1 Selected Rocks 496 12.50 0.52 1.54 1.32 4.39 4.98 

Málaga Outer S.2 Selected Rocks 83 9.00 0.52 1.54 1.32 5.74 6.33 

Málaga Outer S.3 Selected Rocks 187 7.50 0.52 1.54 - 2.02 2.23 

Málaga Outer S.4 Selected Rocks 393 7.50 0.46 1.54 1.73 3.70 3.95 

Almería West Selected Rocks 1132 7.50 0.46 1.54 1.48 5.00 5.21 

Almería Fishing Port Selected Rocks 210 7.50 0.59 1.54 1.86 5.00 5.21 

Carboneras South Cubes 103 9.00 0.59 1.29 1.55 2.15 2.27 

Carboneras North Cubes 208 10.00 0.59 1.29 0.81 8.82 9.05 

Ceuta NE Extension Cubes 260 8.00 0.59 1.39 2.14 2.30 2.51 

Ceuta NW Extension Cubes 650 9.00 0.59 1.39 2.51 1.21 1.49 

Melilla Marina Accropode 300 14.90 0.59 1.29 2.13 1.86 2.01 

Cartagena South Cubes 242 14.10 0.59 1.29 1.88 2.30 2.40 

Alicante South S.1 Cubes 918 11.00 0.59 1.24 1.71 3.43 - 

Alicante South S.2 Cubes 209 9.00 0.59 1.24 1.71 3.43 - 

Alicante South S.3 Cubes 173 13.00 0.59 1.24 1.63 4.62 - 

Alicante South S.4 Cubes 442 13.00 0.52 1.63 1.22 2.75 - 

Alicante Fishing PortS.1 Selected Rocks 175 13.00 0.59 1.54 1.86 1.67 - 

Alicante Fishing Port S.2 Selected Rocks 62 13.00 0.59 1.54 1.86 1.67 - 

Valencia South S.1 Cubes 200 13.00 0.46 1.29 1.39 1.80 - 

Valencia South S.2 Cubes 500 13.00 0.46 1.29 1.55 2.16 - 

Valencia South S.3 Cubes 300 14.00 0.46 1.29 1.55 2.34 - 

Valencia South S.4 Cubes 100 14.00 0.46 1.29 1.84 2.52 - 

Valencia Náutico S.1 Cubes 350 14.00 0.59 1.29 1.32 2.50 - 

Valencia Náutico S.2 Selected Rocks 280 14.00 0.59 1.54 1.48 4.22 - 

Valencia American Cup S.1 Rip-Rap 300 12.00 0.46 1.54 - 0.80 - 

Valencia American Cup S.2 Special Units 630 12.00 0.59 1.34 2.53 1.60 - 

Valencia North S.1 Cubes 1000 12.00 0.59 1.29 2.42 1.88 - 

Valencia North S.2 Cubes 306 12.00 0.59 1.29 1.71 2.92 - 

Valencia Outer North S.1 Cubes 500 12.90 0.59 1.29 1.26 2.99 - 

Valencia Outer North S.2 Cubes 300 12.90 0.59 1.29 1.72 2.20 - 

Valencia Outer North S.3 Selected Rocks 100 10.80 0.59 1.54 0.87 7.38 - 

Sagunto North Cubes 240 11.60 0.52 1.29 - - - 

Sagunto Outer S.1 Rip-Rap 594 10.90 0.59 1.54 1.47 3.08 - 



 

 

168 

A methodology for the analysis of damage progression in rubble mound breakwaters 

Table B.2. Dimensionless parameters (α, ∆,NS, ht,l, ht,h) calculated from Puertos del Estado(2012). Part III 

PORT AUTHORITY BREAKWATER ARMOR TYPE L (m) Tp (s) α ∆ Ns h't,l h't,h 

Sagunto Outer S.2 Cubes 854 * 0.59 1.29 1.17 3.85 * 

Sagunto Outer S.3 Cubes 200 10.00 0.52 1.29 1.97 2.16 * 

Sagunto Outer S.4 Cubes 205 10.00 0.52 1.29 1.97 2.75 * 

Sagunto Platform Selected Rocks 700 10.00 0.39 1.54 2.49 1.26 * 

Castellón Breakwater S.1 Selected Rocks 382 10.00 0.59 1.54 2.45 1.15 1.31 

Castellón Breakwater S.2 Cubes 280 12.00 0.46 1.24 1.74 1.15 1.31 

Castellón Breakwater S.3 Cubes 572 10.00 0.46 1.24 1.74 2.76 2.93 

Castellón Outer S 1 Selected Rocks 851 10.00 0.52 1.54 1.94 2.16 2.35 

Castellón Outer S.2 Cubes 350 10.00 0.52 1.24 1.99 1.63 1.79 

Castellón Outer S.3 Cubes 373 9.00 0.52 1.24 1.99 2.33 2.49 

Tarragona East S.1 Blocks 1750 9.00 0.46 1.24 2.71 2.38 * 

Tarragona East S.2 Blocks 697 9.00 0.46 1.24 1.97 3.65 * 

Tarragona East S.3 Blocks 50 11.00 0.46 1.24 1.91 3.29 * 

Tarragona Outer S.1 Selected Rocks 360 15.00 0.38 1.59 1.95 2.22 * 

Tarragona Outer S.2 Selected Rocks 380 14.00 0.38 1.59 1.95 3.61 * 

Tarragona Outer S.3 Selected Rocks 665 12.00 0.38 1.59 1.68 5.00 * 

Tarragona Outer S.4 Blocks 75 12.00 0.38 1.34 1.53 5.00 * 

Barcelona North Channel S.1 Cubes 95 12.00 0.59 1.29 1.98 1.52 1.70 

Barcelona North Channel S.2 Cubes 135 12.00 0.59 1.29 1.98 1.52 1.70 

Barcelona North Channel S.3 Cubes 560 12.00 0.59 1.29 1.98 3.03 3.22 

Barcelona South S.1 Selected Rocks 141 12.00 0.52 1.54 1.87 1.45 1.78 

Barcelona South S.2 Cubes 542 12.00 0.52 1.29 2.21 2.09 2.38 

Barcelona South S.3 Cubes 441 12.00 0.52 1.29 2.09 2.50 2.75 

Barcelona South S.4 Cubes 594 13.00 0.52 1.29 1.72 3.85 4.09 

Barcelona South S.5 Cubes 960 13.00 0.52 1.29 1.95 3.08 3.27 

Barcelona East S.1 Cubes 980 13.00 0.52 1.29 1.73 3.06 3.27 

Barcelona East S.2 Cubes 1045 13.00 0.52 1.29 1.73 3.71 3.91 

Tenerife Fishing Port S.1 Cubes 360 13.00 0.59 1.34 1.68 4.86 5.63 

Tenerife Fishing Port S.2 Rip-Rap 380 13.00 0.59 1.63 1.61 6.67 7.57 

S. S. Gomera R. de la Hila Rip-Rap 107 14.00 0.52 1.63 1.83 5.29 6.09 

La Estaca Breakwater S.1 Antifer 85 14.00 0.46 * * 3.01 3.59 

La Estaca Breakwater S.2 Antifer 125 15.00 0.38 * * 3.23 3.81 

La Estaca Breakwater S.3 Antifer 125 12.00 0.46 * * 5.52 6.16 

Las Palmas Esfinge S.1 Accropode 309 10.00 0.59 1.34 2.51 2.58 2.97 

Las Palmas Esfinge S.2 Blocks 333 16.00 0.59 1.34 1.59 4.92 5.41 

Las Palmas South S.1 Cubes 305 16.00 0.59 1.34 1.92 1.67 2.17 

Las Palmas South S.2 Cubes 73 16.00 0.59 1.34 1.92 1.00 1.51 

Arinaga Agüimes Cubes 907 15.00 0.59 1.34 2.34 1.92 2.33 

El Rosario Breakwater S.1 Cubes 518 15.00 0.46 1.34 1.64 3.69 4.43 

El Rosario Breakwater S.2 Cubes 180 11.00 0.46 1.34 1.52 4.00 4.80 

El Rosario Breakwater S.3 Cubes 90 11.00 0.46 1.34 2.33 4.05 4.86 
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APPENDIX C 

HRL's tests: characterization of the quarry stones 

used in the armor layer 

 

One of the requirements for achieving reproducible and comparable damage experiments is a 

complete and correct characterization of the units used in the armor layer. When dealing with 

precast armor units, their shape is reasonably constant and, thus, they are normally well-defined 

by their mean weight and the parameter Dn50. However, when dealing with quarry stones, this 

two factors are insufficient to describe the prevailing shape of the stones among the relatively 

wide range of variation in comparison with artificial units. Indeed, a breakwater armored with 

cubic-shaped stones behaves differently
11

 from a breakwater armored with long-shaped stones 

and so, the parameterization of their shape is crucial for a complete characterization of the 

armoring. 

For the damage progression experiments detailed in Section 3.2, quarry stones were employed. 

As it was previously exposed, they were narrowly graded according to the Rock Manual (2007). 

Due to the irregular shape of the stones, their classification has been accomplished by an 

individual weighting criteria instead of a sieving process. After selecting the quarry stones for the 

armor layer, a sample of 100 units was used for determining the following properties: 

• Mass of the stones (M), measured with a precision weighting up to 0.1g. 

• Volume of the stones (V), measured with a hydrostatic weighting system. 

• Maximum length (L) and minimum length (d) of the stones (see Figure C.1), measured 

with a caliper. These dimensions are later used for calculating the "Aspect Ratio" defined 

in the Rock Manual (2007). 

 
Figure C.1. Main dimensions of a stone, according to the Rock Manual's notation. From Rock Manual(2007). 

                                                           
11

 Stones with higher LT coefficient tend to form more porous and thin layers 
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• Main parallelepiped dimensions (X, YAZD) of the stones (see Figure C.1), measured with a 

caliper. These dimensions are later used for calculating the "Blockiness Factor" (see 

Figure C.2) defined in the Rock Manual (2007). 

 
Figure C.2. Examples of different blockiness values: from left to right, Blc= 80%, 60% and 40%. From the 

Rock Manual (2007). 

 

The measurements for the 100 units sample are provided in Table C.1: 

Table C.1. Measurements of the 100 units sample of the quarry stones used in the armor layer. Part I. 

 M (g) V (cm
3
) L (cm) d (cm) X (cm) Y (cm) Z (cm) 

1 54.40 20.45 4.52 2.77 3.09 3.74 4.45 

2 55.20 21.05 4.15 3.57 3.41 3.53 4.55 

3 59.80 22.45 5.15 3.31 3.15 4.45 5.12 

4 60.10 22.45 5.03 3.12 3.18 4.09 5.02 

5 61.10 22.85 5.32 3.12 3.14 4.11 5.37 

6 61.90 23.15 6.24 2.64 2.63 2.99 6.28 

7 62.80 23.65 5.11 3.25 3.13 3.44 3.66 

8 63.20 23.65 5.01 3.06 2.55 3.99 5.05 

9 63.40 23.65 5.77 2.74 2.30 4.09 5.79 

10 64.10 24.05 5.09 2.57 3.12 4.27 5.06 

11 64.60 24.15 4.66 1.98 2.29 4.03 4.45 

12 65.20 25.05 4.87 2.83 3.65 4.38 4.76 

13 65.50 24.65 5.69 3.12 3.32 3.59 5.66 

14 65.90 25.05 4.57 3.40 2.90 3.38 4.19 

15 67.20 25.35 5.26 2.10 2.65 4.07 5.27 

16 67.90 25.65 5.19 3.20 2.69 3.96 5.23 

17 68.50 25.75 6.43 2.90 3.00 4.18 5.41 

18 69.60 26.45 6.44 2.81 2.48 3.64 6.30 

19 71.20 26.75 5.70 3.41 3.28 4.20 5.72 

20 71.30 27.25 6.04 3.03 2.97 4.32 6.04 

21 71.40 27.25 5.85 2.27 2.42 3.96 5.88 

22 71.90 26.85 5.39 2.94 2.06 5.02 5.32 

23 72.30 27.05 5.67 3.20 3.13 3.48 6.05 

24 73.30 27.65 6.07 2.76 3.52 3.72 6.16 

25 73.80 27.65 5.03 3.09 3.18 3.77 4.95 

26 75.40 28.35 5.02 3.08 2.95 4.41 5.07 
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Table C.1. Measurements of the 100 units sample of the quarry stones used in the armor layer. Part II . 

 M (g) V (cm
3
) L (cm) d (cm) X (cm) Y (cm) Z (cm) 

27 75.90 28.45 5.94 2.96 3.15 3.18 6.01 

28 75.90 28.65 5.79 3.13 3.26 3.81 5.64 

29 75.90 29.25 5.23 2.56 3.12 5.11 5.11 

30 75.90 29.35 5.56 2.88 2.88 4.14 5.28 

31 76.30 28.55 5.39 2.75 2.39 4.36 5.40 

32 76.30 29.05 5.67 2.54 3.22 3.96 5.59 

33 77.30 28.95 5.07 2.55 3.12 4.04 4.70 

34 78.00 29.25 5.36 2.61 2.76 3.85 5.29 

35 78.90 29.75 6.16 2.12 2.77 3.31 6.25 

36 79.30 30.55 6.32 3.01 2.99 4.98 6.33 

37 80.10 29.95 5.45 3.06 2.89 3.86 5.13 

38 81.00 30.55 5.58 3.22 3.12 4.08 5.50 

39 81.20 30.45 5.01 3.05 3.35 4.51 4.91 

40 82.70 31.05 6.32 2.61 2.90 3.49 6.37 

41 84.00 31.35 5.55 3.05 3.36 3.79 5.50 

42 84.00 31.55 6.01 3.05 3.35 3.55 6.00 

43 84.00 31.55 5.69 3.12 2.93 4.50 5.68 

44 84.70 31.95 6.06 3.07 2.77 3.72 5.36 

45 85.60 31.95 5.41 2.85 3.12 3.27 5.14 

46 86.60 32.45 5.21 3.01 2.56 4.53 5.10 

47 87.90 32.95 5.68 2.30 3.95 4.40 5.65 

48 88.50 33.15 5.10 3.18 3.37 3.78 4.26 

49 89.40 33.55 5.68 2.91 2.88 4.21 5.06 

50 89.60 33.45 6.09 3.09 3.12 4.22 6.08 

51 71.00 26.60 5.25 2.72 2.85 3.92 4.95 

52 86.10 32.20 5.27 3.28 3.38 3.98 4.29 

53 70.60 26.60 5.01 3.05 3.05 3.90 4.05 

54 84.50 31.60 6.39 3.00 3.20 3.38 5.32 

55 87.20 32.50 4.87 3.53 3.54 3.89 4.50 

56 82.90 31.60 6.18 2.72 2.85 4.24 4.95 

57 71.30 27.10 5.09 3.23 3.27 3.88 4.06 

58 85.50 31.80 4.67 3.39 3.39 3.91 4.35 

59 72.90 27.30 4.89 3.21 3.58 3.91 4.32 

60 94.00 35.50 5.66 3.34 3.43 5.06 5.37 

61 54.40 20.80 5.62 2.72 2.69 3.40 5.58 

62 63.70 24.40 5.48 2.44 2.50 3.94 4.69 

63 63.50 23.70 6.18 1.79 1.85 4.91 5.58 

64 56.60 21.50 6.34 2.59 3.58 3.23 6.33 

65 66.60 25.00 4.58 3.42 3.45 3.95 4.39 

66 62.80 23.60 5.13 3.00 3.01 3.62 4.55 

67 85.30 32.60 5.81 3.44 3.45 3.74 4.86 

68 70.20 26.40 4.98 2.38 2.45 4.45 4.67 
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Table C.1. Measurements of the 100 units sample of the quarry stones used in the armor layer. Part III . 

 M (g) V (cm
3
) L (cm) d (cm) X (cm) Y (cm) Z (cm) 

69 52.70 20.20 5.12 2.09 2.13 4.41 4.95 

70 40.30 15.30 5.11 1.70 1.79 4.37 5.08 

71 73.80 28.30 5.34 3.34 3.44 4.65 4.53 

72 76.00 28.80 5.91 2.50 2.52 5.00 5.38 

73 106.80 39.90 6.07 3.72 3.74 4.53 5.69 

74 35.60 13.50 4.54 2.30 2.28 3.69 4.01 

75 76.10 28.90 5.23 3.05 3.07 3.77 4.87 

76 58.50 22.00 5.50 2.33 2.56 4.74 4.89 

77 83.00 32.20 5.82 3.44 3.37 4.18 5.82 

78 79.40 30.00 5.52 3.01 3.21 3.82 5.27 

79 42.50 16.20 5.78 2.04 2.03 3.05 5.05 

80 82.60 31.60 3.88 2.55 3.67 3.99 5.86 

81 67.50 25.70 6.17 2.96 2.84 4.27 6.17 

82 82.00 31.20 6.10 2.94 2.66 4.69 5.46 

83 75.20 28.10 5.85 2.95 2.92 3.41 5.48 

84 74.30 27.90 5.34 2.84 3.32 4.15 4.38 

85 87.90 33.00 5.67 3.50 3.67 4.51 5.65 

86 87.20 32.70 5.17 3.41 3.36 4.49 4.84 

87 77.50 29.00 5.79 2.97 2.82 2.82 5.32 

88 71.60 26.80 4.72 3.14 3.14 3.64 4.32 

89 86.10 32.10 5.49 4.06 3.88 4.14 5.51 

90 54.00 20.20 4.89 2.80 2.87 4.13 4.88 

91 102.50 38.20 6.04 3.34 3.96 4.44 5.34 

92 85.70 32.10 5.55 3.38 3.50 4.44 4.70 

93 87.00 32.40 5.51 2.66 2.65 4.77 4.93 

94 68.50 25.90 5.56 2.83 3.13 4.71 5.17 

95 72.50 27.20 5.42 3.13 3.10 4.31 4.83 

96 89.00 33.40 6.03 2.51 3.10 4.12 5.34 

97 83.20 31.20 5.09 3.29 3.05 3.43 4.75 

98 82.50 31.10 5.10 3.68 3.87 3.92 4.35 

99 82.50 30.80 5.99 2.46 2.49 5.43 5.99 

100 106.90 41.10 7.25 2.83 3.11 4.88 7.27 

 

 

From the measurements on Table C.1, the following properties are calculated:  

• Density of the stones 

• Equivalent diameter of the stones 

• Two shape factors: Aspect Ratio (LT) and Blockiness Factor (BLc) 
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DENSITY OF THE STONES 

This parameter has been straightly calculated from the measured mass and volume for each 

of the stones. The PDF of the density of the stones for the sample analyzed is presented in 

Figure C.3. From this graph, it can be seen that the mean density is 2.65 g/cm
3
, which is a 

reasonable magnitude for quarry stones. There are some values unusually low that could be 

derived from inaccuracies in the hydrostatic weighting measurement. 

 
Figure C.3. PDF of the density of the stones for the 100 sample units 

 

 

EQUIVALENT DIAMETER OF THE STONES 

Despite the most reliable way of characterizing quarry stones both in laboratory and 

prototype is probably by weighting, the equivalent diameter is most extended in the design 

process. This parameter is usually derived from assuming a cubic shape of the stones (see Eq. 

C.1). Although rarely used, it can also be calculated by assuming a spherical shape of the 

stones (see Eq. C.2). 

 

( ) ( ) 3/13/1 //6 sn MD ρπ=  

Both Eq. C.1 and Eq. C.2 have been implemented for calculating the equivalent diameter of 

each stone of the sample. After that, the percentiles 15%, 50% and 85% have been 

determined (see Table C.2). With this information, the nominal equivalent diameter (Dn50) is 

stated to be 3.05 cm. Also, based on the coefficient between Dn85 and Dn15 and the guidance 

of Table C.3, it is possible to affirm that the quarry stones used in the experiments are 

narrowed graded. 

 

2.56 2.58 2.6 2.62 2.64 2.66 2.68 2.7 2.72 2.74 2.76
0

5

10

15

20

25

30

35

40

P
ro

b

Density (g/cm3)

Sample size=100, µ=2.653, σ=0.025

Eq. C.1 ( ) 3/1/ sn MD ρ=

Eq. C.2 

Experimental data 

Normal approximation 

 



 

 

174 

A methodology for the analysis of damage progression in rubble mound breakwaters 

Table C.2.Percentiles of the equivalent diameter of the stones after assuming an spherical and a cubical shape of the 

100 sample units. 

 

Sphere Cube 

Dn15 (cm) 3.54 2.87 

Dn50 (cm) 3.78 3.05 

Dn85 (cm) 3.94 3.18 

Dn85/Dn15 1.11 1.11 

 

Table C.3.Armor stone grading width related to the uniformity. From Table 3.4 of the Rock Manual (2007). 

Grading width D85/D15 M85/M15 

Narrow or single sized gradation Less than 1.5 1.7 - 2.7 

Wide gradation 1.5 - 2.5 2.7 - 16 

Very wide or quarry run gradation  2.5 - 5.0 16 - 125 

 

 

SHAPE FACTORS 

Apart from the already defined parameters, the characterization of rubble mound's armor 

layer was traditionally associated also with the layer thickness coefficient (kt) and the 

porosity (n), which are both difficult to measure. According to the Rock Manual (2007), 

recent investigations suggest the incorporation of two shape factors: the Aspect Ratio (LT) 

and the Blockiness Factor (BLc). These two ratios are calculated after measuring the main 

dimensions of the quarry stones and present the following advantages when analyzed 

together: 

� By applying Eq. 3.3 and Eq. 3.4, kt and n can be estimated in an easier and probably 

more accurate way than attempting to straightly measuring them. 

� The stability and hydraulic response of the breakwater can be estimated with higher 

precision. 

� The results obtained in laboratory can be extrapolated to prototype. 

 

• Aspect Ratio, also referred as Length-to-thickness ratio (LT) 

It is the ratio resulting from dividing the maximum length (L) by the minimum 

length(d) for each unit of the sample. The most common magnitude for quarry stones 

is LT=2 and some recommendations suggest a limitation in the number of stones with 

LT>3 for ensuring a correct placement and hydraulic response of the armor layer.  

As it can be seen in Figure C.4, the mean value of LT for the sample is around 2. There 

are just two stones beyond the limit of LT=3, with a value of LT=3.01 and LT=3.45 

respectively. 
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Figure C.4. PDF of the LT ratio for the 100 sample units 

 

• Blockiness, also referred as Shape Factor (BLc) 

It is the percentage of the volume of a stone divided by the volume of the 

circumscribed parallelepiped with lowest volume: 

100
1 ⋅









⋅⋅
=

ZYX

M
BLc

ρ
 

BLc is directly proportional to the packing density: the higher BLc is, the higher 

number of parallel faces are likely to be in contact, increasing the packing density. In 

this case, most of the quarry stones have a BLc magnitude between 35% and 55% (see 

Figure C.5).  

 
Figure C.5. PDF of the BLc ratio for the 100 sample units 
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APPENDIX D 

HRL's tests: scanning results 

 

In this Appendix, all scanning results are presented by means of isoline's maps of dz after 

comparison with the initial non-damaged scanned section. In addition, each isoline's map is 

accompanied by its corresponding snap-shot of the section, taken in dry conditions. As a 

reminder, three Series were tested (DA1, DA2 and DA3) and, for each Series, two rubble mound 

sections were measured simultaneously (S1 and S2). The results are associated just with a 

maximum number of three wave cases (CS02, CS03 and CS04). Each wave case is generated in 

rounds of about 660 waves (13.6 min to 17 min) until damage equilibrium is visually appreciated 

or until the stopping criteria is reached; however, damage is just measured after an even number 

of repetitions of each wave case (t02, t04, t06...). 

 

SCANNING RESULTS FROM SERIE DA1, SECTION 1 
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SCANNING RESULTS FROM SERIE DA1, SECTION 2 
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SCANNING RESULTS FROM SERIE DA2, SECTION 1 
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SCANNING RESULTS FROM SERIE DA2, SECTION 2 
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SCANNING RESULTS FROM SERIE DA3, SECTION 1 
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SCANNING RESULTS FROM SERIE DA3, SECTION 2 
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