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A B S T R A C T

The main objective of this study is to apply the methodology proposed by Díaz-Carrasco et al. (2020),
based on the dimensional analysis and a new experimental technique, to estimate and study the wave
energy transformation on homogeneous mound breakwaters. The dimensional analysis includes the main
variables of wave train, porous media and slope geometry that influence the hydraulic performance on mound
breakwaters. For that, laboratory tests were performed in a wave flume for a homogeneous and permeable
mound breakwater. A new experimental technique derived from the methodology of Díaz-Carrasco et al. (2020)
is also applied for designing wave conditions in laboratory based on the interplay that the relative water
depth, ℎ∕𝐿, and the wave steepness, 𝐻∕𝐿, has on the hydraulic performance of the structure, called the
sample space. An analysis was conducted to study the influence that each dimensionless variable has on wave
energy transformation. The experimental results shows that there is a relationship between the reflected, 𝐾2

𝑅,
transmitted, 𝐾2

𝑇 , and dissipated energy, 𝐷∗, and the product of the relative water depth, ℎ∕𝐿, and the incident
wave steepness, 𝐻𝐼∕𝐿. The selection of wave conditions from the new experimental technique of sample space
allows quantifying regions of wave energy transformation and wave breaker types on the breakwater and it
seems to be a useful technique for designing laboratory conditions.
1. Introduction

Rubble mound breakwater is the most frequent breakwater typology
in the world due to its ability to dissipate the wave energy, its relatively
simple design and the possibility to be constructed using pieces of
different types and sizes. Within this typology, use of homogeneous
and permeable mound breakwaters without multi-layer cross sections
has seen a pronounced expansion in coastal engineering. Most of these
structures are built to protect navigation channels and harbours, but
they are also considered for using in beach stabilisation and shore
protection (Ahrens, 1984, 1989). In general, the latter applications are
possible thanks to the advantages offered by this mound typology com-
pared to others, such as: (1) its high porosity makes it more stable than
a rubble mound breakwater with main armour layer, (2) it dissipates
energy effectively and, (3) its design simplicity and low environment
impact are significant factors in keeping down constructions costs and
being an optimum structure and a natural-based solution in many
situations (Odériz et al., 2018; Molines et al., 2021).

The design project, construction and maintenance of mound break-
waters must be verified to provide safety and service in coastal areas
during its useful life. The performance of these coastal structures
depends on the kinematic and dynamic regimes and its quantifica-
tion should consider the three laws of (1) energy conservation, used
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to estimate the energy transformation in wave-structure interaction;
(2) mass conservation, applicable to estimate run-up, run-down and
overtopping; and (3) momentum conservation, used to calculate the
forces and momentums on the pieces that form the structure (stability
analysis). In order to design stability and overtopping formulas for
these coastal structures, their hydraulic performance should first be
analysed, which includes the phenomena of wave progression and en-
ergy transformation (reflected, 𝐾2

𝑅, transmitted, 𝐾2
𝑇 , dissipated energy,

𝐷∗) on the slope.
Most of the formulas used for quantifying the hydraulic perfor-

mance on mound breakwaters are based on the seminal work of Battjes
(1974), who proposed using Iribarren number, 𝜉, (Iribarren and No-
gales, 1949) as the dynamic similarity parameter to analyse wave
energy transformation on breakwaters and to identify wave breaker
types over the slope. Since then, most of the design formulas are com-
binations of Iribarren number with both dimensionless and dimension
variables selected on empirical grounds rather than on dimensional
analysis. Díaz-Carrasco et al. (2020), Moragues and Losada (2021),
Díaz-Carrasco et al. (2021), Losada (2021) demonstrated that there is
a high scatter of the wave energy formulas, breaker types, overtopping
and stability formulas, as the Iribarren number increases. These current
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Nomenclature

Symbol Description
𝐵𝑏 Crown width
𝐵eq Characteristic width (Kortenhaus and

Oumeraci, 1998)
𝐵∗ Base width
𝐷∗ Bulk dissipation energy
𝐷𝑛50,𝑎 Armour diameter
𝐷𝑛50,𝑝 Core diameter
𝐹𝑀𝑇 Height of the breakwater
𝐹𝑐 Free-board
𝑔 Gravity acceleration
ℎ Water depth
𝐻 Wave height
𝐻𝐼 Incident wave height
𝐾𝑅 Wave reflection coefficient
𝐾𝑇 Wave transmission coefficient
𝐿 Wavelength obtained by the wave period 𝑇

and linear dispersion
𝑛𝑝 Core porosity
𝑅𝑒,𝐷𝑎 Armour Reynolds number
𝑅𝑒,𝑝 Core Reynolds number
𝑇 Wave period
𝑈 ≈ 𝑛𝑝𝐻∕𝑇 Characteristic seepage velocity
𝛼 Seaward slope angle
𝛽 Landward slope angle
𝜒 Similarity parameter defined by

Díaz-Carrasco et al. (2020)
𝜈 Kinematic water viscosity
𝜌𝑠 Rock/Cube unit density
𝜉 = tan(𝛼)∕

√

(𝐻∕𝐿) Iribarren number

experimental formulas are derived from an extensive experimental
database and fitted by calibrating coefficients and including/mixing
variables without prior analysis of the parameters that influence the
design variable. In addition, the formulas obtained are derived from
experiments tested with very specific test conditions, experimental
devices and techniques. The consequences of these analyses and meth-
ods result in a high epistemic uncertainty of the results and thus of
the developed formulas. This uncertainty seems unacceptable not only
because of the knowledge and means available, but also because of
the future challenges resulting from sea level rise that will require
greater precision and optimisation (economically and environmentally)
in design.

Consequently, the main objective of this study is to apply a spe-
cific methodology developed in recent years by Díaz-Carrasco et al.
(2020) in order to estimates and study the energy transformation of
incident waves that interact with a homogeneous mound breakwater.
The methodology is based on dimensional analysis which includes
the main variables of wave train, porous media and slope geome-
try that influence the hydraulic performance of slope breakwaters. A
new experimental technique derived from the methodology of Díaz-
Carrasco et al. (2020) is also applied for designing laboratory tests
based on the interplay that the relative water depth, ℎ∕𝐿, and the wave
steepness, 𝐻∕𝐿, has on the hydraulic performance of the structure.
This study involves physical laboratory experimentation in a 2D wave
flume of a non-overtoppable, homogeneous and permeable mound
breakwater. The structure of the paper is organised as follows: Section 2
gathers a background of the dimensional analysis and main results
2

of Díaz-Carrasco et al. (2020). Section 3 outlines the physical tests,
experimental technique and processing methods performed in IISTA-
University of Granada. Section 4 presents the results of wave energy
transformation and breaker types according to the variables involved
in the dimensional analysis. The discussion of the experimental tech-
nique and results is gathered in Section 5. Conclusions are presented
in Section 6. Finally, Appendix A details the application of the new
experimental technique for selecting wave conditions in laboratory.

2. Background of wave-structure interaction analysis

Díaz-Carrasco et al. (2020) studied the wave energy transformation
for an impermeable slope breakwater and a permeable slope breakwa-
ter with main armour layer on the basis of numerical and experimental
tests, respectively. From these experiments, rough slope and smooth
slope, Díaz-Carrasco et al. (2020) included the main geometrical and
wave parameters involved in both breakwater typologies and developed
a dimensional analysis (described in detail in their study) which states
that the wave energy reflected (𝐾2

𝑅), transmitted (𝐾2
𝑇 ) and dissipated

(𝐷∗) are derived quantities of:

[𝐾2
𝑅, 𝐾

2
𝑇 , 𝐷

∗] = 𝑓
(

𝛱1,𝛱2,𝛱3
)

(1)

where 𝛱1 = (ℎ∕𝐿,𝐻𝐼∕𝐿) represents the incident wave train that in-
cludes the relative water depth, ℎ∕𝐿, and the wave steepness at the toe
of the slope, 𝐻𝐼∕𝐿. 𝛱2 = (𝐵∗∕𝐿,𝐷𝑛50,𝑝∕𝐿,𝑅𝑒,𝑝) gathers the influence
of the porous media with: the relative base width, 𝐵∗∕𝐿, that indicates
the tendency to reach the saturation regime of the structure (Requejo
et al., 2002); the relative core diameter, 𝐷𝑛50,𝑝∕𝐿, that governs the
flow dissipation inside the porous media and quantifies the scale ef-
fects (Pérez-Romero et al., 2009); and the grain Reynolds number,
𝑅𝑒,𝑝 = 𝐷𝑛50,𝑝𝑈∕𝜈 (Gu and Wang, 1991; Van Gent, 1995; Burcharth and
Andersen, 1995), being 𝑈 ≈ 𝑛𝑝𝐻∕𝑇 the characteristic seepage velocity
in the porous media. 𝛱3 = (𝐷𝑛50,𝑎∕𝐿,𝑅𝑒,𝐷𝑎), includes the influence
of the main armour layer with: the relative main armour diameter,
𝐷𝑛50,𝑎∕𝐿, that governs the turbulence flow on the slope due to the
wave-breaking and interaction with the armour layer (Clavero et al.,
2018); and the armour Reynolds number, 𝑅𝑒,𝐷𝑎 ≈

√

𝑔𝐻𝐼𝐷𝑛50,𝑎∕𝜈 (Dai
and Kamer, 1969). The slope angle, 𝛼, is not included in Eq. (1) since
it is already a dimensionless parameter that characterises the structure
and orders the results.

From the dimensional analysis and the experimental results, Díaz-
Carrasco et al. (2020) pointed out the following conclusions,

1. The regions of wave energy transformation and their related
breaker types are the following: (i) dissipated region with spilling
and weak plunging breakers; (ii) reflected region with surging
breakers; and (iii) transition region, with strong plunging, strong
bore and weak bore breakers. Díaz-Carrasco et al. (2020)’s study
includes the variants of breaker types referred to weak/strong
plunging (Lakehal and Liovic, 2011) and weak/strong bore
(Zhang and Liu, 2008).

2. There is a relationship between the product (ℎ∕𝐿)(𝐻𝐼∕𝐿) and
the reflected, transmitted and dissipated energy on slope break-
waters. This product is defined as the similarity parameter 𝜒 =
(ℎ∕𝐿)(𝐻𝐼∕𝐿), which delimits the wave energy transformation
regions (reflected, dissipated and transition regions) and the
wave trains with the same breaker type (Moragues and Losada,
2021).

3. The sample space defined by [log(ℎ∕𝐿) vertical-axis, log(𝐻∕𝐿)
horizontal-axis] provides a functional relationship between wa-
ter depth, ℎ, wave height, 𝐻 , and wave period, 𝑇 . This func-
tional relationship would allow designing experimental con-
ditions in laboratory in order to characterise the regions of
wave energy transformation and wave breaker types on mound
breakwaters.

The main results of Díaz-Carrasco et al. (2020) suggest applying this
analysis methodology to more laboratory tests in order to verify the

correct study of wave-structure interaction.
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Fig. 1. (a) Diagram of the wave flume and location of wave gauges (dimensions in metres), (b) physical model of the homogeneous and permeable mound breakwater tested
HP-MB).
a
e
a

m

Table 1
Geometric parameters of the physical models tested. 𝐵𝑏 is the crown width of the
breakwater; 𝐵∗ is the base width of the breakwater; and 𝛼 and 𝛽 are the seaward and
landward slopes of the breakwater, respectively.

Configuration 𝐵𝑏 (m) tan(𝛼) tan(𝛽) 𝐵∗ (m)

HP-MB-1 0.24 1/2 1/1.5 2.165
HP-MB-2 0.24 1/1.5 1/1.5 1.890
HP-MB-3 0.10 1/2 1/1.5 2.025

3. Experimental setup

3.1. Physical tests

Experimental tests were performed in the wave flume of the An-
dalusian Inter-University Institute for Earth System Research (IISTA) at
the University of Granada (Fig. 1a). Fig. 1b shows a diagram of the
physical model tested, namely, a homogeneous and permeable mound
breakwater with a constant granular diameter, 𝐷𝑛50,𝑝 = 30 mm. Two
different widths of the top, 𝐵𝑏, and two seaward slope angles, 𝛼, were
tested. The water depth in the wave generation zone and in the flume
was kept constant and equal to ℎ = 0.4 m.

Table 1 summarises the geometrical configuration of the three phys-
ical models tested, identified hereinafter as: HP-MB-1, for 𝐵𝑏 = 0.24 m,
slope cot(𝛼) = 2; HP-MB-2, for 𝐵𝑏 = 0.24 m, slope cot(𝛼) = 1.5; and HP-
MB-3, for 𝐵𝑏 = 0.10 m, slope cot(𝛼) = 2. All the models have a constant
free-board, 𝐹𝑐 = 0.15 m and a breakwater height, 𝐹𝑀𝑇 = 0.55 m. The
characteristic of the permeable and homogeneous rocks were: diameter
𝐷𝑛50,𝑝 = 30 mm, density 𝜌𝑠 = 2.64 tn/m3, and porosity 𝑛𝑝 = 0.462
according to CIRIA, CUR, CETMEF (2007).

3.2. New experimental technique: the sample space

The application of new experimental technique proposed by Díaz-
Carrasco et al. (2020), called the sample space [log(ℎ∕𝐿), log(𝐻∕𝐿)],
seeks to (i) optimise the number of experiments, (ii) verify the design
criteria between model-prototype, and (iii) quantify the regions of
wave energy transformation and wave breaker types. Fig. 2 shows the
flow-chart of the sample space to select the wave conditions in labora-
tory according to experimental requirements. The wave conditions of
wave height, 𝐻 , and wave period, 𝑇 (or wavelength, 𝐿 by dispersion
equation 𝑓 (ℎ, 𝑇 )), for a given water depth, ℎ, can be selected as follow:
3

• Step 1: According to the experimental requirements, such as ex-
perimental tests under non-overtopping (E1), non-damage (E2)
and non-breaking wave conditions (E3), the wave height could
be limited to a maximum value, 𝐻𝑚𝑎𝑥 and 𝐻∕ℎ < 0.78. The wave
generation regime (E3) should be also considered as well as the
limitations of the laboratory’s paddle generation (E5).

• Step 2: Depending on the breakwater typology and considering
values of previous studies and constructed maritime works of this
typology, it is possible to select wave conditions of 𝐻 and 𝑇
that achieve the maximum reflected (R) and dissipated (D) wave
energy. Points R and D close the formed parallelepiped in which
ℎ∕𝐿 and 𝐻∕𝐿 conditions are selected.

• Step 3: Selecting ℎ∕𝐿 and 𝐻∕𝐿 conditions to cover the transitions
of wave breaker types, such as weak/strong bore and weak/strong
plunging.

This section summarises the wave conditions obtained from the
pplication of the flow-chart of Fig. 2 to the mound breakwaters and
xperiments of this study. Appendix A describes in detail the direct
pplication of the sample space for the laboratory tests of this study.

The experimental tests were performed with the following require-
ents:

1. Wave-breaking was only caused by wave-breakwater interac-
tion and the experiments were also under non-overtopping and
non-damage conditions.

2. The AwaSys software package was used to generate waves with
the simultaneously active absorption of reflected waves. The
IISTA paddle generation system was limited by: 𝐻 > 0.02 m and
𝑇 > 1 s.

3. Regular waves in Stoke I regime were simulated and defined by
a wave height, 𝐻 , and a wave period, 𝑇 . Each test was repeated
three times with 100 of waves per test.

Regular wave conditions of 𝐻 and 𝑇 (target conditions) were se-
lected by complying with the functional relationship of the sample
space [log(ℎ∕𝐿), log(𝐻∕𝐿)] to cover the regions of wave energy trans-
formation and breaker types. Note that throughout this study when
the wave height is identified by 𝐻 or 𝐻𝐼 it refers to the conditions of
target and incident wave height (obtained by separation of the incident
and reflected wave trains), respectively. Table 2 gathers the wave
conditions for the three physical models tested. For further information
on the application of this experimental technique see Appendix A.
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Fig. 2. Flow-chart of the new experimental technique proposed by Díaz-Carrasco et al. (2020), called sample space, to select the wave conditions in laboratory according to the
experimental requirements.
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Table 2
Minimum and maximum values of waves conditions tested
in laboratory (𝐻 , 𝑇 ) following the sample space [log(ℎ∕𝐿),
log(𝐻𝐼∕𝐿)] described in Appendix A.
Wave parameter Range

𝑇 (s) [1.020–3.640]
𝐻 (m) [0.021–0.121]
ℎ∕𝐿 [0.060–0.280]
𝐻∕𝐿 [0.005–0.026]

3.3. Wave measurements and data processing

The experimental incident and reflected wave trains were separated
using the method suggested by Baquerizo (1995), which gives the
magnitude and phase of the reflected wave train. The reflected and
transmitted wave energy, 𝐸𝑅, 𝐸𝑇 , and their respective reflection (𝐾2

𝑅
and phase 𝜙𝑅) and transmission coefficients (𝐾2

𝑇 ) were obtained by
applying power spectral analysis. 𝐾2

𝑅 and 𝜙𝑅 were calculated with the
data measured by gauges G1, G2 and G3 (see Fig. 1a). The transmission
coefficient (𝐾2

𝑇 ) was computed with the data measured with gauge G5.
Gauge G4, located at the toe of the structure (x = 0), provided the total
wave height at the toe of the breakwater (due to the interaction of the
incident and reflected wave trains). The total bulk dissipation per unit
of wave incident energy, 𝐷∗, is determined by solving the wave energy
conservation equation

𝐾2
𝑅 +𝐾2

𝑇 +𝐷∗ = 1 (2)

The statistical parameters of incident wave height, 𝐻𝐼 , wave period,
𝑇 , and wavelength, 𝐿, were obtained from the temporal analysis of
the time series. For each regular test, wave breakers on breakwater
slope were identified by photographs and test recording; thus, surging,
weak/strong bore and weak/strong plunging breakers were identified.

4. Analysis of wave-structure interaction results

This section analyses the results of wave energy transformation
2 2 ∗
4

[𝐾𝑅, 𝐾𝑇 , 𝐷 ] for the homogeneous and permeable mound breakwaters
tested by the following steps: first, the hydraulic performance of the
permeable breakwater (rough slope) is compared with the numerical
results obtained in the IH-2VOF model (Lara et al., 2008a) of an imper-
meable breakwater (smooth slope) with the same slope and water depth
condition (see Appendix B for further details of the numerical tests);
then, the influence on wave energy transformation of the dimensionless
parameters representing the incident wave train, the porous media, and
the slope angle, is analysed.

4.1. Hydraulic performance of a permeable slope versus an impermeable
slope

Figs. 3a and 3b show the sample spaces [log(ℎ∕𝐿), log(𝐻𝐼∕𝐿)]
for the impermeable breakwater modelled numerically in IH-2VOF
by Díaz-Carrasco et al. (2020) and the homogeneous and permeable
HP-MB-1 model tested in this study, respectively. For both breakwaters
the water depth was constant, ℎ = 0.4 m, and the slope angle cot(𝛼) = 2.

ave breaker types are identified by colour-bands for the impermeable
lope and by colours for the permeable HP-MB-1 slope. The isolines of
onstant values of 𝜒 = (ℎ∕𝐿)(𝐻𝐼∕𝐿) are also marked. It is observed
hat in both sample spaces the density of the results is similar in the
ange 0.001 ≤ 𝜒 ≤ 0.0065. This region corresponds to wave heights and

wave periods normally tested both in laboratory and numerically. For
the permeable slope, whose wave conditions (𝐻 and 𝑇 ) comes from
the experimental technique detailed in Appendix A, this range 0.001 ≤

≤ 0.0065 encompasses the zones selected to cover the transitions
f wave breaker types (weak/strong bore and weak/strong plunging).
omparing both sample spaces it is observed that, for the same slope
ot(𝛼) = 2 and ℎ = 0.4 m, the breaker types for the homogeneous and
ermeable HP-MB-1 breakwater are shifted to lower values of 𝜒 with
espect to the impermeable one. For instance, the same breaker type,
trong plunging, occurs with lower values of wave steepness 𝐻𝐼∕𝐿

and relative depth ℎ∕𝐿 in the permeable slope case. The presence of a
porous media, in particular the flow within it, changes and determines
the phase lag between the incident and reflected wave trains and this
impacts on the wave breaker type. For the same relative water depth
and wave steepness, wave-breaking will tend to be more dissipative
breaker type on a permeable slope than on an impermeable slope.
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Fig. 3. Sample spaces [log(ℎ∕𝐿), log(𝐻𝐼∕𝐿)] for (a) an impermeable slope breakwater with slope cot(𝛼) = 2 modelled by Díaz-Carrasco et al. (2020), and (b) the homogeneous
and permeable slope HP-MB-1 tested in laboratory with slope cot(𝛼) = 2. Black line represents the isolines with constant values 𝜒 . Colours are used to identify the breaker types.
Fig. 4. Wave energy transformation against the product of the wave steepness and the relative water depth, 𝜒 = (ℎ∕𝐿)(𝐻𝐼∕𝐿): (a) reflected energy coefficient 𝐾2
𝑅, (b) bulk

wave dissipation 𝐷∗, and (c) transmitted energy coefficient 𝐾2
𝑇 . Circles-symbols are the experimental results of the homogeneous and permeable slope HP-MB-1 tested with slope

cot(𝛼) = 2 and 𝐵∗ = 2.165 m, and triangle-symbols are the numerical results of the impermeable slope cot(𝛼) = 2 modelled by Díaz-Carrasco et al. (2020). The breaker types of the
experimental results are identified by colours.
Fig. 4 represents the results of wave energy transformation coef-
ficients against the similarity parameter 𝜒 = (ℎ∕𝐿)(𝐻𝐼∕𝐿), for the
same data represented in Fig. 3: (circles) homogeneous and permeable
HP-MB-1 model with slope cot(𝛼) = 2, (triangles) impermeable slope
cot(𝛼) = 2 of Díaz-Carrasco et al. (2020). Despite having the same
slope angle, the results for the permeable slope are shifted to lower
values of 𝜒 . For the same value of 𝜒 , the permeable breakwater reflects
much less energy with more dissipated breaker types (Fig. 3) than
the impermeable structure. Fig. 4 also shows that for small variations
in 𝜒 , with 𝜒 > 10−3, different wave breaker types are observed in
laboratory, from weak bore to weak plunging with increasing 𝜒 , and
large variations in 𝐾2

𝑅, 𝐷∗ and 𝐾2
𝑇 occur. A remarkable feature in the

experimental results is the presence of a data set for the surging and
weak bore breaker types, leading to different 𝐾2

𝑅 values for the same 𝜒
value depending on the breaker type (e.g. 𝜒 = 0.001). Coincidentally,
the highest 𝐾2

𝑇 values occur in this data set (hereinafter referred to
as singularity). In the impermeable slope, for the same value of 𝜒 , for
5

example 𝜒 = 0.002, it is observed some dispersion in 𝐾2
𝑅 results but the

wave breaker types are ordered according to 𝜒 values as it is shown in
Fig. 3a. Specifically, in the interval 0.002 ≤ 𝜒 ≤ 0.0065, it is observed
weak bore, strong bore and strong plunging breaker types, which
generate a dispersion in wave energy transformation (Díaz-Carrasco
et al., 2020).

The comparison of permeable results to those of the impermeable
breakwater with the same slope angle highlighted significant changes in
the performance of the permeable breakwater. The different behaviour
of the permeable breakwater compared with the impermeable one
is due to the role that the porous media and its interaction with
the incident wave train (ℎ∕𝐿, 𝐻𝐼∕𝐿) has in the hydraulic perfor-
mance of the homogeneous and permeable structure. As pointed out
in Díaz-Carrasco et al. (2020), for a homogeneous and permeable
breakwater the wave energy transformation (𝐾2

𝑅, 𝐾2
𝑇 and 𝐷∗) and wave

breaker types also depend on the relative width, 𝐵∗∕𝐿, the relative core
diameter, 𝐷 ∕𝐿, and the grain Reynolds number, 𝑅 .
𝑛50,𝑝 𝑒𝑝
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Fig. 5. Analysis of the incident wave train characterised by: (a) the relative water depth, ℎ∕𝐿, and (b) the wave steepness, 𝐻𝐼∕𝐿. Figs (a.1) and (b.1) are the sample spaces
coloured by ranges of ℎ∕𝐿 and 𝐻𝐼∕𝐿, respectively. Figs. (a.2, a.3) and Figs. (b.2, b.3) represent the reflected energy coefficient, 𝐾2

𝑅, and transmitted energy coefficient, 𝐾2
𝑇 , against

𝜒 coloured by ranges of ℎ∕𝐿 and 𝐻𝐼∕𝐿, respectively. The experimental results are for the homogeneous and permeable HP-MB-1 model with slope cot(𝛼) = 2 and base width
𝐵∗ = 2.165 m.
4.2. Influence of dimensionless parameters on hydraulic performance

This section analyses the influence of the dimensionless parameters
presented in Eq. (1) for a homogeneous and permeable breakwater (𝛱1,
𝛱2 in Eq. (1)), which are not constant in the experimental tests, and the
slope angle, 𝛼. In the following the experimental results of dissipation,
𝐷∗, are not represented since its values follow a opposite trend to the
reflection coefficient (𝐾2

𝑅), because of the low values of transmission
coefficients (𝐾2

𝑇 < 0.06).

4.2.1. Incident wave train
Fig. 5 represents the influence of the incident wave train, ℎ∕𝐿 and

𝐻𝐼∕𝐿, on the experimental results for the homogeneous and permeable
HP-MB-1 model with slope cot(𝛼) = 2 and base width 𝐵∗ = 2.165
m. Figs. 5a.1 and 5b.1 locate the ranges of values of ℎ∕𝐿 and 𝐻𝐼∕𝐿
in the sample space and its relation with the regions of wave energy
transformation and breaker types. For the lower values of relative water
depth, ℎ∕𝐿 ≤ 0.07, the maximum reflection of the structure occurs
(Fig. 5a.2) and surging/weak bore breaker types are observed (see
Figs. 3b and 4). As ℎ∕𝐿 increases and for wave steepness 𝐻𝐼∕𝐿 > 0.01
(Fig. 5b), the wave breaker types progress from weak bore to weak
plunging, and the reflection of the breakwater decreases (see Figs. 5a.2
and 5b.2, respectively). For wave energy transmitted, small changes in
ℎ∕𝐿 do not result in large changes in 𝐾2

𝑇 .
For each range of wave steepness 𝐻𝐼∕𝐿 defined – 𝐻𝐼∕𝐿 ≤ 0.01,

0.01 < 𝐻𝐼∕𝐿 ≤ 0.02, 0.02 < 𝐻𝐼∕𝐿 – Fig. 5b.2 shows that the reflection
coefficient is larger (𝐾2

𝑅 > 0.3) or smaller (𝐾2
𝑅 < 0.1) depending on

whether ℎ∕𝐿 value is high or low, respectively (Fig. 5a.2). As 𝐻𝐼∕𝐿
increases, 𝐾2

𝑇 decreases (Fig. 5b.3) and breaker types progress from
surging to weak plunging (Figs. 3b and 4). For the experimental data
with 𝐻𝐼∕𝐿 ≤ 0.01, the transmitted coefficient takes the highest values
(maximum 𝐾2

𝑇 = 0.057) and the breaker types observed are surging
and weak bore. These values of 𝐻𝐼∕𝐿 ≤ 0.01 are in the singularity
mentioned in Fig. 4.

Fig. 5 shows that as 𝜒 increase, 𝐾2
𝑅 and 𝐾2

𝑇 decrease except at the
singularity mentioned above with values of 𝐻𝐼∕𝐿 ≤ 0.01. It seems
that the results of wave reflection and transmission depend more on
the relative water depth and on the wave steepness, respectively: 𝐾2

𝑅
decreases as ℎ∕𝐿 increases and 𝐾2 decreases as 𝐻 ∕𝐿 increases. Wave
6

𝑇 𝐼
breaker types are ordered according to increasing values of 𝜒 , from
surging to weak plunging. The breaker type conditions the amount
of reflected, dissipated and transmitted energy. For a constant water
depth, ℎ, as the wave period decreases and wave height increases, the
incident wave train becomes more unstable and tend to dissipate more
energy when it interacts with the structure. The more energy dissipated
(lower 𝐾2

𝑅), the lower flow through the porous media and therefore
lower values of 𝐾2

𝑇 .

4.2.2. Geometric configuration of the porous media
Fig. 6 represents the sample space and the experimental values of

𝐾2
𝑅 and 𝐾2

𝑇 against 𝜒 , coloured by ranges of 𝐵∗∕𝐿, for the two physical
models tested with different size of porous media: (circles) HP-MB-1
model with top width 𝐵𝑏 = 0.24 m and base width 𝐵∗ = 2.165 m,
(squares) HP-MB-3 model with top width 𝐵𝑏 = 0.10 m and base width
𝐵∗ = 2.025 m. For both models, the slope angle is cot(𝛼) = 2 and the
diameter of the porous media is 𝐷𝑛50,𝑝 = 30 mm. Fig. 6a locates the
ranges of values of 𝐵∗∕𝐿 in the sample space and its relation with the
regions of wave energy transformation and breaker types. Fig. 6 shows
that the range of values of 𝐵∗∕𝐿 are grouped in the same intervals of 𝜒
for both models with different porous media area. The reflected energy
of the breakwater, 𝐾2

𝑅, increases (𝐷∗ decreases) as 𝐵∗∕𝐿 decreases
(Fig. 6b). For large relative width, 𝐵∗∕𝐿 > 3∕4 or 𝐵𝑒𝑞∕𝐿 > 0.25
(being 𝐵𝑒𝑞 a characteristic width of the porous media (Kortenhaus and
Oumeraci, 1998)), the reflection coefficient achieves a minimum and
constant value. In this region and for the results with 𝐻𝐼∕𝐿 > 0.01
(Fig. 5), the wave energy dissipated, 𝐷∗, takes the highest values and
the breaker types observed are strong/weak plunging (Fig. 4). The
transmitted energy, 𝐾2

𝑇 , takes maximum and minimum values with the
lowest and highest range of 𝐵∗∕𝐿, respectively (Fig. 6c). The trend is
that 𝐾2

𝑇 decreases as 𝐵∗∕𝐿 increases although it is not as evident as in
𝐾2

𝑅 results. In intermediate 𝐵∗∕𝐿 ranges, 𝐾2
𝑇 results depends more on

the wave steepness and the wave breaker type.
Fig. 6 shows that the results of 𝐾2

𝑅 and 𝐾2
𝑇 for range of 𝐵∗∕𝐿 have

the same trend as for ℎ∕𝐿 ranges (Fig. 5a.2). The relative width of
the breakwater, 𝐵∗∕𝐿, marks the saturation regime of the structure in
laboratory, that is, when the breakwater cannot reflect and transmit
(throw the porous media) more energy, and it reaches a constant
minimum value of 𝐾2 . For the results with 𝐻 ∕𝐿 > 0.01, the saturation
𝑅 𝐼
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Fig. 6. Analysis of the porous media characterised by the relative base width 𝐵∗∕𝐿, whose ranges are identified by colours: (a) sample spaces with the isolines of 𝜒 constant marked
(black-lines); (b) and (c) the reflected energy coefficient, 𝐾2

𝑅, and transmitted energy coefficient, 𝐾2
𝑇 , against 𝜒 , respectively. The experimental results are for the homogeneous

and permeable models: (circles-symbols) HP-MB-1 model slope cot(𝛼) = 2 and base width 𝐵𝑏 = 0.24 m, (squares-symbols) HP-MB-3 model slope cot(𝛼) = 2 and base width 𝐵𝑏 = 0.10
m.
regime is achieved at 𝜒 ≈ 0.002 for range of 𝐵∗∕𝐿 > 1, with minimum
values of 𝐾2

𝑅 and 𝐾2
𝑇 . In the singularity mentioned with 𝐻𝐼∕𝐿 ≤ 0.01,

there are minimum values of 𝐾2
𝑅 with 3∕4 < 𝐵∗∕𝐿 < 1 but these values

do not correspond to a saturation regime since 𝐾2
𝑇 takes high values;

the origin of this singularity will be explained below.

4.2.3. Seaward slope angle
Fig. 7 shows the influence of the seaward slope angle, 𝛼, in the hy-

draulic performance of the structure. Wave breaker types are identified
by colours. The experimental results show that 𝐾2

𝑅 results are ordered
by the slope angle. In fact, there is a slight displacement along the 𝑥-axis
to higher values of 𝜒 for the experimental data with slope cot(𝛼) = 1.5.
This displacement is also reflected in the sample space shown in Fig. 7a.
For the same value of 𝜒 and breaker type, e.g. 𝜒 = 0.002 and weak bore
breaker, the slope cot(𝛼) = 1.5 tends to reflect more energy (dissipate
less) than the slope cot(𝛼) = 2 (Fig. 7b). In this case, the transmitted
energy for 𝜒 = 0.002 and weak bore breaker is practically the same for
both slope angles (Fig. 7c). Except for the singularity data mentioned,
Fig. 7 also shows that wave breaker types are ordered by values of 𝜒 ,
from weak bore to weak plunging as 𝜒 increases, for each slope angle
tested.

Although the differences between the two slopes angles are not
significant because the tested slopes are very close to each other, Fig. 7
shows that as the slope angle increases, the breakwater tends to reflect
more energy and dissipate less. The maximum reflection would occur
with a completely vertical wall. In the case of transmitted energy by
flow inside the porous media, both slopes have practically the same
values of 𝐾2

𝑇 for each value of 𝜒 and wave breaker type. Note that for
𝜒 > 0.002 corresponding also to 𝐵∗∕𝐿 > 1 (Fig. 6), both slope angles
reflect the same energy since both slopes achieve the saturation regime
in laboratory.

4.2.4. Flow regimes inside the porous media
Flow regimes inside the porous media for the three permeable

and homogeneous tested breakwaters are gathered in Fig. 8. The flow
regimes limits are established according to Burcharth and Andersen
(1995) by interval of grain Reynolds number, 𝑅𝑒,𝑝 = 𝑈𝐷𝑛50,𝑝∕𝜈. Fig. 8a
locates the ranges of values of 𝑅𝑒,𝑝 in the sample space and its relation
with the regions of wave energy transformation and breaker types.
Results show that laminar (𝑅𝑒,𝑝 < 150), transition (150 < 𝑅𝑒,𝑝 < 300),
and turbulent (𝑅 > 300) flow regimes are present inside the porous
7

𝑒,𝑝
media. It is observed that in the laminar regime, wave steepness is
𝐻𝐼∕𝐿 < 0.01 (Fig. 5b) and only surging breaker types are observed
(Fig. 4). In this regime, the 𝐾2

𝑅 decreases (dissipation increases) with
increasing 𝜒 (Fig. 8b), but the 𝐾2

𝑇 results are maximum in this interval
(Fig. 8c). For the transition regime, the values of 𝐾2

𝑅 are high or low
(conversely 𝐷∗) for the same 𝜒 value, 𝐾2

𝑇 decreases with increasing 𝜒 ,
and surging/weak bore breakers types are observed (Fig. 4) with values
of wave steepness, 𝐻𝐼∕𝐿 < 0.01 and 0.01 < 𝐻𝐼∕𝐿 < 0.02 (Fig. 5b).

Fig. 8 shows that the singularity data mentioned above are in
laminar and transition regimes, with high values of 𝐾2

𝑇 , surging and
weak bore breakers observed, and maximum and minimum 𝐾2

𝑅 values
for the same value of 𝜒 . In the turbulent regime, 𝐾2

𝑅 and 𝐾2
𝑇 decrease

with increasing 𝜒 , and the breaker types observed progress from weak
bore to weak plunging with increasing 𝜒 (Fig. 5b). Hence, it seems that
in the laminar and transition flow regimes the hydraulic performance of
the structure with 𝜒 changes with respect to the hydraulic performance
in the turbulent regime.

The flow regime inside the porous media depends also on the
relative diameter of the porous media, 𝐷𝑛50∕𝐿 (Pérez-Romero et al.,
2009). In this experimental tests, 𝐷𝑛50 is constant for the three physical
models. Although the effect of 𝐷𝑛50∕𝐿 cannot be analysed in this study,
it seems that a lower value of 𝐷𝑛50 would result in a less turbulent flow
inside the porous media and thus less wave energy dissipated (Vílchez
et al., 2016; Díaz-Carrasco, 2019).

5. Discussion regarding the experimental design technique

The project design of a coastal structure should address the verifica-
tion in laboratory of the hydraulic performance and the failure modes
that can affect the structure during its service life. These predictions
are influenced by many uncertainties, generally known as intrinsic
and epistemic uncertainty (Van Gelder, 2001). Epistemic uncertainty
is related to current knowledge regarding processes, models, observa-
tions and methods. Intrinsic uncertainty (or statistical uncertainty) is
aleatory and is derived from outcomes that cannot be predicted and are
treated as scholastic. This section discusses the epistemic uncertainty
associated to the experimental design technique and observations that
could have conditioned the results presented in Section 4.

Laboratory experiments for mound breakwaters in a wave flume
should be based on the following model-prototype similarities: (1) dy-
namic similarity of wave progression and energy transformation on the
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Fig. 7. Analysis of the slope angle 𝛼: (a) sample spaces with the isolines of 𝜒 constant marked (black-lines); (b) and (c) the reflected energy coefficient, 𝐾2
𝑅, and transmitted

energy coefficient, 𝐾2
𝑇 , against 𝜒 , respectively. The experimental results are for the homogeneous and permeable models: (circles) HP-MB-1 model slope cot(𝛼) = 2, (triangles)

HP-MB-2 model slope cot(𝛼) = 1.5. Wave breaker types are identified by colours.
Fig. 8. Analysis of flow regimes inside the porous media. Colours delimit the flow regimes according to intervals of grain Reynolds number, 𝑅𝑒,𝑝, established by Burcharth and
Andersen (1995): (a) sample spaces with the isolines of 𝜒 constant marked (black-lines); (b) and (c) the reflected energy coefficient, 𝐾2

𝑅, and transmitted energy coefficient, 𝐾2
𝑇 ,

against 𝜒 , respectively. The experimental results are for the three homogeneous and permeable models tested: (circles) HP-MB-1, (triangles) HP-MB-2, (squares) HP-MB-3.
slope; and (2) flow similarity by satisfying fully turbulent regimes in the
water column and inside the porous structure. In terms of laboratory
scale, Froude and Reynolds numbers cannot be kept simultaneously
similar to their prototype values, so Froude scaling is used and Reynolds
number is assumed to be high enough to consider a fully turbulent flow.
This assumption is generally correct for the main armour layer, but
it does not stand for filter layers and porous core. If the flow regime
inside the porous media (core and filter) in the model differs from
that inside the prototype, the hydraulic performance of the structure
will be modified, known as the scale effect (Scarcella et al., 2007;
Pérez-Romero et al., 2009).

In this study the dynamic similarity is satisfied using the sample
space, [log(ℎ∕𝐿), log(𝐻∕𝐿)] to design the wave conditions in laboratory
(see Fig. 2 and Appendix A). The sample space is based on the interplay
that the relative water depth, ℎ∕𝐿, and the wave steepness, 𝐻∕𝐿,
has on the hydraulic performance of the structure. The selected wave
8

conditions 𝐻 and 𝑇 (target) in the sample space also depends on
(i) the composition/geometry of the breakwater, (ii) the experimental
conditions (e.g. non-overtopping and/or non-breaking depth-limited
conditions), and (iii) the characteristic of the wave flume and its gener-
ation system. Figs. 3, 5a.1, 5b.1, 6a, 7a, 8a show the sample spaces with
colours according to the dimensionless variable analysed. By comparing
each sample space coloured by the dimensionless variable, it is possible
to analyse the interplay that the relative water depth, ℎ∕𝐿, and the
incident wave steepness, 𝐻𝐼∕𝐿, has on each point tested and its role in
the wave energy transformation and the breaker type on the structure.
Moreover, the sample space identifies the wave conditions tested in
laboratory that adequately represent the hydraulic performance of the
maritime structure in prototype.

For a homogeneous and permeable breakwater, laboratory tests are
more difficult to design and to interpret because of the role played
by the porous media in achieving the flow similarity between model
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and prototype. In this regard, the experimental results presented in
Section 4 has a singularity highlighted in Figs. 4, 5, 6, 7 and 8. This
singularity is characterised by low values of 𝐻𝐼∕𝐿, all ranges of ℎ∕𝐿,
𝐵∗∕𝐿 < 1, and laminar/transition flow regimes inside the porous media
(𝑅𝑒,𝑝 < 300). If the experimental tests of this singularity are scaled to
prototype, e.g. with a 1:30 scale, the grain Reynolds number for all
the experimental tests has a value of 𝑅𝑒𝑝,𝑝𝑟𝑜𝑡𝑜𝑡𝑦𝑝𝑒 > 2.5 ⋅ 103, which
represents a turbulent regime in prototype. Therefore, the origin of the
observed singularity in Section 4 is due to the difference in the flow
regime between model and prototype (scale effect), which implies that
the flow similarity is not fulfilled even though the dynamic similarity
is fulfilled. As shown in Figures of Section 4, this scale effect changes
the hydraulic performance of the structure with maximum values of
𝐾2

𝑇 , maximum and minimum values of 𝐾2
𝑅 and observed breaker types

mainly surging and few weak bore according to increasing values of
𝜒 . The experimental tests that suffer from scale effect do not represent
the hydraulic performance of the prototype breakwater and should not
be used as results to develop design formulas. By the contrary, when
the flow similarity is fulfilled, wave energy transformation (reflection,
transmission and dissipation) and wave breaker types are ordered and
identified according to values of 𝜒 , as it is observed in Figures of
Section 4 and also pointed out in Díaz-Carrasco et al. (2020). The
results in turbulent regime represent the performance of the breakwater
in prototype.

6. Conclusions

This study applied the methodology proposed by Díaz-Carrasco
et al. (2020) to estimate and analyse the wave energy transformation
on homogeneous and permeable mound breakwaters. The methodology
is based on a dimensional analysis that includes the main variables
of wave train, porous media and slope geometry that influence the
hydraulic performance of mound breakwaters. For that, physical ex-
perimentation was performed in a 2D wave flume for a conventional
homogeneous and permeable mound breakwater with two characteris-
tic base widths, 𝐵∗, two seaward slope angles, 𝛼, and a constant core
diameter, 𝐷𝑛50,𝑝. Wave conditions in laboratory were selected following
a new experimental technique based on the interplay that the relative
water depth and the wave steepness has on the hydraulic performance
of the structure, and it is called the sample space [log(ℎ∕𝐿) vertical-axis,
log(𝐻∕𝐿) horizontal-axis] (Díaz-Carrasco et al., 2020). The following
onclusions can derived from this study:

1. The analysis of the influence that each variable of the dimen-
sional analysis has on wave energy transformation shows that
there is a relationship between the reflected 𝐾2

𝑅, transmitted
𝐾2

𝑇 and dissipated 𝐷∗ energy, and the product of the relative
water depth, ℎ∕𝐿, and the incident wave steepness at the toe
of the slope, 𝐻𝐼∕𝐿. This result reinforces the findings of Díaz-
Carrasco et al. (2020), which states that the dynamic similarity
parameter, 𝜒 = (ℎ∕𝐿)(𝐻𝐼∕𝐿), identifies the regions of wave
energy transformation and the wave breaker types.

2. A comparison of the permeable and homogeneous results ob-
tained in laboratory to those of the impermeable breakwater
tested numerically with the same slope angle highlighted signif-
icant changes in the performance of the permeable breakwater.
The reflected energy decreased throughout the laboratory tests,
in other words, in all the wave energy transformation and ob-
served wave breaker types. The results of the permeable slope
shifted towards lower values of 𝜒 , and the variation of 𝐾2

𝑅, 𝐾2
𝑇 ,

𝐷∗ and wave breaker types depend on both 𝜒 and the porous
media represented by 𝐵∗∕𝐿, 𝐷𝑛50,𝑝∕𝐿 and 𝑅𝑒,𝑝.

3. The analysis of the incident wave train shows that the wave
energy reflected mainly decreases (dissipation increases) as ℎ∕𝐿
increases and the wave energy transmitted mainly decreases as
𝐻 ∕𝐿 increases.
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𝐼

4. The analysis of the porous media shows that for both tested
breakwaters with different porous media area, the wave energy
transformation and wave breaker types are grouped in the same
intervals of 𝜒 for the same ranges of 𝐵∗∕𝐿. The wave energy
reflected decreases as 𝐵∗∕𝐿 increases and the transmitted en-
ergy takes maximum and minimum values with the lowest and
highest range of 𝐵∗∕𝐿. The saturation regime in laboratory is
achieved for 𝐵∗∕𝐿 > 1.

5. The slope, 𝛼, is a dimensionless parameter that characterises the
structure and orders the results. As the slope angle increases,
the wave energy reflected increases too and dissipated energy
decreases. The transmitted energy for both tested slope angles is
practically the same.

6. The wave conditions selected for the three permeable and ho-
mogeneous breakwaters together with the characteristics of their
porous media result in the occurrence of the three flow regimes
inside the porous media, i.e: laminar regime (𝑅𝑒𝑝 < 150), tran-
sition regime (150 < 𝑅𝑒𝑝 < 300) and turbulent regime (𝑅𝑒𝑝 >
300). In the laminar and transition flow regimes the hydraulic
performance of the structure with 𝜒 changes with respect to the
hydraulic performance in the turbulent regime.

7. The experimental results shows that there is a singularity char-
acterised by lower values of 𝐻𝐼∕𝐿, all ranges of ℎ∕𝐿, 𝐵∗∕𝐿 < 1,
and with laminar and transition flow regimes inside the porous
media (𝑅𝑒,𝑝 < 300). In this singularity, the transmitted energy
is maximum and the reflected energy takes maximum and min-
imum values with observed surging and weak bore breakers.
The different hydraulic performance of the breakwater in the
singularity is due to the scale effects produced in laboratory.
The results in turbulent regime represent the performance of the
breakwater in prototype.

The analysis of wave energy transformation and breaker types
for each dimensionless variable collected in the dimensional analysis
allows identifying the behaviour of each test performed in laboratory.
The application of the sample space [log(ℎ∕𝐿), log(𝐻∕𝐿)] to get the
functional relationship between ℎ, 𝐻 and 𝑇 for designing wave con-
ditions in laboratory (the new experimental technique) optimises the
number of experiments and provides the information needed to (i)
identify tests that meet the design criteria between model-prototype
and wave generation requirements, and (ii) characterise the regions
of wave energy transformation and breaker types for intervals of 𝜒 =
(ℎ∕𝐿)(𝐻𝐼∕𝐿) and the breakwater performance with porous media and
the slope angle. Hence, the methodology proposed by Díaz-Carrasco
et al. (2020) based on dimensional analysis and the derived new
experimental technique, is a useful and simple method, which not
only improves the analysis of wave energy transformation and breaker
types on mound breakwaters, but also allows obtaining experimental
results that characterise the hydraulic performance of the breakwater
in prototype. The latter will help to develop future formulas and to
improve the current ones by controlling the experimental technique and
the methods in laboratory.

The application of the new experimental technique and the analysis
of the results of this study are conduced from experimental tests that
cover some ranges of the parameters that influence the hydraulic
performance of the structure. However, this study has some limita-
tions, such as, the analysis of some dimensionless variables, different
breakwater typologies and the applicability of the new experimental
technique on overtopping and/or damage studies. More experimental
tests with wider range of variation, such as the slope angle 𝛼, or
including other parameters, such as the relative core diameter 𝐷𝑝,50∕𝐿,
should be tested as a future work. Moreover, this study was based on
laboratory tests under non-overtopping, non-damage and non-breaking
by depth-limited conditions, which would have changed the wave
energy transformation in its interaction with the structure. It is there-
fore essential to extend and study the application of this experimental
technique to other maritime studies and experimental requirements.
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Table 3
Wave conditions tested for the homogeneous and permeable mound breakwaters with slope cot(𝛼) = 2 (HP-MB-1 and HP-MB-3 models).
Side Wave conditions [(ℎ∕𝐿)(𝐻∕𝐿)] Pattern Breaker types

A→B 𝑇 = 3.0 s, 𝐻 = 0.0458 m [0.0005–0.0022] T decreases Surging → Strong bore
𝑇 = 2.5 s, 𝐻 = 0.121 m H increases

B→C 𝑇 = 2.5 s, 𝐻 = 0.121 m [0.0022–0.0055] T decreases Strong bore → Weak plunging
𝑇 = 1.02 s, 𝐻 = 0.0313 m H decreases

C→D 𝑇 = 1.02 s, 𝐻 = 0.0313 m [0.0019–0.0055] T increases Weak plunging → Strong plunging
𝑇 = 1.25 s, 𝐻 = 0.0205 m H decreases

D→A 𝑇 = 1.25 s, 𝐻 = 0.0205 m [0.0005–0.0019] T increases Strong plunging → Surging
𝑇 = 3.0 s, 𝐻 = 0.0458 m H increases

A→C
diagonal

𝑇 = 3.0 s, 𝐻 = 0.0450 m [0.0005–0.0055] T decreases Surging → Weak plunging
𝑇 = 1.02 s, 𝐻 = 0.0313 m H decreases

Transition
region

𝑇 = 1.75 s, 𝐻 = 0.10 m [0.0014–0.0040] T increases Weak bore → Strong plunging
𝑇 = 2.5 s, 𝐻 = 0.08 m H decreases
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ppendix A. Application of the new experimental technique

Appendix A describes the application of the sample space (Fig. 2)
o obtain the wave conditions for the mound breakwaters tested in this
tudy. The design methodology is explained for each slope angle tested
n laboratory; that is: (A.1) the sample space for cot(𝛼) = 2; (A.2) the
ample space for cot(𝛼) = 1.5.

.1. Wave conditions for the physical models with slope cot(𝛼) = 2

From the experimental tests performed by Díaz-Carrasco et al.
2020), they concluded that the sample space, [log(ℎ∕𝐿), log(𝐻∕𝐿)],
ould be a suitable experimental design in laboratory, which: (i)
ptimises the number of experiments, (ii) verifies the design criteria
etween model-prototype, and (iii) quantifies the regions of wave
nergy transformation and the wave breaker types. Then, the sample
pace elaborated by Díaz-Carrasco et al. (2020), obtained from their
ests, was used to design the sample spaces and to select the wave
onditions of the experimental tests of this work. Fig. 9 shows the
ample space for the physical model tested in Díaz-Carrasco et al.
2020): (RMB) a permeable mound breakwater with a double-layer of
ube armour, a porous core (constant 𝐵∗ and 𝐷50,𝑝), and a seaward
lope angle cot(𝛼) = 2. Based on the sample space shown in Fig. 9, the
ave conditions for the physical model with cot(𝛼) = 2 were selected

ollowing the flow-chart of Fig. 2 with the following requirements:
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• To ensure wave generation in Stokes I regime, the space
[log(ℎ∕𝐿), log(𝐻∕𝐿)] was reduced (black solid lines) with respect
to the space of the RMB — permeable mound breakwater with
main armour layer (blue dash lines):

– Side A–B represents the limit between cnoidal and Stokes I
regimes.

– Side B–C represents the limit between Stokes II and Stokes
I regimes.

• Wave conditions of point A and C mark the limit values of the
dissipated region and the reflected region, respectively, assumed
for this mound breakwater type and geometry.

• Wave conditions of point B limit the wave height for
non-overtopping conditions (𝐻 < 0.14 m) and Stokes I regime.
This maximum wave height also ensures non-damage conditions.

• Wave conditions of point D mark the technical limitations of
paddle generation: 𝐻 > 0.02 m and 𝑇 > 1 s.

• Wave conditions selected in the transition region (Fig. 9b) to
cover the wave breaker types: strong plunging, strong bore and
weak bore.

Table 3 includes in detail the wave conditions of Table 2 for the
hysical models HP-MB-1 and HP-MB-3, both with slope angle cot(𝛼) =
. The pattern to increase or decrease 𝑇 and 𝐻 and the tendency of
he breaker types are indicated to follow each side of the sample space
black lines). The number of tests were (3 × 38) for the model HP-MB-1
nd (3 × 19) for the model HP-MB-3.

It should be noted that points A and C, which mark the region
f maximum reflected wave energy and maximum dissipated wave
nergy, respectively, are assumed values according to the breakwater
ype and by known values from studies or real maritime works found in
he literature. It is recommended to verify these values with (1) energy
alculation formulas (e.g. Zanuttigh and Van der Meer (2008), Díaz-
arrasco et al. (2019a)) or (2) some more experimental tests to verify
hese limits.

.2. Wave conditions for the physical model with slope cot(𝛼) = 1.5

As mentioned in Section 2, the slope angle is considered as a
lotting parameter of the results. The latter means that relationship
etween ℎ∕𝐿 and 𝐻∕𝐿 is ordered by the slope angle of the breakwater.
herefore, regular wave conditions for the HP-MB-2 model with slope
ot(𝛼) = 1.5 were programmed keeping constant the wave period, 𝑇 , of
he slope cot(𝛼) = 2 and varying the wave height as,
ℎ
𝐿

]

1.5
=
[ ℎ
𝐿

]

2

𝐻1.5 =
𝐻2

(

1∕1.5
)2
𝐿 𝐿 1∕2
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Fig. 9. Sample space [log(ℎ∕𝐿), log(𝐻∕𝐿)] for the homogeneous and permeable mound breakwaters with slope cot(𝛼) = 2 (HP-MB-1 and HP-MB-3). (a) Black solid lines A-B-C-D,
regular wave conditions chosen to cover reflected, dissipated and transition regions; (b) black solid arrows, regular wave conditions chosen in the transition region with breaker
types strong plunging, strong bore and weak bore. Note that, colours of 𝐵∗∕𝐿 range values and the breaker types are from the experimental results of the permeable mound
breakwater with main armour (RMB) tested by Díaz-Carrasco et al. (2020).
Table 4
Regular wave conditions tested for the homogeneous permeable mound breakwater with slope cot(𝛼) = 1.5 (HP-MB-2). (**) wave
conditions imposing the same sample space of the slope cot(𝛼) = 2.
Side Wave conditions [(ℎ∕𝐿)(𝐻∕𝐿)] Pattern Breaker types

A→B 𝑇 = 3 s, 𝐻 = 0.081 m [0.0007–0.0022] T decreases Weak bore → Strong bore
𝑇 = 2.5 s, 𝐻 = 0.121 m H increases

B→C 𝑇 = 2.5 s, 𝐻 = 0.121 m [0.0022–0.0097] T decreases Strong bore → Weak plunging
𝑇 = 1.02 s, 𝐻 = 0.0556 m H decreases

C→D 𝑇 = 1.02 s, 𝐻 = 0.0556 m [0.0034–0.0097] T increases Weak plunging → Strong plunging
𝑇 = 1.25 s, 𝐻 = 0.0364 m H decreases

D→A 𝑇 = 1.25 s, 𝐻 = 0.0364 m [0.0007–0.0034] T increases Strong plunging → Strong bore
𝑇 = 3 s, 𝐻 = 0.081 m H increases

Transition
region

𝑇 = 2.14 s, 𝐻 = 0.12 m [0.0014–0.0030] T increases Strong bore → Strong plunging
𝑇 = 2.5 s, 𝐻 = 0.08 m H decreases
11
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Fig. 10. Sample space [log(ℎ∕𝐿), log(𝐻∕𝐿)] for the homogeneous and permeable mound breakwaters with slope cot(𝛼) = 1.5 (HP-MB-2). Black solid lines A-B-C-D, wave conditions
chosen to cover reflected, dissipated and transition regions. Black solid arrows, wave conditions chosen in the transition region with breaker types strong plunging, strong bore
and weak bore.
Fig. 11. Numerical domain in IH-2VOF model: (a) mesh grid, (b) wave gauges position.
Table 4 gathers conditions [𝐻 , 𝑇 ] selected from the sample space
showed in Fig. 10. More wave conditions in the transition region were
also selected to cover the breaker types strong plunging, strong bore
and weak bore.

Appendix B. Numerical tests using the IH-2VOF model

Model description

The IH-2VOF numerical model (Lara et al., 2008b) was used in Díaz-
Carrasco et al. (2020) to model the interaction between waves and
an impermeable slope breakwater under non-overtopping conditions.
IH-2VOF solves the two-dimensional Reynolds Averaged Navier–Stokes
(RANS) equations outside the porous media using the 𝑘 − 𝜖 turbulent
model to calculate the kinetic energy (𝑘) and the turbulent dissipation
rate (𝜖). The free-surface is tracked by the Volume of Fluid (VOF)
12
method (Hirt and Nichols, 1981). The flow through the porous media
is solved by the Volume-Averaged Reynolds Averaged Navier–Stokes
(VARANS) equations. The final form of these equations are (more
details in Hsu et al. (2002)):
𝜕𝑢𝑖
𝜕𝑥𝑖

(3)

1 + 𝑐𝐴
𝑛𝑝

+
𝑢𝑗
𝑛2𝑝

𝜕𝑢𝑖
𝜕𝑥𝑗

= − 1
𝜌𝑤

𝜕𝑝
𝜕𝑥𝑖

+ 𝜈
𝑛𝑝

𝜕2𝑢𝑖
𝜕𝑥𝑖𝜕𝑥𝑗

− 𝐼 − 𝐹𝑔𝑖 (4)

where 𝑡 denotes time; 𝑢 is the Reynolds-averaged velocity; 𝑝 is the
pressure; 𝑛𝑝 is the core porosity; 𝜈 is the kinematic viscosity; and 𝑖,
𝑗 =1, 2 where 1 and 2 denote the horizontal and vertical directions,
respectively. The 𝑋 represents the time-averaged volume-averaged of
the variable 𝑋. 𝐹𝑔𝑖 represents the body forces, namely gravity; and 𝐼
is the hydraulic gradient, which represents the flow resistance forces
inside the porous media by the extended Forchheimer equation. The
mass added term appears on the left side of the equation, which
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Fig. 12. Free surface, 𝜂, measured at 2 m from paddle generation (wave gauge GA) with target wave conditions: 𝐻 = 0.1059 m and 𝑇 = 2.5 s.
affects the acceleration term, where 𝑐𝐴 = 𝛾𝑝(1 − 𝑛𝑝)∕𝑛𝑝 is the added
mass coefficient. The value of 𝛾𝑝 = 0.34 is generally considered to be
constant (Van Gent, 1995).

Since the breakwater tested with the numerical model was imperme-
able, parameters related with the porous media and the flow resistance
forces inside the porous media were not taken into account (𝑛𝑝 = 0).
The reader can find in Vílchez (2016)’thesis an example of calibration
of the coefficients involved in the flow inside and outside the porous
media for five breakwater typologies.

Numerical setup

A 2D domain of the wave flume described in Fig. 1 was reproduced
in the IH-2VOF model. The numerical domain was slightly shorter in
the 𝑥-direction (15.6 m long) than the wave flume as the dissipation
ramp was substituted by an active absorption condition to reduce the
number of cells. A uniform mesh on the 𝑦-direction was used with a grid
cell size of 0.5 cm. The 𝑥-direction was divided in 2 subzones as defined
in Fig. 11: (1) the 10.4 m-long outer region corresponding to the wave
generation zone with a cell size of 2 cm, (2) the region corresponding
to the breakwater (wave-structure interaction), where higher accuracy
is needed, with a cell size of 1 cm. The total number of cells in the
numerical domain was 1017 (𝑥-direction) 𝑥 201 (𝑦-direction). A mesh
sensitivity analysis was performed to assess the computational cost and
the accuracy of the results. Fig. 12 shows the free surface, 𝜂, of wave
gauge positioned 2 m from the paddle (GA in Fig. 11), for a numerical
test characterised by regular wave conditions in paddle: (target) 𝐻
= 0.1059 m and 𝑇 = 2.5 s. It is observed that with the mesh size
described, the wave measured by GA has the same wave period 𝑇 =
2.5 s and practically the same wave height 𝐻 = 0.107 m as the wave
conditions imposed to the paddle.

The numerical model was an impermeable slope, cot(𝛼) = 2, over a
impermeable caisson. The wave interaction took place only over the im-
permeable slope. The active wave absorption condition was considered
at the generation boundary and at the end of the domain to reproduce
the same conditions as in the laboratory. Numerical wave gauges GA
and GB measured the free surface away from the structure and were
positioned to study the mesh sensitivity. The reflected wave energy,
(𝐾2

𝑅) were obtained by applying power spectral analysis with the data
measured by gauges G1, G2 and G3. The transmission coefficient (𝐾2

𝑇 )
was computed with the data measured with gauge G5, and for the
impermeable and non-overtoppable slope 𝐾5

𝑇 = 0. Gauge G4, located
at the toe of the structure (x = 0), provided the total wave height at
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the toe of the breakwater (due to the interaction of the incident and
reflected wave trains). The time step was 𝛥𝑡 = 0.05 s.

Regular waves were simulated by setting 𝑇 = [1, 3] and varying 𝐻 to
cover the Iribarren domain, 𝐼𝑟 = [2.3, 3.0, 3.5, 4, 4.8, 5], with a constant
water depth h = 0.4 m (the same as in the physical tests). The minimum
number of Iribarren tested was limited by the maximum wave height
in non-overtopping conditions. Each test was simulated three time with
100 waves.
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