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Summary

Coastal areas around the world have attracted settlements and human activities since the early stages
of the history until nowadays. This has introduced continuous modifications to the natural charac-
teristics of these coastal regions by means of coastal structures and engineering interventions. The
design of such coastal structures has evolved significantly since the first quarter of the ;;፭፡ Century,
when more scientific design methods and formulae were developed. Nevertheless, further research is
required given the stochastic nature of the environmental loads involved, the remaining uncertainties
regarding the response of these structures to the applied loads and the growing impacts of climate
change and sea level rise.

Four knowledge gaps are identified regarding the Damage assessment of coastal structures in climate
change adaptation. Based on these, the objectives of this thesis are summarized as follows:

঎ Climate change adaptation: demand for validated upgrading alternatives.

঎ Damage characterization:
Concepts: demand for unified damage characterization concepts.
Parameters: demand for universal and more accurate damage characterization parameters.
Measuring techniques: demand for validating the suitability of innovative survey methods.

These knowledge gaps are addressed using physical modelling results from two test campaigns. First,
the UPorto deep water tests were done in a wave basin without a foreshore (non depth-limited waves),
a 1:2 slope and permeable core. Second, the Deltares shallow water tests were carried out in a wave
flume with a foreshore (depth-limited waves), a 1:3 slope, impermeable core and included both straight
slope and four different berm configurations.

Damage characterization concepts

This first knowledge gap was addressed in two parts. First, defining a standard characterization width
for physical modelling tests for coastal structures: 2�D፧኿ኺ. For damage parameters that evaluate the
width-averaged profiles (S and Eኼፃ), this minimum width should be considered, taking into account
the effects that wider test sections will have in the measured damage. For damage parameters that
consider the maximum eroded depth within a characterization width (Eኽፃ,ኻ and Eኽፃ,኿), this standard
width should also be considered, in combination with an extreme value distribution in order to account
for the increase in the probability of observing a maximum erosion in wider structures (length effect).
Second, the calibrated damage limits and damage parameters for rock armoured slopes with a thickness
of 2D፧኿ኺ are the following:

঎ Damage initiation: defined as the condition where a circular hole of 1D፧኿ኺ diameter and a
depth of 1D፧኿ኺ is observed in the armour layer:

Eኽፃ,ኻ  1� Eኽፃ,኿  0.3� Eኼፃ  0.2� S  1.

঎ Intermediate damage: defined as the condition where a circular hole of 1D፧኿ኺ diameter and
a depth of 1.�D፧኿ኺ is observed in the armour layer:

Eኽፃ,ኻ  1.�� Eኽፃ,኿  0.�� Eኼፃ  0.�� S  �.

঎ Failure limit: defined as the condition where a circular hole of 1D፧኿ኺ diameter and a depth of
2D፧኿ኺ is observed in the armour layer:

Eኽፃ,ኻ  2.0� Eኽፃ,኿  1.3� Eኼፃ 1.0� S  12.
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vi Summary

Damage characterization parameters

This second knowledge gap was addressed by evaluating the suitability of the different damage param-
eters to be used as an universal damage parameter. It was defined that Eኽፃ,኿ is the parameter that can
better describe the damage and remaining strength of conventional and non-conventional structures.
The key reasons for defining this parameter as the reference damage characterization parameter are
the following:

঎ Low bias error: the damage to the structure is clearly captured, without including hidden
erosion present in the parameters that consider width-averaged profiles.

঎ Low random error: this parameter describes the damage to the structure with very low vari-
ability, what increases the confidence in the measured and expected damage.

঎ Distinguish damage range: the different states of damage to the structure can be recognized
according to the limits established.

঎ Constant value for different structures: for all structure configurations this parameter can
be used without any modification.

In addition, the length effect of rock armoured coastal structures, defined as the increase in the prob-
ability of observing larger damage in increasingly wider structures, was also addressed. According to
the results from the physical modelling tests, it was observed that the measured damage for a coastal
structure of 2�D፧኿ኺ can increase 1�0� for a similar structure 10 times wider. Thus, it is demonstrated
that the damage characterization of coastal structures should include an extreme distribution in order
to account for this length effect.

Damage characterization measuring techniques

This third knowledge gap was addressed by remarking the importance of innovative and high resolu-
tion measuring techniques for delivering accurate damage characterization of coastal structures. Such
techniques allow the use of the most precise damage parameters (Eኽፃ,኿), the reduction of bias errors
related with hidden erosion and the reduction of random errors related with the position of the mea-
sured profiles.

Climate change adaptation

This fourth knowledge gap was addressed by validating the suitability of berms as an adaptation alter-
native. It was observed that a slope with a berm increases significantly the stability of the structure,
reducing the damage caused by the impact of extreme waves and increasing its resilience in sea level
rise scenarios. In such configuration, the effects on the porosity and hydrodynamic patterns were very
positive for the stability of the structure. The most favourable location of the berm was observed at one
level below the design water level. Furthermore, the wide configurations (10D፧኿ኺ) were more effective
than the narrow configurations (�D፧኿ኺ). In summary, the presence of a wide berm one level below
the design water level lead to reductions of up to �0� of the measured damage in both S and Eኽፃ,኿
parameters.

Regarding the damage evaluation, it was also described the suitability and accuracy of the parameter
Eኽፃ,኿ to better describe the state of the upgrading structure, instead of the parameter S. It was shown
that when evaluating the damage depth with Eኽፃ,኿ it is possible to better define the damage level of
the structure and the failure hazard (defined as the exposure of the filter layer to the wave action).

Thus, berm configurations have been validated with the present measurements as an upgrading al-
ternative to face sea level rise scenarios. For damage characterization of such non-standard coastal
structures, parameter Eኽፃ,኿ is also validated as the most suitable damage parameter.
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Conclusions

In conclusion, this study includes the validation of the damage criteria required for a precise assessment
of a coastal structure (second knowledge gap), the validation of an universal damage parameter for
rubble mound structures (third knowledge gap), the validation of the benefits of innovative measuring
techniques when carrying out physical modelling tests (fourth knowledge gap) and the validation of
upgrading alternatives for climate change scenarios (first knowledge gap).

Thus, it can be stated that with these definitions, parameters and measuring techniques, a complete
method for damage characterization of coastal structures is presented. It was also defined how this
damage characterization method can be used to precisely and accurately describe the damage to con-
ventional and non-conventional coastal structures. Furthermore, this method was also used to describe
the effects of not only current environmental forces acting on the structures but also future and more
energetic scenarios. For such future scenarios, adaptation alternatives for coastal structures were eval-
uated and berm configurations are recommended for their upgrading.

Future research on damage characterization of coastal structures is needed in order to evaluate, ad-
just and generalize the conclusions made in this thesis, considering additional structure configurations
and environmental loading conditions. These future configurations should combine variations in the
slope and porosity with the testing of conventional and non-conventional structures and 3D features
such as roundheads. In addition, the environmental loads should consider different wave conditions
(including non-breaking waves and a variety of breaking wave conditions), water levels (including con-
stant and varying water levels) and overtopping conditions (including low- and high-crested structures).

Furthermore, a summary of identified key research areas still to be addressed are presented and briefly
described hereafter. First, the constant damage limits observed in this thesis for different structures
(slopes 1:2 and 1:3) should be further investigated given that it contradicts current design criteria. Sec-
ond, the reduced difference between cumulative and non-cumulative damage measurements should
be evaluated considering both rock armoured slopes and other armour units such as concrete cubes.
Third, the scaling limits for physical modelling tests should also be evaluated in order to optimize the
design of model set-ups, since the scale effects predicted by the existing literature were not observed
in the Deltares test results. And fourth, the random behaviour of damage should be further analyzed,
in special for better describing the length effect of coastal structures in order to improve the statistical
tools for probabilistic design.

Future research on adaptation alternatives for coastal structures facing climate change should include
the testing of not only additional upgrading solutions, but also different environmental forcing scenar-
ios. Such different testing conditions should also include conditions where overtopping takes place and
therefore the upgrading of the structure should take into account the effects at the front slope, rear
slope and the activities that take place in the area protected by the structure.
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1
Introduction

Coastal areas around the world have presented advantageous conditions for the establishment of set-
tlements and human activities since the early stages of history. Among other advantages such as
fertile soils, the interface between land and sea allowed the development of trading and exchange
between communities otherwise isolated. These favourable conditions have then justified the signif-
icant proportion of the world population which has settled down in coastal areas. As societies have
developed until nowadays, the urbanization and human activities in the coastal areas have continued
to increase, accompanied by significant modifications of the natural characteristics of the coastal areas.
These modifications of the coastal areas have been carried with two main objectives briefly described
hereafter. First, with the aim of enhancing and protecting the development of urban areas, by means
of land reclamation and flood�erosion protection using dikes, groins, revetments or seawalls. Second,
with the aim of enhancing the development of human activities, by means of the construction of har-
bours�ports and stabilization of navigation inlets and channels using monolithic breakwaters, rouble
mound breakwaters or jetties. The design of such coastal structures has evolved significantly since the
first quarter of the ;;፭፡ Century, when more scientific design methods and formulae were developed.
Nevertheless, further research is required due to the stochastic nature of the environmental loads act-
ing on coastal structures and the remaining limitations in the knowledge on the structure response to
these loads.

This thesis addresses the required research on the assessment and characterization of damage to
coastal structures produced by the impact of environmental loads. The development of consistent and
accurate damage characterization methods will allow to fully describe the response, as well as the
remaining strength of the coastal structures after facing a given loading condition. Climate change
consequences are also part of this research, since this phenomenon is steadily increasing the environ-
mental loads acting on coastal structures. Among others, the main consequences of climate change
considered are the changes in the design water level and design wave loads. Furthermore, the analysis
of sea level rise impacts on various reinforcement alternatives will provide a guide for the upgrade of
coastal structure facing climate change scenarios.

In the next sections the following is presented: the motivations that justify this thesis, the objectives
and research questions to be addressed, the research methodology and the structure of the thesis.

1.1. Motivation
The aim of this section is to describe the demand for the research completed during this master thesis.
This is addressed in the two following sub-sections: a review of the field of study (Background) and
the analysis of the limitations in the current knowledge (Problem description).

1



2 1. Introduction

1.1.1. Background
Coastal structures are designed in order to address a variety of requirements in the protection, de-
velopment and management of coastal areas and human activities (see Figure 1.1). For the various
possible requirements a number of different structures can be designed, such as earthen dikes, groins,
revetments, seawalls, monolithic breakwaters, rubble mound breakwaters and jetties, among others.
The research developed in this thesis is focussed on the damage to structures protected with a ran-
domly placed rock armour, i.e. revetments, rubble mound breakwaters and jetties. From now on, such
structures will be described as rubble mound structures.

Figure 1.1: Punta Langosteira breakwater, singular coastal structure (Source: EFE).

The design methods for rubble mound structures have developed significantly since the first studies
on the stability and required weight of armourstone and concrete units in the armour layers of coastal
structures (Iribarren 193�). In the following decades (Hudson 19�9) contributed with a more gen-
eral and simple formulae for the design or rubble mound structures with rock armour and concrete
armour units based on physical modelling with regular wave action. van der Meer (19��) presented a
significant step forward with the development of more sophisticated design formulae for rock armour
layers based in small-scale and large-scale physical modelling tests with irregular wave action. CIRIA
et al. (2007) is currently the most referred guideline for the design of rubble mound structures. In
future designs the effects of climate change (IPCC 2013, Weisse et al. 2014) on the stability of coastal
structures should also be considered. The increase in water depths and extreme wind�wave action will
require the upgrade of coastal structures, as discussed in Burcharth et al. (2014), in order to maintain
or increase currently safety levels.

In the design and assessment of coastal structures, damage can be defined as ”the movement of
armour units as consequence of the impact of environmental loads” (van der Meer 19��). Although
damage is an essential concept in order to describe the response of coastal structures to imposed load
conditions and the remaining strength, it was not incorporated in the first stages of the development
of design methods and formulae (Iribarren (193�)). The first mention to damage in the design for-
mulae for rubble mound structures is found in Hudson (19�9), who developed his formula for a single
”no-damage” condition when less than 1� of the total number of units in the armour layer are dis-
placed (D). Later on, the coefficient of the Hudson formula was calibrated for conditions when a limited
amount of damage is allowed and more than 1� of stones are removed. In the study of stability of
rip-rap, Thompson 	 Shuttler (197�) incorporates a concept of damage (Nጂ) as ”the number of D኿ኺ
spherical stones eroded from a 9d኿ኺ wide section”, combined with a initial definition of ”no-damage”
and ”failure”. Also focussed on rip-rap stability, Broderick (19�4) defined a damage parameter obtained
from the comparison between the initial and final averaged profile over the width of the test section.
This damage parameter (originally named as Dঅ, but currently known as S) is obtained considering the
eroded area ”divided by the cube-root squared of the median stone weight divided by the unit weight
of rip-rap”. This author also introduces a different definition of ”no-damage” and ”failure” conditions.
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van der Meer (19��) renamed the damage parameter from Broderick (19�4), naming it as the currently
known damage parameter ”S” with the simplified form of eroded area (calculated as the difference be-
tween the initial and final width-averaged profiles) divided by the nominal diameter of the armour units.
This expression of damage (S) is present in the 9an der Meer formulae, which is nowadays the most
widely used design formulae for rock armoured slopes in deep water. In this formula, ”no-damage”
and ”failure” conditions are defined following the contributions of Broderick (19�4): ”start of damage”
is described when S is smaller than 2 and ”failure” is reached when the filter layer becomes exposed.
Later on, Melby 	 .obayashi (199�) introduced 3 additional damage parameters such as the normal-
ized erosion depth (E), the normalized erosion length (L) and the normalized cover depth (C) obtained
for averaged profiles over the width. Hofland et al. (2014, 2011) recently incorporates innovative and
more accurate measuring techniques for the survey of damage in physical modelling tests and presents
a three dimensional erosion depth parameter (Eኽፃ,፦) to be used in the damage characterization of con-
ventional and non-conventional coastal structures.

1.1.2. Problem description
Considering the background information described in the previous sub-section, the following four areas
of knowledge gaps can be identified:

First, although the research on climate change and its consequences such as the increase in water
levels and wave�wind conditions is already advanced (IPCC 2013, Weisse et al. 2014), no guidelines
are currently available regarding the upgrading alternatives for coastal structures facing such scenarios.
Burcharth et al. (2014) provides a first contribution on upgrade alternatives based on desk tools only
(see Figure 1.2). With the aim of providing more reliable recommendations for the upgrade of coastal
structures facing sea level rise caused by climate change, further research is required based on physical
model test results. In addition, in order to ensure a reliable evaluation of the upgrading alternatives, the
limitations of the currently used damage characterization concepts, parameters and testing techniques
must be overcome.

Figure 1.2: Upgrading of coastal structures (based on Burcharth et al. (2014)).
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Second, the previously defined concepts of ”no-damage”, ”start of damage”, ”intermediate damage”
and ”failure” are not accurately and uniformly described. Different authors established the current
limits based on unconsolidated arguments, also influenced by low accuracy measurement techniques.
No-damage condition was described by Thompson 	 Shuttler (197�) as ”the point at which the erosion
of rip-rap shows sharp increase with increasing wave height” without a quantitative definition of this
lower limit. Nevertheless, this author precisely defines failure ”when a hole with D኿ኺ�2 diameter is ob-
served in the armour down to the filter layer”, measured with a hand held gauge with a hemispherical
foot of D኿ኺ�2 diameter. Broderick (19�4) defines the condition of no-damage as Dঅ(or S)  2 ”which
is the lowest level of damage that can be consistently detected in the survey data” while failure is
described ”when enough rip-rap is shifted to expose the filter material”. van der Meer (19��) defines
these limits in a similar manner: start of damage is described as S  2 for a 1:2 slope and failure is
reached when the filter layer becomes visible, without describing an extension threshold. Taking into
account the arguments described above, contributions are needed in order to develop unified descrip-
tions of the damage limits for the assessment and design of rubble mound structures.

Third, the suitability of currently used damage parameters to accurately characterize the response and
remaining strength of rubble mound structures needs to be further investigated. The damage param-
eter ”S” used by van der Meer (19��) provides only limited information about the structure conditions
and can only be considered for conventional trunk sections. The innovative damage parameters pre-
sented by Melby 	 .obayashi (199�) and Hofland et al. (2014, 2011) can provide a more accurate
description of damage, providing a significant improvement in the characterization of the structure
conditions. Thus, the use of a generic damage parameter which is independent of the cross-section
geometry, will allow a direct characterization of conventional and non-conventional coastal structures
or singular elements such as roundheads.

Fourth, damage characterization procedures for rubble mound structures can increase their accuracy
and reliability due to the continuous development of testing and measuring techniques. The new mea-
suring techniques such as Digital Stereo Photography (Hofland et al. 2014, 2011) are considered an
innovative but consolidated technology that provides model surveys with millimeter resolution. In this
sense it is required to elaborate a clear description of the advantages of more accurate measuring
techniques and the expected improvement of the damage characterization when compared to mea-
surements obtained by traditional equipment with lower resolution.

Following the previously identified four areas of knowledge gaps, the problem description of this thesis
can be summarized as follows:

঎ Climate change adaptation: demand for validated upgrading alternatives.

঎ Damage characterization:
Concepts: demand for unified damage characterization concepts.
Parameters: demand for universal and more accurate damage characterization parameters.
Measuring techniques: demand for validating the suitability of innovative survey methods.

1.2. Objectives
The four knowledge gaps identified in the previous section justify the demand for the research carried
out throughout this thesis. Thus, the essential objective of this thesis is to overcome the identified
knowledge gaps answering the following research question:

Research question:

How can we improve the reliability in the assessment of rubble mound structures based
on physical modelling in current and future scenarios by introducing accurate and

universal damage characterization methods?
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This main research question is addressed based on the combined answer of the following four research
sub-questions:

Research sub-questions:

1. How can we establish and validate unified concepts of ”damage initiation”, ”interme-
diate damage” and ”failure” in rubble mound structures?

2. How canwe establish and validate an universal damage parameter to accurately char-
acterize the response as well as the remaining strength of rubble mound structures?

3. How can we validate the increase in reliability of physical modelling tests results
based on innovative and higher accuracy testing and measuring techniques?

4. How can we validate the suitability of upgrading alternatives for coastal structures
facing sea level rise scenarios?

1.3. Methodology
The research questions described in the previous section are addressed into three parts. Part I defines
the theoretical concepts, parameters and methods in order to overcome current limitations on damage
characterization. Part II includes the validation of the theoretical damage concepts, parameters and
methods based on the analysis of physical modelling tests results. Part III presents the contributions
on suitable upgrading alternatives for coastal structures facing sea level rise scenarios. This method-
ology is illustrated in Figure 1.3.

Figure 1.3: Thesis methodology and parts.

঎ Part I: initiates research sub-questions 1, 2 and 3.

঎ Part II: finalizes research sub-questions 1, 2 and 3.

঎ Part II: addresses research sub-question 4.

Two main physical modelling test campaigns are considered in this thesis, carried out within the Hy-
dralab� Project. The main characteristics of these tests are shown below:

঎ UPorto deep water tests: carried out in a wave basin where where damage to a rubble mound
breakwater was measured on a 4 meters wide trunk section and its roundhead.

঎ Deltares shallow water tests: carried out in a wave flume where damage to a rubble mound
breakwater was measured on a 1 meter wide trunk section.

The testing conditions were defined with the aim of obtaining the largest number of different condi-
tions in order to contribute to a more reliable validation of the theoretical concepts, parameters and
methods. Tests included cumulative and non-cumulative tests, constant water levels and sea level rise
scenarios, long-crested and short-crested wave conditions, straight slopes and slopes with a berm, 2D
trunk sections and 3D elements such as roundheads.
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In order to evaluate the damage to tested structures, surveys were carried out before and after every
test run with the Digital Stereo Photography technique developed by Deltares. This technique provided
3D surveys of the rubble mound structure with an resolution of 1mm.

The detailed analysis of the physical modelling results allows to complete Part II and Part III providing
the required answer to the four research sub-question and, in consequence, the main research ques-
tion of this thesis.

1.4. Structure
The structure of this report follows the methodology described in the previous section and is depicted
in Figure 1.4. In addition, a brief summary of the chapters are presented below.

Figure 1.4: Report structure and chapters.

঎ Chapter 2 - Literature: presents the essential review of the existing knowledge and references
in the fields addressed throughout this thesis.

঎ Chapter 3 - Theoretical development: establishes of the theoretical concepts, perimeters
and methods to be used in the damage characterization of rubble mound structures.

঎ Chapter 4 - Physicalmodelling test set-up: introduces the validation tools and the conditions
considered in the physical modelling tests.

঎ Chapter 5 - Physical modelling test results: analyses the validation data obtained through
physical modelling tests.

঎ Chapter 6 - Damage characterization methods: validates the theoretical concepts, param-
eters and methods based on the physical modelling test results.

঎ Chapter 7 - Climate change adaptation alternatives: evaluates upgrade alternatives for
coastal structures facing sea level rise cause by climate change.

঎ Chapter 8 - Conclusions and recommendations: provides general conclusions on the thesis
study and recommendations for future research.
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Literature

This chapter presents a summary of the existing knowledge on the topics considered in this research. It
includes the most important methods and formulae for the conceptual design of rubble mound coastal
structures, concepts and methods for damage characterization, physical modelling techniques and cli-
mate change adaptation alternatives.

2.1. Rubble mound coastal structures
This section describes the most important concepts, methods and formulae for the conceptual design
of rubble mound coastal structures. It includes a description of basic design concepts, the development
of the design methods throughout time and the currently used formulae for straight slopes and slopes
with a berm.

2.1.1. General concepts
This sub-section presents general concepts to be considered in the conceptual design of coastal struc-
tures. These concepts can be divided into two groups: wave properties and slope stability.

Wave Properties
Wave action represents the main environmental load to be considered in the design of coastal struc-
tures, thus its basic properties need to be described. Figure 2.1 shows in spatial and time scales the
main wave parameters.

Figure 2.1: Wave parameters in space and time (CIRIA et al. 2007).

7
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In the list below, the most important wave parameters are described. In addition, Equation 2.1 presents
the dispersion relation which relates the wave parameters according to the linear wave theory.

H  Wave height >m@
T  Wave period >s@
L  Wave length >m@
s  Wave steepness (H�L) >-@
h  Water depth >m@
𝜔  Angular frequency (𝜔 = 2𝜋/𝑇) >rad�s@
k  Wave number (𝑘 = 2𝜋/𝐿) >rad�m@
𝛼  Slope angle >p@

𝜔ኼ = 𝑔𝑘 tanh(𝑘ℎ) (2.1)

The action of waves on coastal structures is function of the wave properties in combination with the
slope angle (𝛼). The Irribaren number (𝜉), also known as surf similarity parameter, can be calculated
as shown in Equation 2.2 as defined in Battjes (1974). This parameter not only defines the breaking
types shown in the list below, but also is present in the stability formulae described in the next sections
(van der Meer 19��).

𝜉 = tan𝛼
√𝑠ኺ

= tan𝛼
√𝐻/𝐿ኺ

= tan𝛼
√(2𝜋𝐻)/(𝑔𝑇ኼ)

(2.2)

𝜉 < 0.5 ⇒ Spilling breaking
0.5 < 𝜉 < 3.0 ⇒ Plunging breaking
3.0 < 𝜉 < 5.0 ⇒ Collapsing breaking
𝜉 > 5.0 ⇒ Surging breaking

Slope stability
The most important parameter for the slope stability under wave attack is the stability number (N፬)
defined in Equation 2.3 (CIRIA et al. 2007):

𝑁፬ =
𝐻
Δ𝐷 (2.3)

where:

𝐻 (m): wave height, usually described as the significant wave height (𝐻፬), either defined as the
average of the highest one third of the waves in a record (𝐻ኻ/ኽ) or by the spectral significant
wave (𝐻፦ኺ) calculated as 4√𝑚ኺ. In deep waters, both definitions of significant wave provide
equivalent results. In shallow waters, differences increase up to 𝐻ኻ/ኽ = 1.3𝐻፦ኺ.

Δ (-): relative buoyant density (see Equation 2.4).

𝐷 (m): characteristic size or diameter, usually described as the median nominal diameter (D፧኿ኺ)
for rock slopes (see Equation 2.�).

Δ = 𝜌፬ − 𝜌፰
𝜌፰

(2.4)

where 𝜌፬ (kg�mኽ) is the apparent mass density of the rock and 𝜌፰ (kg�mኽ) is the density of the water.
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𝐷፧኿ኺ = (
𝑀኿ኺ
𝜌፬
)
ኻ/ኽ

(2.�)

where 𝑀኿ኺ (kg) is the rock mass determined by weighting and 𝜌፬ (kg�mኽ) is the apparent mass density
of the rock. In addition, the nominal median diameter (D፧኿ኺ) can be related to the diameter obtained
by sieving (𝐷) according to Equation 2.�.

𝐷፧ = 0.84𝐷 (2.�)

Considering Equation 2.3 and introducing the the significant wave height (𝐻፬) and the nominal median
diameter (D፧኿ኺ), the stability number can be be expressed as in Equation 2.7.

𝑁፬ =
𝐻፬

Δ𝐷፧኿ኺ
(2.7)

2.1.2. Stability of straight slopes
This section presents the currently used design formulae for straight rock slopes. As the first devel-
opments, two contribution during the first half of the ;;፭፡ Century are briefly described hereafter:
Iribarren (193�) and Hudson (19�9). The design formula presented by Iribarren (193�) is consid-
ered the first significant development in the conceptual design of rock slopes under wave attack. This
formula is based on the equilibrium of forces, combined with a calibration coefficient to be obtained
through physical modelling tests with regular wave action. Following various calibration tests for the
Iribarren formula, Hudson (19�9) introduced a different formula also based on physical modelling tests
with regular wave action which is still in use (CERC (1977, 19�4).

Following the contributions described previously, the formulae developed by van der Meer (19��, 199�)
is nowadays the most widely used design reference for rock armoured slopes in deep water. These
stability equations were developed based on the work of Thompson 	 Shuttler (197�) and additional
physical modelling tests with irregular wave action including large number of different configurations.
These formulae distinguishes two breaking conditions for which different equations apply (see Equa-
tions 2.11 and 2.12). For deep water conditions they are shown below:

For plunging wave breaking (𝜉፦ < 𝜉፜፫) in deep water:

𝐻፬
Δ𝐷፧኿ኺ

= 𝑐፩፥𝑃ኺ.ኻዂ (
𝑆
√𝑁

)
ኺ.ኼ
𝜉ዅኺ.኿፦ (2.�)

For surging wave breaking (𝜉፦ ≥ 𝜉፜፫) in deep water:

𝐻፬
Δ𝐷፧኿ኺ

= 𝑐፬𝑃ዅኺ.ኻኽ (
𝑆
√𝑁

)
ኺ.ኼ
√cot 𝛼𝜉ፏ፦ (2.9)

where:

𝐻፬ (m): significant wave height.

Δ (-): relative buoyant density.

D፧኿ኺ (m): median nominal diameter.

𝑐፩፥ (-): 6.2, plunging coefficient (𝜎 = 0.4).

𝑐፬ (-): 1.0, surging coefficient (𝜎 = 0.08).
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𝑃 (-): notional permeability (see Figure 2.2).

𝑆 (-): damage level parameter (see Equation 2.10).

𝜉፦ (-): surf similarity parameter using the mean wave period (𝑇፦) (see Equation 2.11).

𝜉፜፫ (-): critical value of surf similarity parameter (see Equation 2.12).

𝑁 (-): number of incident waves.

𝛼 (p): slope angle.

𝑆 = 𝐴፞
𝐷ኼ፧኿ኺ

(2.10)

where 𝐴፞ (mኼ) is the eroded area in the averaged cross-section profile.

𝜉፦ =
tan𝛼

√(2𝜋𝐻፬)/(𝑔𝑇ኼ፦)
(2.11)

𝜉፜፫ = [
𝑐፩፥
𝑐፬
𝑃ኺ.ኽኻ√tan𝛼]

Ꮃ
ᑇᎼᎲ.Ꮇ

(2.12)

Figure 2.2: Notional permeability coefficient (van der Meer 19��).

For shallower water depths, the distribution of wave heights deviates from the Rayleigh distribution
and in these conditions the 2� wave height (𝐻ኼ%) describes better the stability of the armour than the
significant wave height (𝐻፬). van der Meer (19��) proposes additional formulae for these conditions
using the 𝐻ኼ%, which were adapted by van Gent et al. (2003) considering the spectral wave period
𝑇፦ዅኻ,ኺ instead of the mean period from the time-domain 𝑇፦ and recalibrating the coefficients 𝑐፩፥ and 𝑐፬:

For plunging wave breaking (𝜉፦ዅኻ,ኺ < 𝜉፜፫) in shallow water:

𝐻፬
Δ𝐷፧኿ኺ

= 𝑐፩፥𝑃ኺ.ኻዂ (
𝑆
√𝑁

)
ኺ.ኼ
( 𝐻፬𝐻ኼ%

) (𝜉፦ዅኻ,ኺ)
ዅኺ.኿

(2.13)

For surging wave breaking (𝜉፦ዅኻ,ኺ ≥ 𝜉፜፫) in shallow water:

𝐻፬
Δ𝐷፧኿ኺ

= 𝑐፬𝑃ዅኺ.ኻኽ (
𝑆
√𝑁

)
ኺ.ኼ
( 𝐻፬𝐻ኼ%

)√cot 𝛼 (𝜉፦ዅኻ,ኺ)
ፏ

(2.14)



2.1. Rubble mound coastal structures 11

where:

𝐻፬ (m): significant wave height.
Δ (-): relative buoyant density.
D፧኿ኺ (m): median nominal diameter.

𝐻ኼ% (m): 2� wave height.

𝑐፩፥ (-): 8.4, plunging coefficient (𝜎 = 0.7).
𝑐፬ (-): 1.3, surging coefficient (𝜎 = 0.15).
𝜉፦ዅኻ,ኺ (-): surf similarity parameter using the spectral wave period 𝑇፦ዅኻ,ኺ (see Equation 2.1�).
𝑇፦ዅኻ,ኺ (-): spectral wave period equal to 𝑚ዅኻ/𝑚ኺ.

𝜉፦ዅኻ,ኺ =
tan𝛼

√(2𝜋𝐻፬)/(𝑔𝑇ኼ፦ዅኻ,ኺ)
(2.1�)

Furthermore, van Gent et al. (2003) introduces an additional formulae for the stability of rock slopes
with shallow foreshores. This formula is presented below, where the permeability of the structure is
introduced as the ratio between the armour median nominal diameter (D፧኿ኺ) and the core median
nominal diameter (𝐷፧኿ኺዅ፜፨፫፞).

𝐻፬
Δ𝐷፧኿ኺ

= 1.75√cot 𝛼 (1 +
𝐷፧኿ኺዅ፜፨፫፞
𝐷፧኿ኺ

)
ኼ/ኽ
( 𝑆
√𝑁

)
ኺ.ኼ

(2.1�)

where:

D፧኿ኺ (m): median nominal diameter (of the armour).

𝐷፧኿ኺዅ፜፨፫፞ (m): core median nominal diameter.
In addition, the design of coastal structures should consider not only the stability of the trunk at its final
constructed stage. Other key aspects should also be considered: singular elements such as round-
heads and toes, non standard environmental forcing such as oblique waves and the stability during the
construction phase (see CIRIA et al. (2007), van Gent 	 van der Werf (2010), Hofland et al. (2014),
van Gent (2014), van Gent 	 van der Werf (2014) and Mulders et al. (201�)).

2.1.3. Stability of slopes with a berm
van Gent (2013) presents a design method for rubble mound structures with a static stable berm, where
only reduced movement is allowed. This method is based on the modified formulae from van der Meer
(19��) adapted by van Gent et al. (2003) (see Equations 2.13 and 2.14). The main equations of this
method are presented below and divided between the upper slope and the lower slope (which includes
the damage to the horizontal berm):

For the upper slope stability:

𝐻፬
Δ𝐷፧኿ኺ

= ( 1
𝛾፛፞፫፦,፮፩𝛾፩፨፬

)
ኺ.ኼ
𝑐፩፥𝑃ኺ.ኻዂ (

𝑆
√𝑁

)
ኺ.ኼ
( 𝐻፬𝐻ኼ%

) (𝜉፦ዅኻ,ኺ)
ዅኺ.኿

(2.17)

For the lower slope stability:

𝐻፬
Δ𝐷፧኿ኺ

= 1
𝛾፛፞፫፦,፥፨፰

𝑐፩፥𝑃ኺ.ኻዂ (
𝑆
√𝑁

)
ኺ.ኼ
( 𝐻፬𝐻ኼ%

) (𝜉፦ዅኻ,ኺ)
ዅኺ.኿

(2.1�)
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where:

𝐻፬ (m): significant wave height.

Δ (-): relative buoyant density.

D፧኿ኺ (m): median nominal diameter.

𝑐፩፥ (-): 8.4, plunging coefficient (𝜎 = 0.7).

𝛾፛፞፫፦,፮፩ (-): reduction factor (see Equation 2.19).

𝛾፩፨፬ (-): reduction factor (see Equation 2.20).

𝛾፛፞፫፦,፥፨፰ (-): reduction factor (see Equations 2.21 and 2.22).

𝑃 (-): notional permeability.

𝑆 (-): damage level parameter.

𝜉፦ዅኻ,ኺ (-): surf similarity parameter using the spectral wave period 𝑇፦ዅኻ,ኺ.

𝑇፦ዅኻ,ኺ (-): spectral wave period equal to 𝑚ዅኻ/𝑚ኺ.

𝑁 (-): number of incident waves.

𝛼 (p): slope angle.

𝛾፛፞፫፦,፮፩ = 1 − 0.15𝜉፦ዅኻ,ኺ (
𝐵
𝐻፬
)
ኺ.ኽ

with 𝛾፛፞፫፦,፮፩ ≥ 0 (2.19)

𝛾፩፨፬ = (0.25 + 0.125 cot 𝛼 (1 +
ℎ፛
𝐻፬
))

኿
with 0 ≤ 𝛾፩፨፬ ≤ 1 (2.20)

𝛾፛፞፫፦,፥፨፰ = 1 − 0.12
𝐵
𝐻፬
ℎ፛
𝐻፬

for ℎ፛/𝐻፬ ≥ 0 (2.21)

𝛾፛፞፫፦,፥፨፰ = 1 − 0.02𝜉፦ዅኻ,ኺ
𝐵
𝐻፬
| ℎ፛𝐻፬

| for ℎ፛/𝐻፬ ≤ 0 (2.22)

where:

𝐵 (m): berm width.

ℎ፛ (m): berm level w.r.t. SWL (positive is submerged, negative is emerged).

2.2. Damage characterization methods
This section presents the main contributions on damage characterization definitions and parameters.
The various developments on damage characterization concepts are divided below into three main
groups. Firstly, the percentage of moved units over the total units in the armour (Hudson 19�9)�
secondly, the eroded volume and area associated with the number of moved units (Thompson 	 Shuttler
(197�), Broderick (19�4) and van der Meer (19��))� and thirdly, the erosion depth of the armour (Melby
	 .obayashi (199�), Hofland et al. (2011) and Hofland et al. (2014)).
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2.2.1. Percentage of moved units
Hudson (19�9) introduces for the first time a damage parameter in the stability of armoured slopes
under wave action, since Iribarren (193�) did not include any damage consideration in his formulae.
This damage parameter is defined as ”the percentage of armour units displaced from the cover layer”
and represented as 𝐷.

The Hudson Formula was initially calibrated (trough parameter 𝐾ፃ) for a no-damage limit, defined as
the conditions when less than 1� of the armour units have moved (𝐷 < 1%) due to the wave action.
Later, the Hudson formulae also included calibrations of 𝐾ፃ for larger damage levels, allowing the
reduction of the armour units when a certain movement of the armour units is allowed.

This damage parameter 𝐷 represents a development on the damage characterization concepts but
also include significant limitations. The first limitation of the parameter 𝐷 is that the damage is no
included in the formula directly but only through a calibration parameter. The second limitation is that
this damage parameter is function of the type and volume of the armour layer considered, leading to
significantly different percentages of moved units when the same erosion is produced in structures with
wider or narrower armour layers.

Parameter summary from Hudson (19�9):

𝐷 (�) = Number of moved units in the armour
Total number of units in the armour

(2.23)

Damage limits summary from Hudson (19�9):

No-damage limit ⇒ Less than 1� of moved units in the armour (𝐷 < 1%).

According to CIRIA et al. (2007), the percentage of moved units (𝑁፝) is obtained considering the ar-
mour units moved within a reference area. This area can be defined as the total armour volume (as in
Hudson (19�9) or between two levels and over a certain width.

𝑁፝ (�) =
Number of moved units in a reference area of the armour
Total number of units in a reference area of the armour

(2.24)

2.2.2. Number of moved units
Thompson 	 Shuttler (197�) work on the stability of rip-rap provides relevant contributions to the
study of damage characterization. The author defines first that the damage caused by the impact of
a random sequence of waves over a randomly placed agglomeration of material is in consequence a
random process with a expected mean value. Thus, this author presents the statistical uncertainties
associated with the study of stability and damage to structures under wave attack.

Furthermore, Thompson 	 Shuttler (197�) introduces a damage parameter to be calculated from the
comparison of profile surveys before and after a given test run. This parameter is defined as ”the
number of D኿ኺ sized spherical stones eroded from a 9D኿ኺ width slope” and represented as 𝑁ጂ. This
author also defines that no-damage limit is the point from which the increase in damage increases
significantly with increasing wave height, although it does not provide further details regarding this
lower limit. Furthermore, failure is reached when the erosion of the armour leaves the filter exposed,
defined as when a hole with a diameter D኿ኺ/2 is observed in the armour down to the filter layer, mea-
sured with a hand held gauge with a hemispherical foot of D኿ኺ�2 diameter. More precisely, failure was
determined if the D኿ኺ�2 diameter foot could touch the filter layer at any location (inside or outside the
measurement grid) after a sequence of �00 waves, whether or not filter material was eroded.

Parameter summary from Thompson 	 Shuttler (197�):

𝑁ጂ (Number of units) =
𝑉 𝜌ፁ

𝜌፬ (᎝ዀ𝐷ኽ኿ኺ)
(2.2�)
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where:

𝑉 (mኽ): eroded volume.

𝜌ፁ (kg�mኽ): bulk density of the eroded volume.

𝜌፬ (kg�mኽ): apparent mass density of the rock.

D኿ኺ (m): median diameter.

Damage limits summary from Thompson 	 Shuttler (197�):

No-damage limit ⇒ Point at which erosion increases significantly with increasing wave height.

Failure limit ⇒ Filter layer becomes exposed through a hole of D኿ኺ/2 diameter.

Broderick (19�4) also contributed to the damage characterization concepts while working on the sta-
bility of rip-rap. The damage parameter, calculated from the comparison of averaged profile surveys
before and after a given test run, is defined as ”the erosion volume per unit length, made dimensionless
by the cube-root squared of the median stone mass divided by the density” and represented as 𝐷ᖣ (cur-
rently known as the S parameter). Considering Equation 2.�, this parameter can be re-written as the
eroded volume made dimensionless by the nominal median diameter. For this author, no-damage (or
zero-damage) limit is defined as 𝐷ᖣ (or 𝑆) = 2, since this is the lowest value which can be consistently
detected in the survey data. The failure limit in this case is reached when the erosion of the armour
leaves the filter exposed, without an extension threshold for the filter exposure.

Parameter summary (Broderick 19�4):

𝐷ᖣ(= 𝑆) (Number of units) = 𝐴፞
(ፌᎷᎲ᎞ᑤ )

ኼ/ኽ =
𝐴፞
𝐷ኼ፧኿ኺ

(2.2�)

where:

𝐴፞ (mኼ): eroded area.

𝑀኿ኺ (kg): median mass.

𝜌፬ (kg�mኽ): apparent mass density of the rock.

D፧኿ኺ (m): nominal median diameter.

Damage limits summary (Broderick 19�4):

No-damage limit ⇒ 𝑆 = 2 (lowest value consistently detected in survey data).

Failure limit ⇒ Filter layer becomes exposed.

van der Meer (19��) incorporates in his formulae for the stability of slopes facing wave action (see Sec-
tion 2.1.2) a damage parameter equal to the one described in Broderick (19�4) as ”the eroded volume
made dimensionless by the nominal median diameter” and represented as 𝑆. For the no-damage limit
(named as start of damage), the criterion from Hudson (19�9) leads to erosion values of 𝑆 between
1 and 3, which is also aligned with the limit proposed by Broderick (19�4). The failure limit is defined
as the value of 𝑆 when the filter layer becomes exposed and varies between � and 17 for different slopes.

Parameter summary from van der Meer (19��):

𝑆 (Number of units) = 𝐴፞
𝐷ኼ፧኿ኺ

(2.27)
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where:

𝐴፞ (mኼ): eroded area.
D፧኿ኺ (m): nominal median diameter.

Damage limits summary from van der Meer (19��):

No-damage limit ⇒ S between 1 and 3 (based in Broderick (19�4), Hudson (19�9)).

Failure limit ⇒ S between � and 17 (filter layer becomes exposed).

Furthermore, the number of moved units (𝑁፨፝) is obtained considering the armour units moved within
a strip of breakwater slope of one D፧኿ኺ width. Two similar equations for this parameter are shown
below (CIRIA et al. (2007)).

𝑁፨፝ (�) =
Number of moved units in a breakwater strip of one D፧኿ኺ width

D፧኿ኺ
(2.2�)

𝑁፨፝ (�) =
Number of moved units in a breakwater section

Section width�D፧኿ኺ
(2.29)

2.2.3. Eroded depth
Melby 	 .obayashi (199�) introduced innovative concepts for the characterization of damage in rubble
mound coastal structures, defining three new dimensionless parameters to characterize the damage
and remaining strength: erosion depth 𝐸, erosion length 𝐿 and cover depth 𝐶 (see Figure 2.3 and
Equations 2.30, 2.31 and 2.32). In addition, this author defines the concept of failure limit as when
a hole with a diameter D፧኿ኺ is observed in the armour down to the filter layer. Furthermore, Melby
	 .obayashi (199�) uses the damage parameter S with a different definition compared with van der
Meer (19��), considering the average of the damage calculated in each individual profile instead of the
damage calculated with the averaged profile (which is the mean of all individual profiles).

Figure 2.3: Damage parameters E, L, C and S (Melby 	 .obayashi 199�).

Parameter summary from Melby 	 .obayashi (199�):

𝐸 (Erosion depth in units) = 𝑑፞
𝐷፧኿ኺ

(2.30)

𝐿 (Erosion length in units) = 𝑙፞
𝐷፧኿ኺ

(2.31)

𝐶 (Cover depth in units) = 𝑑፜
𝐷፧኿ኺ

(2.32)
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where:

𝑑፞ (m): erosion depth.

𝑙፞ (m): erosion length.

𝑑፜ (m): cover depth.

D፧኿ኺ (m): nominal median diameter.

Damage limits summary from Melby 	 .obayashi (199�):

Failure limit ⇒ Filter layer becomes exposed through a hole of 1D፧኿ኺ diameter.

Hofland et al. (2011) further develop the concept of the dimensionless erosion depth parameter (E),
distinguishing 2D and 3D parameters. For 2D conditions such as conventional trunk alignments, 𝐸ኼፃ
is obtained from the initial and final averaged profiles over a given characterization width. For 3D
conditions such as non-conventional structures and roundheads, 𝐸ኽፃ,፦ is obtained in a given charac-
terization area from the initial and final 3D surveys averaged with a circular moving average of 𝑚𝐷፧኿ኺ
diameter. Hofland et al. (2014) and Disco (2012) applied these new damage parameters for the char-
acterization of rounheads, an example of structure which cannot be characterized using conventional
damage parameters.

Regarding the no-damage limit, it is considered when one unit is moved in a strip of 1D፧኿ኺ width
(𝑁፨፝ = 1). In addition, the failure limit is defined based on Thompson 	 Shuttler (197�) as when
locally a minimum armour thickness of 0 is observed. The author remarks the importance of taking
into account the implications of evaluating damage from a mean profile, where a safety margin should
be included to account for local deviations of the mean value (averaged profile).

Parameter summary from Hofland et al. (2011):

𝐸ኼፃ (Erosion depth in units) =
max (⟨𝑒⟩፰)
𝐷፧኿ኺ

(2.33)

𝐸ኽፃ,፦ (Erosion depth in units) =
max (⟨𝑒⟩፦ፃᑟᎷᎲ)

𝐷፧኿ኺ
(2.34)

where:

⟨𝑒⟩፰ (m): erosion depth averaged over the width denoted by.

⟨𝑒⟩፦ፃᑟᎷᎲ (m): erosion depth averaged over an area of mD፧኿ኺ diameter.

D፧኿ኺ (m): nominal median diameter.

Damage limits summary from Hofland et al. (2011):

No-damage limit ⇒ One unit is moved in a strip of 1D፧኿ኺ width.

Failure limit ⇒ Locally a minimum armour thickness of 0 is observed.

2.3. Physical modelling techniques
This section addresses two different aspects related with physical modelling. Firstly, it is described the
most important guidelines and criteria to be taken into account when using physical modelling as a
research technique. Secondly, the measuring techniques used for damage characterization by Hud-
son (19�9), Thompson 	 Shuttler (197�), Broderick (19�4), van der Meer (19��), Melby 	 .obayashi
(199�) and Hofland et al. (2011) are summarized.
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2.3.1. Guidelines
For the design of physical modelling tests, Hughes (1993) defines the main aspects to be taken into
account. More recently, (Wolters et al. 2009) and (Frostick et al. 2011) are also references for physical
modelling experiments. Mart­n-Hidalgo et al. (2014) and Mart­n-Soldevilla et al. (201�) have the aim of
improving the characterization of real storms through theoretical models, while (de Leau 2017) eval-
uates the accuracy of such theoretical models compared with classic storm characterization methods
used in physical modelling.

Based on Hudson et al. (1979), Hughes (1993) divides the 11 similitude rules for designing physical
models of rubble mound structures into � fundamental requirements. These requirements include the
following parameters.

𝑑 (m): water depth at the toe of the structure.

𝑔 (m�sኼ): gravitational acceleration.

𝐻 (m): wave height.

𝑙ፚ (m): characteristic linear dimension of the armour unit (e.g. unit diameter).

𝑉፰ (m�s): water velocity in the vicinity of the cover layer.

𝛼 (p): seaside slope angle measured from the horizontal.

𝛽 (p): incident wave angle.

Δ (-): shape of the armour unit.

𝜃 (p): bottom slope seaward of the structure.

𝐿 (m): wave length.

𝜇 (kg�(ms)): dynamic viscosity of the water in the vicinity of the breakwater.

𝜖ፚ (m): characteristic linear dimension of the armour unit surface roughness.

𝜌ፚ (kg�mኽ): mass density of the armour units.

𝜌፰ (kg�mኽ): mass density of water in vicinity of the breakwater.

First requirement:
Rubble-mound structure models must be geometrically undistorted in length scale.

(𝑙ፚℎ )፩
= (𝑙ፚℎ )፦

(2.3�)

(𝐻𝐿 )፩
= (𝐻𝐿 )፦

(2.3�)

(ℎ𝐿)፩
= (ℎ𝐿)፦

(2.37)

(𝛼)፩ = (𝛼)፦ (2.3�)

(𝛽)፩ = (𝛽)፦ (2.39)

(Δ)፩ = (Δ)፦ (2.40)

(𝜃)፩ = (𝜃)፦ (2.41)
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Second requirement:
Flow hydrodynamics in a rubble-mound structure model must conform to the Froude criterion.

( 𝑉፰
√𝑔𝑙ፚ

)
፩
= ( 𝑉፰

√𝑔𝑙ፚ
)
፦

(2.42)

Third requirement:
Rubble-mound structure models must have turbulent flow conditions throughout the primary armour.

(𝑉፰𝑙ፚ𝜇𝜌፰
)
፩
= (𝑉፰𝑙ፚ𝜇𝜌፰

)
፦

(2.43)

Since the following relationship cannot be achieved, this requirement is considered reasonably fulfilled
when the Reynolds number in the model is larger than a given threshold. According to various authors
this lower limit is located around 3⋅10ኾ (Hughes 1993) (see Equation 2.44 where 𝜈 (m�sኼ) is the kine-
matic viscosity of the water in the model and lፚ the median nominal diameter).

𝑅፞ =
√𝑔𝐻𝑙ፚ
𝜈 > 3 ⋅ 10ኾ (2.44)

Forth requirement:
The relative mass density relationship in the prototype must be maintained in the model.

( 𝜌፰
𝜌ፚ − 𝜌፰

)
፩
= ( 𝜌፰

𝜌ፚ − 𝜌፰
)
፦

(2.4�)

Fifth requirement:
The effects of surface roughness of the armour units in the prototype must be the same in the model.

(𝜖ፚ𝑙ፚ
)
፩
= (𝜖ፚ𝑙ፚ

)
፦

(2.4�)

2.3.2. Measuring tools
The measuring techniques used for damage characterization according to the different authors have
significantly evolved throughout time. Hereafter the main characteristics of these measuring campaigns
are presented.

Hudson (1959)
The stability tests were done in a concrete flume 1.� m wide, 1.2 m deep and 3� m long where the
regular incident waves were measured with a resistive gauge. The profile measurements were done
using a sounding rod with a circular foot equal to one-half the average diameter of the armour units.
Nevertheless, no information is provided regarding the spacing and resolution of the measurements.

Thompson & Shuttler (1975)
The tests were done in a flume 1.2 m wide (divided into a calibration channel and a test channel of
0.�� m wide each), 4� m long and maximum working depth of 0.�1 m. Irregular incident waves were
measured with a resistive gauge in the calibration channel. The profile measurements were done using
a surface profiler with a hemispherical foot with a diameter of one-half the median diameter of the
armour units (D኿ኺ/2). The surveys measured the levels before and after the test runs over a square
grid (in plan view) with points separated D኿ኺ, from which 10 sections (covering a 9D኿ኺ width of slope)
were obtained.



2.4. Climate change adaptation alternatives 19

Broderick (1984)
The tests were done in two different flumes (large flume: 4.� m wide, �.1 m deep and 193.� m long.
short flume: and 4.� m wide, �.1 m deep and 193.� m long), on which regular and irregular wave
action were generated. The profile measurements were done before and after each run, although no
information is provided regarding the measurement instrumentation.

van der Meer (1988)
Almost all tests were done in a flume 1.0 m wide, 1.2 m deep and �0 m long with compensation for
the reflected wave at the wave board. Irregular waves were measured by two wave gauges separated
one-quarter of wave length, allowing to distinguish the incident and reflected wave spectra. The profile
measurements were done using a surface profiler on a computer-controlled carriage with nine gauges
separated 0.10 m, measuring along the slope every 0.04 m. Nevertheless, no information is provided
regarding the shape and size of the surface profiler foot or regarding how the the damage values of
parameter S are obtained from the measured profiles.

Melby & Kobayashi (1998)
The tests were done in a flume 1.�2 wide, 2.0 deep and �1.1 m long without compensation for the
reflected wave at the wave board. In this flume, two identical structures were build in each half of
the flume (0.7� m wide each structure). Irregular waves were measured by three wave gauges in
front of the wave board, allowing to distinguish the incident and reflected wave spectra. The profile
measurements were done using a surface profiler with eight profiling arms with a lateral spacing of
0.0� m between arms, with the center-line of the profiler located at the center-line of each of the 0.7�
m structures. The profiler arms had a spheroid foot with a diameter of one-half the nominal median
diameter of the armour units (D፧኿ኺ�2).

Hofland et al. (2011)
The measurements considered in this paper were obtained from tests carried out in wave flumes (2D
conditions) and wave basins (3D conditions), where irregular waves were generated. Profile measure-
ments were done following two methods: first, fully automated mechanical profiler with 9 gauges�
second, with Digital Stereo Photography technique with a grid resolution of 1 mm.

2.4. Climate change adaptation alternatives
This section presents the existing contributions on the impacts of climate change on coastal structures
and the possible adaptation alternatives. Firstly, it is described the expected changes on the loads
acting on coastal structures in climate change scenarios� secondly, it is described the previous contri-
butions on alternatives for the upgrading of coastal structures facing such increased loads.

2.4.1. Climate change impacts
The study of climate change has developed significantly in the last years, being the Fifth Assessment
Report from the Intergovernmental Panel on Climate Change (IPCC 2013) the main reference on cli-
mate change research. This source presents the most complete set of observations and predictions
covering causes, consequences and mitigation measures. An important conclusion regarding climate
change and sea level rise is that even if there are scenarios where global temperatures are stabilized
(see Figure 2.4), global sea level will continue to rise in all future scenarios (see Figure 2.�).

Semedo et al. (2013) presents a global model for future projections of the wave climate based on
climate models and the climate change scenarios from IPCC (2013). Furthermore, Weisse et al. (2014)
evaluates the past and future changes in extreme sea level in European coasts. This last author defines
the change in the mean sea level as the main contribution for the increase of extreme sea levels, ahead
of changes in wind waves and storm surges patterns. It is also highlighted that shallower areas are
specially sensitive to changes in sea levels, since this could increase the tidal range and incident wave
height. Thus, it is described the need of evaluating increased loads acting on coastal structures and
implementing adaptation strategies.
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Figure 2.4: Global average temperature, scenarios RCP�.� (red) and RCP2.� (blue) (IPCC 2013).

Figure 2.�: Global mean sea level rise, scenarios RCP�.� (red) and RCP2.� (blue) (IPCC 2013).

Isobe (2013) focuses on the impacts of climate change on coastal structures, mainly the impact of sea
level rise. Special attention is placed again on shallow water areas, where sea level rise increases not
only the water depth but also the incident wave height. Additionally, it is described four consequences
of increased loads on coastal structures such as increase of run-up height and overtopping volumes or
the reduction in stability of rubble mound and vertical breakwaters. Considering this, it is highlighted
the importance of implementing adaptation strategies such as raising the crown height or increasing
the weight of armour units. These upgrading measures are also required to be economically feasible,
so national adaptation strategies need to establish long-term planning able to ensure that safety levels
are maintained throughout time and financial limitations are overcome.

2.4.2. Upgrading alternatives
Burcharth et al. (2014) presents a study on various upgrading alternatives for rock armoured revet-
ments as part of adaptation strategies facing climate change. These adaptation strategies are justified
with the need of maintaining (or increasing) safety levels of coastal structures in current and future
scenarios. This author evaluates a number of alternatives using desk tools and accounting for two
consequences of climate change: sea level rise and an increase in storm intensity. The upgrading
alternatives were divided into the conditions where a raise in the crest level is allowed (see Figure
2.�) and where a raise in the crest level is not allowed (see Figure 2.7). Among all the alternatives,
the simplest solutions proven to be the most cost-effective (e.g. extra armour layer or front berm).
Nevertheless, these conclusions were done using desk tools only and it is recommended to validate
such upgrading alternatives with physical models.
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Figure 2.�: Upgrading of coastal structures with an increase in the crest level (Burcharth et al. 2014).

Figure 2.7: Upgrading of coastal structures with no increase in the crest level (Burcharth et al. 2014).

.oftis et al. (201�) evaluates upgrading alternatives for coastal structures facing climate change sce-
narios, considering two existing structures in Greece: one emerged and one submerged breakwater.
In the case of the existing emerged breakwater, the stability of the armour in the climate change
scenario would be fulfilled while the overtopping volumes would not be acceptable. In the case of
the existing submerged breakwater, the stability of the armour in the climate change scenario would
be fulfilled while the wave transmission would not be acceptable. Thus, according to the authors the
impact of sea level rise was proven to be more critical than the increase of the incident wave heights.
Considering this need of upgrade, various alternatives are evaluated according to cost-effectiveness cri-
teria. In the case of the emerged breakwater, the most cost-effective upgrade was to add a front berm.

van Gent (2013) presents the formulae for the design of breakwaters with a berm (see Section 2.1.3),
where this structure is recommended for the upgrade of structures facing climate change scenarios. In
addition, van Gent 	 Lim (201�) also presents the addition of a front berm as an upgrading alternative,
due to its flexibility and cost-effectiveness. Due to the existing uncertainties in the forecast of future
climate change scenarios, it can be economically attractive to design structures that could be easily
adapted in the future. This would produce cost-effective designs able to cope with any future climate
change scenario.





3
Theoretical development

The aim of this chapter is to introduce the theoretical concepts, parameters and methods to be used in
the damage characterization of coastal structures. The first sections addresses the summary of all def-
initions to be considered in the damage characterization methods. The second section establishes the
damage concepts to be considered, the third section establishes the damage parameters to be used,
while the fourth introduce the importance of the measuring techniques in damage characterization.

3.1. Definitions
This first section presents the basic definitions to be considered for damage characterization of coastal
structures (see Chapter 2 for the references). In the first sub-section the damage parameters (S,
Eኼፃ and Eኽፃ,፦) are described into detail, including the procedure for their calculation. In the second
sub-section it is highlighted four fundamental aspects that influence significantly the results of damage
characterization.

3.1.1. Parameters
The first damage parameter considered in S, as defined by Broderick (19�4) and van der Meer (19��)
(see Equation 3.1). This damage parameter is widely used and describes the damage to the structure
as the number of units eroded in the width-averaged profile. The process for obtaining this damage
parameter is described in more detail in Figure 3.1.

𝑆 (Number of units) = 𝐴፞
𝐷ኼ፧኿ኺ

(3.1)

where:

𝐴፞ (mኼ): eroded area.

D፧኿ኺ (m): nominal median diameter.

The following two parameters (Eኼፃ and Eኽፃ,፦) are considered as defined by Hofland et al. (2011) (see
Equations 3.2 and 3.3). These two parameters estimate the damage to the structure considering the
maximum erosion depth perpendicular to the slope. The distinction between them is that for Eኼፃ this
erosion depth is measured in the width-averaged profile, while for Eኽፃ,፦ this erosion depth is obtained
as the maximum erosion depth recorded at any point of the structure. In addition, for Eኽፃ,፦ the initial
profile and the profile after the test are averaged with a circular spatial moving average with mD፧኿ኺ
diameter. The process for obtaining these two damage parameters is described in more detail in Fig-
ures 3.2 and 3.3.

23
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𝐸ኼፃ (Erosion depth in units) =
max (⟨𝑒⟩፰)
𝐷፧኿ኺ

(3.2)

𝐸ኽፃ,፦ (Erosion depth in units) =
max (⟨𝑒⟩፦ፃᑟᎷᎲ)

𝐷፧኿ኺ
(3.3)

where:

⟨𝑒⟩፰ (m): erosion depth averaged over the width denoted by w.

⟨𝑒⟩፦ፃᑟᎷᎲ (m): erosion depth averaged over an area of 𝑚𝐷፧኿ኺ diameter.

D፧኿ኺ (m): nominal median diameter.

In this thesis the strengths of innovative damage parameters such as Eኼፃ and Eኽፃ,፦ will be evaluated
in order to allow more accurate and versatile damage characterizations of coastal structures compared
to the use of traditional damage parameters (S). Section 3.3 addresses the introduction of innovative
damage parameters in more detail.

3.1.2. Method components
The use of the previous described traditional (S) and innovative (Eኼፃ and Eኽፃ,፦) damage parameters
is dependent on four components that define the damage characterization method. This means that
the damage parameter itself does not provide all required information but it must be combined with
these 4 components shown below.

Damage limits
The first element that should be considered in the damage characterization of coastal structures are
the damage concepts and limits. Concepts such as damage initiation, intermediate damage and fail-
ure should be unified and precisely described for each damage characterization method and damage
parameter. Currently, such definitions are not available and the existing damage limits were estab-
lished based on various different arguments influenced by low resolution and low accuracy measuring
techniques. Section 3.2 addresses this component.

Characterization width
The second element that should be considered in the damage characterization of coastal structures is
the characterization width. The width to be considered for damage measurements should be clearly
defined, since it affects the measured damage in all damage parameters. Currently, there is no defi-
nition of the width that should be considered and the effect that it has in the damage characterization
results. Section 3.2 addresses this component.

Measuring technique
The third element that should be considered in the damage characterization of coastal structures are the
measuring techniques. Damage characterization methods should describe the measuring techniques to
be used and their influence in the results, in both measured values and associated variability. Currently,
the measuring techniques to be used and their effect on the measuring results are not defined. Section
3.4 addresses this component.

Post processing
The fourth element that should be considered in the damage characterization of coastal structures
is the post processing. The steps followed in the post processing on the measured data should be
defined in order to contribute to the quality of the characterization and avoid deviations in the results.
Currently, there is no description of the post processing steps for the damage characterization of coastal
structures. Section 3.4 addresses this component.
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Figure 3.1: Process for obtaining S damage parameter.
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Figure 3.2: Process for obtaining EᎴᐻ damage parameter.
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Figure 3.3: Process for obtaining EᎵᐻ,ᑞ damage parameter.
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3.2. Establishing damage concepts
This section initiates the discussion regarding sub-question 1 (How can we establish and validate unified
concepts of ”damage initiation”, ”intermediate damage” and ”failure” in rubble mound structures?). As
described in the previous section, these damage definitions should be established considering the width
of the structure used in the damage characterization. Thus, the characterization width and damage
limits are addressed in more detail in the next two sections.

3.2.1. Characterization width
This aspect is addressed given that the use of different characterizations widths in the assessment of
a given coastal structure would lead to different damage results for all damage parameters and would
influence the definitions of damage limits. Frostick et al. (2011) recommends the use of characteriza-
tion widths larger than 1�-20 rock diameters in order to achieve representative results, but does not
discusses the influence it has in the measured damage. Thus, such influences of the characterization
width are going to be evaluated and a range of suitable characterization widths will be recommended.

The influence of the characterization width is expected to be different in damage parameters which
evaluate width-averaged profiles (S and Eኼፃ) compared to damage parameter that evaluates the max-
imum erosion (Eኽፃ,፦). In one hand, in the case of S and Eኼፃ a larger characterization width would
lead to a reduction of the measured damage since the damage to certain areas will be hidden by the
accretion in other areas. In the other hand, in the case of Eኽፃ,፦ a larger characterization width would
lead to an increase of the probability of observing a larger maximum erosion depth.

All these influences are evaluated in Section �.1.1 together with the recommendations for defining the
most suitable width for damage characterization in coastal structures.

3.2.2. Damage limits
This study aims to establish unified damage limits for the characterization of coastal structures such
as damage initiation, intermediate damage and failure. The damage limits of parameter S (currently
the most used damage parameter for rock armoured slopes), were established by Broderick (19�4)
and van der Meer (19��) based on low resolution and low accuracy measurements and only qualitative
definitions of the exposure of the filter layer. Thompson 	 Shuttler (197�), Melby 	 .obayashi (199�)
and Hofland et al. (2011) provides better descriptions of failure of coastal structures, describing more
precisely the extent of exposed filter layer which represents the failure of the structure.

Thus, the need for better characterization of coastal structures and the current availability of high
resolution and accuracy measurement techniques demands an update of the descriptions of damage
limits. These damage limits will be validated by measurements with Digital Stereo Photography, which
can offer a complete and detailed survey of the structure with a 1 mm resolution.

Based on the contributions found in literature and the need of establishing unified concepts for damage
characterization, the following damage limits are proposed for a 2D፧኿ኺ thick rock armoured slopes:

঎ Damage initiation: defined as the condition where a circular hole of 1D፧኿ኺ diameter and a
depth of 1D፧኿ኺ is observed in the armour layer.

঎ Intermediate damage: defined as the condition where a circular hole of 1D፧኿ኺ diameter and
a depth of 1.�D፧኿ኺ is observed in the armour layer.

঎ Failure limit: defined as the condition where a circular hole of 1D፧኿ኺ diameter and a depth of
2D፧኿ኺ is observed in the armour layer.

For rock armoured slopes with a different armour thickness nD፧኿ኺ, these limits can be generalized as
follows:
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঎ Damage initiation: defined as the condition where a circular hole of 1D፧኿ኺ diameter and a
depth of 1D፧኿ኺ is observed in the armour layer.

঎ Intermediate damage: defined as the condition where a circular hole of 1D፧኿ኺ diameter and
a depth of 1.�D፧኿ኺ is observed in the armour layer.

঎ Failure limit: defined as the condition where a circular hole of 1D፧኿ኺ diameter and a depth of
nD፧኿ኺ is observed in the armour layer.

The previously established damage limits are validated in Section �.1.2 taking into account the physical
modelling tests described in Chapter 4 and Chapter �.

3.3. Establishing damage parameters
This section initiates the discussion regarding sub-question 2 (How can we establish and validate an
universal damage parameter able to accurately characterize the the response and remaining strength of
rubble mound structures?). Two innovative damage parameters are proposed in order to significantly
improve the characterization of coastal structures: the erosion depths Eኼፃ and Eኽፃ,፦ (see Section 3.1.1
for their definitions).

The Eኼፃ parameter is obtained from the structure width-averaged profiles measured before and after
a given test run in a given characterization width (see Figure 3.2). This is obtained from the ”xyz”
measurements being the coordinates ”x” perpendicular to the wave direction, ”y” parallel to the wave
direction and ”z” the vertical direction. When averaging over ”x”, an ”yz” width-averaged profile is
obtained. Low resolution traditional measurements such as mechanical profilers could also generate
similar results but with less accurate results and more variability (see Section 3.4). In order to reduce
the noise in the measurements, a moving average with a length of 1D፧኿ኺ is applied in all the profiles.
From the comparison of these initial and final width-averaged profiles, the maximum erosion depth
perpendicular to the slope is obtained and normalized by the nominal median diameter as shown in
Equation 3.2.

The Eኽፃ,፦ parameter is obtained directly from the structure ”xyz” measurements before and after a
given test run in a given characterization width (see Figure 3.3). These ”xyz” survey data is processed
applying a moving circular average with a diameter of mD፧኿ኺ. From the comparison of these initial
and final ”xyz” averaged data, the maximum erosion depth perpendicular to the slope is obtained and
normalized by the nominal median diameter as shown in Equation 3.3.

These two damage parameters are validated in Section �.2 in combination with the damage limits dis-
cussed in the previous section.

3.4. Measuring techniques
This section initiates the discussion regarding sub-question 3 (How can we validate the increase in
reliability of physical modelling tests results based on innovative and higher accuracy testing and mea-
suring techniques?). The use of different measuring techniques is considered as an important factor
that influences the results of a given damage characterization method. It will be discussed the impact
in the results when using high resolution and high accuracy measurements techniques compared with
low resolution and low accuracy tools used in traditional surveys. In addition, post processing steps
such as the application of moving averages are going to be briefly evaluated.

Regarding measuring techniques it is discussed the influence in the characterization of coastal struc-
tures when using traditional measuring equipment such as mechanical profilers compared to high res-
olution and high accuracy techniques such as Digital Stereo Photography. The fundamental differences
between such methods is the fact that traditional techniques are not able to capture the damage in all
the structure surface, leaving damaged areas unnoticed. In contrast, high resolution techniques are
able to measure the state of the whole structure surface and capture all the erosion areas.
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These high resolution measuring techniques present a number of advantages for the damage char-
acterization of coastal structures. First, it allows the introduction of innovative and precise damage
parameters such as Eኽፃ,፦ (as described in Section 3.3) and allows the improvement in the damage
limits definitions (as described in Section 3.2.2). Second, for parameters obtained from width-averaged
profiles such as S and Eኼፃ, high resolution surveys which captures the state of the whole structure sur-
face are able to reduce the variability and uncertainty in the damage characterization results.

Regarding post processing steps, the effects of tools such as moving averages used for calculating
traditional (S) and innovative (Eኼፃ and Eኽፃ,፦) damage parameters are described. Such tools are rec-
ommended in order to reduce the noise present in the measurement results and capture more precisely
the damage to the structure. Nevertheless, the extent to which these tools are used should be defined
and uniform in order to not alter the fundamental outcome of the damage measurements.

These aspects are considered in Section �.3 after the processing of the data obtained from the physical
modelling tests with Digital Stereo Photography surveys.
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Physical modelling test set-up

This chapter presents the set-up for the physical modelling tests carried out during this thesis. The
first section describes the criteria taken into account during the planning of the physical modelling tests
carried out at Uporto and Deltares. The set-up used in the Uporto deep water tests (carried out in a
wave basin) is described in the second section, while the set-up used in the Deltares shallow water
tests (carried out in a wave flume) is described in the third section. The fourth section describes the
technique used for measuring damage, the Digital Stereo Photography.

4.1. Test planning
The physical modelling tests considered in this thesis were planned with the aim of obtaining the better
validation data for the research questions discussed in the previous chapters. This planning was done
before both test campaigns, with the aim of optimizing the quality of measured data as well as allow-
ing the large number of tested conditions and repetition tests. The justification of the test conditions
considered in both set-ups is briefly described below.

4.1.1. UPorto deep water tests
The Uporto deep water tests were carried out in a wave basin (see Section 4.2), and the set-up was
based on coastal areas with wave conditions which are not depth-limited. Thus, conditions where
the increase in the water level due to climate change would be linked to a change in the overtopping
discharge were studied. Such test conditions allowed to evaluate the influence that the change in
overtopping discharge has in the measured damage.

The selected set-up consisted of a low-crested rubble mound structure with a permeable core, a 1:2
slope and no foreshore. This set-up allowed the acquisition of a large amount of data in a very wide
structure, allowing the validation of damage characterization concepts, parameters and methods in the
following conditions:

঎ Currently sea level and sea level rise scenarios (in not depth-limited conditions)

঎ Cumulative and non-cumulative damage

঎ Long-crested waves and short-crested waves

4.1.2. Deltares shallow water tests
The Deltares shallow water tests were carried out in a wave flume (see Section 4.3), and the set-up
was based on shallow coastal areas with wave conditions which are depth-limited. Thus, conditions
where the increase in the water level due to climate change would be directly linked to a change in the
incident wave height at the toe of the structure were studied.
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This set-up allowed to expand significantly the conditions tested in Uporto, including a non-overtopped
rubble mound structure with an impermeable core, a 1:3 slope and a foreshore. In addition, the main
particularity of these tests for shallow coastal areas is that the generated wave was equal for all test
runs, and only the change in the water depth at the toe of the structure defined the incident wave
height. This way, the effect of the sea level rise in the damage to the structure was clearly represented.
Thus, this set-up provided a large amount of complementary data given the number of tests carried
out, which allowed the testing of different slope configurations and a number of repetition tests. The
testing conditions included the following:

঎ Currently sea level and sea level rise scenarios (in depth-limited conditions)

঎ Cumulative and non-cumulative damage

঎ Adaptation alternatives: straight slope and four berm configurations

঎ Damage variability: repetition tests

Thus, the planning of both test campaigns were made in order to allow the generalization of the con-
clusions to be made on damage characterization of coastal structures and adaptation alternatives for
climate change scenarios. In the next sections, the characteristics of these two physical modelling
tests are described in more detail.

4.2. UPorto deep water tests set-up
The UPorto deep water tests were carried out in a wave basin at the Hydraulics Laboratory of the
Faculty of Engineering of the University of Porto. This wave basin is shown in Figure 4.1 before one of
the test runs.

Figure 4.1: Wave basin used for the UPorto tests.

The model set-up used in the UPorto test runs is shown in Figure 4.2, where it can be identified the
four measurement locations: front slope, rear slope, roundhead and overtopping tank. In this thesis,
only the damage to the front slope is considered. The cross-sections of the trunk are shown in Figures
4.3 and 4.4.

Incident wave heights were not depth-limited since no foreshore was present in this model. The model
scale was 1:3� (considering reference wave climate in the Portuguese Algarve) according to Froude
criterion. In this model, sufficiently large Reynolds (Re!3⋅10ኾ) ensured turbulent conditions and re-
duced scale effects (see Section 2.3.1). In addition, the wave generation equipment included active
compensation for the reflected wave at the wave board.
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Figure 4.2: Plan view of the UPorto set-up.

Figure 4.3: Cross-section UPorto set-up - with front slope and rear slope.

Figure 4.4: Cross-section UPorto set-up - with front slope and overtopping tank.

The main characteristics of the the model are:

঎ Model scale: 1:3�

঎ Structure slope: 1:2 rock slope

঎ Structure total height: 0.�� m

঎ Structure composition: 2D፧኿ኺ rock armour layer over a permeable core

঎ Armour gradation characteristics: D፧኿ኺ  32.0 mm and D፧ዂ኿�D፧ኻ኿  1.2�

঎ Core gradation characteristics: D፧኿ኺ  11.� mm

঎ Water levels: 0.��� m for tests with MHW, 0.��9 m for tests with MHW�SLR

঎ Freeboards: 0.114 m for tests with MHW, 0.091 m for tests with MHW�SLR
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The gradation of the armour material was determined through the weighting of various samples of
stones and transformed to median nominal diameter D፧኿ኺ according to Equation 2.�. The gradation
of the core material was determined by sieve analysis and transformed to median nominal diameters
according to Equation 2.�. See Appendix G for more details.

The test planning included 1� test runs divided into four series briefly described below. A summary
of the tested conditions are shown in Table 4.1, where it is described the type of damage (cumulative
or non-cumulative), the type of waves (long-crested or short-crested), the water depth (h), the test
condition (Cond.), the wave height (H፬) and the peak wave period (T፩).

঎ Series 1: cumulative damage with constant sea level and long-crested waves

঎ Series 2: non-cumulative damage with constant sea level and long-crested waves

঎ Series 3: cumulative damage with increased sea level and long-crested waves

঎ Series 4: cumulative damage with constant sea level and short-crested waves

Table 4.1: UPorto test conditions

Series Run Damage Waves h (m) Cond. H፬ (m) T፩ (s)

S1

R1 Cum. Long-crested MHW - 0.��� �0� 0.071 1.29
R2 Cum. Long-crested MHW - 0.��� �0� 0.094 1.��
R3 Cum. Long-crested MHW - 0.��� 100� 0.11� 1.�7
R4 Cum. Long-crested MHW - 0.���) 120� 0.142 2.1�

S2

R1 Non-cum. Long-crested MHW - 0.��� �0� 0.094 1.��
R2 Non-cum. Long-crested MHW - 0.��� 100� 0.11� 1.�7
R2r Non-cum. Long-crested MHW - 0.��� 100� 0.11� 1.�7
R3 Non-cum. Long-crested MHW - 0.��� 120� 0.142 2.1�

S3

R1 Cum. Long-crested MHW - 0.��� �0� 0.071 1.29
R2 Cum. Long-crested MHW - 0.��� �0� 0.094 1.��
R3 Cum. Long-crested MHW�SLR - 0.��9 100� 0.11� 1.��
R4 Cum. Long-crested MHW�SLR - 0.��9 120� 0.142 2.1�

S4

R1 Cum. Short-crested MHW - 0.��� �0� 0.071 1.29
R2 Cum. Short-crested MHW - 0.��� �0� 0.094 1.��
R3 Cum. Short-crested MHW - 0.��� 100� 0.11� 1.�7
R4 Cum. Short-crested MHW - 0.��� 120� 0.142 2.1�

The calibration of wave conditions were done without and with the structure, and the latter was con-
sidered in the test runs. The incident and reflected waves were measured with wave probes placed
at a distance of one wave length from the toe of the structure. For tests with long-crested waves, an
array of 4 aligned wave probes were used (see Figure 4.�). For tests with short-crested waves, a group
of � wave probes were used in a CERC� array (Davis 	 Regier 1977).

Figure 4.�: Probes distances used in the UPorto tests for long-crested waves.
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4.3. Deltares shallow water tests set-up
The Deltares shallow water tests were carried out in the Western Scheldt Flume of Deltares, Delft. This
wave flume is shown in Figure 4.�.

Figure 4.�: Wave flume used in the Deltares tests.

The model set-up used in the Deltares test runs is shown in Figure 4.7. During these tests, only the
damage to the front slope was evaluated. Figure 4.� presents the cross-section of the first structure to
be tested: a 1:3 straight rock slope over a impermeable core. Figures 4.9, 4.10, 4.11 and 4.12 present
four variations of berms added to the staight slope. These variations include the berm width (10D፧኿ኺ
and �D፧኿ኺ) and the berm height (at 100� and �0� water level).

Figure 4.7: Deltares model set-up.

Incident wave heights were depth-limited since a � metres long foreshore was present in this model.
The model scale was 1:42 (considering reference wave climate in the Dutch Wadden sea) according
to Froude criterion. In this model, moderate Reynolds (Re!1⋅10ኾ) did not ensure turbulent conditions
so small scale effects were expected (see Section 2.3.1). In addition, the wave generation equipment
included active compensation for the reflected wave at the wave board.

The main characteristics of the the model are:

঎ Model scale: 1:42

঎ Structure slope: 1:3 rock slope

঎ Structure total height: 0.29� m

঎ Structure composition: 2D፧኿ኺ rock armour layer over a filter and impermeable core

঎ Armour gradation characteristics: D፧኿ኺ  1�.3 mm and D፧ዂ኿�D፧ኻ኿  1.2�

঎ Filter gradation characteristics: D፧኿ኺ  9.4 mm

঎ Water levels at toe: from 0.0�9 m for �0� tests to 0.179 m for 120� tests.

঎ Freeboards: from 0.207 m for �0� tests to 0.117 m for 120� tests.
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Figure 4.�: Cross-section Deltares set-up - straight slope.

Figure 4.9: Cross-section Deltares set-up - slope with a berm 10dᎷᎲ wide at the 100� water level.

Figure 4.10: Cross-section Deltares set-up - slope with a berm �dᎷᎲ wide at the 100� water level.

Figure 4.11: Cross-section Deltares set-up - slope with a berm 10dᎷᎲ wide at the �0� water level.

Figure 4.12: Cross-section Deltares set-up - slope with a berm �dᎷᎲ wide at the �0� water level.
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The gradation of the armour and filter material was determined through the weighting of various sam-
ples of stones and transformed to median nominal diameter D፧኿ኺ according to Equation 2.�. See
Appendix G for more details. In addition, the filter material was fixed with poli-pox glue over the im-
permeable core, which was built with an wooden structure.

The test planning included 41 runs divided into six series briefly described below. A summary of the
tested conditions are shown in Table 4.2, where the type of damage (cumulative or non-cumulative),
the berm width (B), the berm level (d፛), the water depth at the toe of the structure (hፓ), the test
condition (Cond.), the generated wave height (H፬,፠), the wave height at the toe of the structure (H፬,ፓ)
and the peak wave period (T፩) are described.

঎ Series 1: straight slope with cumulative damage (� realizations: S1a, S1b, S1c, S1d, S1e)

঎ Series 2: straight slope with non-cumulative damage (� realizations: S2a, S2b, S2c, S2d, S2e)

঎ Series 3: slope with a berm 10D፧኿ኺ wide at the 100� water level with cumulative damage

঎ Series 4: slope with a berm �D፧኿ኺ wide at the 100� water level with cumulative damage

঎ Series 5: slope with a berm 10D፧኿ኺ wide at the �0� water level with cumulative damage

঎ Series 6: slope with a berm �D፧኿ኺ wide at the �0� water level with cumulative damage

Table 4.2: Deltares test conditions

Series Run Damage B (m) d፛ (m) hፓ (m) Cond. H፬,፠ (m) H፬,ፓ (m) Tፏ (s)

S1

R1 Cum. - - 0.0�9 �0% 0.0�7 0.037 1.27
R2 Cum. - - 0.119 �0% 0.0�7 0.0�0 1.27
R3 Cum. - - 0.149 100% 0.0�7 0.0�2 1.27
R4 Cum. - - 0.179 120% 0.0�7 0.074 1.27

S2 R1 Non-cum. - - 0.149 100� 0.0�7 0.0�2 1.27

S3

R1 Cum. 10D፧኿ኺ 100� 0.0�9 �0� 0.0�7 0.037 1.27
R2 Cum. 10D፧኿ኺ 100� 0.119 �0� 0.0�7 0.0�0 1.27
R3 Cum. 10D፧኿ኺ 100� 0.149 100� 0.0�7 0.0�2 1.27
R4 Cum. 10D፧኿ኺ 100� 0.179 120� 0.0�7 0.074 1.27

S4

R1 Cum. �D፧኿ኺ 100� 0.0�9 �0� 0.0�7 0.037 1.27
R2 Cum. �D፧኿ኺ 100� 0.119 �0� 0.0�7 0.0�0 1.27
R3 Cum. �D፧኿ኺ 100� 0.149 100� 0.0�7 0.0�2 1.27
R4 Cum. �D፧኿ኺ 100� 0.179 120� 0.0�7 0.074 1.27

S�

R1 Cum. 10D፧኿ኺ �0� 0.0�9 �0� 0.0�7 0.037 1.27
R2 Cum. 10D፧኿ኺ �0� 0.119 �0� 0.0�7 0.0�0 1.27
R3 Cum. 10D፧኿ኺ �0� 0.149 100� 0.0�7 0.0�2 1.27
R4 Cum. 10D፧኿ኺ �0� 0.179 120� 0.0�7 0.074 1.27

S�

R1 Cum. �D፧኿ኺ �0� 0.0�9 �0� 0.0�7 0.037 1.27
R2 Cum. �D፧኿ኺ �0� 0.119 �0� 0.0�7 0.0�0 1.27
R3 Cum. �D፧኿ኺ �0� 0.149 100� 0.0�7 0.0�2 1.27
R4 Cum. �D፧኿ኺ �0� 0.179 120� 0.0�7 0.074 1.27

The calibration of the wave conditions was done with the foreshore and without the structure, using a
metallic wave dumper in order to reduce the reflected wave. The incident and reflected waves were
measured at two locations: at 0.� m from the toe of the structure on foreshore and at 1� m from the
toe of the structure (10 m before the start of the � metres long foreshore). The measurement of the
waves in both locations was done with 3 aligned wave probes as shown in Figure 4.13.
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Figure 4.13: Probes distances used in the Deltares tests.

4.4. Measuring technique
Both during the UPorto and Deltares tests, the measurement of damage to the armour layer was done
using the Digital Stereo Photography technique. This method included the following equipment pro-
vided by Deltares (see Figure 4.14). The description of this method and main steps can be found in
Hofland et al. (2011) and Raaijmakers et al. (2012).

঎ A ঀ Markers base plate: fixed origin of coordinates for the 3D reconstruction and comparison
between test runs, to be kept fixed during the complete testing period.

঎ B ঀ Additional markers: reference points for the 3D reconstruction, to be randomly placed before
each measurement and removed after it.

঎ C ঀ Cameras: two digital cameras with a fixed distance between each other.

঎ D ঀ Laptop: used for obtaining the pairs of images and carrying out the post-processing.

Figure 4.14: Digital Stereo Photography equipment.
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Physical modelling test results

Following the realization of the two physical modelling test campaigns, a summary of the main results
from the Uporto and Deltares tests are presented in the first and second sections. A first discussion on
the main results of the two test campaigns, and a comparison with literature data is presented in the
third section. Further analysis of these results are presented in Chapter � and Chapter 7, where the
research questions of this thesis are answered.

5.1. Uporto deep water test results
This section presents the results from the Uporto deep water tests described in Section 4.2, which was
composed by a total of 1� test runs divided into 4 test series.

The damage to the structure was measured with the Digital Stereo Photography (see in Section 4.4).
Figure �.1a illustrates the initial conditions of a given test series while Figure �.1b shows the state of the
structure after a given test run. The damage for each test run was obtained as the difference between
the initial measurement (before test series for cumulative damage test series or before individual test
runs for non-cumulative test series) and the measurement after the given test run, as shown in Figure
�.2. All damage plots from the UPorto tests are shown in Appendix A.

Table �.1 presents the measured damage for each test run, considering the damage parameters previ-
ously discussed in Chapter 3 (S, Eኼፃ, Eኽፃ,ኻ and Eኽፃ,኿). These damage parameters were only determined
for the front slope, which in this section includes the total 100 D፧኿ኺ width of the front slope area (see
Figure 4.2). For the damage parameters calculated for a 2� D፧኿ኺ width and measured incident wave
conditions, see Appendix H. In addition, the damage to the roundhead, to the rear slope and the over-
topping measurements are not considered in this thesis.

(a) Series 1 - initial conditions. (b) Series 1 - After run 3.

Figure �.1: UPorto damage measurements - Series 1.
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Figure �.2: UPorto tests Series 1 - z difference: after test run 3 compared with initial.

Table �.1: UPorto test results

Series Run Damage Waves h (m) Cond. S Eኼፃ Eኽፃ,ኻ Eኽፃ,኿

S1

R1 Cum. Long-crested MHW �0� 0.1 0.02 0.94 0.12
R2 Cum. Long-crested MHW �0� 1.1 0.20 1.20 0.4�
R3 Cum. Long-crested MHW 100� 3.4 0.49 1.�7 1.0�
R4 Cum. Long-crested MHW 120� 12.9 1.0� 1.9� 1.4�

S2

R1 Non-cum. Long-crested MHW �0� 0.� 0.11 1.12 0.43
R2 Non-cum. Long-crested MHW 100� 2.� 0.27 1.23 0.�2
R2r Non-cum. Long-crested MHW 100� 3.7 0.47 1.�1 1.21
R3 Non-cum. Long-crested MHW 120� 12.7 0.9� 1.9� 1.�3

S3

R1 Cum. Long-crested MHW �0� 0.4 0.04 1.12 0.21
R2 Cum. Long-crested MHW �0� 1.4 0.13 1.0� 0.�1
R3 Cum. Long-crested MHW�SLR 100� 1.� 0.1� 1.22 0.�2
R4 Cum. Long-crested MHW�SLR 120� �.9 0.70 2.0� 1.�3

S4

R1 Cum. Short-crested MHW �0� 0.0 0.02 0.77 0.0�
R2 Cum. Short-crested MHW �0� 0.4 0.0� 0.�3 0.2�
R3 Cum. Short-crested MHW 100� 1.4 0.22 1.1� 0.70
R4 Cum. Short-crested MHW 120� 4.0 0.44 1.�� 1.0�

The damage profiles for the 4 test series are presented in Figures �.3, including a 90� confidence in-
terval for the mean value. The mean damage was obtained from the total 100 D፧኿ኺ width of the model.
The confidence bounds were obtained dividing the width of the model into 10 equal sections with a
width of 10 D፧኿ኺ, applying a student-t distribution with critical t-value of 1.�33 (𝛿 = ±1.833 ⋅ 𝜎/√10).

The analysis of these damage data is described in more detail in Chapter � and Chapter 7. Neverthe-
less, a brief analysis will be made here regarding the differences between cumulative (Series 1) and
non-cumulative (Series 2) damage. In Figure �.4a the non-cummulative damage results from Series
2 are compared with the incremental damage of each test run from Series 1 (which is obtained as
the damage recorded between a given test run and the previous test). In this case, it can be seen
that the non-cummulative results leads to larger erosion of the rebuilt structure (Series 2), while the
cumulative tests show less damage to the already damaged structure (Series 1). In contrast, in Figure
�.4b the non-cummulative damage results from Series 2 are compared with the standard damage of
each test run from Series 1 (which is obtained as the damage recorded between a given test run and
the initial conditions for the series). In this case both cumulative and non-cumulative results shows a
similar damage. Furthermore, Deltares test results (see Section �.2) also shows small variations (from
0� to �� in measured damage according to both S and Eኽፃ,኿ parameters) between cumulative (Series
1) and non-cumulative (Series 2) measured damage. Thus, according to the UPorto and Deltares test
results, both testing methods presented similar damage results for rock armoured slopes.
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(a) Series 1: non-cumulative damage, constant level. (b) Series 2: cumulative damage, constant level.

(c) Series 3: non-cumulative damage, increased level. (d) Series 4: short-crested waves.

Figure �.3: UPorto tests - Series 1-2-3-4 damage profiles with 90� confidence bounds for the mean.

(a) Incremental damage: compared with previous test. (b) Standard damage: compared with initial conditions.

Figure �.4: UPorto tests - Analysis of cumulative (Series 1) and non-cumulative (Series 2) damage.
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5.2. Deltares shallow water test results
This section presents the results from the Deltares shallow water tests described in Section 4.3, which
was composed by 41 test runs divided into � test series.

The damage to the structure was measured with the Digital Stereo Photography (see Section 4.4). Fig-
ure �.�a illustrates the initial conditions of a given test series while Figure �.�b shows the state of the
structure after a given test run. The damage for each test run was obtained as the difference between
the initial measurement (before test series for cumulative damage test series or before individual test
runs for non-cumulative test series) and the measurement after the given test run, as shown in Figure
�.�. All damage plots from the Deltares tests are shown in Appendix B.

(a) Series 1a - initial conditions. (b) Series 1a - After run 3.

Figure �.�: Deltares damage measurements - Series 1a.

Figure �.�: Deltares tests Series 1a - z difference: after test run 3 compared with initial.

Table �.2 presents the measured damage for each test run considering the damage parameters pre-
viously discussed in Chapter 3 (S, Eኼፃ, Eኽፃ,ኻ and Eኽፃ,኿). These damage parameters were calculated
considering the erosion of the front slope, and in this section includes the total �4 D፧኿ኺ width of the
model. For the damage parameters calculated for a 27 D፧኿ኺ width and measured incident wave con-
ditions, see Appendix H.

In addition, the damage to the configurations with a berm can be evaluated at the lower slope (which
includes the horizontal berm) and the upper slope. This damage for the upper and lower slope are
presented in Table �.3 considering the damage parameters S and Eኽፃ,኿.
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Table �.2: Deltares test results

Series Run Damage B (m) d፛ (m) Cond. S Eኼፃ Eኽፃ,ኻ Eኽፃ,኿

S1a

R1 Cum. - - �0% 0.2 0.07 1.03 0.1�
R2 Cum. - - �0% 1.3 0.13 1.07 0.31
R3 Cum. - - 100% 4.3 0.4� 1.4� 0.��
R4 Cum. - - 120% 10.9 0.�3 2.00 1.2�

S1b

R1 Cum. - - �0% 0.3 0.0� 1.11 0.1�
R2 Cum. - - �0% 0.� 0.19 1.0� 0.41
R3 Cum. - - 100% 3.� 0.41 1.39 0.��
R4 Cum. - - 120% 11.� 1.03 2.30 1.4�

S1c

R1 Cum. - - �0% 0.3 0.0� 1.12 0.19
R2 Cum. - - �0% 0.� 0.14 1.12 0.30
R3 Cum. - - 100% 3.� 0.3� 1.�4 0.�9
R4 Cum. - - 120% 11.4 0.93 1.9� 1.17

S1d

R1 Cum. - - �0% 0.2 0.04 1.01 0.1�
R2 Cum. - - �0% 0.9 0.17 1.27 0.3�
R3 Cum. - - 100% 3.� 0.4� 1.�1 0.�9
R4 Cum. - - 120% 12.0 1.04 2.43 1.37

S1e

R1 Cum. - - �0% 0.3 0.11 1.10 0.1�
R2 Cum. - - �0% 0.9 0.1� 1.22 0.3�
R3 Cum. - - 100% 3.2 0.3� 1.3� 0.71
R4 Cum. - - 120% 11.0 0.99 1.94 1.27

S2a R1 Non-cum. - - 100� 3.0 0.39 1.73 0.��

S2b R1 Non-cum. - - 100� 4.� 0.4� 1.�3 0.�4

S2c R1 Non-cum. - - 100� 4.0 0.41 1.49 0.71

S2d R1 Non-cum. - - 100� 3.3 0.3� 1.32 0.74

S2e R1 Non-cum. - - 100� 2.2 0.31 1.4� 0.73

S3

R1 Cum. 10D፧኿ኺ 100� �0� 0.1 0.03 1.13 0.1�
R2 Cum. 10D፧኿ኺ 100� �0� 1.1 0.1� 1.11 0.2�
R3 Cum. 10D፧኿ኺ 100� 100� 2.0 0.2� 1.3� 0.44
R4 Cum. 10D፧኿ኺ 100� 120� 2.� 0.2� 1.3� 0.3�

S4

R1 Cum. �D፧኿ኺ 100� �0� 0.4 0.0� 0.93 0.1�
R2 Cum. �D፧኿ኺ 100� �0� 0.� 0.13 1.07 0.32
R3 Cum. �D፧኿ኺ 100� 100� 2.9 0.�1 1.40 0.�1
R4 Cum. �D፧኿ኺ 100� 120� 4.� 0.�� 1.40 0.��

S�

R1 Cum. 10D፧኿ኺ �0� �0� 0.7 0.11 1.09 0.22
R2 Cum. 10D፧኿ኺ �0� �0� 0.7 0.14 1.09 0.2�
R3 Cum. 10D፧኿ኺ �0� 100� 0.9 0.1� 1.24 0.2�
R4 Cum. 10D፧኿ኺ �0� 120� 4.� 0.4� 1.30 0.74

S�

R1 Cum. �D፧኿ኺ �0� �0� 0.3 0.04 0.97 0.17
R2 Cum. �D፧኿ኺ �0� �0� 1.0 0.14 1.11 0.2�
R3 Cum. �D፧኿ኺ �0� 100� 3.2 0.31 1.3� 0.��
R4 Cum. �D፧኿ኺ �0� 120� 4.7 0.�3 1.�1 0.74
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Table �.3: Deltares test results - slope with a berm - lower and upper slope

Series Run S TOTAL S Lower S Upper Eኽፃ,኿ TOTAL Eኽፃ,኿ Lower Eኽፃ,኿ Upper

S3

R1 0.1 0.1 0.0 0.1� 0.1� 0.01
R2 1.1 1.1 0.0 0.2� 0.2� 0.02
R3 2.0 1.7 0.3 0.44 0.44 0.20
R4 2.� 1.� 1.0 0.3� 0.3� 0.3�

S4

R1 0.4 0.4 0.0 0.1� 0.1� 0.03
R2 0.� 0.� 0.0 0.32 0.32 0.0�
R3 2.9 2.� 0.1 0.�1 0.�1 0.1�
R4 4.� 2.9 1.9 0.�� 0.�� 0.�3

S�

R1 0.7 0.� 0.1 0.22 0.22 0.04
R2 0.7 0.� 0.1 0.2� 0.2� 0.11
R3 0.9 0.� 0.3 0.24 0.24 0.1�
R4 4.� 1.2 3.4 0.74 0.31 0.74

S�

R1 0.3 0.2 0.1 0.17 0.17 0.03
R2 1.0 0.7 0.3 0.2� 0.2� 0.20
R3 3.2 1.2 2.0 0.�� 0.37 0.��
R4 4.7 0.1 4.� 0.74 0.24 0.74

The damage profiles for the � test series are shown below, including a 90� confidence interval for the
mean value. Figure �.7 shows all the damage profiles for the Series 1 tests. In more detail, Figures
�.7a, �.7b, �.7c, �.7d and �.7e show the damage profile for each test run while Figure �.7f shows
the average damage considering the mean of the � realizations for that series. Thus, plots a, b, c,
d and e include the mean damage obtained from the total �4 D፧኿ኺ width of the model, while the
confidence bounds were obtained dividing the width of the model into � equal sections with a width
of 9 D፧኿ኺ, applying a student-t distribution with critical t-value of 2.01� (𝛿 = ±2.015 ⋅ 𝜎/√6). Plot f
includes the mean damage obtained from the combined 270 D፧኿ኺ width of the � test realizations in
the �4 D፧኿ኺ wide model, and the confidence bounds were obtained dividing this combined width into
30 equal sections with a width of 9 D፧኿ኺ, applying a student-t distribution with critical t-value of 1.�99
(𝛿 = ±1.699 ⋅ 𝜎/√30).

Figure �.� presents all the damage profiles for Series 2 tests. In more detail, Figures �.�a, �.�b, �.�c,
�.�d and �.�e shows the damage profile for each test run while Figure �.�f shows the average dam-
age considering the mean of the � realizations for that series. The process to obtain the mean and
confidence bounds were the same as for Series 1.

The analysis of these damage data is described in more detail in Chapter � and Chapter 7. Never-
theless, a brief analysis will be made here regarding the variability observed in the damage in the
series were repeated tests were carried out (Series 1 and Series 2). The first remark is that even if
�4D፧኿ኺ is wider than the section usually considered in physical modelling tests, a large scatter is ob-
served in the results. In addition, it can be also observed that when a combined test width of 270D፧኿ኺ
is considered (see Figures �.7f and �.�f), the mean damage value can be estimated more precisely
and the difference between damage levels can be distinguished with a large level of confidence (e.g.
q0.12D፧኿ኺ for �4D፧኿ኺ tests and q0.0�D፧኿ኺ for 270D፧኿ኺ tests when considering 120� damage results).

Furthermore, two additional conclusions can be drawn. First, it can be seen that increased water levels
allowed larger waves acting on the structure (given the same wave generated offshore in all test runs)
and consequently much larger damage was recorded on the structure. Second, it can be observed
that in the Deltares tests (1:3 slope in shallow water) the maximum damage in 100� and 120� tests
is located approximately �D፧50 above the water level, while for the UPorto tests (1:2 slope in deep
water) the maximum damage in 100� and 120� tests is located around the water level.
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(a) Series 1a: cumulative damage tests. (b) Series 1b: cumulative damage tests.

(c) Series 1c: cumulative damage tests. (d) Series 1d: cumulative damage tests.

(e) Series 1e: cumulative damage tests. (f) Series 1 average: mean S1a, S1b, S1c, S1d, S1e.

Figure �.7: Deltares tests - Series 1 damage profiles with 90� confidence bounds for the mean.
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(a) Series 2a: non-cumulative damage test. (b) Series 2b: non-cumulative damage test.

(c) Series 2c: non-cumulative damage test. (d) Series 2d: non-cumulative damage test.

(e) Series 2e: non-cumulative damage test. (f) Series 2 average: mean S2a, S2b, S2c, S2d, S2e.

Figure �.�: Deltares tests - Series 2 damage profiles with 90� confidence bounds for the mean.
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Figure �.9 shows the damage profiles for the 4 test series with the presence of a berm: Series 3a (Fig-
ure �.9a), Series 4a (Figure �.9b), Series �a (Figure �.9c), Series �a (Figure �.9d). These series were
only executed once, so the mean trend and confidence bounds were obtained in the same way the
individual test series of Series 1 and 2: the mean damage obtained from the total �4D፧኿ኺ width of the
model, and the confidence bounds were obtained dividing the width of the model into � equal sections
with a width of 9D፧኿ኺ, applying a student-t distribution with critical t-value of 2.01� (𝛿 = ±2.015⋅𝜎/√6).
The analysis of this damage data is described in more detail in Chapter 7.

(a) Series 3a: wide (10DᑟᎷᎲ) high (100� level) berm. (b) Series 4a: narrow (�DᑟᎷᎲ) high (100� level) berm.

(c) Series �a: wide (10DᑟᎷᎲ) low (�0� level) berm. (d) Series �a: narrow (�DᑟᎷᎲ) low (�0� level) berm.

Figure �.9: Deltares tests - Series 3-4-�-� damage profiles with 90� confidence bounds for the mean.

5.3. Test results analysis
This section briefly discusses the measured damage results in comparison with the formulae present in
literature. For the comparisons regarding straight slope tests, the formulae from van der Meer (19��)
and van Gent et al. (2003) were considered (see Section 2.1.2). For the comparisons of the results
for the slopes with a berm, the formulae from van Gent (2013) were considered (see Section 2.1.3).
Following these comparisons, various brief conclusions are drawn regarding the the variability in the
measured results. In addition, it is also discussed the different test conditions used for the derivation
of these formulae with respect to the ones used in the UPorto and Deltares tests.
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5.3.1. Straight slope
The UPorto deep water test results are compared with the van der Meer (19��) formula (see Equations
2.� and 2.9) in Figure �.10. This comparison is made considering the measured damage according
to the damage parameter S from Series 1, Series 2 and Series 3 (Series 4 is not considered for this
comparison), summing a total of 12 test runs with a model width of 100 D፧኿ኺ. Nevertheless, for the
comparison the damage was obtained for smaller sections of 2� D፧኿ኺ, leading to a total of 4� test
results. This characterization width aspect for will be further discussed in Chapter �. In the van der
Meer (19��) formulae, the one-third wave height Hኻ/ኽ is the significant wave height to be considered
and the mean period T፦ is the period to be used. In addition, a permeability coefficient of P  0.� was
considered together with a number of waves N  1000.

Furthermore, the measured damage in the UPorto tests were cumulative without reconstruction be-
tween the 4 tests in a series (Series 1 and Series 3) and non-cumulative (Series 2). Differently, the
derivation of the van der Meer (19��) formulae considered non-cumulative tests only. Regarding the
wave data for the UPorto tests, it was measured as described in Section 4.2.

According to these results it can be observed that the measured damage is within the formula es-
timations with a 90� confidence level. It can also be observed that according to these results the
difference of cumulative and non-cumulative damage measurements are not evident (Series 1 com-
pared to Series 2). Furthermore, the tests with increased water levels (Series 3) present lower damage
which is expected to be caused by the increase of the overtopping discharge. Nevertheless, it should
be considered that only a reduced number of configurations were tested, so no further conclusions are
made about the repeatability of the damage predicted by this formula.

Figure �.10: UPorto damage compared with van der Meer (19��) - plunging breaking.

The Deltares shallow water test results are compared with the van der Meer (19��) formula modified
by van Gent et al. (2003) (see Equations 2.13 and 2.14) in Figure �.11. This comparison is made
considering the measured damage according to the damage parameter S from Series 1 and Series 2
(Series 3-4-�-� with the slope with a berm are not considered for this comparison), summing a total of
2� test runs with a model width of �4 D፧኿ኺ. Nevertheless, for the comparison the damage was obtained
for smaller sections of 27 D፧኿ኺ, leading to a total of �0 test results. This characterization width aspect
for will be further discussed in Chapter �. From these �0 test results, 20 correspond to conditions with
surging breaking (runs 1 and run 2 with �0� and �0� conditions) while 30 correspond with plunging
breaking (runs 3 and run 4 with 100� and 120� conditions). In the the van der Meer (19��) formula
modified by van Gent et al. (2003) the one-third wave height Hኻ/ኽ is the significant wave height to be
considered and the spectral wave period T፦ዅኻ,ኺ is the period to be used. In addition a permeability
coefficient of P  0.1 was considered together with a number of waves N  1000.
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Furthermore, the measured damage in the Deltares tests were cumulative in all test series, without
reconstruction between the 4 tests in an individual series. Differently, the derivation of the van der
Meer (19��) formulae and the modification by van Gent et al. (2003) considered non-cumulative tests
only. Regarding the wave data for the Deltares tests, it was measured as described in Section 4.3.

According to these results (see Figure �.11) it can be observed that the measured damage is withing
the formula estimations with a 90� confidence level. Furthermore, the expected scale effects due to
a reduced unit dimensions (see Section 4.3) are not evident in these results. As stated for the case of
the UPorto tests, it should be considered that only a reduced number of configurations were tested, so
no further conclusions are made about the repeatability of the damage predicted by this formula.

(a) Plunging breaking. (b) Surging breaking.

Figure �.11: Deltares damage compared with van der Meer (19��) modified by van Gent et al. (2003).

5.3.2. Slopes with a berm
The Deltares shallow water test results with berm configurations are compared with the van Gent
(2013) formula (see Equations 2.17 and 2.1�) in Figure �.12. This comparison is made for the damage
parameter S from Series 3-4-�-� which include variations in the berm width and height, summing a
total of 1� test runs with a model width of �4 D፧኿ኺ. Nevertheless, for the comparison the damage
was obtained for smaller sections of 27 D፧኿ኺ, leading to a total of 32 test results. This characterization
width aspect for will be further discussed in Chapter �.

In the van Gent (2013) formula the spectral significant wave height H፦ኺ is the significant wave height
to be considered and the spectral wave period T፦ዅኻ,ኺ is the period to be used. Nevertheless, a mod-
ification to this formula was introduced here and Hኻ/ኽ is used as the significant wave height. Using
Hኻ/ኽ instead of H፦ኺ was considered since van Gent (2013) is derived for deep water conditions while
in the Deltares tests the wave conditions were depth-limited with severe breaking taking place on the
foreshore.

Furthermore, it should be considered that the tested conditions include additional differences with re-
spect to the tests used for the derivation of the formula. The Deltares tests includes differences in
the permeability (P  0.1 while the formula was based on tests typically characterized by P  0.�),
in the slope (1:3 while the formula considers 1:2 and 1:4), in the berm level ratio (hፁ � H፬ up to -2
while the formula considers up to -1), in the breaking conditions (surging breaking for �0� and �0�
conditions and plunging breaking for 100� and 120� tests while the formula was based on tests with
plunging breaking only) and in the water depth (depth-limited wave conditions with breaking on the
foreshore while the formula considers non depth-limited conditions). These differences should then
be considered in the comparison between the measured and estimated damage. Regarding the wave
data for the Deltares tests, it was measured as described in Section 4.3.
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In addition, the Deltares tests with berm configurations had also cumulative damage measurements
which is the same conditions used for the derivation of the formula by van Gent (2013). This author
considers that ”the observed damage is dominated by the highest waves and hardly affected by the
previous test runs with lower waves”, which is in line with the similar results obtained with cumulative
and non-cumulative damage measurements for the straight rock slopes discussed above.

All the damage results for the test series with berm configurations are shown in Figure �.12 with a 90�
confidence level for the formula estimation. In this comparison, all the damage results are considered
to be obtained in plunging conditions, since the distinction between plunging and surging conditions
did not improve the confidence in the formula estimation (see Appendix I, where surging and plunging
conditions are distinguished).

According to these results, it can observed that the measured damage seems rather well estimated by
the van Gent (2013) formula. The largest deviations correspond to the configurations with the lowest
and narrowest berm (Series �) where the damage to the upper slope is underestimated by the formula
while the damage to the lower slope is overestimated. Following these observations, a larger number
of tests with berm configurations are recommended in depth-limited conditions in order to validate with
more confidence the design formula in such conditions.

(a) Upper slope. (b) Lower slope.

Figure �.12: Deltares damage for slopes with a berm compared with van Gent (2013).
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Damage characterization methods

This chapter has the aim of validating the theoretical concepts, parameters and methods for damage
characterization based on the physical modelling test results (see Chapter 4 and Chapter � for details
regarding the UPorto deep water tests and the Deltares shallow water tests). This chapter will address
sub-question 1, 2 and 3 in the first, second and third section respectively. In addition, the fourth
section discusses the conclusions and outcomes from these three sub-questions.

6.1. Validating damage concepts
This section addresses sub-question 1 (How can we establish and validate unified concepts of ”dam-
age initiation”, ”intermediate damage” and ”failure” in rubble mound structures?). This section follows
what has been introduced in 3.2 and is divided into two sub-sections. The first section addresses the
definition of the characterization width while the second addresses the definition of the damage limits.

6.1.1. Characterization width
The validation of the most suitable characterization width for damage characterization of coastal struc-
tures was made considering the UPorto tests carried out in the wave basin and the Deltares tests
carried out in a wave flume. UPorto test results will be used given its wider trunk section in an analysis
considering their average values, while Deltares test results will be used given its various repetitions in
an analysis considering their variability.

UPorto tests - Mean evolution
The influence of different characterization widths can be observed in Figure �.1 for damage parameters
S, Eኼፃ, Eኽፃ,ኻ and Eኽፃ,኿. Similar results from the Deltares tests are shown in Appendix C. The values for
each characterization width are obtained as the average of all the values for that given width, being
between �0 values for the 2D፧኿ኺ width and 1 value for the 100D፧኿ኺ. This average damage is then
normalized by the damage obtained for the 100D፧኿ኺ characterization width.

Regarding the parameters obtained from width-averaged profiles (S in Figure �.1a and Eኼፃ in Figure
�.1b), it can be observed that the measured mean damage reduces with increased characterization
width. In addition, two different behaviours for low damage and high damage conditions can be
distinguished hereafter:

঎ High damage conditions (100% and 120%): S and Eኼፃ damage parameters become in-
creasingly stable with characterization widths larger than 2�D፧኿ኺ, although considering wider
sections will still affect the measured damage.

঎ Lowdamage conditions (80%): S and Eኼፃ damage parameters do not stabilize with increased
characterization widths up to widths of 100D፧኿ኺ. Thus, a strong characterization width effect is
present in the measured damage.

51
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(a) S parameter. (b) EᎴᐻ parameter.

(c) EᎵᐻ,Ꮃ parameter. (d) EᎵᐻ,Ꮇ parameter.

Figure �.1: Characterization width mean damage variation - UPorto tests Series 1-2-3.

Regarding the parameters obtained as the maximum erosion depth observed within a given charac-
terization width (Eኽፃ,ኻ in Figure �.1c and Eኽፃ,኿ in Figure �.1d), it can be observed that the measured
damage increases with increased characterization width. For these damage parameters, there is no
clear distinction between the variation in measured damage for low and high damage conditions as
observed previously for S and Eኼፃ parameters.

The main observation for this damage parameter Eኽፃ,፦ is that the measured damage continues to
increase with increasing characterization widths. This suggests that there is no upper limit for the
damage to the structure and that when considering wider structures the probability of observing a
larger extreme damage will continue to increase. This length effect for the design and characterization
of coastal structures should then be taken into account. Thus, the characterization width for this
parameter cannot be defined only as a recommended fixed value or limit but will be described as part
of a extreme value distribution for damage to coastal structures (see Section �.2.2). All these aspects
will continue to be discussed in the next sections aiming of a clear definition of suitable characterization
widths considering the particularities of each damage parameter.

Deltares tests - Variability evolution
This sub-section addresses the variability of the results for each characterization width. These results
are obtained from five identical realizations of Series 1, which consists of four test runs each (�0�Hs,
�0�Hs, 100�Hs and 120�Hs). It can be observed that the standard deviation normalized by the
mean of the different damage parameters (see Figure �.2 for damage parameters S, Eኼፃ, Eኽፃ,ኻ and
Eኽፃ,኿) have a different behaviour, that will be briefly described below.
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Regarding the parameters obtained from width-averaged profiles (S in Figure �.2a and Eኼፃ in Figure
�.2b), it can be observed that the increase in the characterization width leads to a general reduction of
the variability in the measurements (although for damage parameter Eኼፃ and very small damage such
as the �0�Hs conditions this pattern is not clear).

Regarding the parameters obtained as the maximum erosion depth observed within a given character-
ization width (Eኽፃ,ኻ in Figure �.2c and Eኽፃ,኿ in Figure �.2d), the influence of the characterization width
in the variability of the results has less scatter than for S and Eኼፃ. In these cases (Eኽፃ,ኻ and Eኽፃ,኿) and
for all damage conditions, there is a reduction of the variability with increased characterization width,
specially after roughly 27D፧኿ኺ.

Comparing the behaviour of all damage parameters, it can be stated that Eኽፃ,ኻ and Eኽፃ,኿ damage pa-
rameters presents a much smaller variability than S and Eኼፃ. Thus, this variability study support the
hypothesis that this Eኽፃ,፦ parameters can be considered as the reference for damage characterization.

(a) S parameter. (b) EᎴᐻ parameter.

(c) EᎵᐻ,Ꮃ parameter. (d) EᎵᐻ,Ꮇ parameter.

Figure �.2: Standard deviation normalized by the mean - Deltares tests Series 1.

In addition, Figure �.3 compares the variability of cumulative and non-cumulative damage for all four
damage parameters. The cumulative damage is part of Series 1 results (run 3 with 100� condi-
tion only) while non-cumulative damage is part of the single-test Series 2 results (run 1 with 100�
condition). This comparison is also made based on the average deviation from the mean for each
characterization width. It can be observed that, besides different damage results (see Chapter � for
more details), both testing procedures present similar variability in the measured damage according to
all damage parameters.
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(a) S parameter. (b) EᎴᐻ parameter.

(c) EᎵᐻ,Ꮃ parameter. (d) EᎵᐻ,Ꮇ parameter.

Figure �.3: Standard deviation normalized by the mean - Deltares tests Series 1 (100�) and Series 2.

Conclusions regarding characterization width
Following the previous results, it can be stated that the characterization width is an important factor in
the definitions of damage to coastal structures. As it was introduced in Chapter 3 and evaluated here,
the effect of the characterization width is different for the different damage parameters. Nevertheless,
for the different structure configurations (UPorto and Deltares tests) the same conclusions were drawn
according to the test results. In addition, in order to present recommendations for the selection of
suitable characterization widths, the following criteria is considered:

঎ Mean evolution: as shown in Figures �.1, it should be considered that different characterization
widths will affect the measured damage (bias error). Thus, a suitable characterization width will
be the one that shows the smallest difference in mean measured damage compared to what is
obtained when considering different characterization widths.

঎ Variability evolution: as shown in Figures �.2, it should be considered that different charac-
terization widths will present different variability in the results when the same condition is tested
repeated times (random error). Thus, a suitable characterization width will be the one that shows
the smallest variability in the results.

঎ Laboratory conditions: as a third condition, the recommendations regarding the most suitable
characterization widths should take into account the limited space available for physical modelling
tests and the associated costs that limits the experiment dimensions. In addition, the implication
of the scaling constraints which limit the possibility of reducing the units size in the armour of the
structure should be taken into account. Thus, a suitable characterization width will be the one
that could fit into general testing facilities without introducing scale effects.
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Considering these criteria, the analysis carried out in this thesis from now on is based on a character-
ization width of 2�-27D፧኿ኺ for all damage parameters (S, Eኼፃ, Eኽፃ,ኻ and Eኽፃ,኿). In addition, for the
damage parameters obtained as the maximum erosion depth observed within a given characterization
width (Eኽፃ,፦), an extreme value distribution is considered in order to estimate the expected maximum
damage for a structure wider than 2�-27D፧኿ኺ.

6.1.2. Damage limits
The damage limits proposed in Chapter 3 will be validated in this section considering the UPorto and
Deltares physical modelling tests. These proposed limits for a 2D፧኿ኺ thick rock armoured slopes are:

঎ Damage initiation: defined as the condition where a circular hole of 1D፧኿ኺ diameter and a
depth of 1D፧኿ኺ is observed in the armour layer.

঎ Intermediate damage: defined as the condition where a circular hole of 1D፧኿ኺ diameter and
a depth of 1.�D፧኿ኺ is observed in the armour layer.

঎ Failure limit: defined as the condition where a circular hole of 1D፧኿ኺ diameter and a depth of
2D፧኿ኺ is observed in the armour layer.

In order to characterize a given rock armoured coastal structure according to these damage limits, the
parameter Eኽፃ,ኻ is used as the calibration method. This Eኽፃ,ኻ parameter can be described as erosion
depth measured in D፧኿ኺ perpendicular to the slope averaged over a circular area of 1D፧኿ኺ, which allows
to capture the damage limits describe above.

Before applying this parameter to calibrate the damage limits according to other parameters, a com-
parison with the currently used traditional characterization methods will be made. Such traditional
methods considered slope surveys with different types of profilers (see Section 2.3.2) and the expo-
sure of the filter layer for the failure limit: D኿ኺ�2 for Thompson 	 Shuttler (197�), 1D፧኿ኺ for Melby 	
.obayashi (199�) and no defined extent for the other authors (see Section 2.2). According to such
methods, damage initiation and intermediate damage is based on defined parametric limits while failure
is determined by the visual observation of images such as Figure �.4 (where filter layer can be seen in
white) or using cylindrical gauge with a hemispherical foot.

Figure �.4: Deltares tests Series 1e - conditions after test run 4.



56 6. Damage characterization methods

In contrast, the use of high resolution surveys such as the ones provided by Digital Stereo Photography
(see Figure �.� for the damage measured in the structure shown in Figure �.4) allows a more precise
visualization of the state of the structure for all damage levels: damage initiation, intermediate damage
and failure. In this case all the damage limits can be quantified according to the depth and extension
of the damage area.

Figure �.�: Deltares tests Series 1e - z difference: after test run 4 compared with initial.

Thus, considering the structure measurements carried out with high resolution techniques such as Digi-
tal Stereo Photography and the damage parameter Eኽፃ,ኻ, the proposed damage limits can be defined as:

Eኽፃ,ኻ damage limits:

঎ Damage initiation: Eኽፃ,ኻ  1

঎ Intermediate damage: Eኽፃ,ኻ  1.�

঎ Failure limit: Eኽፃ,ኻ  2

From this parameter all the damage limits are calibrated for all other damage parameters, taking into
account the relations shown in Figure �.�. These figures include all the UPorto and Deltares test results
for all damage parameters calculated for a characterization width of 2�-27D፧኿ኺ. Partial and comple-
mentary comparisons of these data are shown in Appendix D.

Eኽፃ,኿ damage limits:

঎ Damage initiation: Eኽፃ,኿  0.3

঎ Intermediate damage: Eኽፃ,኿  0.�

঎ Failure limit: Eኽፃ,኿  1.3 (90� conf.)

Eኼፃ damage limits:

঎ Damage initiation: Eኼፃ  0.2

঎ Intermediate damage: Eኼፃ 0.�

঎ Failure limit: Eኼፃ 1.0 (90� conf.)

S damage limits:

঎ Damage initiation: S  1

঎ Intermediate damage: S  �

঎ Failure limit: S  12 (90� conf.)
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(a) EᎵᐻ,Ꮃ vs S parameters. (b) EᎵᐻ,Ꮇ vs S parameters.

(c) EᎵᐻ,Ꮃ vs EᎴᐻ parameters. (d) EᎵᐻ,Ꮇ vs EᎴᐻ parameters.

(e) EᎵᐻ,Ꮃ vs EᎵᐻ,Ꮇ parameters. (f) EᎴᐻ vs S parameters.

Figure �.�: Comparison all damage parameters.

An important remark from the previously defined calibrated damage limits is the fact that, according to
the available data, they are constant for different slopes (1:2 in UPorto tests and 1:3 in Deltares tests).
Nevertheless, this should be further investigated considering larger number of tests and different slope
configurations in order to generalize these conclusions.
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6.2. Validating damage parameters
This section addresses sub-question 2 (How can we establish and validate a universal damage parame-
ter able to accurately characterize the response and remaining strength of rubble mound structures?).
In order to provide an answer to this research question, the physical modelling test data from the
Deltares shallow water tests was further analyzed. Furthermore, a characterization width of 27D፧኿ኺ
and the established damage limits are considered in all the analyses. Thus, the first subsection de-
scribes the analysis that leads to the validation of a suitable universal damage parameter, while the
second subsection addresses the extreme distribution of damage to coastal structures.

6.2.1. Damage parameters analysis
The analysis of damage parameters is done considering hereafter four criteria to be considered for
validating an universal damage parameter: bias error, random error, distinction of damage range and
its values for different structures.

Bias error
The first element to be considered, the bias error in damage characterization of coastal structures, is
related to the ability of the damage parameters to provide the most precise description of the state
of the structure. This can be achieved with damage parameters that do not lead to hidden erosion,
defined as the conditions were the damage in one location of the structure is balance by accretion in
other location when considering width-averaged profiles.

Thus, the damage parameters based on width-averaged profiles (S and E፧኿ኺ) are associated to bias
error in the characterization of coastal structures while this error is not present in the damage param-
eters that captures the maximum erosion depth observed within a given characterization width (Eኽፃ,ኻ
and Eኽፃ,኿).

Random error
This second aspect, the random error in the measured damage to coastal structures, is related to the
ability of damage parameters to describe the state of the structure with the smallest variability and
larger confidence in the measured result. This is going to be analyzed further, in order to estimate the
random error associated with each of the damage parameters.

First of all, the damage data for Series 1 (composed by four test runs of �0�, �0�, 100� and 120�)
and Series 2 (composed by 1 test run of 100�) is described in the tables below. For each test run
10 observations are considered, obtained from � realization in a model with a width of �4D፧኿ኺ (2
times the considered characterization width of 27D፧኿ኺ). For these five tests the following is calcu-
lated for all damage parameters: the mean (Table �.1), the standard deviation (Table �.2), the �0�
confidence prediction interval (Table �.3) applying a student-t distribution with critical t-value of 1.3�3
(𝛿 = ±1.383 ⋅ 𝜎/√10) and the the �0� confidence prediction interval expressed as a � of the mean
(Table �.4 and Figure �.7). The measured damage values considered here are shown in Appendix H.
Additional information of the �0� confidence prediction interval is shown in Appendix E.

From this data two conclusions can be drawn based on Table �.4 and Figure �.7:

঎ Damage level: it can be observed that for the most energetic wave conditions (120� in Series
1 run 4), and associated larger damage levels, all parameters present small variation for the
damage prediction. For the rest of the test runs and damage levels a significant difference is
observed, where damage parameters Eኽፃ,ኻ and Eኽፃ,኿ leads to smaller variability while the results
of Eኼፃ and specially S present a large variation in the predicted damage.

঎ Damage parameters: it can be observed that damage parameter Eኽፃ,ኻ presents the smallest
variations in the predicted damage, followed by Eኽፃ,኿ with also small deviations. Damage param-
eter Eኼፃ present reduced variability for large damages and large variations for smaller damages,
while damage parameter S present also reduced variability for large damages but extremely large
variations for smaller damages.
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The previous conclusions should also be related to the test set-up considered in the Deltares tests, in
order to evaluate possible laboratory effects that influenced the measured results. More precisely, the
Deltares tests included a filter layer fixed with poli-pox glue which limited the damage to the armour
layer and prevented the erosion to propagate towards the core of the structure. Thus, it could be
expected that this test set-up would not affect lower damage conditions while for the large damage
conditions the measured erosion would be constant after the armour layer are completely removed.
This would then cause the variability of the large damage conditions to be smaller. Nevertheless, even
for the largest wave conditions (120�), the armour layer were not removed in an area larger than
1D፧኿ኺ (see measured damage according to Eኽፃ,ኻ and Eኽፃ,኿ parameters and Figure �.4) so there was
no general collapse of the rock armour. Thus, according to these results the reduced variability in the
measured results for large damage conditions are considered to be caused only by the nature of the
damage process and not by the test set-up.

This brief study on the variability of damage parameters can then be summarized as follows: large
damage conditions presents smaller variability in the results, while for small damage conditions the
parameters Eኽፃ,ኻ and Eኽፃ,኿ shows smaller variability than S and Eኼፃ.

Table �.1: Damage parameters Deltares tests - mean values

Parameter S1 Run1 S1 Run2 S1 Run3 S1 Run4 S2 Run1
60% 80% 100% 120% 100% n-c

Eኽፃ,ኻ 1.02 1.10 1.37 2.00 1.40

Eኽፃ,኿ 0.1� 0.32 0.�9 1.24 0.70

Eኼፃ 0.09 0.1� 0.43 1.00 0.42

S 0.3 0.9 3.7 11.4 3.�

Table �.2: Damage parameters Deltares tests - standard deviation

Parameter S1 Run1 S1 Run2 S1 Run3 S1 Run4 S2 Run1
60% 80% 100% 120% 100% n-c

Eኽፃ,ኻ 0.0� 0.09 0.13 0.21 0.1�

Eኽፃ,኿ 0.02 0.0� 0.12 0.12 0.09

Eኼፃ 0.02 0.04 0.10 0.09 0.0�

S 0.1 0.3 0.9 1.2 0.9

Table �.3: Damage parameters Deltares tests - �0� confidence prediction interval

Parameter S1 Run1 S1 Run2 S1 Run3 S1 Run4 S2 Run1
60% 80% 100% 120% 100% n-c

Eኽፃ,ኻ q0.12 q0.13 q0.19 q0.31 q0.23

Eኽፃ,኿ q0.03 q0.07 q0.17 q0.17 q0.13

Eኼፃ q0.03 q0.0� q0.14 q0.13 q0.12

S q0.2 q0.4 q1.3 q1.7 q1.3
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Table �.4: Damage parameters Deltares tests - �0� confidence prediction interval respect to mean

Parameter S1 Run1 S1 Run2 S1 Run3 S1 Run4 S2 Run1
60% 80% 100% 120% 100% n-c

Eኽፃ,ኻ q12� q12� q14� q1�� q1��

Eኽፃ,኿ q21� q21� q2�� q14� q1��

Eኼፃ q3�� q30� q32� q13� q29�

S q�0� q43� q3�� q1�� q3��

(a) S parameter. (b) EᎴᐻ parameter.

(c) EᎵᐻ,Ꮃ parameter. (d) EᎵᐻ,Ꮇ parameter.

Figure �.7: Deltares tests - �0� confidence prediction interval respect to mean.

Distinction of damage range
The third element to be considered here is the ability of damage parameters to distinguish the range
of damage levels between initial damage and failure. In order to address this aspect, Figure �.� shows
the normalized damage results for all parameters in relation to the stability number (N፬ =Hኻ/ኽ/ΔD፧኿ኺ).
For this comparison, the measured damage was normalized (noted with a 
) in a scale where damage
initiation is equal to 0 and failure is equal to 1. Equivalent plots considering the absolute measured
damage are presented in Appendix J. According to these results, two conclusions will be drawn regard-
ing the suitability of the damage to distinguish different damage levels and to be predicted from the
hydrodynamic forcing (Hኻ/ኽ/ΔD፧኿ኺ).
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First, regarding the distinction of damage levels, it can be observed that parameters Eኽፃ,ኻ and Eኽፃ,኿
show the continuous range of damage between damage initiation an failure while for parameters S
and Eኼፃ the measured damage is concentrated in certain damage levels. Regarding the predictability
of damage, it can be observed that among all parameters, Eኽፃ,ኻ is the one less suitable for predicting
damage from the hydrodynamic forcing since it has the large scatter in the results. Thus, although
Eኽፃ,ኻ is used for establishing the damage limits for the characterization of coastal structures, it is less
suitable for predicting damage levels. In this case the damage parameters S, Eኼፃ and Eኽፃ,኿ shows
more precise estimations with a narrower confidence bound for the measured results.

(a) S parameter. (b) EᎴᐻ parameter.

(c) EᎵᐻ,Ꮃ parameter. (d) EᎵᐻ,Ꮇ parameter.

Figure �.�: Deltares tests - Normalized damage.

Values for different structures
The fourth aspect to be considered in this analysis is the suitability of damage parameters to be used
in different structures. In this case different structures does not only include variations in the charac-
teristics of the rock slope, but also 3D structures such as roundheads or slopes with a berm.

Thus, only the parameters that captures the maximum erosion depth observed within a given char-
acterization width (Eኽፃ,ኻ and Eኽፃ,኿) are suitable for describing damage to coastal structures with any
geometry or 3D feature.
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Conclusions on damage parameters analysis
According to the four criteria previously discussed, the damage parameter Eኽፃ,኿ is considered as the
most suitable to be used as an universal damage parameter for the characterization of coastal structures
based on the four reasons described hereafter:

঎ Low bias error: the damage to the structure is clearly captured, without including hidden
erosion present in the parameters that consider width-averaged profiles.

঎ Low random error: this parameter describes the damage to the structure with very low vari-
ability, what increases the confidence in the measured and expected damage.

঎ Distinguish damage range: the different states of damage to the structure can be recognized
according to the limits established.

঎ Constant value for different structures: for all structure configurations this parameter can
be used without any modification.

6.2.2. Extreme damage distribution for Eኽፃ,኿
Following the analysis of damage parameters previously discussed, Eኽፃ,኿ parameter is analyzed in more
detail, regarding its extreme distribution. Thus, the aim is to provide more information regarding the
expected maximum damage that can be observed in a structure wider than the one tested in a physical
model experiment. As previously discussed, damage parameters and damage limits should be defined
for a typical characterization width of roughly 2�D፧኿ኺ, but a length effect concept should be introduced
in this case. This length effect can be defined as the increase in the probability that in a wider struc-
ture a larger maximum erosion depth will take place, following the same principle used in the flood risk
assessment in The Netherlands (9N. 2012, 2014).

In order to define an extreme value distribution for the measured damage, the results shown in Table
�.� are considered (five realizations of each test run from Series 1 and Series 2 with a width of �4D፧኿ኺ,
which leads to 10 damage results for a characterization width 27D፧኿ኺ). In this table, also the mean
value from the 10 realizations is described (Eኽፃ,኿). These values are adjusted to a Gumbel distribu-
tion (see Equation �.1), with the distribution parameters determined by the least square method (see
non-exceddence probability and calculated distribution parameters in Table �.�). Thus, the Gumbel
extreme distribution for the maximum erosion depth measured in a characterization width of 27D፧኿ኺ
according to parameter Eኽፃ,኿ is shown in Figure �.9 for the five test runs.

Table �.�: Damage parameters Deltares tests - Measured damage for EᎵᐻ,Ꮇ parameter

Parameter S1 Run1 S1 Run2 S1 Run3 S1 Run4 S2 Run1 Fፗ(𝑥)60% 80% 100% 120% 100% n-c

Eኽፃ,኿

0.12 0.24 0.�0 1.0� 0.�2 0.09
0.13 0.2� 0.�0 1.14 0.�1 0.1�
0.14 0.30 0.�3 1.17 0.�7 0.27
0.1� 0.30 0.�� 1.19 0.�� 0.3�
0.1� 0.31 0.�� 1.20 0.71 0.4�
0.1� 0.31 0.�� 1.2� 0.73 0.��
0.1� 0.3� 0.�9 1.2� 0.73 0.�4
0.17 0.3� 0.71 1.27 0.74 0.73
0.1� 0.3� 0.�� 1.37 0.79 0.�2
0.19 0.41 0.�9 1.4� 0.�4 0.91

Eኽፃ,኿ 0.1� 0.32 0.�9 1.24 0.70 -

𝛼EᎵᐻ,Ꮇ 0.14 0.30 0.�3 1.1� 0.�� -
𝛽EᎵᐻ,Ꮇ 0.02 0.0� 0.13 0.12 0.09 -
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𝐹ፗ(𝑥) = 𝑒𝑥𝑝 {−𝑒𝑥𝑝 {−(
𝑥 − 𝛼
𝛽 )}} (�.1)

where:

Fፗ(𝑥) (-): non-exceedance probability.

𝑥 (unit): variable value.

𝛼 (unit): location parameter.

𝛽 (unit): scale parameter.

Figure �.9: Deltares tests Gumbel damage distribution.

The exceedance probability for the damage is translated to a return width in a similar form as used
for the study of extreme wave climate (see Equation �.2). Using this expression, Figure �.10 presents
the extreme damage distribution for the Eኽፃ,኿ parameter considering the return width instead of the
exceedance probability. Figure �.10a shows the Gumbel distribution for each of the five test runs while
Figure �.10b normalizes these extreme damage distribution by the mean (Eፍኽፃ,኿ = Eኽፃ,኿�Eኽፃ,኿).

(a) Gumbel distribution. (b) Gumbel distribution normalized by the mean.

Figure �.10: Deltares tests Gumbel extreme damage distribution - EᎵᐻ,Ꮇ parameter.

𝑅ፖ =
𝜆

1 − 𝐹ፗ(𝑥)
(�.2)
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where:

Rፖ (m): return width.

𝜆 (m): typical characterization width (27 D፧኿ኺ for this analysis).

1 - Fፗ(𝑥) (-): exceedance probability.

Considering Figure �.10, a continuous increase in the maximum erosion depth can be expected for
structures wider than the characterization width of 2�D፧኿ኺ (27D፧኿ኺ used in this analysis). Thus, this
length effect for coastal structures should be further studied and included in design criteria and guide-
lines. Nevertheless, the results from Figure �.10 provide different trends for the five test runs, which
does not allow a general conclusion regarding this length effect. This will be briefly addressed here-
after, aiming for a more general expression for the increase of the maximum expected damage for
wider structures.

Figure �.10b normalizes the extreme damage distribution respect to the mean (Eፍኽፃ,኿), but for the
various damage conditions different trends are observed. While looking into more detail to these
trends, the variability in the extreme values does not show a correlation with the hydrodynamic forcing
conditions and associated damage levels. Instead the different trends can be assumed to be caused by
a random scatter in the measured results. Thus, all the damage results normalized by the mean (see
Table �.�) will be included to a single Gumbel extreme value distribution with the following parameters:

𝛼EᑅᎵᐻ,Ꮇ = 0.94

𝛽EᑅᎵᐻ,Ꮇ = 0.12

Table �.�: Damage parameters Deltares tests - Measured damage for EᑅᎵᐻ,Ꮇ parameter

Parameter S1 Run1 S1 Run2 S1 Run3 S1 Run4 S2 Run1
60% 80% 100% 120% 100% n-c

Eፍኽፃ,኿

0.74 0.7� 0.72 0.�� 0.74
0.�� 0.�9 0.�7 0.92 0.��
0.�� 0.92 0.91 0.94 0.9�
0.97 0.93 0.9� 0.9� 0.97
1.02 0.9� 0.9� 0.97 1.01
1.02 0.97 0.9� 1.01 1.03
1.0� 1.09 1.00 1.02 1.04
1.10 1.09 1.03 1.02 1.0�
1.14 1.13 1.2� 1.10 1.12
1.24 1.2� 1.29 1.20 1.20

The combined extreme distribution for the normalized damage parameter Eፍኽፃ,኿ is shown in Figure
�.11. This figure shows that a single realization of a test run for a a characterization width of 2�D፧኿ኺ is
expected to present a damage of �0� the mean damage (calculated from 10 realizations) while for a
structure 2�0D፧኿ኺ wide a it is expected a damage of 120� the mean damage. Thus, according to this
first study, the damage to a structure of 2�0D፧኿ኺ wide is expected to present a damage 1�0� larger
than the one obtained in a single realization in a 2�D፧኿ኺ characterization width.

In summary, this section used the available data in order to validate the suitability of the Eኽፃ,኿ pa-
rameter as an universal damage parameter for coastal structures. This parameter can describe more
precisely the damage to the structure and remaining strength, considering four main criteria: bias
error, random error, distinction of damage range and its values for different structures. In addition,
this parameter should be calculated for a characterization width of roughly 2�D፧኿ኺ but must also be
related to an extreme damage distribution to account for a length effect in wider structures.
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Figure �.11: Deltares tests Gumbel extreme damage distribution - EᑅᎵᐻ,Ꮇ normalized parameter.

6.3. Validating measuring techniques
This section addresses sub-question 3 (How can we validate the increase in reliability of physical mod-
elling tests results based on innovative and higher accuracy testing and measuring techniques?). For
answering this question, the effect of measuring techniques in the damage characterization of coastal
structures is described considering three key aspects.

First, the use of a high resolution measuring technique such as the Digital Stereo Photography allowed
the validation of more accurate damage parameters as Eኽፃ,፦ (see Section �.2). This high definition
measuring technique, together with this new parameter, can capture the state of the full structure
surface in order to identify the presence of weak areas that threatens the stability of the structure.

Second, these measuring techniques eliminate the bias errors present in traditional measuring tech-
niques associated with traditional damage parameters. In this case, the errors in the damage charac-
terization caused by hidden erosion in width-averaged profiles can be eliminated. Then, all the erosion
that takes place at any location in the structure can be captured in the damage characterization.

Third, in the case of traditional damage parameters (S) it is also expected that the use of high reso-
lution measurements (1 mm grid) can reduce significantly the variability in the results compared with
traditional measuring techniques (approx. 10 cm grid). When capturing the full structure surface with
high definition measurements, width-averaged profiles will be independent of the random positions
where the profiles are taken (considering for example the use of mechanical profiles, see Chapter 2)
and consequently less variable.

Furthermore, the post processing steps is a significant tool that was used in the analysis. It is recom-
mended that when considering the damage in average profiles (for damage parameters S and Eኼፃ), a
moving average of 1D፧኿ኺ is used. In the case of the Eኽፃ,፦) damage parameters, it is necessary to use
of a circular moving average for each required diameter.

Considering the three aspects discussed above, it can be concluded that innovative and high definition
measuring techniques are able to improve significantly the damage characterization of coastal struc-
tures. It was shown that such techniques can provide more and more precise information about the
state of the structure and the probability of failure.



66 6. Damage characterization methods

6.4. Discussion of sub-questions 1, 2 and 3
In the following paragraphs, the answer to the research sub-questions 1, 2 and 3 are summarized.

Sub-question 1 was addressed in this chapter in two parts. First, defining a standard characterization
width for physical modelling tests for coastal structures: 2�D፧኿ኺ. For damage parameters that evaluate
the width-averaged profiles (S and Eኼፃ), this minimum width should be considered, taking into account
the effects that wider test sections will have in the measured damage. For damage parameters that
consider the maximum eroded depth within a characterization width (Eኽፃ,ኻ and Eኽፃ,኿), this standard
width should also be considered, in combination with an extreme value distribution in order to account
for the increase in the probability of observing a maximum erosion in wider structures (length effect).

Second, the calibrated damage limits and damage parameters for rock armoured slopes with a thickness
of 2D፧኿ኺ are the following:

঎ Damage initiation: defined as the condition where a circular hole of 1D፧኿ኺ diameter and a
depth of 1D፧኿ኺ is observed in the armour layer.

Eኽፃ,ኻ  1

Eኽፃ,኿  0.3

Eኼፃ  0.2

S  1

঎ Intermediate damage: defined as the condition where a circular hole of 1D፧኿ኺ diameter and
a depth of 1.�D፧኿ኺ is observed in the armour layer.

Eኽፃ,ኻ  1.�

Eኽፃ,኿  0.�

Eኼፃ  0.�

S  �

঎ Failure limit: defined as the condition where a circular hole of 1D፧኿ኺ diameter and a depth of
2D፧኿ኺ is observed in the armour layer.

Eኽፃ,ኻ  2.0

Eኽፃ,኿  1.3 (90� conf.)

Eኼፃ 1.0 (90� conf.)

S  12 (90� conf.)

Sub-question 2 was addressed by evaluating the suitability of the different damage parameters to be
used as an universal damage parameter. It was defined that Eኽፃ,኿ is the parameter that can better
describe the damage and remaining strength of conventional and non-conventional structures. The
key reasons for defining this parameter as the reference damage characterization parameter are the
following:

঎ Low bias error: the damage to the structure is clearly captured, without including hidden
erosion present in the parameters that consider width-averaged profiles.

঎ Low random error: this parameter describes the damage to the structure with very low vari-
ability, what increases the confidence in the measured and expected damage.

঎ Distinguish damage range: the different states of damage to the structure can be recognized
according to the limits established.

঎ Constant value for different structures: for all structure configurations this parameter can
be used without any modification.
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In addition, sub-question 2 also addressed the length effect of rock armoured coastal structures, de-
fined as the increase in the probability of observing larger damage in increasingly wider structures.
According to the results from the physical modelling tests, it was observed that the measured damage
for a coastal structure of 2�D፧኿ኺ can increase 1�0� for a similar structure 10 times wider. Thus,
it is demonstrated that the damage characterization of coastal structures should include an extreme
distribution in order to account for this length effect.

Sub-question 3 was addressed by remarking the importance of innovative and high resolution measur-
ing techniques for delivering accurate damage characterization of coastal structures. Such techniques
allow the use of the most precise damage parameters (Eኽፃ,኿), the reduction of bias errors related with
hidden erosion and the reduction of random errors related with the position of the measured profiles.
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alternatives

This chapter evaluates upgrading alternatives for coastal structures facing sea level rise cause by cli-
mate change, addressing research sub-question 4 (How can we validate the suitability of upgrading
alternatives for coastal structures facing sea level rise scenarios?).

The first section discusses the influence of sea level rise on low-crested structures with non depth-
limited wave conditions, following the results of the UPorto deep water tests. The second section
discusses the influence of sea level rise and adaptation alternatives for non-overtopped structures with
depth-limited wave conditions, following the results of the Deltares shallow water tests. The upgrading
alternatives and their suitability are evaluated in the third section, while the forth section addresses
the answer to research sub-question 4.

7.1. Low-crested structures
The UPorto deep water tests (see Section 4.2) considered a low-crested structure in which significant
overtopping took place, specially during 100� and 120� conditions. With this set-up, the influence of
sea level rise was evaluated when comparing Series 1 and Series 3 (see Table 4.1 for more details):

঎ Series 1: cumulative damage with constant sea level and long-crested waves

Run1: �0� wave height at MHW water level

Run2: �0� wave height at MHW water level

Run3: 100� wave height at MHW water level

Run4: 120� wave height at MHW water level

঎ Series 3: cumulative damage with increased sea level and long-crested waves

Run1: �0� wave height at MHW water level

Run2: �0� wave height at MHW water level

Run3: 100� wave height at MHW+SLR water level

Run4: 120� wave height at MHW+SLR water level

Thus, the comparison between both series will show the influence of the largest wave heights (100�
and 120�) acting on a higher water level after identical mild storms took place (�0� and �0�). This
comparison is shown in Figure 7.1 where all � test runs are represented (the three vertical lines defines
the initial water level, the increase water level and the crest position).
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Figure 7.1: UPorto tests - comparison Series 1 and Series 3.

According to these results it can be observed that in such a low-crested structure, the rise of the water
level produces an increase in the overtopping discharge which reduces the damage in the front slope.
This damage to the front slope is reduced both in terms of damage area (represented by S) and depth
(represented by Eኽፃ,኿) as shown in Table 7.1 for the two most energetic conditions where there was a
difference in the water level. The damage parameters denoted with an overbar (S and Eኽፃ,኿) are the
mean of the damage measured in � independent sections with a width of 2�D፧኿ኺ, from the single test
realization with a 100D፧኿ኺ wide model in both Series 1 and Series 3.

Table 7.1: Damage parameters UPorto tests - Measured damage Series 1 and Series 3

Parameter Run Series 1 Series 3
Current sea level Increased sea level

S
Run 3 3.� 1.�
Run 4 13.0 �.9

Eኽፃ,኿
Run 3 0.77 0.3�
Run 4 1.3� 1.13

Nevertheless, the reduction of damage in the front slope due to increased overtopping is linked to a
larger damage to the crest and rear slope. The damage to the crest can be observed in right side of
the figure, while the damage to rear slope is not in the scope of the thesis (see z difference plots in
Appendix A for more details).

In summary, for low-crested structures with non depth-limited wave conditions such as the one con-
sidered in the UPorto tests, the increase of the water level reduces the damage in the front slope due
to an increase in the overtopping discharge. But the increase of the overtopping discharge represents
a serious threat to the stability of the crest and rear slope and the continuity and safety of activities
that take place in the area protected by the structure.

7.2. Upgrading alternatives results
The Deltares shallow water tests (see Section 4.3) considered a non-overtopped structure with depth-
limited wave conditions caused by a � metres long foreshore. With this set-up, the influence of sea
level rise was evaluated in all � test series considering the 4 test runs (see Table 4.1 for more details):
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঎ Run 1: �0� water depth (which defines the �0� wave height)

঎ Run 2: �0� water depth (which defines the �0� wave height)

঎ Run 3: 100� water depth (which defines the 100� wave height)

঎ Run 4: 120� water depth (which defines the 120� wave height)

In the next sub-sections, the tests results for a straight slope and 4 variations of a slope with a berm
are described. The analysis of these different slope configurations will be considered in order to define
the most suitable and effective adaptation alternatives.

7.2.1. Straight slope
The straight slope configuration is represented in Figure 4.�. This structure is considered as the initial
or current structure configuration, to be compared with the configurations where a berm is added. Fig-
ure 7.2 presents the averaged erosion profile for Series 1, including all � realizations (see the erosion
profiles for all � realizations in Figure �.7).

Figure 7.2: Deltares tests Series 1 (S1a, S1b, S1c, S1d, S1e) - straight slope averaged damage.

The measured damage (considering damage parameters S and Eኽፃ,኿) for the two most energetic con-
ditions are shown below, obtained as the mean from 10 independent sections with a width of 27D፧኿ኺ,
from the � test realizations with a �4D፧኿ኺ wide model (S and Eኽፃ,኿).

঎ Series 1: straight slope

Run3:

S  3.7

Eኽፃ,኿  0.�9

Run4:

S  11.4

Eኽፃ,኿  1.24

These results show that the damage in the different test runs can be clearly distinguished when the �
realizations of Series 1 are combined. It is then observed that the structure approaches intermediate
damage after run 3 and presents almost failure after run 4 (see damage definitions Chapter �).
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7.2.2. Wide high berm
The first berm configuration is evaluated in this section, with a width of 10D፧኿ኺ at the level of the 100�
condition (see Figure 4.9). Figure 7.3 presents the erosion profile for Series 3a.

Figure 7.3: Deltares tests Series 3a - wide (10DᑟᎷᎲ) high (100� level) berm damage profile.

The measured damage (considering damage parameters S and Eኽፃ,኿) for the two most energetic con-
ditions are shown below, obtained as the mean from 2 independent sections with a width of 27D፧኿ኺ,
from the single test realization with a �4D፧኿ኺ wide model (S and Eኽፃ,኿).

঎ Series 3a: wide high berm
Run3:

S  2.1 (Lower slope: 1.�) (Upper slope: 0.3)

Eኽፃ,኿  0.40 (Lower slope: 0.40) (Upper slope: 0.19)

Run4:

S  2.� (Lower slope: 1.�) (Upper slope: 1.1)

Eኽፃ,኿  0.3� (Lower slope: 0.3�) (Upper slope: 0.31)

These results prove that this first berm configuration reduces significantly the damage of the structure.
It can be observed that both the damage area (represented by S) and depth (represented by Eኽፃ,኿) is
notably smaller when compared with the straight slope configuration. The mean reduction in S is 43�
for run 3 and 77� for run 4. The reduction in Eኽፃ,኿ is 42� for run 3 and �9� for run 4.

Regarding the damage location, it can be observed that the damage to the structure is spread through-
out the structure for all the test runs, with larger damage at the lower slope (which includes the hori-
zontal berm) than the upper slope.

7.2.3. Narrow high berm
The second berm configuration is evaluated in this section, with a width of �D፧኿ኺ at the level of the
100� condition (see Figure 4.10). Figure 7.4 presents the erosion profile for Series 4a.

The measured damage (considering damage parameters S and Eኽፃ,኿) for the two most energetic con-
ditions are shown below, obtained as the mean from 2 independent sections with a width of 27D፧኿ኺ,
from the single test realization with a �4D፧኿ኺ wide model (S and Eኽፃ,኿).
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঎ Series 4a: narrow high berm

Run3:

S  3.0 (Lower slope: 2.�) (Upper slope: 0.2)

Eኽፃ,኿  0.73 (Lower slope: 0.73) (Upper slope: 0.1�)

Run4:

S  4.� (Lower slope: 2.9) (Upper slope: 1.9)

Eኽፃ,኿  0.�3 (Lower slope: 0.�3) (Upper slope: 0.4�)

Figure 7.4: Deltares tests Series 4a - narrow (�DᑟᎷᎲ) high (100� level) berm damage profile.

These results prove that this second berm configuration is less effective reducing the damage than the
first one. For test run 3, it is shown that this configuration does not reduce the measured damage,
while for test run 4 it does reduce significantly the damage obtained in the straight slope configuration.
The mean reduction in S is 19� for run 3 and ��� for run 4. There is an increase in Eኽፃ,኿ of �� for
run 3 while there is a reduction of 33� for run 4.

Regarding the damage location, it can be observed that the damage to the structure is focussed on
the transition between the lower slope and the horizontal berm for both run 3 and run 4.

7.2.4. Wide low berm
The third berm configuration is evaluated in this section, with a width of 10D፧኿ኺ at the level of the �0�
condition (see Figure 4.11). Figure 7.� presents the erosion profile for Series �a.

The measured damage (considering damage parameters S and Eኽፃ,኿) for the two most energetic con-
ditions are shown below, obtained as the mean from 2 independent sections with a width of 27D፧኿ኺ,
from the single test realization with a �4D፧኿ኺ wide model (S and Eኽፃ,኿).

঎ Series 5a: wide low berm

Run3:

S  1.0 (Lower slope: 0.�) (Upper slope: 0.4)

Eኽፃ,኿  0.21 (Lower slope: 0.21) (Upper slope: 0.1�)

Run4:

S  4.7 (Lower slope: 1.2) (Upper slope: 3.�)

Eኽፃ,኿  0.73 (Lower slope: 0.30) (Upper slope: 0.73)
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Figure 7.�: Deltares tests Series �a - wide (10DᑟᎷᎲ) low (�0� level) berm damage profile.

These results prove that this third berm configuration is very effective reducing the damage, with a
similar impact compared with the wide high berm. It is more stable than the original configuration with
the straight slope, specially for test run 3 when the water level is one level above the berm. The mean
reduction in S is 73� for run 3 and �9� for run 4. The reduction in Eኽፃ,኿ is 70� for run 3 and 41�
for run 4.

Regarding the damage location, it can be observed that the damage to the structure with a lower berm
is focussed at the transition between the lower slope and the berm up to run 3 while for run 4 the
damage is clearly focussed on the upper slope.

7.2.5. Narrow low berm
The fourth berm configuration is evaluated in this section, with a width of �D፧኿ኺ at the level of the
�0� condition (see Figure 4.12). Figure 7.� presents the erosion profile for Series �a.

Figure 7.�: Deltares tests Series �a - narrow (�DᑟᎷᎲ) low (�0� level) berm damage profile.

The measured damage (considering damage parameters S and Eኽፃ,኿) for the two most energetic con-
ditions are shown below, obtained as the mean from 2 independent sections with a width of 27D፧኿ኺ,
from the single test realization with a �4D፧኿ኺ wide model (S and Eኽፃ,኿).
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঎ Series 6a: narrow low berm
Run3:

S  3.3 (Lower slope: 1.2) (Upper slope: 2.1)

Eኽፃ,኿  0.�3 (Lower slope: 0.33) (Upper slope: 0.�3)

Run4:

S  4.9 (Lower slope: 0.2) (Upper slope: 4.7)

Eኽፃ,኿  0.�� (Lower slope: 0.22) (Upper slope: 0.��)

These results prove that this fourth berm configuration is less effective reducing the damage, and sim-
ilar to the narrow high berm. Nevertheless, it is more stable than the original configuration with the
straight slope, with smaller damages measured as S and Eኽፃ,኿. The mean reduction in S is 11� for
run 3 and �7� for run 4. The reduction in Eኽፃ,኿ is 23� for run 3 and 4�� for run 4.

Regarding the damage location, it can be observed that the damage to the structure similar at the
lower and upper slope for run 3 while for run 4 the damage is clearly focussed on the upper slope.

7.3. Evaluation of alternatives
This section compares the different results described above. Here, the damage parameters (S, Eኼፃ,
Eኽፃ,ኻ and Eኽፃ,኿) are the mean values of these parameters (S, Eኼፃ, Eኽፃ,ኻ and Eኽፃ,኿). The first sub-section
describes the reduction of the damage in slopes with a berm compared with a straight slope, while the
second sub-section evaluates the differences in damage among the different berm configurations.

7.3.1. Berm configurations compared with straignt slope
As it was already described in the previous section, the slope configurations with a berm reduced signif-
icantly the damage to the structure. The damage to the straight slope and all berm configurations are
shown in Figure 7.7a considering the S parameter and in Figure 7.7b considering the Eኽፃ,኿ parameter.
All comparisons considering the 4 damage parameters (S, Eኼፃ, Eኽፃ,ኻ and Eኽፃ,኿) are shown in Appendix F.

(a) S parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure 7.7: Deltares tests damage comparison - Straight slope vs Slope with a berm.

It can be observed that in the two first test conditions (�0� and �0�), the berm configurations do
not reduce the measured damage if compared with the results for the straight slope. Nevertheless, in
the more energetic wave conditions (100� and 120�) the improvement of the stability and reduction
of damage is significant when a berm is added to the front slope.
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In Figure 7.�a and 7.�b the damage reduction for each berm configuration is shown for S and Eኽፃ,኿
parameters respectively. For these calculations, the damage to the straight slope is the average value
obtained obtained from 10 independent sections with a width of 27D፧኿ኺ, from the � test realizations of
Series 1 with a �4D፧኿ኺ wide model. In a similar manner, the damage to the berm configurations is the
average value obtained obtained from 2 independent sections with a width of 27D፧኿ኺ, from the single
test realizations of Series 3-4-�-� with a �4D፧኿ኺ wide model.

In these two figures it can be observed a general reduction of the damage for the configurations with a
berm, except when considering the 100� condition in Series 4. This narrow berm was severely dam-
age when the wave action (acting at 100� water level) reach the structure at the berm level (placed
at the 100� water level). In this case, the S damage was smaller than the straight slope structure
while the damage depth captured by the Eኽፃ,኿ parameters was higher.

This proves the suitability of the Eኽፃ,኿ parameters to accurately characterize the damage and resistance
of the structure after the impact of the waves. In this case, this parameter describes better the failure
probability (defined as the exposure of the filter layer) than the parameter S.

(a) S parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure 7.�: Deltares tests damage reduction for slopes with a berm.

(a) S parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure 7.9: Deltares tests damage reduction and volume increase for slopes with a berm.
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In addition, Figures 7.9a and 7.9b evaluate these adaptation alternatives taking into account the re-
quired increase of volume of the armour due to the berm and the associated damage reduction. It
can be observed that the optimal adaptation alternative depends on two fundamental design aspects.
First, the design water depth and wave height. Second, the design criteria regarding the cost of local
material and the considered maintenance and repair activities.

In summary the comparison of the berm configurations with the straight slope showed that the damage
to the structure is significantly reduced with the presence of a berm. It can also be observed that the
most effective configurations are the wide berms positioned one level below the water level.

7.3.2. Berm configurations analysis
As it was already proven in the previous sub-section that the berm configurations reduce significantly
the damage to the structure, this section analyses in more detail the damage to each berm configura-
tion in order to assess better their effectiveness.

It was observed that in the high berms (Series 3 and Series 4), the largest damage was produced in
the lower slope while for the lowest berms (Series � and Series �) the largest damage took place at
the upper slope. Considering the armour thickness of the two areas (thinner in the upper slope than
at the lower slope), the high berms presented a larger safety margin.

In the following graphs the damage to the structure (considering S and Eኽፃ,኿ parameters) is shown in
Figures 7.10a and 7.10b for the total damage, in Figures 7.11a and 7.11b for the lower slope and in
Figures 7.12a and 7.12b for the upper slope.

(a) S parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure 7.10: Deltares tests damage comparison - Berm configurations total damage.

Regarding the lower slope (which also includes the damage o the horizontal berm), the largest damage
was measured for the high berm configurations. This seems logical since in these high berm structures
the extent of the lower slope is larger and the wave action attacks it directly. Nevertheless, due to the
larger thickness of the lower slope, the safety margins for these conditions are larger than compared
to the same amount of damage in a much thinner layer as in the upper slope.

For the upper slope different results were observed, with much larger damage for the configurations
with a lower berm. Specially for the highest water depths, the wave action attacked the upper slope
without being affected by the berm. These can lead to very unsafe conditions, since the thickness of
the upper layer is reduced and the same amount of damage can lead to a sooner exposure of the filter
layer and consequent failure of the structure.
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(a) S parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure 7.11: Deltares tests damage comparison - Berm configurations lower slope damage.

(a) S parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure 7.12: Deltares tests damage comparison - Berm configurations upper slope damage.

Considering the analysis described above, it can be noted that the smallest amount of damage was
measured when the berm was placed one level below the water level. Thus, the design berm level
should depend on the design water level. According to the test results, the more stable conditions is
reached when the berm is located one level below the water level. When considering the width of the
berm, it can be also observed that the wider berms were much more stable than the narrow ones.

7.4. Discussion of sub-question 4
Sub-question 4 was addressed in this chapter, where the suitability of upgrading alternatives for coastal
structures facing sea level rise scenarios where validated.

It was observed that a slope with a berm increases significantly the stability of the structure, reducing
the damage caused by the impact of extreme waves and increasing its resilience in sea level rise
scenarios. In such configuration, the effects on the porosity and hydrodynamic patterns were very
positive for the stability of the structure. The most favourable location of the berm was observed at
one level below the design water level. Furthermore, the wide configurations (10D፧኿ኺ) were more
effective than the narrow configurations (�D፧኿ኺ). In summary, the presence of a wide berm one level
below the design water level lead to reductions of up to �0� of the measured damage in both S and
Eኽፃ,኿ parameters.
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Regarding the damage evaluation, it was also described the suitability and accuracy of the parameter
Eኽፃ,኿ to better describe the state of the upgrading structure, instead of the parameter S. It was shown
that when evaluating the damage depth with Eኽፃ,኿ it is possible to better define the damage level of
the structure and the failure hazard (defined as the exposure of the filter layer to the wave action).
It was shown in Series 4 that the parameter Eኽፃ,኿ captures a threat to the stability of the structure
which should trigger repair activities, while parameter S does not identify this situation and would lead
to unsafe conditions.

Thus, berm configurations have been validated with the present measurements as an upgrading al-
ternative to face sea level rise scenarios. For damage characterization of such non-standard coastal
structures, parameter Eኽፃ,኿ is also validated as the most suitable damage parameter.





8
Conclusions and recommendations

This chapter summarizes the work developed throughout this thesis, providing the answers to the main
research question and the four research sub-questions. In addition, recommendations for future stud-
ies are briefly presented.

The main research question is addressed answering first the 4 sub-questions:

Sub-question 1: How can we establish and validate unified concepts of ”damage initiation”, ”in-
termediate damage” and ”failure” in rubble mound structures?

Sub-question 1 was addressed in two parts. First, defining a standard characterization width for phys-
ical modelling tests for coastal structures: 2�D፧኿ኺ. For damage parameters that evaluate the width-
averaged profiles (S and Eኼፃ), this minimum width should be considered, taking into account the effects
that wider test sections will have in the measured damage. For damage parameters that consider the
maximum eroded depth within a characterization width (Eኽፃ,ኻ and Eኽፃ,኿), this standard width should
also be considered, in combination with an extreme value distribution in order to account for the in-
crease in the probability of observing a maximum erosion in wider structures (length effect). Second,
the calibrated damage limits and damage parameters for rock armoured slopes with a thickness of
2D፧኿ኺ are the following:

঎ Damage initiation: defined as the condition where a circular hole of 1D፧኿ኺ diameter and a
depth of 1D፧኿ኺ is observed in the armour layer.

Eኽፃ,ኻ  1
Eኽፃ,኿  0.3
Eኼፃ  0.2
S  1

঎ Intermediate damage: defined as the condition where a circular hole of 1D፧኿ኺ diameter and
a depth of 1.�D፧኿ኺ is observed in the armour layer.

Eኽፃ,ኻ  1.�
Eኽፃ,኿  0.�
Eኼፃ  0.�
S  �

঎ Failure limit: defined as the condition where a circular hole of 1D፧኿ኺ diameter and a depth of
2D፧኿ኺ is observed in the armour layer.

Eኽፃ,ኻ  2.0
Eኽፃ,኿  1.3 (90� conf.)
Eኼፃ 1.0 (90� conf.)
S  12 (90� conf.)
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Sub-question 2: How can we establish and validate an universal damage parameter to accurately
characterize the response as well as the remaining strength of rubble mound structures?

Sub-question 2 was addressed by evaluating the suitability of the different damage parameters to be
used as an universal damage parameter. It was defined that Eኽፃ,኿ is the parameter that can better
describe the damage and remaining strength of conventional and non-conventional structures. The
key reasons for defining this parameter as the reference damage characterization parameter are the
following:

঎ Low bias error: the damage to the structure is clearly captured, without including hidden
erosion present in the parameters that consider width-averaged profiles.

঎ Low random error: this parameter describes the damage to the structure with very low vari-
ability, what increases the confidence in the measured and expected damage.

঎ Distinguish damage range: the different states of damage to the structure can be recognized
according to the limits established.

঎ Constant value for different structures: for all structure configurations this parameter can
be used without any modification.

In addition, sub-question 2 also addressed the length effect of rock armoured coastal structures, de-
fined as the increase in the probability of observing larger damage in increasingly wider structures.
According to the results from the physical modelling tests, it was observed that the measured damage
for a coastal structure of 2�D፧኿ኺ can increase 1�0� for a similar structure 10 times wider. Thus,
it is demonstrated that the damage characterization of coastal structures should include an extreme
distribution in order to account for this length effect.

Sub-question 3: How can we validate the increase in reliability of physical modelling tests results
based on innovative and higher accuracy testing and measuring techniques?

Sub-question 3 was addressed by remarking the importance of innovative and high resolution measur-
ing techniques for delivering accurate damage characterization of coastal structures. Such techniques
allow the use of the most precise damage parameters (Eኽፃ,኿), the reduction of bias errors related with
hidden erosion and the reduction of random errors related with the position of the measured profiles.

Sub-question 4: How can we validate the suitability of upgrading alternatives for coastal struc-
tures facing sea level rise scenarios?

Sub-question 4 was addressed by validating the suitability of berms as an adaptation alternative. It
was observed that a slope with a berm increases significantly the stability of the structure, reducing the
damage caused by the impact of extreme waves and increasing its resilience in sea level rise scenarios.
In such configuration, the effects on the porosity and hydrodynamic patterns were very positive for the
stability of the structure. The most favourable location of the berm was observed at one level below
the design water level. Furthermore, the wide configurations (10D፧኿ኺ) were more effective than the
narrow configurations (�D፧኿ኺ). In summary, the presence of a wide berm one level below the design
water level lead to reductions of up to �0� of the measured damage in both S and Eኽፃ,኿ parameters.

Regarding the damage evaluation, it was also described the suitability and accuracy of the parameter
Eኽፃ,኿ to better describe the state of the upgrading structure, instead of the parameter S. It was shown
that when evaluating the damage depth with Eኽፃ,኿ it is possible to better define the damage level of
the structure and the failure hazard (defined as the exposure of the filter layer to the wave action).

Thus, berm configurations have been validated with the present measurements as an upgrading al-
ternative to face sea level rise scenarios. For damage characterization of such non-standard coastal
structures, parameter Eኽፃ,኿ is also validated as the most suitable damage parameter.
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After answering all research sub-questions, the main research question is addressed:

How can we improve the reliability in the assessment of rubble mound structures based on phys-
ical modelling in current and future scenarios by introducing accurate and universal damage
characterization methods?

The main research question can then be answered, following the validation of the damage criteria
required for a precise assessment of a coastal structure (sub-question 1), the validation of an uni-
versal damage parameter for rubble mound structures (sub-question 2), the validation of the benefits
of innovative measuring techniques when carrying out physical modelling tests (sub-question 3) and
the validation of upgrading alternatives for climate change scenarios (sub-question 4). Thus, it can
be stated that with these definitions, parameters and measuring techniques, a complete method for
damage characterization of coastal structures is presented.

It was also defined how this damage characterization method can be used to precisely and accu-
rately describe the damage to conventional and non-conventional coastal structures. Furthermore,
this method was also used to describe the effects of not only current environmental forces acting on
the structures but also future and more energetic scenarios. For such future scenarios, adaptation
alternatives for coastal structures were evaluated and berm configurations are recommended for their
upgrading.

Future research on damage characterization of coastal structures are needed in order to evaluate,
adjust and generalize the conclusions made in this thesis, considering additional structure configura-
tions and environmental loading conditions. Different configurations should include different slopes
or porosity and the study of other non-conventional structures and 3D features such as roundheads.
Different environmental loads should include different wave conditions (including non-breaking waves
and a variety of breaking wave conditions) and water levels (including constant and changing water
levels and the associate overtopping discharge).

In addition, a summary of identified key research areas still to be addressed are presented and briefly
described hereafter. First, the constant damage limits observed in this thesis for different structures
(slopes 1:2 and 1:3) should be further investigated given that it contradicts current design criteria. Sec-
ond, the reduced difference between cumulative and non-cumulative damage measurements should
be evaluated considering both rock armoured slopes and other armour units such as concrete cubes.
Third, the scaling limits for physical modelling tests should also be evaluated in order to optimize the
design of model set-ups, since the scale effects predicted by the existing literature were not observed
in the Deltares test results. And fourth, the random behaviour of damage should be further analyzed,
in special for better describing the length effect of coastal structures in order to improve the statistical
tools for probabilistic design.

Future research on adaptation alternatives for coastal structures facing climate change should include
the testing of not only additional upgrading solutions, but also different environmental forcing scenar-
ios. Such different testing conditions should also include conditions where overtopping takes place and
therefore the upgrading of the structure should take into account the effects at the front slope, rear
slope and the activities that take place in the area protected by the structure.
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A
UPorto test results

Series 1

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 3. (d) z difference after run 4.

Figure A.1: UPorto tests Series 1.
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92 A. UPorto test results

Series 2

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 2r. (d) z difference after run 3.

Figure A.2: UPorto tests Series 2.
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Series 3

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 3. (d) z difference after run 4.

Figure A.3: UPorto tests Series 3.



94 A. UPorto test results

Series 4

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 3. (d) z difference after run 4.

Figure A.4: UPorto tests Series 3.



B
Deltares test results

Series 1a

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 3. (d) z difference after run 4.

Figure B.1: Deltares tests Series 1a.
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96 B. Deltares test results

Series 1b

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 3. (d) z difference after run 4.

Figure B.2: Deltares tests Series 1b.
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Series 1c

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 3. (d) z difference after run 4.

Figure B.3: Deltares tests Series 1c.



98 B. Deltares test results

Series 1d

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 3. (d) z difference after run 4.

Figure B.4: Deltares tests Series 1d.
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Series 1e

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 3. (d) z difference after run 4.

Figure B.�: Deltares tests Series 1e.



100 B. Deltares test results

Series 2a, 2b, 2c, 2d, 2e

(a) Series 2a: z difference after run 1. (b) Series 2b: z difference after run 1.

(c) Series 2c: z difference after run 1. (d) Series 2d: z difference after run 1.

(e) Series 2e: z difference after run 1.

Figure B.�: Deltares tests Series 2a, 2b, 2c, 2d, 2e.
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Series 3a

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 3. (d) z difference after run 4.

Figure B.7: Deltares tests Series 3a.



102 B. Deltares test results

Series 4a

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 3. (d) z difference after run 4.

Figure B.�: Deltares tests Series 4a.
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Series 5a

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 3. (d) z difference after run 4.

Figure B.9: Deltares tests Series �a.



104 B. Deltares test results

Series 6a

(a) z difference after run 1. (b) z difference after run 2.

(c) z difference after run 3. (d) z difference after run 4.

Figure B.10: Deltares tests Series �a.



C
Characterization width analysis

Averaged data Deltares tests

(a) All values. (b) Mean values.

Figure C.1: Characterization width variation - S parameter.

(a) All values. (b) Mean values.

Figure C.2: Characterization width variation - EᎴᐻ parameter.
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106 C. Characterization width analysis

(a) All values. (b) Mean values.

Figure C.3: Characterization width variation - EᎵᐻ,Ꮃ parameter.

(a) All values. (b) Mean values.

Figure C.4: Characterization width variation - EᎵᐻ,Ꮇ parameter.
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Variability Deltares tests

(a) Runs 1 and 2. (b) Runs 3 and 4.

Figure C.�: Characterization width variation - mean and standard deviation - S parameter.

(a) Runs 1 and 2. (b) Runs 3 and 4.

Figure C.�: Characterization width variation - mean and standard deviation - EᎴᐻ parameter.

(a) Runs 1 and 2. (b) Runs 3 and 4.

Figure C.7: Characterization width variation - mean and standard deviation - EᎵᐻ,Ꮃ parameter.



108 C. Characterization width analysis

(a) Runs 1 and 2. (b) Runs 3 and 4.

Figure C.�: Characterization width variation - mean and standard deviation - EᎵᐻ,Ꮇ parameter.

(a) S parameter. (b) EᎴᐻ parameter.

Figure C.9: Characterization width variation - standard deviation all runs - S and EᎴᐻ parameter.

(a) S parameter. (b) EᎴᐻ parameter.

Figure C.10: Characterization width variation - standard deviation all runs - EᎵᐻ,Ꮃ and EᎵᐻ,Ꮇ parameter.
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Averaged data UPorto tests

(a) S parameter. (b) EᎴᐻ parameter.

Figure C.11: Characterization width variation - S and EᎴᐻ parameter.

(a) EᎵᐻ,Ꮃ parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure C.12: Characterization width variation - EᎵᐻ,Ꮃ and EᎵᐻ,Ꮇ parameter.





D
Comparison damage parameters

UPorto tests - damage parameters

(a) EᎵᐻ,Ꮃ vs S. (b) EᎵᐻ,Ꮇ vs S.

Figure D.1: Damage parameters comparison.

(a) EᎵᐻ,Ꮃ vs EᎴᐻ. (b) EᎵᐻ,Ꮇ vs EᎴᐻ.

Figure D.2: Damage parameters comparison.

111



112 D. Comparison damage parameters

(a) EᎵᐻ,Ꮃ vs EᎵᐻ,Ꮇ. (b) EᎴᐻ vs S.

Figure D.3: Damage parameters comparison.



113

Deltares tests - damage parameters

(a) EᎵᐻ,Ꮃ vs S. (b) EᎵᐻ,Ꮇ vs S.

Figure D.4: Damage parameters comparison.

(a) EᎵᐻ,Ꮃ vs EᎴᐻ. (b) EᎵᐻ,Ꮇ vs EᎴᐻ.

Figure D.�: Damage parameters comparison.

(a) EᎵᐻ,Ꮃ vs EᎵᐻ,Ꮇ. (b) EᎴᐻ vs S.

Figure D.�: Damage parameters comparison.



114 D. Comparison damage parameters

All tests (UPorto and Deltares tests) - damage parameters

(a) EᎵᐻ,Ꮃ vs S. (b) EᎵᐻ,Ꮇ vs S.

Figure D.7: Damage parameters comparison.

(a) EᎵᐻ,Ꮃ vs EᎴᐻ. (b) EᎵᐻ,Ꮇ vs EᎴᐻ.

Figure D.�: Damage parameters comparison.

(a) EᎵᐻ,Ꮃ vs EᎵᐻ,Ꮇ. (b) EᎴᐻ vs S.

Figure D.9: Damage parameters comparison.
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(a) EᎵᐻ,Ꮃ vs S. (b) EᎵᐻ,Ꮇ vs S.

Figure D.10: Damage parameters comparison.

(a) EᎵᐻ,Ꮃ vs EᎴᐻ. (b) EᎵᐻ,Ꮇ vs EᎴᐻ.

Figure D.11: Damage parameters comparison.

(a) EᎵᐻ,Ꮃ vs EᎵᐻ,Ꮇ. (b) EᎴᐻ vs S.

Figure D.12: Damage parameters comparison.





E
Validation 3D damage parameters

Variability of damage parameters

(a) S parameter. (b) EᎴᐻ parameter.

(c) EᎵᐻ,Ꮃ parameter. (d) EᎵᐻ,Ꮇ parameter.

Figure E.1: �0� confidence prediction interval - all parameters.
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118 E. Validation 3D damage parameters

(a) S parameter. (b) EᎴᐻ parameter.

(c) EᎵᐻ,Ꮃ parameter. (d) EᎵᐻ,Ꮇ parameter.

Figure E.2: �0� confidence prediction interval respect to mean - all parameters.
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Extreme value distribution for E3𝐷,5

(a) Gumbel distribution. (b) Gumbel distribution normalized by the mean.

Figure E.3: Length effect EᎵᐻ,Ꮇ parameter - Gumbel distribution .

(a) Gumbel distribution. (b) Gumbel distribution normalized by the mean.

Figure E.4: Length effect EᎵᐻ,Ꮇ parameter - Gumbel distribution .





F
Evaluation of adaptation alternatives

(a) S parameter. (b) EᎴᐻ parameter.

Figure F.1: Damage comparison - Straight slope vs Slope with a berm.

(a) EᎵᐻ,Ꮃ parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure F.2: Damage comparison - Straight slope vs Slope with a berm.
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122 F. Evaluation of adaptation alternatives

(a) S parameter. (b) EᎴᐻ parameter.

Figure F.3: Damage comparison - Berm configurations total damage.

(a) S parameter. (b) EᎴᐻ parameter.

Figure F.4: Damage comparison - Berm configurations lower slope damage.

(a) S parameter. (b) EᎴᐻ parameter.

Figure F.�: Damage comparison - Berm configurations upper slope damage.
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(a) EᎵᐻ,Ꮃ parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure F.�: Damage comparison - Berm configurations total damage.

(a) EᎵᐻ,Ꮃ parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure F.7: Damage comparison - Berm configurations lower slope damage.

(a) EᎵᐻ,Ꮃ parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure F.�: Damage comparison - Berm configurations upper slope damage.



124 F. Evaluation of adaptation alternatives

(a) S parameter. (b) EᎴᐻ parameter.

Figure F.9: Damage reduction for slopes with a berm.

(a) EᎵᐻ,Ꮃ parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure F.10: Damage reduction for slopes with a berm.
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(a) S parameter. (b) EᎴᐻ parameter.

Figure F.11: Damage reduction for slopes with a berm.

(a) EᎵᐻ,Ꮃ parameter. (b) EᎵᐻ,Ꮇ parameter.

Figure F.12: Damage reduction and volume increase for slopes with a berm.





G
Granular material analysis

UPorto tests
Filter
Density given by UPorto: 𝜌፬ 2�70 kg�mኽ

Nominal median diameter given by UPorto (obtained from sieve diameter and Eq. 2.�): 11.� mm

Armour
Density given by UPorto: 𝜌፬ 2�70 kg�mኽ

Table G.1: UPorto size analysis (obtained from weighting of individual stones and Eq. 2.�) - armour

Sample Nr of stones D፧ኻ኿ (mm) D፧኿ኺ (mm) D፧ዂ኿ (mm) D፧ዂ኿/D፧ኻ኿ (-)

Sample 1 �94 2�.2 31.7 3�.4 1.2�
Sample 2 700 2�.� 32.2 3�.7 1.2�
Sample 3 �92 2�.� 32.0 3�.� 1.2�

All samples 2086 28.5 32.0 35.7 1.25

(a) Individual samples. (b) All samples combined.

Figure G.1: UPorto sieve analysis (obtained from weighting of individual stones and Eq. 2.�) - armour.
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128 G. Granular material analysis

Deltares tests
Filter

Table G.2: Deltares density analysis - filter

Sample Dry mass (g) Wet mass (g) Density (kg/mኽ)

Sample 1 �4�.4 404.2 2��9
Sample 2 �19.9 3�7.3 2���

All samples 1266.3 791.5 2667

Table G.3: Deltares sieve analysis (obtained from weighting of individual stones and Eq. 2.�) - filter

Sample Nr of stones D፧ኻ኿ (mm) D፧኿ኺ (mm) D፧ዂ኿ (mm) D፧ዂ኿/D፧ኻ኿ (-)

All samples 593 8.4 9.4 10.4 1.24

Figure G.2: Deltares sieve analysis (obtained from weighting of individual stones and Eq. 2.�) - filter.



129

Armour

Table G.4: Deltares density analysis - armour

Sample Dry mass (g) Wet mass (g) Density (kg/mኽ)

Sample 1 14��.7 939.2 2709
Sample 2 1419.2 �9�.� 2710

All samples 2907.9 1834.7 2710

Table G.�: Deltares sieve analysis (obtained from weighting of individual stones and Eq. 2.�) - armour

Sample Nr of stones D፧ኻ኿ (mm) D፧኿ኺ (mm) D፧ዂ኿ (mm) D፧ዂ኿/D፧ኻ኿ (-)

All samples 1507 15.0 16.3 18.0 1.20

Figure G.3: Deltares sieve analysis (obtained from weighting of individual stones and Eq. 2.�) - armour.





H
All damage measurements

UPorto tests
All values calculated for a 2�D፧኿ኺ characterization width (4 per test run).

Table H.1: UPorto test results - parameter S

Series Run Damage Waves h (m) Cond. S

S1

R1 Cum. Long-crested MHW �0� 0.1 0.2 0.1 0.2
R2 Cum. Long-crested MHW �0� 1.7 1.0 0.9 1.0
R3 Cum. Long-crested MHW 100� 2.4 3.0 4.0 4.4
R4 Cum. Long-crested MHW 120� 14.� 12.0 13.1 12.3

S2

R1 Non-cum. Long-crested MHW �0� 0.� 0.3 0.� 1.3
R2 Non-cum. Long-crested MHW 100� 2.9 2.9 2.2 2.�
R2r Non-cum. Long-crested MHW 100� 4.0 �.0 2.9 3.2
R3 Non-cum. Long-crested MHW 120� 9.� 1�.� 9.2 1�.0

S3

R1 Cum. Long-crested MHW �0� 0.1 0.3 0.� 1.0
R2 Cum. Long-crested MHW �0� 1.0 1.1 1.2 2.3
R3 Cum. Long-crested MHW�SLR 100� 1.0 0.9 1.� 2.9
R4 Cum. Long-crested MHW�SLR 120� 10.0 �.0 �.� 13.9

Table H.2: UPorto test results - parameter EᎴᐻ

Series Run Damage Waves h (m) Cond. Eኼፃ

S1

R1 Cum. Long-crested MHW �0� 0.02 0.0� 0.03 0.07
R2 Cum. Long-crested MHW �0� 0.30 0.1� 0.14 0.2�
R3 Cum. Long-crested MHW 100� 0.4� 0.33 0.�4 0.�2
R4 Cum. Long-crested MHW 120� 1.1� 1.10 1.0� 1.09

S2

R1 Non-cum. Long-crested MHW �0� 0.22 0.09 0.1� 0.14
R2 Non-cum. Long-crested MHW 100� 0.3� 0.33 0.29 0.32
R2r Non-cum. Long-crested MHW 100� 0.�0 0.�1 0.47 0.39
R3 Non-cum. Long-crested MHW 120� 0.�� 1.3� 0.�� 1.3�

S3

R1 Cum. Long-crested MHW �0� 0.02 0.0� 0.07 0.11
R2 Cum. Long-crested MHW �0� 0.12 0.1� 0.1� 0.22
R3 Cum. Long-crested MHW�SLR 100� 0.2� 0.1� 0.21 0.31
R4 Cum. Long-crested MHW�SLR 120� 0.�� 0.�� 0.49 1.1�

131



132 H. All damage measurements

Table H.3: UPorto test results - parameter EᎵᐻ,Ꮃ

Series Run Damage Waves h (m) Cond. Eኽፃ,ኻ

S1

R1 Cum. Long-crested MHW �0� 0.�� 0.�7 0.�0 0.94
R2 Cum. Long-crested MHW �0� 1.13 0.97 0.99 1.20
R3 Cum. Long-crested MHW 100� 1.19 1.2� 1.41 1.�7
R4 Cum. Long-crested MHW 120� 1.9� 1.�� 1.72 1.�3

S2

R1 Non-cum. Long-crested MHW �0� 1.0� 1.12 0.�4 0.97
R2 Non-cum. Long-crested MHW 100� 1.17 1.23 1.14 1.19
R2r Non-cum. Long-crested MHW 100� 1.3� 1.�2 1.20 1.19
R3 Non-cum. Long-crested MHW 120� 1.7� 1.9� 1.7� 1.97

S3

R1 Cum. Long-crested MHW �0� 0.4� 0.7� 0.�9 1.12
R2 Cum. Long-crested MHW �0� 0.�� 0.�0 0.94 1.07
R3 Cum. Long-crested MHW�SLR 100� 1.02 1.22 0.�9 1.1�
R4 Cum. Long-crested MHW�SLR 120� 1.�� 1.2� 1.42 2.0�

Table H.4: UPorto test results - parameter EᎵᐻ,Ꮇ

Series Run Damage Waves h (m) Cond. Eኽፃ,኿

S1

R1 Cum. Long-crested MHW �0� 0.12 0.12 0.10 0.10
R2 Cum. Long-crested MHW �0� 0.43 0.31 0.30 0.4�
R3 Cum. Long-crested MHW 100� 0.�1 0.�1 0.79 1.0�
R4 Cum. Long-crested MHW 120� 1.4� 1.33 1.17 1.4�

S2

R1 Non-cum. Long-crested MHW �0� 0.43 0.2� 0.23 0.27
R2 Non-cum. Long-crested MHW 100� 0.�2 0.�� 0.�� 0.7�
R2r Non-cum. Long-crested MHW 100� 0.90 1.21 0.�2 0.��
R3 Non-cum. Long-crested MHW 120� 1.42 1.49 1.3� 1.�3

S3

R1 Cum. Long-crested MHW �0� 0.04 0.11 0.10 0.21
R2 Cum. Long-crested MHW �0� 0.31 0.2� 0.20 0.�1
R3 Cum. Long-crested MHW�SLR 100� 0.40 0.27 0.2� 0.�2
R4 Cum. Long-crested MHW�SLR 120� 1.20 0.7� 0.91 1.�3

Table H.�: UPorto test results - measured incident wave conditions

Series Run Damage Waves h (m) Cond. T፦ (s) T፩ (s) H፦ኺ (m)

S1

R1 Cum. Long-crested MHW �0� 1.04 1.30 0.072
R2 Cum. Long-crested MHW �0� 1.29 1.�7 0.092
R3 Cum. Long-crested MHW 100� 1.�� 1.�1 0.11�
R4 Cum. Long-crested MHW 120� 1.�0 2.19 0.139

S2

R1 Non-cum. Long-crested MHW �0� 1.2� 1.�7 0.09�
R2 Non-cum. Long-crested MHW 100� 1.�� 1.�1 0.117
R2r Non-cum. Long-crested MHW 100� 1.�� 1.74 0.120
R3 Non-cum. Long-crested MHW 120� 1.�1 2.19 0.141

S3

R1 Cum. Long-crested MHW �0� 1.04 1.30 0.072
R2 Cum. Long-crested MHW �0� 1.2� 1.�7 0.09�
R3 Cum. Long-crested MHW�SLR 100� 1.�2 1.74 0.11�
R4 Cum. Long-crested MHW�SLR 120� 1.7� 2.19 0.142
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Deltares tests
All values calculated for a 27D፧኿ኺ characterization width (2 per test run).

Table H.�: Deltares test results - parameters S and EᎴᐻ

Series Run Damage B (m) d፛ (m) Cond. S Eኼፃ

S1a

R1 Cum. - - �0% 0.1 0.� 0.09 0.10
R2 Cum. - - �0% 1.2 1.� 0.12 0.21
R3 Cum. - - 100% 4.� 4.1 0.47 0.47
R4 Cum. - - 120% 11.7 10.3 0.92 0.�9

S1b

R1 Cum. - - �0% 0.� 0.3 0.09 0.10
R2 Cum. - - �0% 0.7 1.0 0.1� 0.23
R3 Cum. - - 100% 3.2 4.0 0.44 0.40
R4 Cum. - - 120% 11.4 11.� 1.14 1.04

S1c

R1 Cum. - - �0% 0.4 0.2 0.0� 0.0�
R2 Cum. - - �0% 0.7 0.� 0.1� 0.17
R3 Cum. - - 100% 2.3 4.9 0.3� 0.�7
R4 Cum. - - 120% 9.9 13.1 0.90 1.01

S1d

R1 Cum. - - �0% 0.3 0.2 0.07 0.0�
R2 Cum. - - �0% 1.1 0.� 0.1� 0.21
R3 Cum. - - 100% 4.3 3.2 0.�7 0.34
R4 Cum. - - 120% 13.3 10.� 1.10 0.9�

S1e

R1 Cum. - - �0% 0.3 0.4 0.10 0.13
R2 Cum. - - �0% 0.9 0.9 0.24 0.1�
R3 Cum. - - 100% 2.3 4.2 0.27 0.47
R4 Cum. - - 120% 11.� 10.2 1.10 0.93

S2a R1 Non-cum. - - 100� 3.� 2.7 0.4� 0.34

S2b R1 Non-cum. - - 100� 4.0 �.0 0.4� 0.��

S2c R1 Non-cum. - - 100� 3.9 4.2 0.�1 0.4�

S2d R1 Non-cum. - - 100� 2.9 3.7 0.3� 0.41

S2e R1 Non-cum. - - 100� 2.0 2.� 0.30 0.3�

S3

R1 Cum. 10D፧኿ኺ 100� �0� 0.3 0.1 0.0� 0.03
R2 Cum. 10D፧኿ኺ 100� �0� 1.2 1.0 0.12 0.19
R3 Cum. 10D፧኿ኺ 100� 100� 2.1 2.3 0.2� 0.2�
R4 Cum. 10D፧኿ኺ 100� 120� 2.7 2.� 0.31 0.29

S4

R1 Cum. �D፧኿ኺ 100� �0� 0.4 0.4 0.10 0.10
R2 Cum. �D፧኿ኺ 100� �0� 1.1 0.� 0.19 0.1�
R3 Cum. �D፧኿ኺ 100� 100� 3.� 2.4 0.�1 0.�0
R4 Cum. �D፧኿ኺ 100� 120� �.0 4.� 0.�� 0.�0

S�

R1 Cum. 10D፧኿ኺ �0� �0� 0.� 1.1 0.09 0.1�
R2 Cum. 10D፧኿ኺ �0� �0� 0.� 1.1 0.10 0.2�
R3 Cum. 10D፧኿ኺ �0� 100� 0.� 1.1 0.12 0.2�
R4 Cum. 10D፧኿ኺ �0� 120� 4.9 4.� 0.43 0.49

S�

R1 Cum. �D፧኿ኺ �0� �0� 0.3 0.3 0.0� 0.07
R2 Cum. �D፧኿ኺ �0� �0� 1.1 1.0 0.17 0.17
R3 Cum. �D፧኿ኺ �0� 100� 3.� 2.9 0.3� 0.29
R4 Cum. �D፧኿ኺ �0� 120� �.� 4.2 0.�� 0.�1
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Table H.7: Deltares test results - parameters EᎵᐻ,Ꮃ and EᎵᐻ,Ꮇ

Series Run Damage B (m) d፛ (m) Cond. Eኽፃ,ኻ Eኽፃ,኿

S1a

R1 Cum. - - �0% 1.00 0.03 0.12 0.1�
R2 Cum. - - �0% 1.07 1.0� 0.2� 0.31
R3 Cum. - - 100% 1.4� 1.23 0.�� 0.��
R4 Cum. - - 120% 2.00 1.71 1.2� 1.14

S1b

R1 Cum. - - �0% 1.0� 1.11 0.1� 0.1�
R2 Cum. - - �0% 1.0� 1.04 0.30 0.41
R3 Cum. - - 100% 1.39 1.2� 0.�3 0.��
R4 Cum. - - 120% 2.30 1.9� 1.4� 1.20

S1c

R1 Cum. - - �0% 1.12 0.90 0.19 0.17
R2 Cum. - - �0% 1.12 1.10 0.24 0.30
R3 Cum. - - 100% 1.29 1.�4 0.�0 0.�9
R4 Cum. - - 120% 1.�1 1.9� 1.0� 1.17

S1d

R1 Cum. - - �0% 0.92 1.01 0.1� 0.13
R2 Cum. - - �0% 0.9� 1.27 0.3� 0.3�
R3 Cum. - - 100% 1.�1 1.49 0.�� 0.�9
R4 Cum. - - 120% 2.43 1.99 1.37 1.19

S1e

R1 Cum. - - �0% 1.10 0.91 0.14 0.1�
R2 Cum. - - �0% 1.14 1.22 0.31 0.3�
R3 Cum. - - 100% 1.1� 1.3� 0.�0 0.71
R4 Cum. - - 120% 1.94 1.90 1.2� 1.27

S2a R1 Non-cum. - - 100� 1.73 1.29 0.�� 0.�1

S2b R1 Non-cum. - - 100� 1.31 1.�3 0.�4 0.79

S2c R1 Non-cum. - - 100� 1.49 1.44 0.�7 0.71

S2d R1 Non-cum. - - 100� 1.20 1.32 0.�2 0.74

S2e R1 Non-cum. - - 100� 1.4� 1.2� 0.73 0.73

S3

R1 Cum. 10D፧኿ኺ 100� �0� 0.79 1.13 0.1� 0.1�
R2 Cum. 10D፧኿ኺ 100� �0� 0.9� 1.11 0.2� 0.2�
R3 Cum. 10D፧኿ኺ 100� 100� 1.1� 1.3� 0.3� 0.44
R4 Cum. 10D፧኿ኺ 100� 120� 1.24 1.3� 0.3� 0.3�

S4

R1 Cum. �D፧኿ኺ 100� �0� 0.93 0.79 0.1� 0.14
R2 Cum. �D፧኿ኺ 100� �0� 0.99 1.07 0.29 0.32
R3 Cum. �D፧኿ኺ 100� 100� 1.40 1.3� 0.�1 0.��
R4 Cum. �D፧኿ኺ 100� 120� 1.3� 1.40 0.�� 0.�0

S�

R1 Cum. 10D፧኿ኺ �0� �0� 0.9� 1.09 0.14 0.22
R2 Cum. 10D፧኿ኺ �0� �0� 1.0� 1.09 0.17 0.2�
R3 Cum. 10D፧኿ኺ �0� 100� 1.07 1.24 0.1� 0.24
R4 Cum. 10D፧኿ኺ �0� 120� 1.20 1.30 0.74 0.72

S�

R1 Cum. �D፧኿ኺ �0� �0� 0.97 0.�4 0.17 0.12
R2 Cum. �D፧኿ኺ �0� �0� 1.11 1.10 0.23 0.2�
R3 Cum. �D፧኿ኺ �0� 100� 1.3� 1.14 0.�� 0.3�
R4 Cum. �D፧኿ኺ �0� 120� 1.�1 1.31 0.74 0.�1
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Table H.�: Deltares test results - measured incident wave conditions

Series Run Damage B (m) d፛ (m) Cond. T፦ዅኻ,ኺ (s) Hኻ/ኽ (m) Hኼ% (m)

S1a

R1 Cum. - - �0% 1.�9 0.029 0.034
R2 Cum. - - �0% 1.�3 0.041 0.04�
R3 Cum. - - 100% 1.42 0.0�2 0.0�3
R4 Cum. - - 120% 1.39 0.0�1 0.074

S1b

R1 Cum. - - �0% 1.�0 0.030 0.03�
R2 Cum. - - �0% 1.�4 0.041 0.049
R3 Cum. - - 100% 1.40 0.0�2 0.0�1
R4 Cum. - - 120% 1.3� 0.0�1 0.07�

S1c

R1 Cum. - - �0% 1.�� 0.030 0.03�
R2 Cum. - - �0% 1.�1 0.041 0.04�
R3 Cum. - - 100% 1.39 0.0�2 0.0�2
R4 Cum. - - 120% 1.37 0.0�1 0.073

S1d

R1 Cum. - - �0% 1.�� 0.030 0.03�
R2 Cum. - - �0% 1.49 0.041 0.04�
R3 Cum. - - 100% 1.41 0.0�2 0.0�0
R4 Cum. - - 120% 1.3� 0.0�1 0.07�

S1e

R1 Cum. - - �0% 1.�3 0.029 0.03�
R2 Cum. - - �0% 1.�0 0.041 0.049
R3 Cum. - - 100% 1.39 0.0�2 0.0�0
R4 Cum. - - 120% 1.3� 0.0�0 0.074

S2a R1 Non-cum. - - 100� 1.42 0.0�2 0.0�2

S2b R1 Non-cum. - - 100� 1.41 0.0�2 0.0�2

S2c R1 Non-cum. - - 100� 1.41 0.0�2 0.0�2

S2d R1 Non-cum. - - 100� 1.43 0.0�2 0.0�2

S2e R1 Non-cum. - - 100� 1.42 0.0�1 0.0�2

S3

R1 Cum. 10D፧኿ኺ 100� �0� 1.�2 0.029 0.03�
R2 Cum. 10D፧኿ኺ 100� �0� 1.49 0.040 0.047
R3 Cum. 10D፧኿ኺ 100� 100� 1.43 0.0�2 0.0�2
R4 Cum. 10D፧኿ኺ 100� 120� 1.3� 0.0�1 0.07�

S4

R1 Cum. �D፧኿ኺ 100� �0� 1.�9 0.030 0.03�
R2 Cum. �D፧኿ኺ 100� �0� 1.4� 0.041 0.049
R3 Cum. �D፧኿ኺ 100� 100� 1.42 0.0�2 0.0�1
R4 Cum. �D፧኿ኺ 100� 120� 1.3� 0.0�0 0.073

S�

R1 Cum. 10D፧኿ኺ �0� �0� 1.�4 0.029 0.03�
R2 Cum. 10D፧኿ኺ �0� �0� 1.�3 0.041 0.04�
R3 Cum. 10D፧኿ኺ �0� 100� 1.41 0.0�2 0.0�1
R4 Cum. 10D፧኿ኺ �0� 120� 1.39 0.0�1 0.074

S�

R1 Cum. �D፧኿ኺ �0� �0� 1.�9 0.030 0.03�
R2 Cum. �D፧኿ኺ �0� �0� 1.49 0.041 0.04�
R3 Cum. �D፧኿ኺ �0� 100� 1.41 0.0�2 0.0�1
R4 Cum. �D፧኿ኺ �0� 120� 1.39 0.0�1 0.074





I
Tests results comparison

Deltares tests
Plunging conditions
For berm configurations with plunging conditions (100� and 120� wave conditions), the formula from
van Gent (2013) is used in its original form as described in Section 2.1.3 (Equations 2.17 and 2.1�):

For the upper slope stability:

𝐻፬
Δ𝐷፧኿ኺ

= ( 1
𝛾፛፞፫፦,፮፩𝛾፩፨፬

)
ኺ.ኼ
𝑐፩፥𝑃ኺ.ኻዂ (

𝑆
√𝑁

)
ኺ.ኼ
( 𝐻፬𝐻ኼ%

) (𝜉፦ዅኻ,ኺ)
ዅኺ.኿

(I.1)

For the lower slope stability:

𝐻፬
Δ𝐷፧኿ኺ

= 1
𝛾፛፞፫፦,፥፨፰

𝑐፩፥𝑃ኺ.ኻዂ (
𝑆
√𝑁

)
ኺ.ኼ
( 𝐻፬𝐻ኼ%

) (𝜉፦ዅኻ,ኺ)
ዅኺ.኿

(I.2)

(a) Upper slope. (b) Lower slope.

Figure I.1: Deltares damage for slopes with a berm compared with van Gent (2013) - plunging conditions.
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Surging conditions
For berm configurations with surging conditions (�0� and �0� wave conditions), the formula from van
Gent (2013) shown in Section 2.1.3 (Equations 2.17 and 2.1�) is adapted according to Equation 2.14
(from van der Meer (19��) formulae modified by van Gent et al. (2003)). This results in the following
adapted formulae for berm configurations with surging breaking conditions:

For the upper slope stability:

𝐻፬
Δ𝐷፧኿ኺ

= ( 1
𝛾፛፞፫፦,፮፩𝛾፩፨፬

)
ኺ.ኼ
𝑐፬𝑃ዅኺ.ኻኽ (

𝑆
√𝑁

)
ኺ.ኼ
( 𝐻፬𝐻ኼ%

)√cot 𝛼 (𝜉፦ዅኻ,ኺ)
ፏ

(I.3)

For the lower slope stability:

𝐻፬
Δ𝐷፧኿ኺ

= 1
𝛾፛፞፫፦,፥፨፰

𝑐፬𝑃ዅኺ.ኻኽ (
𝑆
√𝑁

)
ኺ.ኼ
( 𝐻፬𝐻ኼ%

)√cot 𝛼 (𝜉፦ዅኻ,ኺ)
ፏ

(I.4)

(a) Upper slope. (b) Lower slope.

Figure I.2: Deltares damage for slopes with a berm compared with van Gent (2013) - surging conditions.



J
Damage limits prediction

(a) S parameter. (b) EᎴᐻ parameter.

(c) EᎵᐻ,Ꮃ parameter. (d) EᎵᐻ,Ꮇ parameter.

Figure J.1: Deltares tests - Measured damage.
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140 J. Damage limits prediction

(a) S parameter. (b) EᎴᐻ parameter.

(c) EᎵᐻ,Ꮃ parameter. (d) EᎵᐻ,Ꮇ parameter.

Figure J.2: Deltares tests - Normalized damage.
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