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ABSTRACT

Coastal communities increasingly rely on rubble-mound breakwaters to shield critical infrastructure
from the growing threats posed by climate change. With rising sea levels and the intensification of storm
events, these structures are increasingly subjected to unprecedented challenges, particularly within their
armour layers, where wave-induced forces can provoke displacement, rotation, and structural damage
to individual units. Understanding these intricate interactions is vital for ensuring the resilience of
breakwaters against future environmental pressures. This thesis combines innovative numerical
modelling and experimental techniques to address these challenges, paving the way for more robust and
adaptive coastal defence systems.

The research refines the Smoothed Particle Hydrodynamics (SPH) method using the DualSPHysics
framework, a powerful tool for simulating complex wave-structure interactions. Laboratory experiments
with Antifer blocks under controlled wave conditions provided detailed datasets for model validation,
while the development and deployment of SmartAntifer blocks — a novel instrumented armour unit —
enabled precise tracking of displacements and forces within the armour layer. These innovative
approaches bridge critical gaps in understanding the hydraulic instability of rubble-mound breakwaters.

Results demonstrate that DualSPHysics effectively captures wave overtopping, run-up, and block
displacements, offering valuable insights into the interplay between hydrodynamic forces and
breakwater stability. Laboratory tests confirmed the potential of SmartAntifer blocks to deliver detailed
and reliable movement data, though technical challenges and calibration errors highlighted areas for
further refinement. While numerical simulations aligned well with experimental observations,
discrepancies in block displacements underscored the need for improved boundary conditions and
refined experimental setups.

This research advances the state of coastal engineering by improving numerical tools, experimental
methods, and design frameworks for rubble-mound breakwaters. The integration of SmartAntifer blocks
with SPH modelling provides a comprehensive approach to studying breakwater stability, offering
scalable and cost-effective alternatives to traditional methods. These findings contribute to designing
more robust and climate-resilient coastal defences, aligning with global sustainability goals. Future
recommendations include refining SmartAntifer technology, improving and standardized experimental
protocols, and addressing the challenges posed by climate change in breakwater design, simulating more
realistic scenarios.






REsSumo

As comunidades costeiras dependem cada vez mais dos quebra-mares de taludes para proteger
infraestruturas criticas face aos desafios crescentes impostos pelas alteragdes climaticas. Com o aumento
do nivel do mar e a intensificag¢do das tempestades, estas estruturas enfrentam pressdes sem precedentes,
particularmente nas suas camadas de protecdo, onde as forgas geradas pelas ondas podem causar
deslocamentos, rotacoes e danos estruturais nas unidades individuais do manto resistente. A
compreensdo destas interagdes complexas ¢ fundamental para garantir a resiliéncia dos quebra-mares
perante futuras condi¢des ambientais adversas.

Esta tese combina técnicas inovadoras de modelacdo numérica ¢ ensaios laboratoriais para enfrentar
estes desafios, contribuindo para o desenvolvimento de sistemas de defesa costeira mais robustos e
adaptaveis.

A investigagdo realizada valida e aperfeicoa o modelo “Smoothed Particles Hydrodynamics” (SPH)
através do solver DualSPHysics, uma ferramenta avangada para simular interacdes complexas entre
ondas e estruturas. Ensaios laboratoriais com blocos Antifer, realizados sob condigdes controladas,
forneceram dados essenciais para a validagdo do modelo. Paralelamente, o desenvolvimento ¢ a
aplicagdo de uma nova unidade de protecdo instrumentada — os blocos SmartAntifer — permitiram
registar com precisdo os deslocamentos e as for¢as no manto resistente. Estas abordagens inovadoras
preencheram lacunas criticas no conhecimento sobre a instabilidade hidraulica dos quebra-mares de
talude.

Os resultados demonstram que o DualSPHysics ¢ capaz de simular com precisdo fenomenos fisicos
como o galgamento, o “run-up” e o deslocamento dos blocos, oferecendo uma visdo detalhada da
interagdo entre as forgas hidrodinamicas e a estabilidade dos quebra-mares. Os ensaios laboratoriais
confirmaram o potencial dos blocos SmartAntifer para recolher dados detalhados e fidveis sobre o
movimento das unidades do manto resistente, embora se tenham identificado desafios técnicos e erros
de calibragdo que apontam para oportunidades de melhoria. Apesar da boa correspondéncia entre os
resultados numéricos e os experimentais, foram detetadas discrepancias nos deslocamentos dos blocos,
que evidenciam a necessidade de otimizar as condi¢des de fronteira e de refinar os procedimentos
experimentais.

Este trabalho representa um avango significativo na engenharia costeira, ao contribuir para o
aperfeicoamento das ferramentas numéricas, dos métodos experimentais ¢ das abordagens de projeto
aplicadas aos quebra-mares de talude. A integracdo dos blocos SmartAntifer com a modelagao numérica
proporciona uma abordagem abrangente ao estudo da estabilidade dos quebra-mares, oferecendo
alternativas escalaveis e economicamente viaveis aos métodos tradicionais. Os resultados obtidos
contribuem para o desenvolvimento de defesas costeiras mais robustas e resilientes a impactos das
alteracdes climaticas, em alinhamento com os objetivos globais de sustentabilidade. Recomendagdes
futuras incluem o aperfeigoamento da tecnologia SmartAntifer, a normaliza¢do de protocolos
experimentais ¢ a inclusdo de cenarios climaticos realistas no dimensionamento de quebra-mares, de
forma a garantir uma infraestrutura costeira eficaz e sustentavel.
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1

INTRODUCTION

1.1 BACKGROUND AND MOTIVATION

Rubble-mound breakwaters are a cornerstone of coastal defence, protecting harbours and ports by
dissipating wave energy and providing sheltered areas for maritime activities. However, these structures
are increasingly threatened by the impacts of climate change, such as rising sea levels, intensifying
storms, and shifting wave patterns. Many existing breakwaters, particularly older designs, were not
conceived to withstand such dynamic, harsh and unpredictable conditions. Simultaneously, the growing
emphasis on sustainability have prompted interest in transforming breakwaters into multi-functional
infrastructures, capable of both dissipating wave energy and supporting renewable energy systems.
Achieving such versatility demands innovative approaches to design and performance evaluation, as
traditional methods fall short of addressing these complexities.

Historically, rubble-mound breakwaters have evolved to address progressively more complex marine
environments. These structures typically feature a trapezoidal cross-section with a rubble stone core,
porous layers, and an external armour layer composed of natural stones or specially designed concrete
units. The armour layer is pivotal to the structure’s stability, promoting wave dissipation and
interlocking forces between the units that resist the dynamic forces of the ocean. Yet, despite their robust
design, traditional methodologies often focus on overall hydraulic stability, overlooking the intricate
interactions within the armour layer. Displacements, rotations, and collisions of individual units under
wave action can significantly affect structural integrity and longevity, but these processes remain poorly
understood.

This limited understanding of the forces and dynamics at the level of individual armour units poses a
significant barrier to innovation. Empirical approaches, while providing broad insights into hydraulic
performance, fail to capture the intricate phenomena influencing unit displacement, rotation, and
breakage. At the same time, physical modelling, although invaluable, is constrained by challenges in
instrumentation, data collection, and the ability to observe fine-scale dynamics. Numerical models, such
as Smoothed Particle Hydrodynamics (SPH), offer a promising alternative for simulating wave-structure
interactions with greater precision. Among these, the DualSPHysics model stands out for its efficiency
in handling highly non-linear problems and complex boundaries, thanks to parallel processing and GPU
computing. Despite these advancements, the model still requires rigorous validation and further
development to ensure its reliability in real-world scenarios.

Addressing these challenges is essential to enhancing the resilience and multifunctionality of rubble-
mound breakwaters in response to evolving environmental pressures. By advancing our understanding
of the intricate dynamics between wave action and individual armour units, this research seeks to close
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critical knowledge gaps. Through the integration of high-resolution experimental data and cutting-edge
numerical modelling, this study paves the way for designing coastal defences that are not only more
robust and adaptable but also capable of contributing to sustainable and innovative applications in
modern coastal engineering.

1.2 RESEARCH OBJECTIVES AND NOVELTY

This thesis aims to address these challenges by adopting a comprehensive approach that integrates high-
resolution physical modelling and advanced numerical modelling to improve the understanding of the
complex interactions between wave action and individual armour units in rubble-mound breakwaters.
The specific objectives of this research are as follows:

(1) Investigate the dynamic behaviour of armour units: examine displacements, rotations, and
collisions under wave action, which are critical to the stability of rubble-mound breakwaters.
This includes identifying the forces driving these movements and their effects on structural
integrity, pinpointing specific locations within breakwaters, such as the toe berm and trunk, that
are most vulnerable to damage;

(ii)) Enhance the Smoothed Particle Hydrodynamics (SPH) method: refine the application of
DualSPHysics for coastal engineering, focusing on improving simulation accuracy for non-
linear wave-structure interactions;

(iii) Validate numerical models with high-resolution experimental data: compare DualSPHysics
simulation results against high-resolution experimental data to ensure the reliability of the
model for real-world applications and enhance its predictive capabilities in coastal defence
design;

(iv) Developing innovative instrumentation: design and test novel instrumented concrete armour
units, known as SmartAntifer blocks, equipped with wireless sensors to capture unit-level
dynamics, offering valuable insights into their behaviour;

(v) Revising design frameworks: evaluate existing empirical formulas used for breakwater design
and propose improvements based on experimental and numerical findings.

The novelty of this research lies in its combined use of state-of-the-art experimental techniques and
numerical tools, alongside the development of the SmartAntifer blocks. These innovations address
longstanding challenges in monitoring and understanding individual armour unit dynamics, enabling
more accurate predictions of damage and failure.

1.3 RELEVANCE OF THE STUDY

This research contributes to coastal engineering by advancing knowledge, improving design practices,
and addressing climate adaptation needs:

(i) Advancing knowledge:
e Provides insights into armour unit dynamics, addressing gaps in wave-structure
interaction understanding;

o Establishes a framework for future studies combining physical and numerical
modelling.
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(i) Improving design practices:

e Refines numerical tools like DualSPHysics, offering engineers reliable alternatives to
traditional design methods, reducing the need for costly physical tests;

e Introduces SmartAntifer blocks offering detailed data for more accurate predictions and
improved design reliability.

(iii) Adapting to climate change:
e Supports the design of breakwaters capable of withstanding harsher weather conditions;

e Aligns with global sustainability goals by facilitating the integration of breakwaters into
renewable energy systems.

The expected outcome of this research is not just a more robust DualSPHysics model but also the
creation of a new dataset that could reshape how wave-induced damage in rubble-mound breakwaters
is understood and predicted, ultimately leading to more sustainable, cost-effective breakwater designs.

1.4 THESIS OUTLINE

This thesis is organized into five chapters, each building upon the previous to provide a comprehensive
exploration of the challenges, methodologies, and outcomes of applying SPH and advanced physical
modelling instrumentation to rubble-mound breakwater studies. The research was conducted at the
Hydraulics, Water Resources and Environment Division (SHRHA) of the Department of Civil and
Georesources Engineering (DECG) of the Faculty of Engineering of the University of Porto (FEUP).

Chapter 1 corresponds to the present chapter, which contains an introduction to the study, providing
background information on the topic under investigation, research objectives, novelty of the research,
showing its relevance to the state-of-the art knowledge, and structure of the contents.

Chapter 2 presents a thorough literature review, examining the historical and contemporary approaches
to rubble-mound breakwater design. It delves into the evolution of hydraulic stability assessments,
damage progression models, and the limitations of traditional empirical formulas. The chapter also
explores recent advancements in physical modelling techniques to test rubble-mound structures and
high-resolution and high-accuracy measuring equipment for assessment of the damage, including
instrumented concrete armour units.

Chapter 3 delves into the theoretical foundations and applications of Smoothed Particle Hydrodynamics
(SPH) in coastal engineering, with a focus on its implementation through the DualSPHysics framework.
It explores the advantages and limitations of SPH as a Lagrangian meshless method, emphasizing its
suitability for simulating complex wave-structure interactions. The chapter also provides an overview
of the DualSPHysics code, including its architecture and recent advancements, and critically evaluates
prior verification and validation studies, highlighting the framework's strengths and areas for further
development.

Following this, chapter 4 describes the methodologies employed in this research, encompassing both
physical and numerical modelling. It introduces the development and testing of the SmartAntifer blocks,
detailing their instrumentation, calibration, and deployment in experimental setups. This chapter also
outlines the implementation of the DualSPHysics model, emphasising its integration with experimental
data for validation purposes. The complementary roles of these approaches are underscored, showcasing
how they provide insights into both macro- and micro-scale dynamics.
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Chapter 5 presents the results and integrates the findings from experimental and numerical components,
providing a critical analysis of their implications for wave-induced forces and breakwater performance.
Special attention is given to the validation of the DualSPHysics model and the novel insights gained
from the SmartAntifer data, which inform design improvements and identify structural vulnerabilities.
The chapter concludes by summarizing the key contributions of the study and reflecting on its impact
on the field of coastal engineering. It also addresses the limitations encountered during the research and
suggests directions for future work, aimed at enhancing the resilience and functionality of rubble-mound
breakwaters in the face of evolving challenges.
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2

DESIGN AND MONITORING OF
RUBBLE-MOUND BREAKWATERS

2.1 INTRODUCTION

Breakwaters are built to create protected zones from ocean waves, such as harbours and ports, where
maritime shipping plays a crucial role in the world economy. They work as obstacles to the natural
propagation of waves that may cause run-up and overtopping, leading to potential damage and flooding
of the area behind the structures. These structures create sheltered spaces for the berthing and mooring
of ships, where the loading and unloading of goods and people can safely take place. Rubble-mound
breakwaters are a commonly employed solution worldwide due to their effectiveness in dissipating wave
energy and their advantages in terms of ease of maintenance and construction (Akarsh and Chaudhary,
2022).

In the next 20-100 years, these structures will experience increased stress due to sea-level rise and global
climate change, which will modify the magnitude and frequency of storms to an uncertain degree
(Rogers et al., 2015). Simultaneously, continuous technological and commercial evolution will occur in
the maritime ports, ocean resources exploitation will continue to increase, and coastal population will
keep growing. The port authorities and social communities, increasingly conscious of the problems
related to the protection of the seaside, are requiring reliable solutions. So, coastal structures, like
breakwaters, need to be adapted to these new scenarios of coastal vulnerability (Rogers et al., 2015).
This adaptation requires the development of existing and new coastal infrastructures, paying attention
to the constructive solutions adopted and the design's methodologies chosen.

At the same time, it is required a fully comprehensive and more complete hydrodynamic analysis of the
ocean environment and its interaction with ocean structures and facilities (Luo et al., 2021). For instance,
the wave—structure interaction is a complex phenomenon, and the laws of physics and fluid dynamics
only help to understand a limited number of these coastal engineering phenomena. Since breakwaters
are subject to high magnitude actions with a stochastic nature, the design process is rather complex,
making unfeasible to achieve analytical expressions for the calculation of actions and reactions. Hence,
stability formulae and the initial design of breakwaters have traditionally relied on empirical and semi-
empirical methods. These approaches rely on simplified theoretical principles derived from physical
models and the designer's expertise. It is crucial to recognize that these formulas are applicable only
under specific conditions, which limit both the availability of input data and their accuracy, thereby
introducing another source of uncertainty. In practice, a sound engineering approach is required, based
on practical experience, and supported by powerful tools such as physical and numerical models, to
increase the comprehension of many phenomena and to come up with sustainable solutions.
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Sometimes, the physical modelling of coastal phenomena proves to be a challenging task, not affordable
for researchers and engineers. Thus, many recent efforts to provide expeditious reliable results have
been focused on a proper numerical modelling of the interaction between sea waves and maritime
structures (Altomare et al., 2014; Luo et al., 2021). With the rapid development of computational
techniques and hardware, novel sophisticated tools are being actively under development to replace
or/and improve the existent numerical models. One of the most flexible numerical techniques is the
Smoothed Particle Hydrodynamics (SPH).

2.2 RUBBLE-MOUND BREAKWATERS WITH CONCRETE ARMOUR UNITS’ DESIGN

Breakwaters have been used throughout history for harbour protection by changing the natural and
physical system. These structures are built to reduce wave action in an area on their lee side, which may
be a harbour (CEM, 2006; Eden, 2019). Its design is a complex process involving several design cycles
limited by technical, economic, environmental, and other constraint categories. The outcome of a
successful integrated design will have to achieve an adequate balance between all the requirements. For
example, according to CEM (2006), the breakwater's layout used to protect a harbour is determined by
the size and shape of the protected area. The prevailing directions of storm waves and currents, littoral
drift, and the manoeuvrability of the vessels using the harbour also contribute to the breakwater's layout.

Rubble-mound breakwaters have a simple trapezoidal cross-section and are commonly used (Akarsh
and Chaudhary, 2022). They are built mainly of rock and generally have an outer layer of armour stone
or artificial concrete armour units called armour layer, which protects the structure against wave attack
(see Fig.1). The water percolation between the armour units produces highly turbulent flow patterns that
dissipate part of the incident wave energy. Armour stones and concrete armour units in this outer layer
are usually placed strategically to obtain effective interlocking and, consequently, better stability (Eden,
2019).

Fig.1 — Examples of rubble-mound breakwaters: the west breakwater of the port of Sines (left) and the north
breakwater of the port of Leixdes (right) (Freitas, 2013; Gomes et al., 2013).

The partial or total loss of breakwaters functionality, compromised due to several occurrences, is defined
as damage. Regarding rubble-mound breakwaters, the concept of damage usually relates to the hydraulic
instability of the armour layer. Breakwaters initially function as static systems, but once wave energy
exceeds the threshold required for movement initiation of the armour layer units, wave forces can induce
various movements within the armour layer, including rocking, displacements, settlements, and other
mechanisms, leading to the evolution of the breakwater shape and a subsequent geometric
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reconfiguration. The damage progression can reach the underlayer, and then result in core material
exposure, leading to the complete failure of the structure.

So, the term damage commonly refers to the geometrical evolution of a breakwater section, occasionally
leading to the breakage of armour units. However, one should address the damage concept from a much
more multidimensional perspective, since not every rubble-mound breakwater design follows similar
functional requirements and not every structure presents the same fragility. There is a relatively wide
variety of breakwater typologies, and each type of armour unit demonstrates a singular behaviour against
wave actions. So, damage has a qualitative character associated with the level of functionality and a
quantitative character related to armour units’ movement measurement. Usually, empirical design
methods based on numerous scaled experimental tests and analyses of past breakwater failures are used
for movement initiation and damage progression quantification. But, given the stochastic nature of the
variables involved in the process of hydraulic instability of the armour layer, it is convenient to use
probabilistic and risk-based approaches. Moreover, the current design processes lack the quantification
of unit forces, movements and collisions of units, concrete fatigue and hydrodynamic pressures (Campos
et al., 2020a; Campos et al., 2020b; Eden, 2019).

Therefore, the present subsection will focus on a brief description of the design process of rubble-mound
breakwaters with concrete armour units (2.2.1) and in the definition, parameterization, measurement,
and modelling of artificial armour units damage (2.2.2).

2.2.1 FUNCTIONAL AND STRUCTURAL DESIGN

The breakwaters’ design is a complex process involving several design cycles with an increasing level
of detail. Fig.2 (CIRIA et al., 2007) illustrates a logic diagram for the design process, from the project
definition stage to the abandoning/removal stage.
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Fig.2 — Breakwaters design process and integrated approach (CIRIA et al., 2007).
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In coastal engineering, there is no one-size-fits-all solution for breakwater structural design. Instead,
numerous alternatives exist to address the specific constraints of each project. The selection of the
appropriate design choice, leading to a sustainable long-term solution, relies on a comprehensive
understanding of the project's constraints. These constraints are typically provided by the client/operator
and planning or regulatory authorities. The coastal engineer, as part of an interdisciplinary team, carries
the responsibility of analysing this information, comparing the available solutions, and making a final
decision based on the knowledge accumulated throughout the process. The design engineer faces five
key constraints, which encompass the following considerations (CIRIA et al., 2007; Dhanak and Xiros,
2016):

I. Technical,

II. Economic (the initial, maintenance, operation, and eventual removal or replacement costs);
III. Environmental;

IV. Social, political, and institutional;

V. Aesthetics.

The technical considerations are related to both design and construction. In the stage of geometrical
design, this includes a selection of an appropriate design approach and tools. It is the key to understand
the structure’s behaviour and the function of its various components. The development of the general
layout and purpose of the structure aims at optimum geometry. This optimization lays on:

o functional requirements (the structure’ purpose; the use of the facility and the extent of protection
required; layout of the facility; acceptable downtime; design life of the facility; acceptable risk
during the structure lifetime; level of maintenance and ease of operations or availability of
material; changes in acceptable probability of failure over time; adaptability; in-service health
and safety requirements);

e technical data (material properties; accuracy design information, parameters, and analytical
methods; structure specific design methods and approaches; nature of failure and failure modes);

e physical conditions (geotechnical, topographic, bathymetric, morphologic, geomorphological,
and hydraulic boundary conditions);

e materials and construction aspects;

e maintenance, inspection, repair, and upgrading aspects.

The functional design of a breakwater consists of combining technical factors with economic,
environmental, and other constraints, to determine the plan form layout (length and implementation)
and the crest elevation. In effect, the geometric design requirements are often imposed by functional
requirements, being then translated to geometric boundary conditions. This process involves
calculations of (CIRIA et al., 2007; Dhanak and Xiros, 2016):

e wave run-up and wave overtopping to define the structure profile and crest elevation;

e wave transmission to confirm the crest elevation, and

e wave reflection to help determine the scour potential (and, occasionally, the effect on navigation
or reflection performance).

The structural design corresponds to the designing of various structure components (such as armour
layer, toe berm, crest, etc.) to provide a detailed technical specification that will enable the construction
with a specific strength/loading ratio. According to Zeidler et al. (1992), "this ratio is the ultimate
criterion that follows from the functional requirements of maintaining a prescribed state of the structure
under the expected loading conditions". In other words, structural design focus on the overall stability
of the structure (sliding of the armour layer, overturning, etc.) and its components (toe failure, mass
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displacement of blocks from the armour layer through rolling movements) and on the strength of
structural constituents. This stability bases on a concept of tolerable damage or movement of the main
armour layer’s blocks (BSI, 1991). According to The Rock Manual (CIRIA et al., 2007), the typical
structural design of a rubble-mound breakwater, exposed to waves, currents, and tidal water levels,
should include the following:

o The definition of the geometry of the structure's profile (slope, shape, etc.);

e Armour layer stability, which includes the definition of the type, weight, thickness, and number
of blocks per unit area, to establish required material sizes and placement method for slope, toe,
and crest;

e Filter criteria calculations to design underlayers and core (dimensions and thickness). Usually,
these elements are empirically related to the main armour layer;

o Slope stability and foundation stability, which includes the definition of elevation and width of
the toe berm;

e Rear slope integrity, which includes the definition of elevation and width of crest/superstructure.

2.2.1.1 Armour layer with artificial armour units

The armour layer is a crucial component in a rubble-mound breakwater’s ability to resist wave attacks.
Its importance lies in preventing damage that could impact other components of the breakwater,
including the collapse of the crest structure, erosion of underlayers, and core material. Additionally, the
armour layer has a significant impact on wave reflection, run-up, and overtopping, which directly impact
the integrity of the toe, underlayers, and crest details (BSI, 1991). The relevant parameters for ensuring
the structural stability of the armour layer using concrete armour units can be categorized into four
groups, outlined below:

(i) Wave attack (stability number, wave height, etc.);
(i1) Characterisation of armour units (size, weight, density, and shape).

The armour units can either consist of natural rock units, or artificial units, such as concrete armour units
(De Smet, 2016; Prashanth, 2013). The choice of unit type depends mainly on the site availability of
sufficient quality, size, and quantity of armour stone to fit specified geometric characteristics and
density. Using natural rocks is often the most cost-effective and visually appealing design option for
lower weights (lower than 120-150 kN). Furthermore, the advantage of using natural rocks is that it
eliminates the requirement for skilled and meticulous placement, resulting in time savings during
construction (CEM, 2006; De Smet, 2016; Prashanth, 2013). However, the most decisive stability factor
when considering rocks is their self-weight. Some more severe hydraulic boundary conditions, such as
more energetic design wave conditions, increase the necessity of larger dimensions and heavier stones.
Depending on the quarries nearby, the required size and weight may not be available (De Smet, 2016;
Prashanth, 2013). In that case, concrete armour units with various shapes and sizes can substitute rock
units.

The artificial armour units proved to be more advantageous than natural armour units in several
applications. They can be manufactured in-situ as per the requirement, namely with the desired shape,
size, and weight. When compared to natural armour units, artificial units present improved hydraulic
and structural stability, achieved by their self-weight or/and by their interlocking capability (Prashanth,
2013).
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Rocks will be the first choice for armouring in most cases because of economic and aesthetical reasons.
However, more severe design conditions or when armour stone is unavailable in insufficient size,
quantity, and quality, require artificial units.

The most important parameters which relate to the artificial armour units are the nominal diameter (D,,),
the armour unit mass (M), the apparent mass density (pgpp), and the shape characterized by the shape

coefficient (k). The shapes and geometry of concrete armour units vary widely; thus, different hydraulic
and structural behaviours can be expected for each type. They can be divided into four categories
according to their structural strength, which is controlled mainly by the shape of the element:

Massive or blocky (e.g., cubes, parallelepiped block, Antifer cube): like the natural rocks, these
units acquire stability mostly due to their weight. When made of good quality concrete and
designed for marginal displacements, these units will not present breakage problems or damages
during handling. No structural integrity design diagrams exist for massive concrete armour units.
Slender (e.g., Tetrapod, Dolos): the stability of these units is also acquired by the interlocking
effects between adjacent units. They are the most vulnerable units to cracking and breaking
because of the limited cross-sectional areas. Using design diagrams for concrete armour units’
structural integrity can help avoid damage.

Bulky (e.g., Accropode, Core-loc, Haro, Seabee): the design of these units combines the
advantages of both massive and slender elements.

Multi-hole cubes (e.g., Shed, Cob): these units present slender structural members with tiny cross-
sections. They will experience little solid impact loads when correctly placed in patterns that
exclude significant relative movements of the blocks. The limiting factors for their long-term
durability are material deterioration and fatigue due to wave loads (CEM, 2006).

A descriptive classification for concrete armour units can also be based on CIRIA et al. (2007), Table

1:

Placement pattern (orientation):

= Random: there is neither control on the unit position nor its orientation. Truly random placing
is hard to achieve. Although it is usually specified a predetermined layout for units’ placement,
this is also difficult to achieve except under favourable conditions of good underwater
visibility and calm seas. The result is usually a semi-random pattern.

= Uniform: the units placed at a given position with control on the orientation. Examples of this
type are the Cob, the Shed, and the Seabee. These units' stability depends upon the placing
pattern, the support provided by the toe and crest, and the preparation of the underlayer. The
units are placed in a single layer to form a continuous revetment. In the literature published, it
is possible to find information about the specific use of each unit (BSI, 1991).

Layer characteristics, such as the number of layers:

= Double layer or,

= Single layer

Shape:

= Simple (e.g., cubes, Antifer cubes, etc.) or,

= Complex (e.g., Tetrapods, Stabits, Dolos, etc.).

Stability factor:

= Own weight,

» Interlocking, and

= Friction.

10
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Table 1 — Classification of some armour units by placement, layer characteristics, shape and stability factor
(CIRIA et al., 2007).

Placement # » ;
Shape | Stability factor Armour units
pattern layers
Antifer Cube Modified cube
O . Cube France, 1973 USA,1959
wn weight @ ﬁ:@ £
i il
Simple 0 iaht Tetrapod AkKr[non Tripod
Doubl V‘(’jn weig France, 1950 NL, 1962 NL, 1962
ouble an - £ <
interlockin /mj & '—{ ﬂ_f_l\‘
g \'"H’ > ‘.)‘_‘/‘
Dolos
Random South Africa, 1963
Stabit @
. UK, 1961
Complex | Interlocking Accropode Core-loc Xbloc
France, 1980 USA, 1996 NL,_2003
Cube Antifer Cube
Own weight Haro
and friction Belom, 1984
Single | Simple &%
Y
Seabee
Uniform Australia, 1978
Friction
Tribar
Complex USA, 1958
o

(iii) Characterization of armour layer cross-section (thickness, slope angle, porosity, permeability,
and packing density)

The parameters associated to the cross-section of the breakwater can be divided into two categories
related to:

e The geometry of the cross-section

Thickness of the armour layer, t, [m]: typically, to provide adequate protection for the inner layers, both
concrete and stone armour units are randomly placed with a minimum thickness of two stones or two
armour units, respectively. For artificial armour units, the armour layer thickness is given by the
following formula:

ty = nk.D, = nk.D = nk kD (1)

where D is the characteristic armour unit length [m], D,, is the nominal armour unit diameter [m], k; is
the layer coefficient [-], which value for artificial units is given by the developer, k. corresponds to the
modified layer coefficient [-], and k; is the shape coefficient [-].

11
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Slope angle, a [°]: on the seaside, the design slope angle adopted should ideally be as steep as possible
to minimize the breakwater volume. However, it also depends on hydraulic and geotechnical stability
considerations. For artificial armour units, the slope angle can be as steep as 1:1.33. Massive and bulky
double-layer units are placed at slopes of 1:2.5 to 1:1.5. High interlocking single—layer units are placed
at slopes of 1:1.5 to 1:1.33. In this case, milder slopes are also acceptable. However, in high interlocking
units, using smaller steep slopes, there is no reduction in the unit mass required for stability. Tolerances
can vary depending on the unit but should remain in the range of D/5, where D represents the
characteristic armour unit length. The lee—side slope is generally as steep as possible but rarely steeper
than 1:1.33.

e The construction induced condition of the cross-section:

Porosity of the armour layer: Layer porosity corresponds to the ratio between the void volume and the
layer volume. It has drastic effects on energy dissipation, hydraulic and structural performance (CIRIA
et al.,2007). In general, the more complex or hollow the geometry, the higher the armour layer porosity.
Increased porosity leads to more inter-unit pore-space available for turbulent energy dissipation and
usually to rougher breakwater surfaces. However, this effect has an upper limit when the armour layer
porosity reaches a point where units are not within sufficient proximity of each other. It leads to the
formation of gaps, exposing and possibly compromising the underlayer or/and core. The armour layer
porosity tends to decrease with the packing density increase (Eden, 2019). In the concrete armour layer
case, the layer porosity of the concrete, n,, (%), can be estimated with the following equation:

Vair 100 [1 (N DZ)] 100 [1 (N (M)Z/S)] 100 2
n, =——m:-+ = —_ . = —_ J— .
Y Veotal nik, " nke \p, @

where V,;,- corresponds to the volume of air [m?], V¢4, is the total layer volume [m?], N is the packing
density [1/m?], D,, is the nominal diameter of the armour unit [m], n; corresponds to the number of layers
of armour units [-], k; is the armour layer coefficient [-], M is the mass of concrete armour unit [kg],
and p, corresponds to the mass density of concrete armour unit [kg/m?].

Permeability of the armour layer, filter layer and core: Breakwater permeability governs the ability to
transmit energy to the structure (Eden, 2019). Permeable breakwaters tend to absorb more wave energy,
reducing wave reflection and leading to lower forces acting on the units. So, an armour layer resting on
a permeable underlayer tends to be more stable, while blocks resting on an impermeable base are less
stable. The breakwater permeability depends on the gradation of the underlayer and core material. Its
value can be given, for example, by a notional permeability factor, P,, which represents the global
permeability of the structure. Another simple approach to account for the influence of the permeability
on the stability of rock-armoured slopes under a wave or current attack uses the ratio of diameters of the
core material and armour material (CIRIA et al., 2007). Equations (3) and (4) are two good general
references of sizing guidelines, which promote permeability whereas blocking the escape of underlayer
and core material (Eden, 2019).

1 1
EWa < Wunderlayer < EWa (3)

and
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1

1
30 Wa < VVCore < %Wa (4)

where W, corresponds to the armour unit weight [N], Wyngeriayer to the underlayer material weight
[N], and W, to the core material weight [N].

Packing density of armour layer: It is a parameter directly related to the placement pattern of the armour
layer’s blocks. For many units, published literature gives guidance on the total number required per unit
area of the slope (BSI, 1991). When there is no information available, the packing density, N [1/m?],
can be estimated by the following equation:

N_Na_ta(l_nv)_ ¢ _nkt(l_nv)
TAT T v Tp2T T Dz )

where N, represents the number of armour units in the area concerned [-], A the surface area of the
armour layer parallel to the local slope [m?], t, the armour layer thickness [m], V the armour unit volume
[m?], and ¢ the packing density coefficient, which is defined as the number of placed units per square
nominal diameter. It is necessary to compare this with the maximum packing density that can be
achieved geometrically, as well as the minimum density required to ensure hydraulic stability.

(iv) To the response of the structure (damage and damage evolution)

Due to varying functional requirements, breakwaters exhibit varying levels of fragility, with single-
layered breakwaters sustaining different damage than multi-layered structures. Additionally, the
response of each type of armour unit to wave action is distinct. The complex, non-linear flow over the
slope, combined with the random placement and variable shape of armour units, necessitates a
probabilistic framework for the initiation and progression of damage (Campos et al., 2020a).The
subsequent section outlines the diverse approaches to armour layer design and damage description.

2.2.2 HYDRAULIC STABILITY AND DAMAGE OF CONCRETE ARMOUR UNITS

Rubble-mound breakwaters are subject to external effects of the environmental in the shape of forces
and pressures, labelled shortly as loading. The response of the system to this loading denominates as
strength, stability, or deformation. It is presented in the form of linear and angular displacements (Zeidler
et al., 1992). Elementary functional relationships linking the strength to loading used to describe the
acceptable (limit state) deformations and displacements are often known as the stability criteria.
Therefore, loading and strength functions can be derived from the stability function. The strength (R)
and load (S) effects are often functions of several stochastic variables:

R =R(Xy, X, o, Xm) (6)

S = S(Xm+1'Xm+2' ...,Tl) (7)
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The strength variables depend on material properties and the geometry of the structure. The loading
variables of breakwaters are mainly originated from the environmental boundary conditions (wind,
waves, currents) (Zeidler et al., 1992). To verify that the structure meets the design requirements, one
must assess the reliability of all the different components of the breakwater. The reliability of an element
depends on the margin between the resistance and the action (Everts, 2016). The reliability function (Z)
expresses that margin, and its value describes the state of the component:

Z=R—-S=7Z(X0, Xz, Xm) ®)

Therefore, if Z < 0, it indicates failure, if Z = 0, it represents the limit state, and if Z > 0, it means no
failure.

Once the different states are known, the reliability can be quantified and expressed as the probability of
proper function, i.e., the probability P(Z > 0):

P(Z=z0)=1-P (9)

where the probability of failure, Py, is defined as follows:

Pr=P(Z<0)=P(S>R) (10)

So, rubble-mound breakwaters behave as a static granular system until wave energy is higher than the
one needed for the initiation of movement.

The functionality of the breakwaters can be compromised due to several occurrences, resulting in partial
or total loss of its functionality, which is referred to as damage. The definition and parameterization of
damage will be discussed in the following subsections.

Breakwaters can experience different types of damage that ultimately lead to their failure. Among these
failures, hydraulic instability of the armour units is typically the most critical. When subjected to wave
action, the armour units begin to move, exhibiting various movements such as rocking, displacement by
plunging waves, sliding of the entire armour layer, lift outs caused by up rushes and down rushes, or
settlement due to compaction. Damage to the armour layer can also have secondary effects on other
parts of the breakwater, such as the collapse of the crest structure, erosion of underlayers, and exposure
of core materials. Furthermore, the condition of the armour layer influences wave reflection, run-up, and
overtopping, which directly impact the stability of the toe, underlayers, and crest details of the
breakwater (Campos et al., 2020a; Disco, 2012; Eden, 2019). Therefore, it is crucial to quantify the
damage for both qualitative and quantitative analyses of rubble-mound breakwater stability.

There are two main approaches to limit the probability of failure due to instability of the armour layer:

e deterministic - single characteristic values are used for all the variables and input values, giving
a single value as the output;

e probabilistic - input values are described by a probability distribution, resulting in a probability
distribution.
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The choice between probabilistic or deterministic approach affects the design data required. The main
difference is that probabilistic methods need additional statistical information on the input data. The
following levels are also defined depending on the approach to reliability:

e Level 0 — Deterministic;

e Level I — Semi-probabilistic;

e Level II — Probabilistic with approximations;
e Level III — Fully probabilistic;

e Level IV — Risk-based.

Hydraulic instability of armour layers has been studied, over the years, using these different approaches.
Given the process complexity of the hydraulic instability of the armour layer, derived from the stochastic
nature of both wave loading, initiation of movement, and damage progression, it is not suitable to go for
a deterministic approach to the problem. In other words, the highly non-linear flow action over the slope
involving wave breaking in single stones or blocks with variable shapes and random placement, and the
blocks’ reaction, is not reachable by analytical expressions. So, regarding the stability formulae used to
characterize the initiation of movement of the armour layer, it is generally semi- or empirical, associated
with experimental results that establish the relationships between wave characteristics and the structural
response, usually described by armour movements, and ideally improved and validated with prototype
observations (Disco, 2012; Eden, 2019). Regarding damage progression models designed to predict the
evolution of rubble-mound geometry, probabilistic models based on physical/numerical studies and risk-
based design are essential. However, it has been noticed a lack of standards for damage progression
experiments since these models started to be explored much more recently. Besides, there are not many
experimental results focused on the stochastic nature of damage progression.

Both stability and damage progression of rubble-mound breakwaters due to armour layer instability will
be addressed in the following subsections, including the concept of damage itself and how it is measured.

2.2.2.1 Damage definition

The term damage in rubble-mound breakwaters is quite used to refer to the reshaping degree of the
armour layer, being, consequently, linked to the failure mode known as hydraulic instability of the
armour layer. This concept demands monitoring the spatial and temporal evolution of the geometrical
variations of the slope. The port authority usually associates the damage definition with the economic
repercussions caused by the loss of functionality of the breakwaters. It includes the structure reparation
costs and the effects on the activities and goods depending on the sheltering performance of the structure.
From the designer's point of view, damage depends on aspects such as typology, design, armour type,
or functional requirements. At an early stage of the process, the designer needs to characterize the
interaction with other failure modes, i.e., develop failure diagrams considering settlements, overtopping
rates, and variation of armour layer porosity, among others. Then, it is good practice to create a set of
functional requirements for the structure, such as acceptable damage levels/probability of failure.
Different damage levels distinctively affect the structure functionality - operational thresholds - and the
evolution of the deterioration rate - structural thresholds (Campos et al., 2020b; Pilarczyk, 2003).
Considering double-layer armours, Losada et al. (1986) and Vidal et al. (1991) proposed four levels of
damage:

o Initiation of damage: displacement of a certain number of armour units from their original position
at a distance of/or larger than a unit length, or/and holes larger than average porous size are
appreciable;
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e [ribarren’s damage: the holes are big enough to expose the units from the lower armour layer,
becoming the units susceptible to being extracted;

o Initiation of destruction: a small number of units (two or three) in the lower layer are pulled out,
and the filter starts to be exposed to wave action;

e Destruction: the filter is exposed to wave action, causing its units to be easily extracted. The
mound is likely to eventually cease to give the designed level of service.

2.2.2.2 Damage parameterization

The damage quantification is essential for the qualitative and quantitative analysis of the structure
stability. There is no single formula for calculating the extent of damage, in part due to the wide variety
of typologies and designs. So, to quantify the hydraulic instability of the armour layer, it is necessary to
parameterize the reshaping of the rubble-mound section using damage descriptors. The definition of
these descriptors involves a concise description of the methodology for measuring and selecting its
representative parameters (Campos ef al., 2020b; Disco, 2012). A consistent damage descriptor should:
be directly proportional to breakwater damage; dimensionless to show no dependence on the scale;
present a known range of variation, independently of the rubble-mound's characteristics, water level, or
type of wave actions; and be easily interpretable to provide explicit information about the qualitative
damage level (Abanades ef al., 2011). It is noteworthy that it is only possible to link the descriptor to
the qualitative response or damage level if one has previously specified the structure response up to the
destruction level (Campos et al., 2020D).

Advancements in measurement techniques have enabled a shift from a simplified approach based on
qualitative damage levels to a detailed characterization of the entire deterioration process of a structure,
up to the point of failure. By modelling this progression as a random variable and monitoring prototypes,
breakwater design can be made more reliable. The conceptualization and selection of a damage
descriptor is affected by the available measuring techniques.

Damage initiation and progression is a 3D process, even for breakwaters tested in a wave flume (Campos
et al., 2020b). Besides, the spatial component and shape of damage are crucial to the comprehension of
the hydraulic instability of armour units. Nevertheless, the available descriptors focused mainly on
measuring an averaged magnitude on a 2D profile. Even damage descriptors based on a front view of
the slope are averaged over a longitudinal width, losing information such as the planar shape of the
eroded area or the number of eroded pockets (Campos et al., 2020b). Up to date, the most used damage
descriptors are:

Parameters that are based on the number of displaced blocks:

e Percentage of displaced rocks/blocks relative to the total number of rock/blocks in the
armour layer active zone, N;

It is based on counting the number of individual units that have been displaced:

_ # blocks displaced out of armour layer

_ x 100 ("
d # blockSgctive zone

The extent of damage in terms of displaced units is typically expressed as the relative displacement.
This is defined as the proportion of displaced units relative to either the total number of units or the
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number of units within a specific zone around the still water level (SWL). Limiting the assessment of
damage to a particular zone is necessary to facilitate the comparison of different structures. This is
because evaluating damage without this restriction would result in different totals for each structure,
making comparisons challenging. Since most of armour unit movements occur within the levels around
still water level (SWL), the number of units within this zone is sometimes used as the reference number.
So, the active zone is usually defined as the area between two levels, e.g., SWL + H,, where Hg
corresponds to the significant wave height, or SWL + nD,,, where + nD,, indicates the boundaries of
armour displacements (CEM, 2006).

e Number of displaced units within a strip of width D,,, N4

It is also based on unit counting and is expressed such as:

_ # blocks displaced out of armour layer (1 2)
od width of tested section/D,,

The disadvantage of N, is the dependence of the slope length. It also depends on how the descriptor is
considered: individually for each strip, averaged, or considering just the maximum value.

Parameters that are based on the erosion hole dimensions:

The parameters presented below are based on the dimensions of the erosion hole as depicted in Fig. 3.

d, — eroded depth [m]

d. — remaining thickness of the
armour layer [m]

A, — eroded area [m?]

1, - eroded length [m]

Fig. 3 — Erosion hole dimensions.

e Dimensionless eroded area (Broderick and Ahrens, 1982), S

It is based on determining the volumetric change in areas where armour units have been displaced (CEM,
2006; CIRIA et al., 2007). The descriptor is expressed as the average cross-sectional erosion area
divided by the square of the nominal diameter, D,so:

5=t (13)
DnSO
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The real number of eroded units depends on the porosity, armour grading, and stone shape. It also
depends on the width considered and how to average the eroded area. There are two primary issues that
hinder the interpretability of S results: first, this descriptor is not capable of characterizing the spatial
shape of the damage because it represents a mean eroded area on a whole profile. Second, there is no
standard methodology for measuring and calculating S.

e Dimensionless eroded area accounting for number of displaced units (Davies et al., 1994),
Sy

Davies et al. (1994) proposed a re-formulation of the descriptor S, using visual methods. Combining the
equation (13) with the volume eroded from a section of width X, which can be expressed both in terms
of the average eroded area or in terms of the number of displaced armour stones, Sy is obtained as
follows, with n being the porosity:

_ Ve _ NaDyso _ NqDyso (14)
X-Diso X Dise(1—-mn) X(1-n)

Sn

This descriptor depends on the porosity, which is not easy to measure, nor even homogeneous. Besides
the diameter of the stones is also a variable. Moreover, it is assumed that the layer thickness is equal to
the nominal diameter, which is not always the case, as it depends on the shape of the units and the
placement method. The S descriptor shortcomings are extensible to this descriptor.

¢ Dimensionless eroded area based on planar exposed area (Vidal et al., 2004), S,

Vidal et al. (2004) suggested a damage descriptor based on counting the number of pixels of the planar

exposed area, Ay, between two consecutive layers, which is calculated according to the following

equation:

S, = % (15)
X+ Dpso

where § is the correcting factor that depends on the armour characteristics and the angle of the camera
regarding the slope’s structure (in case it is not orthogonal). This descriptor is only suitable when
damage is limited to the outer layer and when there is enough colour contrast between the layers.

e Dimensionless eroded depth (Melby and Kobayashi, 1998b), E

This descriptor, which provides information about the biggest eroded depth, is calculated from the
maximum eroded depth:

g e (16)
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It indicates that the progress towards failure is usually assumed to occur when the underlying layer
becomes exposed. One of the main shortcomings of this descriptor is its magnitude which can differ
accordingly to the way it is calculated, e.g., as a maximum value of a whole section, as a maximum
value from an averaged profile or as a mean value from the maximum depths on each profile.

Hofland ef al. (2014) proposed the local damage depth, which is different from the erosion depth of
Melby and Kobayashi (1998). E is calculated from a moving average applied to the cross-shore direction
in 2D cases and over a circular area in 3D cases:

max, ({€)w=mp,,) (17)

DnSO

EZD,m -

maxy,y ((e)R=nDn50)w=mDn50

E3D,‘m,n = D5 (18)
n50

where e is the (always positive) local erosion depth during a test (series), obtained from survey
techniques by regarding the difference of the structure elevation before (Zperore) and after (Zgfrer) a
test run or test series, via e = (Zpefore — Zafter) COS @, Where a is the structure slope angle; ()g
indicates an (moving) average over a circular area with radius R; m and » are integers; maxx is a
maximum over the (cross-shore) x-direction; max y is a maximum over an area spanning the alongshore
and cross-shore horizontal area and D,,5q is the nominal diameter of the armour rock for which 50% of
the rock mass is smaller (Hofland ef al., 2017).

¢ Dimensionless eroded length (Melby and Kobayashi, 1998b), L,

This descriptor, which provides information about the worst eroded length, is related to the extension of
the damage area:

(19)

When combined with E and S, it is a valuable descriptor, offering information about the shape of the
holes.

e Dimensionless cover depth (Davies et al., 1994), C

This parameter considers the remaining thickness of the armour layer:

de

C =
DnSO

(20)

It is not considered, by many authors, a reasonable damage parameter for practical design applications.
Even for C = 0, the breakwater preserves significant resistance.
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e Equivalent dimensionless damage accounting for porosity variation (Gémez-Martin and
Medina, 2007), D,

In most damage descriptors, porosity is assumed to be constant instead of being considered an
evolutionary parameter. It is important to acknowledge that fluctuations in armour units' packing density
may result in the compromise of the structure's intended functionality. So, Goémez-Martin and Medina
(2007) suggested a virtual net method for visual damage assessment, combined with a damage descriptor
which considers both heterogeneous packing failure mode and the extraction of armour units. This
methodology proved to be adequate for regular armour units. First, a virtual array is created over the
armour layer and the porosity is evaluated on each strip with dimensions a = nD,;50 and b = 0.75 m:

_ NaDzso

b (21)

pi=1

Then, individual dimensionless damage, D;, is calculated for each strip considering the initial porosity
in the strip, pg, the actual porosity in the strip, p;, and an integer, d, which represents the number of
nominal diameters contained within a strip width:

Dizd(l— 1_p") (22)

At last, these values are integrated over the slope and the dimensionless damage, D,, is obtained as
follows:

De= YD, (23)

2.2.2.3 Damage models: stability formulae and progression models

The hydraulic instability of armour layers is a complex process affected by many aspects, from the
stochastic nature of both wave loading, initiation of movement, and damage progression to the wide
variety of typologies and designs. As such, it is unfeasible to achieve a unique analytical formula. So,
most of the hydraulic stability formulae, initially aimed at characterizing the initiation of movement, are
empirical or semi-empirical and have their range of validity and specific field of application since they
are associated with experimental results (Campos et al., 2020a; De Smet, 2016). The designer should
ensure that the formulae are valid for the desired application (CIRIA et al., 2007).

Looking historically, the design methods available for rock and concrete armour units focused on
statically stable rubble-mound breakwater trunks. Considering specifically breakwaters armoured with
concrete units, the design of the armour layer usually follows the general approach for armour stone,
but design formulae or/and coefficients are different (CIRIA et al., 2007). Private companies and
research centres, which develop and patent new artificial armour units, provide specific hydraulic
stability formulas and deterioration rates of these armouring. There are also publications and academic
studies proposing empirical equations for the artificial unit’s selection.
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The Hudson's equation (24) with specific values of Kj, derived from previous or generic model tests is
still the simplest approach, as it is possible to observe in Table 2.

= (Kp cota)/?
ADos (Kp cota) (24)

Table 2 — Kj, and H/AD,, values for Hudson formula (Campos et al., 2020a; CEM, 2006).

Trunk

Units type Slope Placement Layers Breaking waves Non — breaking
waves

K,  H/AD, Kp H/AD,

1:1.5 2.1 2.2
Cubes 1:2.0 Random 2 6.5 2.35 75 2.45
1:3.0 27 2.8
1:1.5 2.2 2.3
Tetrapods 1:2.0 Random 2 7.0 2.4 8.0 25
1:3.0 2.75 29
1:1.5 2.4 2.5
1:2.0 Random 2 9.0 2.6 10.0 2.7
Tribar e
1:3.0 3.0 3.1
- Uniform 1 12.0 - 15.0 -
Stabit - Random 2 10.0 2.7 12.0 2.9
Akmon - Random 2 8.0 2.5 9.0 2.6
Antifer Cube - Random 2 7.0 24 8.0 25
Dolos 1:2.0 Random 2 16.0 25 32.0 3.2
Haro - Uniform 1 8.0 - 9.0 -
Core — loc
(Melby and Turk, 1997) 1:1.33 Random 1 16.0 2.8 16.0 2.8
Nod=0
Accropodes
(Sogreah, 2000) 1:1.33 Random 1 12.0 25 15.0 27
Nog=0
Xbloc
(DMC, 2003) 1:1.33 Random 1 16.0 2.8 16.0 2.8
Nog=0

As seen previously, concrete armour units are applied in one or two-layer systems depending on the
armour unit type. The most used and conventional method is the two-layer system. Depending on the
shape, the units may present a greater or lesser degree of interlocking. Consequently, the overall stability
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of a layer mainly hangs on the stability of individual units. When damage starts, it will increase with the
increase of the wave height. For a double-layer system, critical failure only occurs after both layers
displacement and underlayers erosion (CIRIA et al., 2007). Table 3 presents some formulas for the
design of randomly placed armour units in a double layer system.

Table 3 — Review of randomly placed armour units’ stability formulae — double layer armouring.

Authors

Range of Validity and Parameters

where:

H Nog ) ¢
Ez Cl Tr <CZ + C3 Ngs Sorﬁn

» H = H, — significant wave height [m],
= D,, — nominal diameter of the unit [m].

s A=Ps -
A Pw 1[],

= N,q — damage number [-],

» N, = At/T,, — number of incoming waves during the design storm [-],
" som = 2mH,/(g/T>) — offshore wave steepness [-].

Van der Meer (1988c)

CUBES
€, =0,C,=10,C3=6.7,C, =04, Cs = 0.3 and Cg = —0.1.
TETRAPODS

€, =0,C, =085, Cs =3.75, C, = 0.5, Cs = 0.25 and C4 = —0.2.

Applicable to:

= Non-overtopped slopes,

= Non-depth-limited wave conditions,
= Surging waves,

= 1000 < N, < 3000.

= cot(a) = 1.5,

= Forcubes:3< ¢, <6,

= For Tetrapods: 3.5 < &, < 6.

Note: In this case, N,, corresponds to the number of units displaced out of the armour layer
within a strip of one equivalent cube length. This equivalent cube length was assumed to be
equal to D5, for cubes, 0.65h for tetrapods and 0.7h for accropodes (Campos et al., 2020a).

De Jong (1996)

TETRAPODS
€, =0,C, =394, C;=86,C, =05, Cs = 0.25 and Cs = 0.2.

Applicable to:
= Non-overtopped slopes,

= Plunging waves,
= 1000 £ N, < 3000.

= cot(a) = 1.5,

= 35<¢§,<6.
Chegini and Aghtouman ANTIFER CUBES
(2006) C; =0,C, =1.082,C3 = 6951, C, = 0.443, C5 = 0.291 and C; = —0.082.
Note: This formula is a

derivation of the Van der Meer
formula. The Van der Meer
(1988c) formula for cubes is
considered acceptable and
conservative when applied to
Antifer cubes.

Applicable to:

= Non-overtopped slope,
= Irregular waves,

= cot(a) = 1.5,

= 1000 < N, < 3000.
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Table 3 (cont.) - Review of randomly placed armour units’ stability formulae — double layer armouring.

Authors Range of Validity & Parameters

H Noa) c
A_l)n = Cl + (Cz + C3 Ngs 30161[

Burcharth and Liu (1992) DOLOS
2
C;,=0,C,=0,Cy = (17 — 261,)¢3, C, = 1/3, Cs = 0.1 and C4 = 0.

where:
= 1, — waist ratio [-],
= ¢ — packing density [-].

Applicable to:

= Non-overtopped slopes,

= cot(a) = 1.5,

" 032 <1r <042,

" 061<p<1,

= 1000 < N, < 3000. For N, = 3000 use N, = 3000.

Holtzhausen and Guerrero DOLOS
(2017) €, =0,C, =0, C; = 1067, 085A7026¢ 018 (, = 0.18, C5 = 0.063 and Cs = —0.2.

where:
= 1, — waist ratio [-],
" ¢y = exp (9.41¢% — 16.49¢ + 7.08) — packing density factor [-].

Applicable to:

Regular and irregular waves,
Deep water conditions (h,=25D,,),
Non-overtopped slopes,
Double-layered slopes,
cot(a) = 1.5,

0.33 <r < 0.40,

0.010 < s,p, < 0.060,

001 <N,y <7

0.65 < ¢ < 1.15,

0.8 < A< 2.0,

2000 < N, < 27000.

The unit’s placement in one-layer systems follows a given placement grid or density, and the orientation
of the rows can be specified or random. Under wave attack, these units behave differently from a two-
layer system. After construction, the initial wave attack will help settle the layer, increasing the
interlocking between blocks. However, later storms can overcome the interlocking. Since a single layer
generally possesses less reserve than units in a double layer system, it will be more susceptible to sudden
failure progression, and underlayers will be more exposed to wave loadings. Typically, single layer
armour layers are designed for no damage. However, besides being damage-free, under design
conditions, single-layer systems should be further able to withstand an overload of about 20 percent
without significant damage. Thus, the design of the armour layer has a relatively large safety margin for
the design stability factor (CIRIA et al., 2007). Besides the value presented in Table 2 for Core-loc,
Accropodes, and Xbloc, Table 4 present other formulas for Accropodes and cubes one single layer
design.
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Table 4 — Review of randomly placed armour units’ stability formulae — single layer armouring.

Authors Equation Range of Validity & Parameters
ACCROPODES
Burchart et al (1988) Applicable to:

i=A-(D°-2+77)

AD, '

where:

= H = H; — significant wave height
[m],

= D, — nominal diameter of the unit
[m].

n :&— -
A= 1(,

= A = 0.46 — coefficient [-],
= D— relative number of units
displaced more than a distance D5

-]

= Breaking and non-breaking waves,
= Irregular waves,

Perpendicular waves
Single-layered slope,

cot(a) = 1.33,

35 <¢, <45.

Van der Meer (1988)

For start of damage, N,; = 0:

Hs _ 3.7

AD, 7

For failure, N,; > 0.5:
Hs _ 4.1

AD,

Applicable to:

= Non-breaking waves,

= Single-layered slope,

= cot(a) = 1.33.

Note 1: Storm duration and wave period have
no influence on the hydraulic stability.

Note 2: It is recommended to apply a safety
factor for design of about 1.5.

CUBES

Van Gent et al. (1999)
Van Gent et al. (2001)
Van Gent and Luis (2013)

For start of damage, N,; = 0:

N

=25-3.0
AD,
For failure, N,; = 0.2:
N
=3.0-35
AD,,

CIRIA et al. (2007)

For start of damage, N,; = 0:

H;

AD, =29-3.0

For failure, N,; = 0.2:
s _35-375

AD, :

Applicable to:

= Breaking and non-breaking waves,
= Single-layered slope,

= cot(a) = 1.5,

" n,=025-023,

* Mcupes/Mso-rirter = 10.

Note 1: Place one side of the cube flat on the
underlayer.

Note 2: It is recommended to apply a safety
factor for design of about 1.5.

In the 90s, besides the attempt to compile the available armour layer stability formulae and provide some
design recommendations, the efforts to consolidate the probabilistic approaches were multiplied. When
these approaches were firstly implemented, in earlier years, they faced a controversial acceptance by
engineers. The lack of probabilistic information from the structural response and the factors affecting it,
and the missing confidence due to uncertainty in the calculations, were the reasons for the scepticism of
experts, whose breakwaters design knowledge was based on the experience. Despite all the difficulties,
the probabilistic approach is nowadays widely used (Campos et al., 2020a). Also, the reliability
methodologies appear in some design codes, such as the European PROVERBS (Oumeraci et al., 2001),
the Spanish ROM 0.0-01 (Puertos del Estado, 2001), or the North American Coastal Engineering
Manual (CEM, 2006).
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With the probabilistic approaches’ evolution, the first damage progression models appeared. Traditional
stability formulae focus on the characterization of the start of the movement, which is convenient for
estimating the design weight of armour units. However, these equations fail to give information about
the evolutionary behaviour of rubble-mound breakwaters. In circumstances where the evolution of the
structure is essential regarding maintenance strategies and useful-life total costs, it is convenient to move
on toward damage progression models (Campos ef al., 2020a). These models are designed to predict the
evolution of rubble-mound’s geometry by means of a quantitative damage descriptor. One of the first
damage progression models was presented by Van der Meer (1988b), where author’s equations, (25)
and (26), were rewritten to the so-called reliability functions and all the parameters were assumed to be
stochastic with an assumed distribution.

For plunging waves (§ < &,,): =cpy - §4°% - PO NjOL . £705 (25)

ADn50

For surging waves (¢ > &.,.): =g+ S§;0% - P03 . NSO cot(a)0 - EP (26)

H
ADnSO

where S;[-] is the relative eroded area, whose limits depend mainly on the slope of the structure, P is
the notional permeability, N, = At /T, is the number of incoming waves during the design storm and &
corresponds to the surf similarity parameter. A more detailed description can be found in Van der Meer
(1988a) and Everts (2016). The structure parameters with the mean value, distribution type and standard
deviation are given in Table 5. These values are used in a level II probabilistic approach, which can be
used to estimate the probability that a certain damage level would be exceeded in a certain lifetime of
the structure (Van der Meer, 1998).

Table 5 — Parameters used in the level Il probabilistic computations (Van der Meer, 1998).

Parameter Distribution Mean value Standard deviation
D, normal 1.0 0.03
A normal 1.6 0.05

cota normal 3.0 0.15
P normal 0.5 0.05
N, normal 3000 1500
H; Weibull B=03 C =25

FHy O normal 0 0.25

Som normal 0.04 0.01
Cpl normal 6.2 04
Cs normal 1.0 0.08

O The parameter FH, represents the uncertainty of the wave height at a certain return period. The wave height itself is described

by a two-parameter Weibull distribution.
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The adaptation of the equations to comply a probabilistic design presents some shortcomings, Campos
et al. (2020a), namely:

e The scatter only focused on one parameter instead of designing a fully probabilistic formulation
with an analytic cumulative distribution function;

e Van der Meer formulae are not valid for the long term, as they tend to overestimate damage for
more than 7000 waves;

e Despite providing reasonable estimates of the stability number for two specified Hudson’s
damage levels, they failed to yield predicted damage levels with accuracy. The damage level did
not approach an equilibrium value with the duration of the wave action increase, disagreeing with
the evolution of the breakwater profile shape, which was initially dynamic but may eventually
reach a stage of static stability.

In the '90s, some authors, considering the Van der Meer work as a starting point, began to delve deeper
into the damage progression models issue.

Kaku et al. (1991) found that Van der Meer's predicted damage levels were not accurate enough for
forecasting models. Consequently, they proposed an exponential model which included similarities
between the stability number and the Shields parameters used in sediment transport.

Smith et al. (1992) conducted some experimental works to test the abilities and limitations of existing
and new empirical predictive methods for breakwater profile changes under random waves. The authors
concluded that Van der Meer (1988b) and Kaku et al. (1991) empirical models underestimated damage
and indicated the difficulties of both empirical formulae in accounting for the wave complexity and
predicting breakwater profile response with any consistent accuracy.

Medina (1996) affirmed that existing armour damage progression models, which are applicable for
stationary sea states with a given storm duration, were not adequate to be applied for nonstationary
stochastic models. The author identified five conditions for any rational armour damage model to
properly consider the storm duration since damage must increase with the storm duration under random
wave attacks in deep water. So, Medina proposed a wave-to-wave exponential model for damage
evolution for the armour layer under regular wave attack, which depends on wave height, Iribarren's
number, and the number of waves. Gomez-Martin and Medina (2005) slightly modified the exponential
model and found that the mean damage was dependent on Iribarren’s number. The authors also designed
a neural network (NN) applicable to random waves in non-stationary conditions. They found that the
estimation of accumulated armour damage using both wave-to-wave exponential method and NN model
showed a good agreement to damage observations.

Considering the damage progression models proposed in the ‘90s, the formulation proposed by Melby
and Kobayashi was probably the main contribution. In 1998 they published the first model (Melby and
Kobayashi, 1998a; b), which was re-formulated in 1999 to allow non-zero initial damage levels (Melby
and Kobayashi, 1999):

_ _ t—t
[SOI* = [SE* + (agNHV* —— - th St S trig (27)
m

where S(t,,) is the known damage at the time t,,, N, is the stability number based on the mean of the
highest one-third wave heights from a zero-up crossing analysis, T, is the mean period, b is an empirical
coefficient introduced for long duration tests, and a; is related to the breakwater slope angle,
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permeability and an empirical coefficient derived from the tests. It is an iterative damage progression
model that allows the calculation of the damage at the instant t,,,; based on the damage level at the
instant t,, and the incident wave conditions between t,, and t,,,; represented by constant values of H,
and T,,.

The technical report presented by Melby (1999) details the experiments, with a limited validity range,
conducted by Melby and Kobayashi, including a complete description of them, analysis of the armour
units stability, damage measurements and damage definition. The trends, variability and ranges of
damaged profile descriptors are characterized using mean and standard deviation of different damage
descriptors. The authors observed during the series that damage never truly stabilized or reached an
equilibrium. Instead, it kept on increasing at a lower rate. Looking at equation (27), it does not have an
asymptotical trend. Consequently, many small waves between two storms can theoretically provoke a
damage increase. Thus, it is advisable to employ a critical stability number to reduce the number of
storms required in a life-cycle analysis so that the damage would not increase beyond this lower limit.

Melby and Kobayashi highlighted that their damage progression model can be used to predict damage
for a single design event or/and in a simulation to predict the life-cycle costs. So, by allowing engineers
to balance initial costs with expected rehabilitation or maintenance costs, this model is suitable to
determine the expected life of both new and damaged breakwaters and for developing life-cycle analysis.
However, the authors also pointed out a few shortcomings, such as:

e Equation (27) assumes lack of memory, i.e., the damage produced by waves depend only on the
previous damage and the wave intensity history, but not on how the previous damage has been
reached;

e The results are conservative for most applications because they are based on severely breaking
waves, a relatively steep beach and a relatively impermeable core. One should take care when
applying outside of the tested conditions;

e Damage initiation is unpredicted in all series studied and fails to yield accurate predictions for
low damage levels;

e The model is aimed just at the mean damage evolution, not providing information about the
probability density function, which is needed for a more precise analysis of damage progression
in breakwaters.

Melby and Hughes (2003) used the same data set as Van der Meer (1988b) to fit a stone stability equation
specifically for both deep and shallow water applications. They derived momentum-flux based stability
number for incipient motion cases normal to the structure face, rolling, and sliding. The equations
explicitly include the effect of water depth at the toe of the structure, assuming that the maximum wave
momentum flux at the structure's toe is proportional to the maximum wave forces on armour units.

In Melby and Kobayashi (2011), the relations of Melby and Kobayashi (1999, 1998a, 1998b) and Melby
and Hughes (2003) were modified to predict stability and life-cycle damage progression for seaside on
rubble-mound breakwaters and revetments exposed to waves. The equations were calibrated and verified
using extensive data sets. So, considering Melby and Hughes (2003) work, the recommended equation
for sizing stable armour stone on a rubble-mound structure exposed to normally incident waves is:

/2 1/5
R (Mp) max ! h 1 S
N = functi (0,P,S,N, ’ c)= [ — (28)
m unction 2 Sm HmO pwgth Dn50 Am Ks\/ NZ
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where (Mp)max corresponds to the maximum wave momentum flux, P to the structure notional
permeability, S to the damage, N, to the number of waves at mean period during event of duration ¢, s,,
to the wave steepness, R, to the crest height of the structure above still water level and H,,, to the
spectral significant wave height. The parameter a,,, was estimated as:

1 :
am = PN Sm = Sme  (plunging waves)
(29)
P/3
Sy .
Ay = 5PUI8(cot )05 Sm < Sme (surging waves)
with
Sme = —0.0035 cot 8 + 0.028 (30)

The recommended equations for determining damage progression in a life-cycle risk assessment
analysis are given by:

S(ty) = 0.5+ 1.3y/N,, + (N,),(ayNy)> forn =1and S(t;) > 0.2
(31)
S(t,) = 1.0y/ Ny + (N,), (@ Np)s forn > 1

The coefficient of 0.5 for n = 1 assures that roughly one stone is dislodged before damage accumulates.
The coefficient K is calibrated to be 1.3 forn = 1 and 1.0 for n > 1. The calibrated Kj is related to the
fact that damage initiation is different from damage progression partly because of the initial adjustment
of stones placed in unstable manners. The equivalent number N,, of waves corresponding to the damage
Sp—1 at the start of the n'" segment is given by:

e~ (reiore) 2

The recommended equations assumed that the damage armour layer could be characterized solely by
the eroded area normalized by the nominal stone diameter.

Castillo ef al. (2012) proposed a new approach to tackle the lack of a stochastic damage progression
model fully designed from a probabilistic approach and with the existing damage accumulation
modelling difficulties. They presented a general methodology to build consistent stochastic models for
damage progression in breakwaters resulting from random wave actions based on dimensional analysis
(using II Buckingam's theorem), compatibility conditions, and functional equations. In addition, they
provided a formula for the time evolution of the cumulative distribution function (CDF) of damage
written in terms of the normal distribution:
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_ 1/b __ _ *
(D -v) Ho kt) (33)

Jog +rt*

FD*(t*)(D) = Cb(

where y and b are dependent on breakwater typology and characteristics, k and r include future wave
action, and y, and o, are the mean and standard deviation of the initial damage, depending on the initial
conditions. Beyond the damage accumulation reproduction, this dimensionless stochastic damage
progression model also reproduces its statistical distribution. It is of general applicability because it
bases on the central limit theorem. This theorem states that under very general conditions, if one sum
(integrates) many random variables, the sum is approximately normal, no matter what distribution the
summands have (Castillo et al., 2012).

Campos (2014) carried out a set of physical experiments with limited validity to characterize the
stochastic nature of damage progression in a model. Then, he used these results to accomplish an initial
calibration of Castillo et al.'s damage progression probability model, which was fully derived under
probabilistic assumptions and following premises of general validity. The experimental results not only
confirmed the random nature of damage, but also pointed out the need of reproducibility of the relatively
common damage accumulation experiments. The experimental results not only confirmed the random
nature of the damage but also pointed out the need for reproducibility of the relatively common damage
accumulation experiments. Campos (2014) also highlights the lack of a concise methodology agreed by
the scientific community and shared worldwide to measure damage. The necessity of standards in
damage initiation and progression is crucial for reproducibility and a consistent comparison between the
results from different laboratories. The author also states that in the future, the designer's main challenge
will consist of decision-making tools development and calibration, capable of accurately characterizing
the structural response and its uncertainties. The damage progression probabilistic models, enhanced by
the increase in computing capacity, are helping to progress (Campos, 2014; Campos et al., 2020a).

2.2.2.4 Damage measurement: new techniques and new equipment

Several authors use different laboratory techniques and descriptors to quantify damage, which can be
divided into two main strategies: a visual approach or a measuring approach.

The quantification of damage using visual methods corresponds mostly to counting the number of
displaced units. For this purpose, a visual assessment, considering reference points, of the breakwater
conditions before and after the modelled storm. In the laboratory, it is usually employed a fixed
photographic camera, preferably under controlled lighting conditions. The most used technique
employed for the counting process include digital overlay techniques. From overlapping photographs
(taken before and after the test) and using video, it is possible, in a rudimentary way, to count the number
of blocks and to access the structural/toe stability of the breakwater. It becomes a problem when the
number of moving blocks is too high. To not compromise accuracy, it is essential to assure the image
resolution. Besides, colour coding for the different layers or/and for strips in the same layer is commonly
used to assist the identification of movements of armour units.

Additionally, one can use automated tools to detect the position of armour units in different images. For
example, Vieira et al. (2021) used Trainable Weka Segmentation (TWS) plugin in Fiji to damage
quantification.

Visual methods are easy to implement, economical and non-intrusive. Nevertheless, they also present
some disadvantages, namely (Campos et al., 2020b):
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e These methods are only suitable for low damage levels, being highly time-consuming, inaccurate
or/and directly unfeasible when dealing with a high number of displaced armour units;

e Most techniques only focus on the surface, neglecting the degree of damage penetration;

e There is a certain degree of subjectivity and expertise associated with displacement identification.
Thus, ensuring reproducibility implies solving some issues, such as the standardization of the
inspection process, the use of assisting software, and the concise definitions of thresholds for
distinguishing between rocking and displacements.

The other strategy corresponds to a measuring approach based on 2D and 3D reconstruction of a profile
or section, followed by its damage quantification using eroded area/volume regarding a non-damage
part. This approach can be economically more demanding than visual methods but presents some
advantages, such as (Campos et al., 2020b):

e [t provides more accurate information;

e [tis able for any damage level, up to destruction; and

e It is independent of the subjectivity in the identification of displacement. However, the
quantification of the eroded volume can be affected by the chosen measuring technique, the data
acquisition procedures, and the post-processing strategies.

In Laboratory, one of the most extended methods for damage measurements was profiling several
breakwater cross-sections. Profilers were recurrently used in large model structures with extensive
damage. Surface profilers have rods with a sphere or a wheel at the tip. The size of the sphere/wheel
depends on the rock size, typically half or one time the median nominal diameter. When moving the
rods down the slope, the heights are measured, followed by the profile generation. These rods give for
a straight (2D) test section a limited number of profiles, typically ten. In case of negligible damage, this
method can be particularly inaccurate when single stones erode between the rods/profiles. In order to
improve the accuracy, one can use a profiler with smaller distances between the rods, a wider test section
or multiple tests can be set up (Disco, 2012). Mechanical profilers are usually the most robust technique
to measure damage in scale model tests of rubble-mound breakwaters, because they work in a simple
and robust way. However, they are intrusive, contact with the surface of the armour layer, composed by
rock or artificial armour units, and difficult to use in several different wave channels or tanks (CEM,
2006). Moreover, mechanical profilers cannot be applied for certain types of armour layers, and during
a test series are, somehow, a time-consuming procedure (Disco, 2012; Lemos and Santos, 2013).

Lately, aiming to speed up this procedure, acoustic, Laser and Stereo Photogrammetric techniques have
been applied successfully. Instead of the rods or overlay photos, some more sophisticated methods are
used to increase the data density of the structure to obtain a virtual 3D model and cross-sectional profiles
to assess damage with more precise millimetre resolution and sub — millimetre accuracy (Disco, 2012).

In order to characterize the submerged part of the breakwater, water is usually drained out. The
measurement of structure damage must preferably be obtained without emptying and refilling the flume
or basin, which can take a considerable amount of time. Therefore, measurements should be able to be
performed through the water surface (Moulin, 2018).

The Digital Stereo Photogrammetric technique (DSP) is relatively new and has a lot of potential that
could be applied to two-dimensional and three-dimensional scale model tests of rubble-mound
breakwaters. It involves estimating the three-dimensional coordinates of points on an object employing
depth measurements made in two photographic images of the same scene taken from different positions
— the same principle used by the human eyes —, where common points are identified on each image
(Disco, 2012; Lemos et al., 2017). This technique allows, starting from stereo-photogrammetric pairs,
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to extract the shape, size and position of the objects contained in it (Fortes et al., 2017) and the output
of the package consists of a (x, y, z) file describing the cloud of reconstructed points. This is a standard
file format which can be imported by various modelling tools (Lemos and Silva, 2013).

The typical setup of the digital stereo photogrammetric technique consists of:

e two digital cameras, which can be mounted side by side in a support structure. There are also
systems where the cameras can be moved. It is usual to take the pair of photos before and after
each test;

e a laptop to attach the cameras during photographing, and

o a set of markers, which consists of one base plate marker that defines the origin of the coordinate

system, and several regular markers. The required number of markers depends on the size of the
model area (Hofland et al., 2013).

For example, Hofland et al. (2014) used the DSP technique to describe and quantify the average damage
pattern to eight identical rubble-mound breakwater roundheads with rock armour. In Fig.4 a typical test
setup for a DSP measurement of a breakwater head is described: the photographer walks around the
scale model and typically takes about 20-30 double pictures. In each picture both (a part of) the scale
model and several markers should be visible (Hofland et al., 2013). The damage to 8 roundheads was
measured simultaneously (Hofland ef al., 2014).
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Fig.4 — Execution of a DSP-measurement (Left side) (Hofland et al., 2013). Top view of the test lay out and cross
section of roundhead (Right side) (Hofland et al., 2014).

In order to obtain a larger dataset of high — resolution damage scans, Hofland et al. (2017) performed
3D tests at the Faculty of Engineering of the University of Porto (FEUP), Portugal. In those tests, the
influence of wider test sections, a roundhead, and short-crested wave attack was investigated, for a
constant wave steepness. The damage in the structure was measured using a stereo photography
technique. The structure was photographed with a set of handheld double-cameras in a drained wave
basin (Fig.5). Using a typical number of 50 photo pairs, point clouds of measurements were created
before and after each test run. These point clouds were filtered and interpolated on a 1x1 mm? grid. The
post-processing steps were the ones described in Hofland et al. (2013).
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Fig.5 — Damage measurement using the DSP technique (Hofland et al., 2017).

Lemos and Santos (2013) also used the DSP technique in the measurement of the eroded volume of a
rubble-mound breakwater roundhead model, in which, refraction due to the air-water interface was
corrected (Ferreira, 2006). This means that is not necessary to empty the flume or wave tank to get a
good coverage of the whole armour layer. Tests were carried out in one of the LNEC’s (Laboratorio
Nacional de Engenharia Civil) irregular wave basin, approximately 40 m long and 23 m wide. The
armour layer consisted of a double rock layer and surveys of the breakwaters’s head section were
performed with and without water in the wave basin. The two cameras were mounted side by side in a
3 m high support structure and plugged into laptops. This enables to photograph simultaneously the
photogrammetric pairs by remote triggering from the computers.

The same authors had already tested intensively this survey technique in long -term scale models for
two — dimensional scale models with rock units (Fig.6). Several tests were also carried out, aiming to
measure the breakwater armour layer erosion, using both natural and artificial units (Lemos and Santos,
2013).

Fig.6 — Setup for two - dimensional scale model tests and targets used in DSP technique (Lemos et al., 2018).
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van Gent et al. (2019) and de Almeida et al. (2019) also applied the DSP technique in test campaigns
carried out at Deltares wave flume with rock armoured slopes. In the van Gent ef al. (2019) work, two
test series were performed five times, allowing for a statistical analysis of the damage to rock armoured
slopes, which is uncommon due to the absence of statistical information based on a systematic repetition
of the test series.

In more recent years, the 3D laser scanning technique and LiDAR technology has been used in coastal
engineering domain by some authors as Infante et al. (2012), Streicher et al. (2013), Puente et al.
(2014b), Hofland et al. (2015), Tulsi (2016) and Shen ef al. (2017). The laser scanning technique is a
method to scanning objects and land features based on LiDAR (Light Detection and Ranging)
technology, which is an active remote sensing technology measuring distances by electromagnetic
waves (Infante et al., 2012). In global terms, the 3D laser scanning is based on the principle of reflection
less measurement (with no special reflecting devices) of distances by means of a laser operating in pulses
(Infante ef al., 2012). The scanner is composed of an impulse EDM (Electrical Discharge Machining)
and various optical-mechanical apparatuses (rotating mirrors, servomechanisms, etc.) (McLelland ef
al., 2016). The laser impulse, directed towards an object by small rotating mirrors (up to 10 — 100
rotations per second) regulated by servomotors is reflected by the solid surface, returning to the point of
emission and then the travel time is recorded by the receiver (EDM) (Balzani et al., 2002, Infante et al.,
2012). The receiver converts the optical returns into electronic signals which are digitized for waveform
processing (Tulsi, 2016). Next the distance to the measuring point is calculated from the known laser
beam travel velocity and time values (Infante ef al., 2012). The waveform analysis calculates the optical
echo signals by multiplying it with the known speed of light (299 792 458 m/s) leading to a point at a
distance away from the scanner (Tulsi, 2016).

Puente et al. (2014a) used a Terrestrial Laser Scanner to extract geometry and monitor changes in
rubble-mound breakwaters. They used a Faro Focus 3D to extract the geometry from an area of 14 x 5.5
m of the Baiona breakwater in north-western Spain, which is an old rubble-mound breakwater with
conventional concrete cubes armour units. This novel approach allowed to automatically monitor the
concrete armour units’ displacements and rotations, using point clouds of different times. This method
proved to be useful to detect local flaws at early stages, avoiding them to affect the structural stability
of the breakwaters. Besides this is a phase-based system, whose measurements are taken continuously.
That fact makes it suitable for precise surveys (Puente et al., 2014a).

Another study from Puente et al. (2014b) was performed to evaluate short-term changes in Cubipod
armoured breakwater roundheads. The authors also employed the Faro Focus 3D to extract data. Only
the damage that occurred above the water level was studied, since the damage of the entire slope from
toe to crest cannot be monitored, due to the attenuation of the infrared LiDAR in water (Puente et al.,
2014b). A total of seven scans of the breakwater roundhead were gathered from the same scanner. Since
sampling efficiency was crucial, scanner parameters were chosen such as not to exceed a scan time of
20 min. Then, the sampled surfaces were analysed for vertical deformations using an algorithm. Puente
et al. (2014b) developed a damage-growth monitoring procedure using some Matlab image processing
techniques. The automated image analysis allowed to minimize the manual interactions from the
maintenance personnel. The results achieved from Puente et al. (2014b) study were useful for structural
monitoring applications and maintenance strategies.

Hofland et al. (2015) used a standard laser scanner to measure the hydraulic responses of a dike slope
in the (old) Delta Flume. The signal intensity of the laser reflection produced by a SICK LMS511 Pro
HR sensor was used in the determination of the wave runup height. The scanning plane was inclined
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from the vertical (slant angle, 9=26°) to avoid a direct reflection of laser light from the water level which
yields erroneous measurements (Fig.7).

Laser scanner

wave paddle wave gauges

Fig.7 — Schematic setup of the tests. Longitudinal section of flume (Hofland et al., 2015).

The extreme wave runup heights measured by laser scanner using a reflection intensity threshold were
still typically 10 cm smaller than the optical measurements. Part of this deviation resulted from the fact
that the visual runup measurements were three-dimensional - a wave passing a shore-parallel line of 2
m width at any transversal location is considered - while the laser scanner measurement was taken at
one transversal position. Consequently, the maximum runup could occur outside the laser line and be
slightly higher. Additionally, virtual wave overtopping volumes and mean overtopping discharge are
determined by considering the maximum water volume above a certain virtual crest level on the dike
slope, for each runup event. The study describes the technological applicability of the technique,
including postprocessing methods and made some estimations of the accuracy that can be reached
(Hofland et al., 2015).

Tulsi (2016) study focused on the quantitative 3D assessment of different degrees of damage to
breakwaters with dolos armour units above and below water. Three-dimensional data analysis using
high - resolution laser and acoustic technologies, like LIDAR and multibeam echo sounders respectively,
was aimed at providing a more realistic method to quantify damage than two - dimensional photographs.
The investigation started with an idealized undamaged model breakwater slope in a laboratory
experiment comparing the repeatability of the 3D method with sequential scans and the 2D method to
compare the deviation in repeatability of data captured and to determine the 3D method accuracy. The
repeatability test was carried out by comparing 10 consecutive scans with the first scan. The standard
deviation was 0.001 cm®. The Riegl VZ-400 3D laser scanner was used for the experiment. The
manufacturer’s specification indicates that the scan data acquisition produces 5 mm accuracy with 3 mm
precision and repeatability within a range of 600 m. Then the 3D method was applied to a 3D physical
model study of the spur breakwater at the root of Table Bay’s main breakwater, South Africa (Fig.8).
The physical model was built at a geometric scale of 1:54. The comparison of the cumulative damage
progression monitored by the visual 2D photographic method with that calculated by the 3D method
showed that there is a good correlation between the two damage quantification methods. The results of
the 2D and 3D methods differ in cases of small settlements and larger displacements (Tulsi, 2016).
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Physical model setup

Test section

- Station 1 width = 26.16 cm
- Numberof units: 190

- Station 2 width = 26.16 cm
- Numberof units =178

- Dolos dimension : 58 mm
- Dn=328cm

- 11Dn=36.16cm

Fig.8 — Laser scanner and fixed camera positioned over the test section (Left side). The model with scanner and
calibration box (Right side).

The aim of the research presented by Shen et al. (2017) was to quantify changes in different rock slopes
after wave attacks and address the application of a 3D laser scanner in coastal engineering at laboratory
conditions. A Leica C10 Scan Station scanner (Fig.9) was used to obtain 3D coordinates of the rock
surfaces at a laboratory scale, before and after each experiment. This scanner, with an effective operating
range of + 1 - 200 m (up to 300 m with 90% reflectivity), presented a reported accuracy of 6 mm in a
single position and 4 mm in depth at ranges up to 50 m. After each test, the water was drained from the
flume and different scans were made. One was obtained just after the flume water got drained, therefore
the stones on the bed were still wet; the second one was obtained after the stones had dried up. According
to the authors, “Laser scanners not only provide information about the 3D location of object surfaces
but also store the amount of reflected energy as an intensity value. The wetness of the rocks has a serious
negative effect on the intensity. A lower intensity also implies a lower Signal to Noise ratio, which will
in turn affect the precision of individual points.” Therefore, to avoid the influence of moisture on the
quality of the point clouds, Shen et al. (2017) used scans that were obtained after the rocks turned dry.
Next, through a series of processing steps, the point clouds were converted to a suitable 2D raster for
change analysis. This allowed to estimate detailed and quantitative change information (Shen et al.,
2017).

Fig.9 — A Leica C10 Scan Station (Russhakim et al., 2019).

Each of the aforementioned methods solve unique problems to provide the best solution within different
contexts. In Table 6 two 3D survey techniques are compared: laser scanning and digital stereo
photogrammetry, by presenting their advantages and disadvantages.
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Table 6 — Comparison between two 3D survey techniques: laser scanner and DSP.

Laser Scanning

Digital Stereo Photogrammetry (DSP)

Advantages

Advantages

High level of accuracy over large spaces

Error rate is fixed based on the capabilities of
the equipment

Automated process after targets are placed and
scanner is started — less chance for user error
Less time spent on site

Availability of auto-extraction / meshing

software for point clouds

Significantly cheaper equipment

Better tool if one wants to study and reconstruct
smaller spaces

Most improvements are on software side so no
need to buy new equipment to keep up with
progress

More visual photo realism

Better visual representation of textures

Using an extra software/code, it is possible to
reconstruct both merged and submerged
scenes

Disadvantages

Disadvantages

Equipment can be prohibitively expensive to
own

Generally, need to upgrade physical equipment
to keep up with progress

Fuzzy point cloud on highly textures / reflective
surfaces

Expensive equipment

Accuracy is lower than the one obtained with
laser scanners over large space

Lower quality method of 3D capture

Scale limitations based on camera lenses
maintaining clarity over long distances

Less automated process allows for more user
error — results depend greatly on experience of
operator

More time spent on site

Auto extraction / meshing software not as
advanced

Errors when dealing with reflective/transparent
surfaces, because DSP needs some contrast
points to calculate depth

Regardless of the measurement method adopted, Campos et al. (2020b) pointed out that all factors
involved in the data acquisition process should be specified, including the characteristics and settings of
the measuring instruments. Acquired data would consist of images, videos, profiles, point clouds, or
meshes, depending on the damage characterization technique. Regardless of the data type, it should be
temporally and spatially correctly identified. The authors also highlighted that comparisons between
several repetitions of the same measured section are relevant to estimate the error derived from the
measuring process and surface reconstruction. Regarding post-processing strategies, the authors noted
that they should include:

Criteria for distinguishing between rocking movements and displacements,
Filtering methods for erroneous values, settlements, or rocking,

Smoothing strategies, when applied,
Surface reconstruction methods, and
Methods for integrating the eroded volume.
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2.2.3 INSTRUMENTED CONCRETE AMOUR UNITS

The current design process, commonplace in the industry, is based on the hydraulic instability of the
structure, measuring the damage through the number of displaced units. However, the used formulas do
not consider some secondary effects derived from the lack of understanding of the complex interaction
between the armour layer and the wave hydrodynamics. More specifically, design methods lack the
quantification of unit forces, concrete stresses, hydrodynamic pressures, and non-linear effects.

For a greater understanding of the complex hydrodynamic interactions and structural behaviour, it is
relevant to evaluate the behaviour of the individual armour units since they are exposed constantly to
loads throughout the design lifetime, which includes the following load conditions, according to BSI
(1991):

(i) Construction loads. These occur during manufacture, transport and placing. The cracks resulting
from stresses arising during manufacture or other conditions can significantly reduce the unit's
capacity to withstand later applied loads;

(i1) Static loads. These are due to self-weight and interlocking forces, support of overlying units and
units jam caused by the settlement of the core and underlayer;

(iii) Hydraulic loads. These are due to wave breaking, uprush and downrush and can be transferred by
bearing contact to another unit. Hydraulic loads cause other secondary effects, including motion
of units, unit-to-unit interactions, porous underlayer interaction, and a host of other ones difficult
to quantify;

(iv) Dynamic loads. These are due to the rocking and unit displacement resulting in an impact on other
units. Although they are not necessarily the highest loads imposed on blocks, they are probably
the most significant ones. Repeated loading due to rocking can result in breakage due to fatigue.
In the 1970s and 1980s, several large breakwaters failed due to the breakage of concrete armour
units. After these events, extensive research was carried out on the wave-induced unit motion, the
resulting stresses, and the subsequent breakage of these units. Since stresses are difficult to
measure directly in a scale model, the rocking motion of units is, nowadays, used for design. A
relevant parameter of rocking behaviour is the magnitude of the impact velocity and its stochastic
and spatial distribution (Hofland ef al., 2018).

More fundamental research is required to enable accurate quantification of the loads. During the last
years, although not a usual procedure in laboratory tests, the introduction of instrumented armour units
in the hydraulic model tests to measure various parameters was game-changing, presenting enormous
potential. Different studies use them with distinct purposes, including the assessment of hydraulic
pressures and forces on the individual blocks, the damage assessment of a rubble-mound breakwater
through the new spatial distribution of the blocks, and to provide quantitative measurements of
translation, rotation, peak accelerations, impact velocities, and others. The resulting data set collection,
which includes unit locations and movements, allows an insightful comprehension of unit-to-fluid, unit-
to-structure and unit-to-unit interactions. All this accurate information also helps to support the
calibration and validation of numerical models.

Some works and publications that use this innovative technique are exposed below in chronological
order.

As part of an extensive research project on the strength of concrete armour units, coordinated by the
Centre for Civil Engineering Research and Codes work-group C70 (CUR, 1989; 1990), Van der Meer
and Heydra (1991) conducted model tests on breakwater sections armoured with Cubes and Tetrapods.
These tests were integral to the broader study, which aimed to better understand the dynamics of these
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units under wave impact. To advance this understanding, Van der Meer and Heydra (1991) embedded
accelerometers in the centre of these units to measure peak impact accelerations and velocities. This
work also included the quantification of unit rocking and unit collisions. Due to the randomness of the
wave field and the placement of units, each rocking impact is unique. The results proved to be a step
towards a better understanding of armour unit dynamics within the armour layer, showing that the
random nature of breakwater-wave interaction is highly variable, both in space and time. The authors
concluded that wave conditions with a lower Iribarren number, given by £ = tana //Hs/L where a is
the slope of the structure, Hs is the significant wave height, and L is the wavelength, tend to produce
higher peak forces and accelerations.

Burcharth and Liu (1995) inserted load cells on slender armour units, like Dolos and Tetrapods, to study
the impact loads and internal concrete stresses. The authors identified some complications involved in
the load-cell technique, namely the installation process that makes the material properties of the unit
different from those of the homogeneous prototype. Consequently, this affects the impact responses,
which depend on the elastic behaviours of the bodies. The authors also included the Dolos designs
diagrams for breakage and hydraulic stability prediction.
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Fig.10 — Dolos and tetrapod schemes with the load-cells (Burcharth and Liu, 1995).

Le (2016) conducted a comprehensive study aimed at enhancing the understanding of the behaviour and
rocking motion of single-layer armour units. The experimental setup featured two configurations: a
single cube on a slope and a cube embedded within a slope of multiple cubes. A high-frequency
accelerometer was attached to the primary cube, securely connected to the slope via a hinge, and linked
to a computer for data acquisition. Distinct from earlier research by CUR, which measured acceleration
during the impact, Le's methodology focused on measuring acceleration leading up to the impact to
calculate the related velocity. This approach, requiring a lower sampling frequency, successfully
identified the highest impact velocities just below the still water level. Despite its findings, the study
identified limitations in the experimental setup, such as the absence of breakwater porosity
representation and the slope's roughness not matching that of a prototype breakwater. Le's research
suggested the development of a wireless device that integrates both an accelerometer and a gyroscope
to improve the accuracy of capturing and analysing armour unit movements.
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In a different context, Gronz et al. (2016) introduced the Smartstone probe, a compact device designed
for monitoring the movement of small stones, particularly in fields such as geomorphology and
hydraulic engineering. The probe is encased in a metal cylinder and contains a Bosch BMX055 sensor,
which integrates a triaxial accelerometer, magnetometer, and gyroscope. It also features memory for
data storage, active radio-frequency identification (RFID) for data transmission and is powered by two
button cells. The Smartstone probe was evaluated in laboratory flume experiments, where its
performance in tracking stone movement was compared to high-speed camera footage. The results
showed a deviation exceeding 30% between the probe's measurements and the visual data. This
discrepancy was attributed to several factors, including noise, integration error, and orientation error.
Noise levels varied with power consumption and sampling intervals, with higher noise observed at lower
power settings. Integration errors, due to the double integration process used for position estimation,
resulted in increasing positional drift over time and distance. Additionally, orientation errors impacted
the accuracy of velocity and position calculations, as the derived orientation used to align the
accelerometer readings was imprecise. Despite these challenges, the Smartstone probe represents a
significant advancement in monitoring small-scale stone movement. However, the author recommended
further improvements to reduce noise and enhance orientation accuracy to improve the device’s
precision.

Arefin (2017) focused on the spatial and stochastic distribution of the rocking behaviour and strength of
breakwater armour units. This research aimed to estimate the magnitude and distribution of impact
velocities, and to compare, validate, and build upon findings not addressed in the CUR (1989) study.
Since no subsequent research had been conducted to validate the CUR C70 findings, this study employed
a state-of-the-art measurement technique developed at Deltares and TU Delft. The author performed
experimental tests considering cubes disposed in a double and a single layer. Since the rocking process
depends on numerous parameters, such as wave height, wave period, armour unit position, acceleration
and impact velocity, the author placed eight instrumented aluminium cubes in his experiments. The main
goal was to determine the impact velocity distribution for different locations of the cubes on the slope.
Arefin placed a new type of sensor, Tinyduino, in the centre of the 4 cm cubes and connected them to
the computer through a very flexible wire, increasing test efficiency. The sensor's placement inside a
hollow cavity of the cubes made the effective density of the cubes close to that of the other model cubes.
The real-time collection using accurate multiple sensors provided the statistics for spatial variability of
rocking behaviour. Although the cable used for connecting the instrumented cubes was good and
flexible, it made the cubes vulnerable to water. So, the author recommended the use of watertight
wireless connection in future works. An important conclusion of the author was that a sensible estimate
of the spatial statistics of the variation in rocking behaviour between cubes is only possible when using
the order of ten instrumented cubes. Moreover, the number of collisions is assumed to be equal to the
number of peaks in the time signal of the absolute angular velocity.

Fig.11 — Instrumented cubes (left) and Tinyduino Sensors (right) (Arefin, 2017).
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Fig.12 — Model preparation: empty mold for slope preparation (left), prepared slope for testing (middle), and cubes
placed randomly in a double layer arrangement (right) (Arefin, 2017).

Hofland er al. (2018) focused on a robust and efficient way to determine the characteristic impact
velocity of rocking armour units at a laboratory scale using modern embedded 9-axis IMU (inertial
measurement unit) sensors. These sensors, data storage, and batteries were all embedded in the model
units, enabling them to work without wires. These miniature sensors work with the Arduino software
platform. The placement of a magnetic sensor inside the model units allowed to switch on/off the sensor
without the need to remove the block from the armour layer or to open it. Tests were performed, applying
the technique to a double-layer, comparing the results with existing knowledge for this type of
breakwaters armour layers. In contrast to previous research, this study used the gyroscope reading
instead of the accelerometer record to determine the (rocking) impact velocities. This logical decision
resulted from the realization that the typical mode of movement is rotation rather than rocking. A
gyroscope measures the angular velocity, so when using this signal no integration was needed, but rather
a single velocity measurement just before the impact. This new technique implies, first, obtaining the
absolute value for the angular velocity using the three measured angular velocity components
(wy, Wy, w,) as follows:

lw]| = ’w§+a)§+a)§ (34)

Next, the impact velocity is based on peak angular velocities by assuming a pure rotational motion of
the cube:

v; = Dp|w] (35)
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In the end, the exceedance curve is made by ordering the impact velocities according to magnitude, in
descending order with v; ; being the largest, and the exceedance probability estimate as:

n
p(vi >via) =5— (36)

col

where N,,; is the number of collisions in the test and n is the rank of the velocity in the ordered list. An
additional advantage of using the gyroscope over the acceleration signal is the absence of gravitational
acceleration influence.

The authors performed the first series of tests with a stand-alone Tetrapod unit made of two solid pieces
of aluminium, as presented in Fig.13. The recordings clearly showed that the impact peaks due to
rocking could be easily distinguished.

Fig.13 — Tetrapod model unit with sensor (left) and tetrapod model unit in slope (right) (Hofland et al., 2018).

As part of the Hydralab-plus project, Santos et al. (2019) describes a set of executed tests to assess the
performance of rubble-mound breakwaters in climate change scenarios, including the data collection
process. The proposed experiment intended not only to extend and improve the validity range of the
available empirical formulas for armour layer stability but also to calibrate and validate run-up and
overtopping empirical formulas. In the instrumentation chapter, the research team included three 3-D
printed Antifer cubes with identical dimensions and weight as the other cubes in the breakwater armour.
Inside were small Arduino computers, which comprised processing boards, 9-axis IMUs, batteries, SD
cards, waterproof Micro-USB connections and a reed switch to switch the sensor off. These blocks
allowed the measurement of three components of acceleration (including gravitational acceleration) and
angular velocity. The blocks were initially always placed on the slope with the same orientation. Fig.14
presents the instrumented blocks.
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Fig.14 — Model instrumented Antifer unit (left) and instrumented units in the breakwater (right).

Eden (2019) contributed to a better understanding of armour unit hydrodynamics. The author developed
innovative measurement techniques that enabled the acquisition of unique datasets describing the
loading on a single isolated armour unit placed on an impermeable slope. These techniques provided
quantitative measurements of wave pressures and forces that were previously unavailable and
information useful for improving breakwater design methods. Additionally, they provided data to
support the calibration and validation of numerical models. So, part of his study consisted of an
experimental program investigating the impact of waves on concrete armour units used on rubble-mound
breakwaters. Experimental tests were performed in a wave flume at the National Research Council of
Canada - Ocean, Coastal and River Engineering Research Centre (NREC OCRE). A Core-Loc armour
unit was 3D printed using PLA plastic at the University of Ottawa Maker Space, instrumented with six
pressure sensors (Honeywell TBF-LPNS001BGUCYV) placed at six different locations on the unit's
surface, as presented in Fig.15. In addition, the Core-Loc was mounted on a six-degree-freedom force
transducer (model ATI Mini45 IP68) to record forces and moments acting on the unit during testing.
Following testing and calibration, the instrumented unit was placed on a rigid impermeable slope,
Fig.16, and exposed to a wide range of wave conditions to investigate: (i) the hydrodynamic loading
due to waves and (ii) the sensitivity to various wave conditions and unit placement locations. The test
results proved that the instrumented "Smart-Units" used for experimental testing of breakwater armour
units provide reliable measurements and valuable insights into the hydrodynamic interaction between
waves and armour units. Moreover, they showed that: (i) decreasing surf similarity parameter, also
known as Iribarren number, and increasing wave steepness, defined as the ration of wave height to
wavelength, were correlated with increased forces and pressures on the unit and (ii) the units located
just below the still water level experienced the highest loads during wave impact. In conclusion, the
author considered that this embedded system would be implemented in future versions of either specially
crafted concrete or machined metal units that are free to move, interact and transmit data wirelessly in
real-time or after testing. Some of the author's recommendations for future work included the
consideration of additional breakwater design parameters and the replacement of the coupling nuts used
to mount the unit on the force transducer with low-cost accelerometers and gyroscopes, as in Hofland
etal. (2018).
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Fig.15 — Printing the unit (1), printed unit (2), circuit assembly (3), and final instrumented unit (4) (Eden, 2019).

Fig.16 — Schematic of breakwater slope and unit testing locations (L1 = SWL, L2 = upper, L3 = lower) with inset
figure showing force transducer mounting system (Eden, 2019).

Caldera (2019) advanced the study of rocking armour units by applying the technique to measure the
impact velocities of Xblocs under wave action, specifically focusing on their magnitude, spatial
distribution, and stochastic characteristics. A wireless, standalone sensor was embedded within a 3D-
printed Xbloc unit, with two test units created and tested in a physical model. This Arduino-based sensor
system, which measured accelerations and angular velocity at a sampling frequency of 100 Hz, included
a battery, data storage, and a waterproof USB connector for charging and data retrieval. The initial
physical model tests confirmed the feasibility of this method for capturing the complete rocking motion
of single-layer armour units. Data analysis showed that the technique effectively interprets both upward
and downward movements, which are often challenging to observe visually during model testing. The
study also established that a 100 Hz sampling frequency is sufficient to capture the critical motion just
before impact. Notably, the angular velocity data from the gyroscope exhibited less noise compared to
the accelerometer data. Although peaks in acceleration often corresponded with gyroscope readings,
calculating impact velocity from accelerometer data requires integration, which can lead to error
accumulation. Therefore, it is recommended to rely on the impact velocity provided by the gyroscope
for a more accurate representation. While the study validated the technique, it also highlighted the need
for further testing with more sensors to fully evaluate and refine its accuracy.
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Dost et al. (2020) introduced the Smartstone probe v2.0, highlighting its advancements over the initial
version presented by Gronz et al. (2016). The research focused on technical improvements, explaining
how the new probe provides additional motion data and facilitates 2D and 3D visualization of clast
trajectories, enabling better recognition of complex motion patterns. Unlike high-speed video and wired
sensors, which restrict motion analysis to surface views and 2D profiles, this autonomous and wireless
device captured detailed 3D spatiotemporal dynamics of landslides in both dry and wet conditions,
providing continuous internal measurements without motion constraints. Equipped with an inertial
measurement unit (IMU) that records acceleration and rotation at 100 Hz, the probe operates with low
power using small batteries. It includes a USB gateway that serves as the interface between the
Smartstone probe and its controlling software, which features a graphical user interface (GUI). This
setup allows users to adjust probe settings, initiate recordings, and read out data. Users can set a
recording threshold to prevent minor signals, like environmental vibrations, from occupying memory
before significant motion occurs. Additionally, individual sensors can be disabled, and the sampling rate
can be customized.

The data from laboratory experiments with the Smartstone probe were systematically presented,
encompassing three key aspects: (i) sensor recordings, (ii) derived movement characteristics, and (iii)
2D and 3D visualizations. The qualitative description and interpretation of the sensor data provided
insights into the motion dynamics of the clasts, including acceleration components along the x,,, y,,, and
z,, axes (the superscript indicates that the values are probe readings), and rotational rates. The data were
categorized into stationary and non-stationary periods. During stationary conditions, gravitational
acceleration was recorded predominantly along the z, axis, with minimal values along x,, and y,,. This
pattern confirms that the readings are consistent with gravitational effects, validated by zero rotational
readings. The resultant acceleration, @, esyitqnt, Was approximately 1g, and is defined by:

2 2 2
Aresuitant| = \ afc’ + a§ + as =1g (37)

Each axis reading reflects a fraction of the gravity vector and is given by:

b _

ay =cosa-1g,a, =cosf-1g,a; =cosy-1g (38)

where @, # and y define the angle between x,, y,, and z, and the gravity vector, respectively.

Accordingly, under static conditions the probe's orientation relative to the gravity vector (vertical
direction) can be calculated from the three readings of a%, af, and ab.

To quantify the pebble’s movement relative to its starting position, derived movement characteristics
such as acceleration (a™"), velocity (v"¢!), and displacement (s™") were analyzed. This was achieved by
rearranging sensor readings and applying physical relations to compute these characteristics. Euler
angles and quaternion representations were used to calculate the initial orientation of the clasts. After
rearranging the recorded accelerations and with respect to time, ¢, the movement characteristics v"¢! and
s™ were obtained from the integration as:
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vrel(t) = f a™t(t)dt (39)
and

Srel(t) — fvrel(t)dt (40)

Although high-speed video recordings capturing only a segment of the pebble's motion, the full
trajectory was reconstructed using the Smartstone data. The trajectory, defined by position vectors x¢,
y"® and z™! over time provided comprehensive insights into the movement.

Key findings of the study include the ability to segment motion sequences into distinct phases using
acceleration and rotation data, as well as the successful 3D reconstruction of clast trajectories through
sensor fusion algorithms. The research demonstrated that multiple probes could be used simultaneously
to gain insights into the internal dynamics and deformation of moving landslide bodies. Although exact
depositional positions couldn't always be quantitatively reconstructed, the probe effectively identified
qualitative features and complex movements, enhancing the analysis of landslide mechanics. The
probe's broad applicability also extends to coastal and hydro-engineering studies. The study discussed
the limitations of the prototype and suggested areas for further development to enhance its capabilities.
For instance, a relatively low deviation was achieved by merging only accelerometer and gyroscope
data, indicating that further improvement could be possible with the inclusion of magnetometer data,
which would allow for displaying the trajectory in a global reference system. Additionally, accuracy in
trajectory reconstructions could be enhanced by applying methods well-established in other disciplines,
such as pedestrian navigation or mobile robotics, including Kalman filtering or Markov localization.

Building on the approach developed by Caldera (2019), recent studies by Hofland ef al. (2023) and
Houtzager et al. (2024) introduced innovative embedded Rocking Sensors to measure critical parameters
such as the number of rocking impacts, accelerations, and rotational velocities in single-layer units.
These studies involved conducting physical model tests on an armour layer with Xbloc units exposed to
irregular wave conditions. Measurements were captured using a 9-axis IMU (ST LSM9DS1 sensor)
embedded in a compact Arduino-based TinyDuino platform, which recorded acceleration and rotation
rates at a sampling frequency of 100 Hz. To optimize data storage, data was recorded only when specific
thresholds for rotation (0.05 rad/s) or acceleration (1.01g) were exceeded, with periodic measurements
every 0.5 s to monitor the unit's position during periods of inactivity. The system also featured an
Atmega328P processor, a lithium battery, and magnetic switches for starting and stopping
measurements. Validation of the system's accuracy was conducted by calibrating the accelerometers
against a standard lg gravitational reference and by testing the gyroscope with controlled rotations.
These validation efforts ensured reliable data collection, which was then processed to identify individual
rocking impacts and quantify the motion dynamics of the Xbloc units. However, accurately determining
their orientation and motion within the global coordinate system remained challenging due to the random
and changing orientation of the units during testing. The acceleration sensor is used to measure
translation, while the gyroscope measures rotation. Variations in gravitational acceleration due to
changes in the unit's orientation further complicated the description of rocking motion, necessitating the
use of simplifying assumptions. To estimate rocking impact velocities, equations (34) and (35) were
applied (Hofland ef al., 2018). The peak instantaneous rotational speed just before impact was related
to impact velocities. Specifically, the absolute rotation speed |w] is used to estimate the impact velocity
v;, based on the rotation of the unit's leg around its base. The value of |w| typically exhibits two peaks
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per wave, corresponding to the uprush and downrush phases. A scalar value representing rotational
motion, ws, is derived using:

ws = || - sign(w)) (41)

where w; is the angular velocity component with the largest standard deviation, providing a high signal-
to-noise ratio. This approach allows for distinguishing between rocking motions in the uprush and
downrush phases. The resultant rotation angle during a rocking event is obtained by integrating the
absolute rotational velocity over the event's duration, divided by two to account for both the uprush and
downrush peaks:

1
AG = 52 w; (42)

The processed data revealed that the new technique offers a more comprehensive understanding of
rocking behaviour, including impact velocities, than visual observations alone. Houtzager et al. (2024)
found that the number of impacts increases with stability numbers but decreases significantly after
several storms, likely due to changes in packing density. Hofland et al. (2023) also noted that the highest
impact velocities typically occur near the water line and during the uprush phase of waves. Their study
suggests that downslope settlement of the units continuously alters their orientation and placement
density, affecting the overall rocking behaviour. These findings underscore the effectiveness of the
embedded Rocking Sensors in capturing the detailed dynamics of single-layer armour units and provide
valuable insights into the rocking impact mechanisms crucial for breakwater design and analysis.

Table 7 summarizes the key authors who have applied this type of blocks in their research, highlighting
the main objectives of their studies, the instrumentation, and the primary findings
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Table 7 — Summary of key studies on instrumented blocks: Main goal, instrumentations, and data output.

Instrumentation
Authors Goal Armour _ Sampling Measurements Observations
) Material Power Storage Sensors
Unit frequency
Van der
M q Quantification of Cube & Number of moved
eer an ube
armour unit rocking Concrete n.d. n.d. Accelerometer 50 000 Hz  units and collisions
Heydra . Tetrapod .
and collisions Impact velocity
(1991)
Burcharth Impact loads and
) ) Dolos &
and Liu internal concrete Concrete n.d. n.d. Load cells n.d. Force
) Tetrapods
(1995) stresses on units
1600 Hz Cube is attached
Quantification of to the slope with
Connection Connection 3-axis (xandy
single layer armour : : Number of collisions a hinge, allowin
Le (2016) g- y i Cube Concrete via thin via thin Accelerometer  directions) . d 9
unit rocking and ) ) Impact velocity the cube to
. wires wires (ADXL335) 550 Hz (z ,
collisions rotate in only
direction) one direction
External Accelerometer and Deviations due
o battery . magnetometer to noise,
Monitoring the 9-axis sensor . . o
Gronz et al. (Two External timeseries quantisation,
movement of small  SmartStone Stone . . (Bosch 10-84 Hz . . . . .
(2016) ) silver-oxide memory BMX055) Derived orientation integration,
stones
button Comparison with orientation and
cells) visual footage

clipping errors
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Table 7 (cont.) - Summary of key studies on instrumented blocks: Main goal, instrumentations, and data output.

Instrumentation
Authors Goal Armour Sampling Measurements Observations
. Material Power Storage Sensors
Unit frequency
. Flexible wire to
Spatial and . .
. Impact velocity increase the
stochastic External o . .
) C . , distribution for testing efficiency;
Arefin distribution of the External memory Tinyduino Up to 62.5 ) .
. . Cubes Concrete different locations Water
(2017) rocking behaviour battery (Flash sensor (IMU) Hz . )
using the gyroscope penetration
and strength of memory) ,
. (angular velocity) through the cable
breakwater units .
connection
Impact velocities
o ) External . Need to open the
Hofland et Quantification of unit . External . using gyroscope . )
. Tetrapod  Aluminium memory 9-axis IMU 32.5Hz i units to retrieve
al. (2018) rocking battery reading (angular
(SD-card) . data
velocity)
Need to
Santos et Armour layer ) 3D printed External ) Acceleration increase
. Antifer n.d. 9-axis IMU 25 Hz )
al., 2019) stability (PLA) battery Angular velocity sample
frequency
Experimental
technique for
. . Pressure
measure the impact 3D printed External 40-320 Wave pressures
Eden (2019) Core-Loc n.d. sensors (6
of waves on (PLA) battery its) Hz Force
units

concrete armour
units
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Table 7 (cont.) - Summary of key studies on instrumented blocks: Main goal, instrumentations, and data output.

Instrumentation
Authors Goal Armour Sampling Measurements Observations
) Material Power Storage Sensors
Unit frequency
Impact velocity from
Quantification of 3D ) gyroscope and
Caldera ) ) External External Arduino-based 25-100
single layer armour Xblocs printed accelerometer
(2019) ) i battery memory sensor system Hz .
unit rocking (PLA) Number of collisions
Amount of rotation
Sensor recordings
External ( lerat g
acceleration an
Monitoring the battery 9-axis sensor ) 2D and 3D
Dost et al. Smartstone Internal rotation) isualizati
movement of small Stone (One small (Bosch 100 Hz ) visualizations
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2.2.3.1 Key insights and recommendations

Authors as Le (2016), Gronz ef al. (2016), Maniatis (2021) and Hofland et al. (2023) have extensively
examined the applicability, benefits, and challenges associated with using sensors such as
accelerometers and IMUs in their research. As IMU technology and its applications continue to evolve
rapidly, these studies have provided critical insights into the potential and limitations of these devices

in experimental settings, leading to significant recommendations that will guide future research in this
field.

The key ideas discussed by the aforementioned authors are presented below, organized into the
following discussion topics: IMU applicability, laboratory experiments and measurement, and data
processing. These insights provide a comprehensive overview of the challenges and considerations that
researchers must address in this rapidly developing field.

Applicability

IMUs have emerged as a powerful tool in the instrumentation of armour unit blocks for hydraulic
experimental tests, offering distinct advantages over traditional measurement methods. Unlike wired
sensors, which can inadvertently constrain the very motions they are meant to measure, wireless IMUs
eliminate inaccuracies caused by physical connections, providing a more accurate representation of the
internal dynamics of armour units. This capability addresses a key limitation of previous studies that
relied on wired sensors to measure internal deformation and movement characteristics.

IMUs outshine in providing continuous, detailed measurements in three dimensions, enabling
researchers to explore the internal behaviours of individual armour units in ways that external
observation methods - such as high-speed video or laser techniques - cannot. This capability is especially
valuable for capturing the random and complex motions of armour units, such as rocking and rolling
induced by wave action, which are notoriously difficult to model with numerical precision. The
quantitative characterization of rotational failure processes through IMUs, based on changes in vectorial
components of the gravity vector, goes beyond simple data plotting. It allows for the sampling of
movement characteristics critical to understanding the stability and failure mechanisms of breakwater
armour units.

Moreover, IMUs facilitate the full 3D reconstruction of multiple trajectories, enabling comparisons
between different parts of a moving mass. This spatiotemporal reconstruction is essential for accurately
describing the motion processes of armour units, offering insights into their collective behaviour under
hydraulic forces.

However, the effective deployment of IMUs requires careful consideration of the technology's
limitations and a deep understanding of the physics behind inertial measurements. The use of IMUs in
hydraulic experiments is still evolving and often involves a "trial and error" approach. These sensors,
originally developed for consumer electronics, operate within well-defined parameter spaces that may
not fully capture the complexities of natural systems encountered in these studies. Researchers must be
mindful of these limitations, understanding the accuracy, precision, and potential errors associated with
inertial measurements to utilize the technology effectively.

Furthermore, it is crucial to report IMU data clearly and with sufficient detail to allow for repeatability
and accurate error characterization. These measurements should be explicitly linked to the underlying
physics of armour unit motion to ensure that the data meaningfully contributes to the broader
understanding of these phenomena.
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In conclusion, as sensor technology continues to advance, with improvements in accuracy and
adaptability to complex natural systems, IMUs are likely to become increasingly integral to the study of
concrete armour units.

Laboratory experiments and data measurement

The instrumented units have proven to be a valuable tool for studying the behaviour of armour layers
under wave action. However, to further enhance their effectiveness and the quality of data collected,
several improvements and considerations are recommended during the laboratory tests, namely (Dost et
al., 2020; Hofland et al., 2023; Houtzager et al., 2024; Le, 2016):

(@

(i)

Increasing the number of embedded units: to capture the full range of variability in rocking
behaviour across individual armour units, it is advisable to embed at least 10 smart units within
the armour layer during physical model tests. This larger sample size is essential because the
variation in rocking between individual units is significant — rocking frequency and magnitude
are influenced by the random position of the units, and the wave conditions. A more extensive
dataset will allow for a more accurate and comprehensive analysis of the interactions between
units and the overall performance of the armour layer;

Using 3D-printed units: The use of 3D printing technology for fabricating smart units presents
several advantages, particularly in creating complex shapes in a cost-effective manner. This
method allows for the practical design of units that can be easily opened and closed, facilitating
the replacement of electronic components and wires during testing;

(ii1) Scaling considerations for sensor applications: when adapting measurement methods to

(iv)

)

different experimental scales or velocities, it is essential to adjust the recording ranges and
sampling frequencies accordingly. The Nyquist frequency, which helps avoid under sampling,
varies with the rate of movement and the size of the measured object. As movement rates and
unit sizes change, the sensor settings must be scaled to accurately capture the dynamics of
different experimental conditions. This ensures that the sensor performance is optimized for
varying experimental scenarios;

Evaluating and adjusting measurement frequency: Initial studies used much higher
measurement frequencies, up to 50 kHz, with externally wired sensors to capture high-
frequency impact-related data. However, this approach required extensive processing time,
making it less practical for regular use. According to Hofland et al. (2023), a lower frequency
of 100 Hz is adequate for capturing key velocities in dynamic processes like the rocking of
armour units. This frequency is well-suited to detecting the larger impact peaks with sufficient
resolution. Thus, while earlier methods employed extremely high frequencies, the current
standard of 100 Hz provides a good balance between accuracy and processing efficiency,
making it a more viable option for regular testing setups.

Updating data storage mechanisms: continuous data capture is generally preferred over bursts
when measuring dynamic events, as it ensures that no critical information is lost. In cases like
monitoring the rocking behaviour of armour units, continuous sampling allows for
uninterrupted recording of both upward and downward movements, providing a more accurate
representation of the event. Despite the advantages of continuous measurement, hardware
limitations - such as memory constraints or slower data writing speeds - often lead to the use
of burst sampling. In this method, data is collected in short intervals and written to storage
between bursts, reducing the risk of overwhelming the system's memory or processing
capacity. While effective, this approach risks missing key moments during pauses between
bursts, especially in fast or complex events like double-rocking. Upgrading to hardware that
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supports continuous sampling at 100 Hz would enhance data accuracy, but burst sampling
remains a practical alternative in resource-constrained environments;

(vi) Synchronization with wave data: For a more comprehensive analysis, it is essential to
synchronize the data collected from the smart units with wave data. This synchronization
would allow for a deeper understanding of how specific wave conditions influence the rocking
behaviour of the units and the overall performance of the armour layer. Such an integrated
approach would enhance the accuracy and relevance of the findings;

(vii) Realistic modelling of armour units’ movement: the difference in orientation before and after
movement gives information about the angle of movement and type of movement. When
modelling the rocking movement of the units, it is important to use realistic angles of rotation.
While a 90-degree rotation was used in some works for simplicity, such a large degree of
movement is uncommon in a conventional breakwater layer, where surrounding armour units
limit the rotation. A more realistic angle of rotation that reflects the actual conditions in a
breakwater layer would provide a more accurate representation of unit behaviour;

(viii) Photographic documentation of armour layer changes: to complement the sensor data, it is
recommended that photographs of the armour layer be taken during physical model tests. This
visual documentation would provide valuable insights into the changes in the armour layer,
such as settlement patterns and variations in packing density. This information could enhance
our understanding of the relationship between rocking, packing density, and the overall
stability of the armour layer.

Data processing

Processing data from IMUs is a complex task that requires careful consideration of various factors to
ensure accurate results. The raw data provided by these sensors is subject to numerous challenges, such
as noise, drift, integration errors, and the influence of gravity. To address these challenges, researchers
need to apply advanced calibration techniques, use advanced algorithms, and ensure careful
compensation for the inherent errors that arise from the measurement process.

A primary issue when working with accelerometer data is the influence of gravity. Accelerometers
measure changes in acceleration, but they do not distinguish between forces caused by motion and those
caused by the Earth's gravitational field. When stationary and aligned with gravity, one axis reads +1g.
However, if the sensor rotates, all axes detect components of the gravitational field, complicating the
interpretation of actual translational movements. Gravity compensation - removing the gravitational
component from raw measurements - is essential for accurate translational acceleration and
displacement calculations. Continuous orientation tracking of the IMU is also needed to apply proper
gravity compensation, making this a crucial step in data processing. An estimate of the orientation of
the IMU is also needed for estimating the direction of the applied forces.

Accurate orientation estimation is another significant challenge. Traditional methods, like using Euler
angles, can experience issues like Gimbal Lock, which occurs when two of the three rotational axes
align and result in a loss of one degree of freedom. This makes Euler angles unsuitable for tracking
particles that rotate freely. Quaternions, while more complex, provide a robust alternative by avoiding
these singularities and offering more reliable orientation tracking. To enhance the field, it is crucial to
standardize the use of open-source quaternion libraries and provide training for their effective
application.

However, even with orientation compensation and tracking, integration errors remain a persistent issue
when estimating position from IMU data. Displacement is traditionally calculated by integrating
acceleration data twice - first to obtain velocity, and then to derive position. Unfortunately, this process
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is highly sensitive to sensor noise and drift, especially with low-cost consumer-grade IMUs. As a result,
small measurement errors accumulate over time, leading to significant inaccuracies in position
estimates. For practical purposes, reliable displacement tracking is usually limited to very short time
periods, typically less than two seconds. Beyond that, the integration errors grow too large, making long-
term tracking unreliable. Therefore, when reporting displacement and position values in research, it is
critical to clarify the methods used and acknowledge the inherent limitations of IMU-based estimates
over extended periods.

Another key issue is sensor calibration. For IMUs to provide accurate measurements, they must be
carefully calibrated. Accelerometers and gyroscopes require frequent calibration to account for their
individual biases and noise characteristics. While accelerometers tend to be stable over long periods,
they are susceptible to external vibrations and forces, leading to noisy data. In contrast, gyroscopes are
more reliable in the short term but suffer from drift over time due to bias accumulation. Calibration
methods typically involve shaking tables, pendulum experiments, or simple moving tests to calibrate
each axis separately. However, these methods have inherent limitations due to the interdependence of
IMU errors across axes, which means that calibrating one axis does not entirely address errors present
in the other axes. Moreover, the shape of the sensor’s enclosure plays a critical role in calibration
accuracy. Placing an IMU in different armour units’ shapes, affects the calibration. Calibration is only
reliable if the IMU is positioned exactly at the centre of mass, which is technically difficult, especially
with irregular shapes. If the IMU is not precisely cantered, errors such as Coriolis and centrifugal forces
arise, requiring recalibration. Additionally, when calculating movements like kinetic energy, the shape
of the enclosure changes the moment of inertia, further complicating calibration and measurement.

To mitigate these various errors, researchers, as Gui et al. (2015), have increasingly turned to sensor
fusion techniques. Sensor fusion combines data from multiple sources - typically accelerometers,
gyroscopes, and magnetometers - to produce more accurate orientation and position estimates. By
merging the strengths of each sensor, these algorithms reduce the impact of individual sensor limitations,
such as accelerometer noise or gyroscope drift. Common sensor fusion methods include Kalman filters
and complementary filters, which use statistical techniques to cross-validate sensor readings and adjust
estimates based on measured variance. These methods have proven effective in electronics and robotics
and are gradually being adapted for other applications where motion tracking is more complex. One of
the most promising applications of sensor fusion is when integrating the full motion of an armour unit,
such as for a unit tumbling down a slope. By combining acceleration and rotation data, researchers can
track the movement of objects within a local reference system, without the need for external reference
points or visual contact. Sensor fusion algorithms can quantify motion characteristics such as relative
acceleration, velocity, and displacement, making it possible to study movement dynamics even in
challenging conditions. However, these algorithms depend heavily on accurate initial conditions and
assumptions, and proprietary software often obscures the parameters used in the calculations. As a result,
there is a growing push for the adoption of open-source tools in the research community. Open-source
solutions offer transparency and allow researchers to reproduce and validate each other’s results,
fostering collaboration and standardization.

In summary, processing IMU data requires a detailed understanding of the limitations and potential
errors associated with the sensors. Using advanced techniques such as sensor fusion, quaternions for
orientation tracking, and rigorous calibration procedures, many of these errors can be mitigated, though
not eliminated. As IMU technology continues to evolve, these solutions will play a key role in enhancing
the accuracy of measurements and advancing the understanding of complex, dynamic systems.
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2.3 CONCLUSIONS

Rubble-mound breakwaters, which constitute over half of all breakwaters globally, are essential
structures in coastal protection, safeguarding harbours and ports by dissipating wave energy. They also
offer potential for multifunctional applications, such as integrating ocean energy harnessing
technologies, contributing to the sustainability of ports. However, their armour layers remain
particularly vulnerable to hydraulic instability, driven by wave-induced movements like rocking,
displacement, and settlement. If unaddressed, these processes can result in progressive damage,
exposing underlayers and ultimately jeopardizing the structural integrity of the breakwater.

The increasing impacts of climate change, including sea-level rise and intensifying storm events, along
with the growth of coastal population and the exploitation of ocean resources, exacerbate vulnerabilities,
highlighting the urgent need for resilient, adaptive, and innovative breakwater design. Traditional
deterministic design methods, which often assess damage by counting displaced units, overlook
secondary effects, such as unit collisions, hydrodynamic pressures, concrete fatigue, and non-linear
responses, limiting their accuracy in predicting damage progression. To bridge this gap, probabilistic
and risk-based frameworks have emerged as powerful tools. These approaches address the stochastic
and dynamic nature of wave-structure interactions, reshaping how damage is assessed and offering
insights into maintenance strategies and lifecycle costs. However, their broader adoption is hindered by
the lack of standardized experimental protocols and high-resolution datasets, necessitating further
advancements in measurement and modelling techniques.

Concrete armour units are an alternative to natural rock, particularly in regions where suitable natural
materials are scarce, offering solutions with improved stability and adaptability. They also play a central
role in physical modelling enabling researchers to integrate innovative technologies that deepen the
understanding of wave-structure dynamics. Instrumented armour units equipped with sensors have
transformed hydraulic research by offering detailed measurements of forces, pressures, and block
motion. Significant progress has been made in monitoring critical parameters such as rocking velocities
and wave-induced forces; however, challenges remain, particularly in tracking the full range of unit
movements under complex wave conditions.

Among the most promising tools addressing these gaps are Inertial Measurement Units (IMUs), which
deliver three-dimensional, continuous data capture. Despite their potential, IMUs face challenges such
as noise, drift, and integration errors, which can obscure meaningful results, particularly for
displacement tracking over longer durations. Advances in calibration and data processing techniques,
such as gravity compensation, the use of quaternions for orientation tracking, and sensor fusion, are
mitigating these issues and enhancing the accuracy and reliability of IMU data. Laboratory innovations,
such as 3D-printed customizable units and synchronized wave force measurements, further enhance the
application of IMU technology, enabling more realistic modelling of complex hydrodynamic scenarios.

These technological advancements are reshaping the study of breakwater dynamics by providing the
high-resolution data needed to refine probabilistic models and enhance the predictive capabilities of
numerical simulations. Future research should prioritize the continued refinement of IMU
methodologies to extract meaningful and actionable data, and the integration of numerical and physical
modelling approaches. By combining the strengths of these hybrid systems, researchers can develop
adaptive, resilient, and cost-effective solutions for rubble-mound breakwaters. As environmental and
technological pressures on coastal structures intensify, a multidisciplinary approach that balances
technical innovation with economic, environmental, and societal considerations will be critical to
ensuring the long-term reliability and functionality of these essential coastal structures.
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3

ADVANCED NUMERICAL
MODELLING OF RUBBLE-MOUND
BREAKWATERS USING SPH

3.1 INTRODUCTION

Complex systems, like nature, can be modelled by finding the analytical solutions for the equations that
define the system (or mathematical model). Its behaviour can be predicted by calibrating some
parameters and imposing a set of initial conditions. In numerical modelling, these equations are solved
numerically rather than analytically. Through algorithms it is possible to simulate complex real-world
processes and predict their evolution (Dominguez, 2014).

As mentioned in the previous chapter, when it comes to designing coastal structures - such as
breakwaters - empirical and semi-empirical methods are typically used, where parameters are derived
from physical models. This means that the formulas used have a limited validity range, restricted by the
values that have been tested. Besides, to better respond to the maritime environmental actions,
increasingly complex geometries have emerged. The empirical, semi-empirical, or analytical solutions
are not valid to describe these kinds of geometries. Most of the time, it is necessary to resort to physical
or numerical models to solve maritime engineering real problems (Altomare et al., 2014; Didier and
Neves, 2010).

In the last few decades, with computational development, numerical modelling is becoming more and
more relevant. A branch of fluid mechanics called Computational Fluid Dynamics (CFD) appeared,
which studies fluid behaviour using numerical modelling. The computer's capability of executing
millions of mathematical operations per second allows the simulation of complex systems and realistic
problems. When comparing the cost in time, resources, and money, numerical modelling presents some
advantages over physical experiments. Also, this technique provides data that can be difficult, or even
impossible, to measure in a physical model. Despite the accuracy of the numerical schemes, these cannot
replace the construction of scale models, mainly in coastal structures cases, whose results are verified
based on physical models and prototypes. However, numerical models can lead to significant savings
by extensively reducing the number of physical tests, which require time, good infrastructure, financial
resources, and researchers' experience (Didier and Neves, 2010; Dominguez, 2014).

In conclusion, in most cases, numerical modelling is an excellent complement to physical modelling.
According to Didier and Neves (2010), one of these situations corresponds, as mentioned above, to the
concrete case of the interaction between waves and coastal structures, for which, over the last decades,
numerical models have been developed, with different degrees of complexity, following the evolution
of numerical methods. These numerical models, which include free surface modelling, allow the
accurate description of the physics involved in the process and the prediction of the essential
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characteristics of the flow. Therefore, for the fluid motion description, there are two possible numerical
approaches:

e Eulerian approach: solves the equations at the fixed nodes of a mesh. The velocity and pressure
fields are represented as a function of position and time;

e Lagrangian approach: it is a meshless approach (does not use a fixed or dynamic grid). The
positions where equations are solved move with the fluid. By following individual fluid particles
through time, the trajectory, velocity, and pressure fields are obtained as a function of the initial
position and time.

The mesh-based methods, which include: the Finite Volume Method (FVM), Finite Differences Method
(FDM), Finite Element Method (FEM) and Boundary Element Method (BEM), have dominated the field
of computational fluid dynamics. They are robust, well-developed, and their application to a wide range
of ocean and coastal engineering problems produces usually a very accurate answer. For instance, FVM,
FDM, FEM, and BEM accurately solved Fully Non-linear Potential Flow (FNPT) problems (Luo et al.,
2021). Mesh-based methods are very mature, both mathematically and algorithmically.

Despite the great successes achieved in the last decades, Eulerian methods also present limitations,
especially when problems involve complex topological changes and highly non-linear deformed moving
interfaces (Altomare et al., 2014). Mesh-based methods proved to be adequate for confined
computational domains and computations where the boundaries are not moving. In cases where the fluid
surface deformation is large, the mesh generation process can be time-consuming. Besides, the Eulerian
models usually need to be combined with the explicit surface capturing technology (Altomare ef al.,
2014; Wen et al., 2018).

Another category of numerical methods, i.e., the Lagrangian Particle methods, has some distinct
advantages compared to Eulerian methods, making it very attractive for the ocean and coastal
engineering community. First, particle-based discretization, meshless, makes particle methods naturally
capable of modelling large surface deformations (e.g., fluid merging and splitting) because the
connectivity between nodes is changing and being calculated at run-time. These methods allow dealing
effortlessly with complex geometrical boundaries of the coastal structures. They are suitable for highly
non-linear, multi-phase interaction problems, such as wave structure and wave-sediment interactions.
They are also superior to Eulerian methods in modelling advection-dominated flows (e.g., violent
surface flows) due to their Lagrangian feature and the absence of the advection terms in the governing
equations. These methods are convenient for situations where mesh-based methods application is not
possible (Luo et al., 2021; Wen et al., 2018).

There are a lot of meshless methods, such as the Particle Finite Element Method (PFEM), Diffuse
Element Method (DEM), Moving Particle Semi-Implicit (MPS), Free Mesh Method, or the Smoothed
Particle Hydrodynamics (SPH). The last one is possibly the most popular and mature meshless method,
being an important computational tool for scientific research and engineering design. It proved to be a
suitable method for practical applications in coastal engineering (Gotoh and Khayyer, 2018).

3.2 SMOOTHED PARTICLE HYDRODYNAMICS (SPH) FOR COASTAL APPLICATIONS

Smooth Particle Hydrodynamics (SPH) is a meshless Lagrangian particle method, where the particles
move according to the governing dynamics. Primarily developed for solving astrophysical problems
during the '70s (Gingold and Monaghan, 1977), SPH has evolved, over the past two decades, into a
versatile numerical tool capable of solving a wide range of problems in areas from solid mechanics to
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the mechanic of fluids (Puri and Ramachandran, 2014). The significant development of this method
resulted from continuous theoretical contributions (Gomez-Gesteira et al., 2010a; Liu and Liu, 2003;
Monaghan, 1992; 2005; Violeau, 2012), combined with computational improvements, specially
affordable high-performance computing hardware. SPH is, nowadays, applicable to multiple problems
in the Computational Fluid Dynamics (CFD) field (see subsection 3.2.1). According to Violeau and
Rogers (2016), some SPH codes have become an inherent part of the numerical arsenal of industrial
research and development laboratories and academic institution. Despite this, SPH is still a young
numerical method, presenting some drawbacks compared to classical Eulerian mesh-based methods. In
subsection 3.2.2 the principal advantages and problems of SPH are discussed. The SPH rEsearch and
engineeRing International Community (SPHERIC), founded in 2005, join researchers and industrial
users worldwide to push the development of the SPH method. They discuss new and current concepts,
define benchmark test cases, and identify SPH needs and gaps of understanding. So, this organization's
final purpose is to highlight and solve some of the SPH key challenges called the SPHERIC Grand
Challenges (see subsection 3.2.3) by exchanging information between researchers, developers, and users
(Vacondio et al., 2021). The last subsection (3.2.3) presents also a vision and perspectives of the SPH
development in the upcoming future.

3.2.1  APPLICATIONS OF SPH TO COASTAL DEFENCES

In the computational fluid dynamics field, SPH is particularly suitable to describe complex physical
processes, such as those found in coastal and ocean engineering problems. In 1994, Monaghan made the
first attempt of modelling free-surface flows using SPH. The Lagrangian nature of the SPH allows the
domain to be multi-connected without needing special surface treatment. Since the particles are in
motion and interacting with each other, the free - surface is determined by the particle's position. By its
positions, it is possible to know where there is fluid and where there is not. Thus, the modern SPH
numerical schemes are ideal for the simulation of free-surface flows and complex phenomena of free-
surface deformations, which include gravity currents, wave generation and propagation (e.g., long
waves, short waves, regular and irregular waves, solitary waves), the arrival of waves on a beach, dam
failure, fluid-structure interaction, violent hydrodynamics phenomenon of waves impacting offshore and
coastal structures, such as breakwaters. This last point includes studies about the applicability of SPH
to model wave breaking, wave overtopping, wave run-up, wave impact, among others.

3.2.2 ADVANTAGES AND DRAWBACKS OF SPH

The SPH method has several advantages, derived from the fact that it is a Lagrangian and meshless
method. Some of its remarkable benefits worth to be underlining:

o SPH method possesses the extraordinary capability to simulate a large variety of complex flows,
involving a large spectrum of physical processes, such as highly non-linear, inertia-dominated
flows, multi-fluid and multi-physics flows, fluid/structure interactions, etc.,

o There is no need for special treatment to detect complex topological changes in the free surface,
such as the Volume of Fluid (VoF) method, commonly applied in mesh-based models. The free-
surface particles indicate the shape of the free surface easily and naturally. SPH presents several
advantages for situations where VoF and other surface tracking methods struggle or fail;

e SPH can easily include complex additional physics. This arises partially from the flexibility of
the continuum modelling, partially from the fact that each element of fluid or solid has a specific
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identity that stays with the material over time. There is no need for particular variables to detect
different phases in the space since each particle holds material properties of its phase;

o SPH allows straightforward modelling of moving complex boundaries and interfaces, eliminating
the need to create complex volume meshes. It is particularly relevant for large scale transient free-
surface flows, where the space volume that needs to be meshed would be significantly larger than
the volume of the fluid of interest; and

e SPH codes are conceptually simpler due to their Lagrangian nature. Besides, they should be faster
than Eulerian codes since no computational effort is necessary for dealing with convective terms.

Despite all the success of the SPH method in a wide variety of problems involving free surface flows,
this method also possesses some drawbacks, which still hinder its use in industrial applications, such as
(Altomare et al., 2014; Le Touzé et al., 2016; Violeau and Rogers, 2016):

e [ts expensive computational cost compared with other mesh-based methods for CFD problems,
especially when considering 3D simulations. This is partially alleviated by means of hardware
acceleration, being the graphics processing unit cards a cheap and accessible option,

e Difficulties in prescribing wall boundary conditions and even extensive problems at open
(inflow/outflow) boundaries,

e Lack of consistent theory in relation to the mathematical foundations of the method (e.g.,
convergence, stability),

e Inaccuracy of pressures prediction, at least for the original WCSPH variant,

o Difficulties in dealing with variable space resolution for (nearly) incompressible flows.

3.2.3 MAIN CHALLENGES, FUTURE DEVELOPMENTS, AND PERSPECTIVES FOR SPH

Despite being considered a method with the potentiality to evolve, SPH still suffers from a lack of broad
recognition from the scientific community as a serious candidate to become an indispensable numerical
tool in the future. Most of the insecurity put on the method derives from his immaturity and
disadvantages compared to other methods. Many questions about the theoretical ground of this method
and its unknown properties remain unanswered. Convergence, numerical stability, boundary conditions,
kernel properties, time marching, existence and properties of solutions make a shortlist of SPH key
issues. Despite the continuous improvements and modifications of the SPH method, it remains a lot of
work to do.

The SPHERIC community is carrying out systematic research to overcome SPH's drawbacks. Since
2005, it started building a working group on SPH numerical development, named the SPHERIC Grand
Challenge Working Group (GCWG), which identified the SPH grand challenges to be addressed in the
following years to conduct the method to a mature stage. The SPHERIC SPH Grand Challenges are
grouped into five categories (Vacondio et al., 2021):

(i) Convergence, consistency and stability: In the SPH method, a significant lack of understanding
and formalism remains concerning the notions of these three properties remains. Lax Equivalence
theorem proves that convergence, consistency, and stability are interlinked, stating that for
consistent finite difference schemes considering well-posed linear problems, the method is stable
if and only if it is convergent. Several different scheme's categories exist to achieve more accurate
solutions to the equations in the particle method's context. An example of these numerical
treatments is the particle regularization schemes applied to improve stability and convergence
since these properties are critically dependent on particles distribution. One robust and well-
known particle regularizing scheme is the Particle Shifting scheme, frequently used in free-
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(i)

surface flows. Considering weakly compressible SPH (WCSPH), one can also achieve higher
levels of accuracy and stability through the incorporation in the formulation of artificial viscosity,
8-SPH, Riemann solvers, and higher-order accurate SPH.

Regarding convergence, it is still one of the challenging aspects of the particle method.
Consistency and convergence are closely linked. When looking for irregular distributions of
particles as often found in Lagrangian particles, one may construct consistent formulations. This
can be costly, and convergence is not necessarily ideal. So, a goal of this grand challenge remains
in improving the mathematical formalism around error quantification, convergence rates, and
stability.

Boundary conditions: Initial conditions (ICs) and boundary conditions (BCs) are necessary to
close the fluid dynamics equations. The last ones include solid boundaries, free-surface,
inlet/outlet, stress conditions in structural mechanics, those related to the coupling with other
models, etc. Considering free-surface flows, BCs are probably the cause of all problems. Due to
the meshless nature of the SPH method, imposing boundary conditions is not trivial. Researchers
use diverse techniques to incorporate ICs and BCs in SPH. According to Vacondio et al. (2021),
there still are some clear challenges progressing, namely: identifying and validating BCs that are
robust for arbitrarily complex non-orthogonal geometries for the vast range of SPH applications;
extending the behaviour of SPH BCs to possess higher-order convergence properties; maintaining
the intrinsic conservation properties of SPH while retaining the consistency of operators.

(iii) Adaptivity: Efficient simulations are the key to engineering problems. The advancement of

(iv)

adaptive multi-resolution schemes leads to significant improvements in computational efficiency.
These numerical schemes can use a domain discretisation based on different size elements
(computational nodes that move with the fluid velocity, in Lagrangian meshless-based numerical
methods). This feature allows increasing the number of computational particles only in the
portions of the domain where the flow features require higher resolutions. Thus, it is possible to
dramatically reduce the total number of computational nodes used to discretise a domain and
consequently the computational cost for the simulation. Several algorithms to dynamically adjust
the mesh resolution have been implemented with success in mesh-based methods. Despite the
necessity to introduce a variable resolution in SPH numerical schemes for fluids to simulate all
inherently multi-scale engineering problems, almost all SPH codes are based on uniform
resolution. From computational aspects, development of adaptative codes that can take in
different computational resolutions and thus can reliably model different physical scales would
be of crucial importance. Some authors have already studied this subject, such as Vacondio et al.
(2013) and Vacondio et al. (2016). However, in future, substantial developments for particle-
based multi-resolution schemes are expected. It needs to improve both in terms of efficiency and
performance. Application of the advanced versions of multi-scale schemes will be accompanied
by rigorous considerations regarding conservation of volume, momentum, and energy.

Coupling to other models: Due to its meshless formalism, the SPH method can naturally resolve
multi-mechanism problems and include different physical models. As with other Lagrangian
meshless methods, SPH is very accurate and efficient when dealing with moving boundaries and
complex interfaces, which, on the other hand, are usually addressed with difficulties by
conventional numerical methods (e.g., FVM, FEM). However, for problems where the latter ones
are currently used and well established, SPH is generally less effective. For the same level of
attained accuracy, results are more costly. So, in several contexts, it can be much more effective
to couple an SPH solver with another numerical solver, enhancing the capabilities of both methods
within their specific application fields. The hybrid models resulting from the coupling of particle
methods with other computational frameworks will take advantage of eminent privileges included
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in different frameworks, complementing each other shortcomings, and allowing them to address
a wide range of problems. Coupling SPH models with other numerical solvers is a perspicuous
effective strategy to expand the intrinsic capabilities of SPH-based models to solve complex
physics and hydrodynamics while reducing the computational cost related to the meshfree nature
of the method. Despite the clear advantages and all the good results achieved so far, coupling
algorithms are of complex implementation and generalisation due to the different nature of the
coupled models. There is no general methodology for merging the frameworks, mainly because
coupling depends on the boundary conditions, which are still an open problem. The treatment of
interfaces and accurate implementation of boundary conditions at the phase or/and computational
interfaces are the most relevant issue for coupling particle-based methods and other computational
frameworks. But the coupling algorithm and the related implementation complexity can also vary
depending on the following aspects: one-way or two-way coupling; heterogeneity of the modelled
physics; Lagrangian or Eulerian approach adopted in the method coupled to SPH; discrete
coupling interfaces between solvers; time stepping and stability of the coupled algorithm; and
preservation of conservative quantities by the coupling. Besides the variation in formulation, there
is an added difficulty of integrating methodologies that are designed or have been extensively
optimized for distinct hardware acceleration and coding structures. The impressive gains in
efficiency and first encouraging results counterbalance the difficulties and complexities related to
the coupling of very different solvers and justify the increasing use of coupling algorithms for
practical applications and real engineering problems. However, one should validate the coupled
methods through more challenging situations.

Applicability to industry: The industrial world changed its perspective regarding the SPH method
only recently, starting to accept it as a valuable's CFD method.

The scientific progress on Grand Challenges 1 and 2 has convinced engineers of the ability of the
SPH method to solve some industrial applications with highly distorted complex interfaces, free
surfaces, and dynamic flows.

Nevertheless, industrial engineering applications are arduous and will remain like this for a long
time. Some topics of concern for industrialists still need to be solved. One of them is the reduction
of the elapsed time of the simulation. The progress in High-Performance Computing (HPC) in
accelerating SPH software on different architectures (CPUs or GPUs) enables SPH to be
competitive with conventional mesh-based methods. SPH is inherently more expensive than
classical mesh-based methods due to the enormous number of neighbours for a given
computational point and the need for a minor computational step because of the weakly
compressible explicit formulation. Work has been done to increase the order of convergence of
SPH schemes for a given number of neighbours. However, this causes extra calculations. Besides,
the gain in terms of accuracy is not demonstrated yet for industrial applications. The semi-implicit
incompressible SPH (ISPH) scheme's development leads to gains in the time step. Its GPU
implementation will probably reinforce its efficacy. However, one should not pursue that progress
in HPC to the detriment of the accuracy of the numerical scheme. The temptation of introducing
simplifications in the adopted numerical scheme to increase efficiency should not supplant the
interest in accuracy's hard-won gains.

If the SPH method is unable to progress on the HPC objectives, it should only be used in portions
of the domain characterised by strong dynamics and complex interfaces. The complete simulation
can be obtained by effective coupling of SPH with other numerical methods.

In summary, the method must keep progressing to maximise opportunities to extend its field of
application, considering complex physical phenomena, such as turbulence, surface tension, and
phase change, plus staying competitive with other methods.
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Beyond the five grand challenges previously introduced, there are other fields where further research in
SPH is needed, for example, fields such as:

(1)

(i)

Turbulence modelling: it is a challenging topic in its own, and it is yet to receive a comprehensive
investigation. In the early applications of SPH to free-surface flows, turbulence was normally
ignored since SPH proved particularly appropriate for representing violent flows, where inertia,
pressure and gravity play a crucial role. However, turbulence started to be addressed in SPH when
it was also applied to confined flows. According to Violeau and Rogers (2016), despite the efforts
made over the past ten years, advanced turbulence models for SPH are still poorly developed,
requiring huge computation time even with GPUs;

Multiphase flows: in diverse problems associated with coastal/ocean engineering, the flow is
characterized by distinct physical phases. Applications involving multiple phases can be
extraordinarily complex, and to date, only simple cases or applications have been simulated in
SPH. More specifically, numerical simulation of liquid-gas multi-phase flows is among the most
challenging topics for coastal engineers. The complexities involved in the multi-phase problems
mainly arise from the abrupt density variation at the phase interface. It would lead to a
mathematical discontinuity of density and, consequently, a discontinuous pressures gradient field.
Developing robust adaptivity schemes for multi-phase flows whose properties can evolve
represents a formidable challenge.

In the end, weighing the method's advantages, disadvantages and challenges, the following questions

arise:

Is the SPH formulation the most suitable method for simulations involving the complex physics
present in coastal engineering problems?

What are the following steps in the SPH future?

What are the SPH's long-term aims?

How can one contribute to the development and validation of the model?

According to Violeau and Rogers (2016) long-term vision, SPH should become part of the overall CFD
landscape for hydraulic, water, energy, and environmental companies and governmental agencies, used
appropriately and with experience-based insight. In order to achieve this goal, there are significant
developments to undertake before the method use becomes widespread. One should apply the principal
efforts in addressing the issues that prevent the industry from investing in and using the method. First,
the community of researchers, developers, and engineers should eliminate poorly validated codes and
formulations that are not generalizable. It means that the SPH community needs to:

keep the developed numerical methods free of any numerical term with constants that require
calibrations;

focus on optimized simulations with minimized uniform error distributions;

integrate well-validated SPH codes into the design methodologies of, for example, breakwaters;
and,

identify new applications of SPH, which help push the development of the method forward by
identifying SPH's shortcomings and highlighting new opportunities for its development. These
last two points imply a dialogue with industrial companies to identify their needs simultaneously,
as preparing potential users of tomorrow to use the new technology properly, identifying the
possibilities and limitations of the method.

To accomplish the developments listed above, it is also crucial to define standards of acceptability for
future research and publications, which contribute to the future credibility of the methodology. Violeau
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and Rogers (2016) proposed that, before any practical application, rigorous validation of particle-based
codes must be conducted by considering appropriate benchmark tests with exact analytical solutions or
semi-analytical solutions or converged reference numerical solutions from validated numerical codes.
Experimental or field data with high degrees of repeatability and estimations of variability should
supplement the analytical benchmarks. Where a reference solution exists, comprehensive numerical
investigations on conservation and convergence properties need to be conducted to estimate error norms,
preferably using a consistent error's measure, such as the grid convergence indicator (GCI). The SPH
research community should also report, in its papers, plots of all relevant flow fields which highlight
problematic issues. The Violeau and Rogers (2016) vision to drive the development of SPH, specifically
for free-surface flows, is summarized in Fig.17.

SPH Vision
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Fig.17 — SPH vision for free-surface flow (Violeau and Rogers, 2016).

3.3 SPH SoOLVER DUALSPHYsSICS — STATE-OF-THE-ART
3.3.1  INTRODUCTION

SPHysics is a numerical SPH model developed to study free-surface problems, such as those presented
in the design of coastal structures like breakwaters. It is a code written in Fortran90 with numerous
options (different kernels, several boundary conditions, etc.). Since its first release in 2007, it has
demonstrated high accuracy in several validations with experimental results. However, it proved to be
too slow when applied to large domains. As referred previously, SPH has traditionally been an expensive
computational method, mainly because of two factors: the high number of interactions with
neighbouring particles for each particle, both in 2-D and 3-D simulations, and the use of explicit time
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integrators in WCSPH (Weakly Compressible Smoothed Particle Dynamics), which leads to the use of
a very small time step (Violeau and Rogers, 2016). So, the high computational cost of the model showed
to be a real obstacle to the extensions of the code to an industrial scale since the simulation of real
engineering problems requires a high resolution which implies simulating millions of particles. Even
small validation cases in 3D may take days or even weeks on sequential SPH codes.

So, to overcome these limitations, it was necessary to increase the velocity of the code by applying high-
performance computing (HPC) techniques. The classic options of hardware acceleration for CFD
calculations include the distribution of the workload among different Central Processing Unit (CPU)
cores (OpenMP) or/and the combination of multiple machines' power connected via a network (MPI).
Another option corresponds to Graphic Processing Units' (GPU) use since the graphic cards are powerful
parallel processors designed for graphics rendering, providing the necessary computing power at low
cost and without expensive structures.

Thus, in 2009, the first version of the DualSPHysics code was born. Like SPHysics, its precursor, it is
an open-source SPH code for simulating free-surface flows and results of an optimised implementation
using C++ and CUDA language, capable of using the parallel processing power of either CPUs or/and
GPUs, respectively. This set of C++, CUDA and Java codes makes possible the study of real-life
engineering problems without requiring expensive and massive HPC resources. Despite being necessary
to implement and maintain two different architectures, it allows a fair and realistic comparison between
CPU and GPU, making it easier to detect errors and understand the code. This project resulted from the
collaboration of different institutions from Spain (University of Vigo), United Kingdom (University of
Manchester), Portugal (Instituto Superior Técnico, University of Lisbon), Belgium (University of
Ghent), Italy (University of Parma) and the United States (New Jersey Institute of Technology).

The DualSPHysics team is trying to create a state-of-art SPH software to fulfil several objectives, two
of which correspond to the software's usefulness for engineers, industry and fundamental research and
to turn it easy to use for applications with different physics.

The following subsections will detail the SPH formulation that supports DualSPHysics code (3.3.2), its
more recent functionalities regarding coastal engineering applications (3.3.3), the code structure,
implementation and performance (3.3.4), and the most recent works using this code to simulate coastal
engineering problems (3.3.5).

3.3.2 SPH FORMULATION

The DualSPHysics relies on the SPH technique, a Lagrangian meshless method. In the SPH, the
continuum (fluid) is discretised using a set of material points, referred to as particles, carrying concrete
entities, e.g., mass (m), velocity (v), and position (r). These particles evolve according to the Navier-
Stokes equations, which are write in terms of fluxes between particles. In other words, at each time step,
new physical quantities of any particle can be obtained by local interpolation (summation) of the relevant
properties of all particles that lie within the range of the weighting function (kernel). The contribution
of those neighbouring particles depends on the distance between the particles (Violeau, 2012).

The main features of the classical SPH formulation (3.3.2.1, 3.3.2.2) and some numerical aspects of
SPH dynamic fluid flows, namely density smoothing techniques (3.3.2.3), boundary conditions
(3.3.2.6), and numerical stability (3.3.2.7, 3.3.2.4), will be addressed in the following chapter.
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3.3.2.1 SPH interpolations and kernel functions

SPH describes a fluid by replacing its continuum properties with locally (smoothed) quantities at discrete
Lagrangian locations. This method formulation starts with the integral representation of a field function
using a Dirac delta function §(r—r’). Let f be an arbitrary scalar field defined on the computational
domain, Q, the value of the scalar field f(r) at position r is given by:

F0) = [ 86 =G (@)

However, one cannot use the Dirac delta function in the computations since it is infinitesimally narrow,
meaning that the interpolation region, 2, would not overlap with other particles/nodal interpolation
points. It lacks some ‘“normal” properties of a well-behaved function, such as continuity and
differentiability (Li and Liu, 2007). Hence, for practical reasons, the interpolation procedure within SPH
approximates the delta function with its weighting function called the smoothing kernel, 17,

() = [ We = r mrehar 4a)
Q

Where (f(r)) is the integral SPH averaged quantity, (r—7’) is the interpolation distance, and h is the
smoothing length, which defines the area of influence of the kernel. In other words, h controls the size
of the area around a given particle where neighbouring particles are considered. It is a prime parameter
in the SPH method: if h is too small, there may be not enough particles in the support domain to exert
forces on a given particle, which results in low accuracy; on the other hand, if h is too large, all details
of the particle, or local properties, may be smoothed out, also compromising accuracy. In DualSPHysics
the smoothing length is defined as function of dp, being dp the initial interparticle distance.

When using the smoothing function, I, instead of the Dirac delta function, the integral representation
can only be an approximation rather than an exact one (Nastasescu and Gavrila, 2012). In the numerical
method SPH, one must approximate the integral interpolation procedure. Since the entire system is not
continuous but represented by a finite number of particles, one needs to convert the function in equation
(44) into a discrete form based on particles. The approximation function is interpolated at particle (a),
and the summation is performed over all particles within the region of compact support of the kernel
(Fig.18):

N
(O = Y )W —r )22 (45)
b=1

where W (1, — 13, h) represents the smoothing kernel and N corresponds to the number of neighbouring
particles. The volume associated with the neighbouring particle (b) is my,/p, and m and p are the mass
and density, respectively.
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Fig.18 — Smoothing kernel function. The radius of influence of the kernel is expressed as a multiple, k, of the
smoothing length, h.

The performance of a SPH model depends heavily on the choice of the kernel function. The smoothing
function W must satisfy several properties such as (Liu and Liu, 2006):

e Normalization condition, which means the smoothing function must be normalized over its
support:

W(r—r',h)dr =1
J;z(r r', h)dr (46)

e Compact support property, which means the kernel function must be compactly supported:

W(r —7r',h)dr = 0 when |r —r'| > kh 47)

where k is usually a scalar factor which determines the area of the compact support domain.

e The smoothing function has to be positive for any point at r’ within the support domain:
W(r —r',h)dr =0 (48)

e The smoothing function value has to be monotonically decreasing with the increase of the
distance away from the particle.

e Delta function property, which means that the kernel function value should tend to the Dirac
delta function as the smoothing length tends to zero:

}lllr(l)W(r—r,h)=6(r—r) (49)
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e The smoothing function value has to be an even function (symmetric)

Wy(r —1") =Wo(r' — 1) (50)

e The smoothing function value has to be sufficiently smooth (smoothness).

In the literature, a range of smoothing kernels have been proposed, which are summarized in Dehnen
and Aly (2012) work. Within DualSPHysics, the user can choose from Cubic Spline (Monaghan and
Lattanzio, 1985) or the fifth order Wendland function or Quintic (Wendland, 1995).

3.3.2.2 Governing equations

The governing equations to model fluid dynamics are the Navier-Stokes equations, which consist of the
following equation set, representing three fundamental physical laws of conservation:

(i) The momentum equation (see equation (51)),
(i1) The conservation of mass or continuity equation (see equation (52))
(iii) The energy equation.

In the classical SPH formulation, the fluid can be considered slightly compressible using an artificial
equation of state, or incompressible formulations solving a pressure Poisson equation as considered by
Shao and Lo (2003), Gotoh et al. (2004), Shao (2005) and Lee et al. (2008) (Gomez-Gesteira et al.,
2010b). The following subsections will describe the Weakly Compressible SPH (WCSPH) version,
which is the most used approach for modelling water flows in SPH. It is much easier to implement and
parallelize. The conservation laws of continuum fluid dynamics, in the form of differential equations,
are transformed into particle forms using the kernel functions.

Being a the particle where the physical quantities are being calculated and b the neighbouring particles,
the system of Navier-Stokes equations (momentum and continuity equations) can be written in the
discrete SPH formalism as:

dva [4) + Pa
= — V. W r
dp
d_ta = zb: MpVapVaWap (52)

where W, is the kernel function, v is the velocity, p is the pressure, p is the density, m is the mass, g
is the gravitational acceleration, and I' refers to a dissipative term and must be added explicitly in the
momentum equation to smear out the unphysical oscillations or fluctuations that appear if no viscous
term is included in the governing equation. Besides it helps to keep the numerical solution stable. One
can find more information about viscosity and turbulence in subsection 3.3.2.5.

Throughout a WCSPH simulation, the mass of each particle remains constant, and only their associated
density, computed by solving equation (52), fluctuates. The density approximation is very important in
the SPH method because it determines the particles’ distribution and the smoothing length evolution.
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More information about the different approaches to evolving density in the SPH method are presented
in subsection 3.3.2.3.

In the WCSPH approach, pressure relates to the fluid density explicitly through a stiff equation of state
(Luo et al., 2021). Following Monaghan and Kos (1999) and Batchelor (1974), this relationship follows
the expression:

pP= Cg)f) 0 [(;io)y - 1] (53)

where y = 7 is the polytropic constant, with p, = 1000 kg/m? being the reference density of the fluid
and ¢y = c(py) = +/(0P/ 6p)|p , which is the speed of sound at the reference density (Worster et al.,
0

2000). Remember that real nearly incompressible fluids such as water are characterized by very high
speed of sounds of the order of 103 m/s. In practice, a numerical speed of sound, c,, is chosen based
on a typical length scale and timescale of the domain. Its value is lowered, allowing to maintain the time
step size at reasonable values since the time step is calculated by a Courant condition, based on the
current speed of sound for all particles. Typically, this adjustment restricts the speed of sound to be at
least ten times faster than the maximum fluid particle velocity and keeps density variations less than
1%. It keeps the system weakly compressible, not introducing major deviation from an incompressible
approach. However, small variations in density can lead to large pressure fluctuation. So, the results of
the WCSPH can induce a noisy pressure field and spurious oscillation of pressure (Monaghan, 1994).

3.3.2.3 Density correction in WCSPH

The Weakly Compressible SPH (WCSPH) scheme was proposed to simulate incompressible flows by
treating the fluid as weakly compressible and using a stiff equation of state. The greatest advantage of
this method is its simplicity in terms of programming, implementation, and parallelization, making it
ideal for simulating fluid flows with a free surface. However, there are also some drawbacks. One
significant difficulty with the WCSPH schemes is being affected by a high-frequency spurious noise on
the pressure and density fields. The non-physical pressure fluctuations result from various sources
including (Moreira, 2021; Violeau and Rogers, 2016):

e A stiff equation of state: in equation (53) the pressure is a function of a high power of the
density. So, in this case, very small density variations yield enormous pressure variations. In
addition, small errors in the density may be amplified by the speed of sound, c, squared. Thus,
the numerical speed of sound in WCSPH is artificially lowered, generally set to 10 times the
maximum velocity in the flow, so that density fluctuations remain less than 1%,

e Inaccuracies in the SPH interpolation procedure itself, and,

e The collocated (in velocity and density), centred and explicit (time integration) nature of the
WCSPH numerical scheme.

Several techniques have been proposed to circumvent this problem. They can be classified into three
different groups:

(i) The schemes that adopt density filters, which correspond to re-initialise the density for each
particle at every NVtime steps using either the zeroth-order (Shepard Filter) or a first-order moving
least squares (MLS) correction.
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pgt = E PpW, b—b
a a
> Pp (54)

where W, is a corrected kernel. A simple density filter cleans up the results and proved to be
sufficient for most applications (Colagrossi and Landrini, 2003; Dilts, 1999). On the other hand,
this posterior numerical treatment does not address the fundamental causes of the problem. It
leads to an increase in the computational costs, and, in long time simulations, the use of the
filtering procedure may lead to the disruption of the hydrostatic pressure component and an
inconsistency between the global volume of the fluid and the density field (Vacondio, 2021).

(il)) The models that add density diffusive terms (DDT) in the continuity equation. With this
technique equation (52) now reads:

dpa:va VoWap + heoD,
dt 4 bYabVaV’ab oa (55)

where the term D, takes the general form of (Dominguez et al., 2022; Vacondio, 2020):
myp
D,=6) ¥, VW, —

) (56)

where 6 controls the magnitude of the diffusion term. The term W, is based on the Neumann-
Richtmeyer artificial dissipation and depends on the specific diffusive scheme adopted. Ferrari
et al. (2009) proposed such an approach, with a similar technique by Molteni and Colagrossi
(2009) who introduced the artificial term as:

Tab
l'pab = Z(pb - pa) ”rabllz (57)
a

Equation (55) proved to be effective in improving the pressure field with almost no additional
computational cost. However, demonstrated to be inconsistent close to the free-surface.
Antuono et al. (2010) improved the work presented by Molteni and Colagrossi (2009), including
a correction to the diffusive term. In this scheme, named as 6-SPH scheme, W, is computed as:

Wop = [2(pp — pa) — (V)5 +(V,)L) - (rp, — 1) l(;b;r“) (58)

_ra|2

where (Vp)L is the renormalized density gradient. The 6-SPH can be easily implemented and
the main benefit with respect to the standard SPH is its effectiveness in reducing the pressure
spurious oscillations. It must be noted that the formulation of Antuono ef al. (2010) is consistent
close to the free surface and it can be adopted for any type of flow. However, in the absence of
a gravity force, the formulation collapses to the original formulation of Molteni and Colagrossi
(2009). Besides, this scheme has a remarkable additional computation cost.

Lately, Fourtakas et al. (2019) use the equation (57) but substitute the dynamic density with the
total one. Thus, the term W}, takes the following form:
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Tab
l'pab = Z(plj;a - p(IZ{b) ”rabllz (59)
a

where superscripts (-)7 and (-)# denote the total and hydrostatic component of the density of a
weakly compressible and barotropic fluid by locally constructing the hydrostatic pressure as,

Pl = pogzap (60)

Although both terms are not consistent near a truncated kernel support (such as free-surface or
a wall boundary), thus resulting in an outwards vector net contribution, the latter term improves
the behaviour of pressure near the wall boundaries by operating on the dynamic pressure
(Dominguez et al., 2022).

(iii)) The schemes that employ Riemann solvers to model the particle interaction (e.g., Cha and
Whitworth (2003); Inutsuka (2002)). According to Dominguez et al. (2022), these techniques
require only minor changes to the SPH formulation, replacing the classical particle interactions
with individual Riemann problems between each particle pair. With higher-order upwind
reconstruction techniques, this produces pressure fields that are effectively noise-free.

Another strategy to avoid spurious pressure oscillations corresponds to the use of Incompressible SPH
(ISPH) schemes, which enforce incompressibility and solves pressure through a pressure Poisson
equation in the form of a sparse matrix, thus no longer a dependent variable (Cummins and Rudman,
1999). They are ideal to model free-surface flows with a smooth and accurate, noise-free pressure field
when used with particle regularisation or shifting. Besides, they do not involve the sound of speed and
hence can use time steps that are an order of magnitude larger than the WCSPH schemes. The ISPH
schemes have the disadvantage of requiring the solution of large (but sparse) linear systems. ISPH
pressure-Poisson equation is the most computationally expensive part of the algorithm, in terms of both
memory and time. This makes implementing them in parallel and on GPUs fairly difficult. WCSPH
implementations are generally more popular as they are much easier to implement and parallelize.

3.3.2.4 Particle shifting algorithm

An important consequence of improving the pressure field, by using density diffusion techniques,
Riemann solvers or ISPH, is that particles follow streamlines more accurately. This can create problems
in the particle distribution, when unphysical voids are created as particles converge on stagnation points
making kernel supports no longer complete. Being a numerical tool based on interpolation theory, the
DualSPHysics requires that particles be distributed as uniformly as possible for the enhancement of
accuracy/stability of numerical models (Ozbulut et al., 2014; Violeau and Rogers, 2016). As referred by
Lind et al. (2020), the reliability of particle methods depends on their convergence properties, which in
turn are dependent on several factors, including the regularity of particle distributions. If particles in the
problem domain acquire an anisotropic spatial distribution, it is no longer possible to retain the stability
and the reliability of numerical results, and in extreme cases, it can lead to the simulation breakdown
(Ozbulut et al., 2014). This is especially true in negligible or large dynamics and violent flows
(Dominguez et al., 2022).

Xu et al. (2009) proposed a particle shifting algorithm, which is an increasingly standard technique used
to prevent unaccepted particle clustering or/and disordered particle arrangements (Lind et al., 2020). It

69



Composite modelling of rubble-mound breakwaters using advanced physical modelling techniques and a smoothed patrticle
hydrodynamics model

was first created in the framework of Incompressible SPH, but it was extended to the WCSPH model
used in DualSPHysics (Vacondio ef al., 2013). With this algorithm the particles are moved towards
lower particle concentration areas, allowing the domain to maintain a uniform particle distribution, and
eliminating any voids that may occur due to the noise.

An improvement on the initial shifting algorithm was proposed by Lind et al. (2012), who used the
Fick’s first law of diffusion to stabilize the particle motion and homogenize their distribution in space,
by controlling the shifting magnitude and direction. At the end of each time step, each particle is shifted
by a small distance, &1, given by (Dominguez et al., 2022; Sato et al., 2021; Violeau and Rogers, 2016):

61, = —D,VC, (61)

where VC, is the gradient of the particle concentration and Dy is the diffusion coefficient that controls
the shifting magnitude and absorbs the constants of proportionality. The particle concentration gradient,
VC,, is computed through an SPH gradient approximation with the particle concentration computed
through the sum of the smoothing kernel:

vC —zmbvw
a~— 4 E ab (62)

In DualSPHysics, the coefficient D is computed through a form proposed by Skillen et al. (2013) and
is given by:

Ds = Ashllv,llAt (63)

where A is a dimensionless constant in the range of [1 - 6] with 2 used as default, ||v, || is the velocity
magnitude of particle a, and At is the current time step.

The shifting algorithm is heavily dependent on a full kernel support. However, the free surface particles
and adjacent to it cannot obtain the full kernel support, which will introduce errors in the free-surface
prediction, potentially causing non-physical instabilities. To prevent unphysical movement at the free-
surface, Lind ef al. (2012) proposed a free-surface correction that limits diffusion to the surface normal
but allow shifting on the tangent to the free-surface. In DualSPHysics, a free-surface correction
coefficient Agg. is introduced as:

V'T—AFST

Apsc = (64)

AFSM - AFST

where Argr is the free-surface threshold, Apgy, is the maximum value of the particle divergence, and
V - r is the value of the particle divergence. The Apgy depend on the domain dimensions and Aggr is
selected for DualSPHysics: for two dimensions Aggy = 2 and Apgy = 1.5; for three dimensions
Apsy = 3 and Apgy = 2.75.
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Therefore, equation (61) with the free-surface correction is given as:

—Apsc " AshllvgllAt -VCq,  if (V-7 — Apgr) <0

&“:{ —AhllvgllAL -VC,  if (Vo7 — Apgr) = 0 (65)

3.3.2.5 Turbulence and viscosity in SPH

The literature contains many definitions for turbulent flows, like the one of Markatos (1986): “A fluid
motion is described as turbulent if it is three-dimensional, rotational, intermittent, highly disordered,
diffusive and dissipative”. A turbulent flow is characterized by the appearance of eddying motion or
vortices of a wide range of length scales. These vortices can have different sizes, from the largest to the
smallest, being the latter dissipated by viscous processes (Moreira, 2021). According to Tennekes et al.
(1972), “viscous shear stresses perform deformation work which increases the internal energy of the
fluid at the expense of kinetic energy of the turbulence”.

In the early applications of SPH to free-surface flows, turbulence usually was ignored since SPH proved
particularly appropriate for representing violent flows, where inertia, pressure and gravity play a crucial
role (Violeau and Rogers, 2016). Actually, SPH generally fits within the class of simulation techniques
known as Large Eddy Simulations (LES) (Cleary et al., 2007).

However, many CFD flow problems are turbulent (e.g., coastal flows, wave breaking, etc.). So,
depending on what physics one is modelling and the importance of the boundary layers, one must
consider different levels of sophistication of turbulence models and the viscous effects. And even in
conditions that one can ignore turbulence models, at least viscous forces are diffusive and help numerical
schemes stabilization (artificial viscosity) (Souto-Iglesias, 2021).

In the momentum equation (51), T refers to dissipative terms. DualSPHysics offers different options for
including the effects of dissipation:

(i) Artificial viscosity

The artificial viscosity method, which Monaghan (1992; 2005) firstly proposed, is an usual method
within fluid simulation using SPH, mainly because of its simplicity. The artificial viscosity term based
on the Neumann-Richtmeyer artificial viscosity is added to the SPH gradient operator to reduce
oscillations and stabilise the SPH scheme. The viscosity term I1j, is given by:

(—am> (hvab 'rab> Vap " Tap <0

Pab Tap + 17
0 Vap "Tap =0

Iy = (66)

where 1, =1, — 13, and vy, = v, — v, with 1, and v, being the particle position and velocity,
respectively, and (1) qp = [()q + ()p]/2. Herein, ¢ denotes the numerical speed of sound, = 0.001h?
and «a is the artificial viscosity coefficient, which needs to be tuned to introduce the proper dissipation.
The parameter a depends on the smoothing length (h) and the initial distance between particles. The
value of @ = 0.01 has proven to give the best results in the validation of wave flumes to study wave
propagation and wave loadings exerted into coastal structures (Altomare ef al., 2015b).

The final form of the momentum equation in the presence of artificial viscosity is:
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dva Pp + Pa
i __zb:mb(Pb'Pa +”ab>vaWab+g (67)

At first, the viscosity term in the equation of motion was used to represent viscosity and prevent particles
from interpenetrating. For flows with a free surface, it also has the effect of keeping the scheme stable
numerically. However, in many cases, it is too dissipative and affects the shear in the fluid. It is
especially relevant when using SPH to capture coherent turbulent structures.

(ii) Laminar viscosity

In the laminar regime, the viscous dissipation of momentum, in DualSPHysics, is approximated by Lo
and Shao (2002):

v VZU =Zm ( 4'vorabVaVVab )17
0 ¢ D b (pa + pb)lrablz ab (68)

where v, denotes the kinematic viscosity of the fluid (10 m?s in the case of water). Note that the laminar
viscous term diverges close the free-surface as discussed in Colagrossi et al. (2011). Equation (51) can
be written using the laminar viscous stresses as:

dv P, + P, 4vo74p Vo Wy
2 == 2 () Vel + g4 Dy (s v (69)
b b

Pb " Pa (pa + pp)|7ap|?

(iii) Sub-Particle Scale (SPS) turbulence

For coastal and oceanic wave hydrodynamics, the fluid turbulence is taken into account predominantly
by two strategies. These two strategies are (Luo ef al., 2021):

o the k-¢ model, which models the Reynolds stress in the RANS (Reynolds-Averaged Navier-
Stokes) equations, and

e the sub-particle scale (SPS) model, which captures the effects of unresolved small-scale fluid
motions in the Large-Eddy Simulation (LES) framework.

The LES resolves the fluid motions to a prescribed scale (i.e., the particle or mesh size). Then it adopts
a Sub-Particle Scale (SPS) model to capture the small-scale physical processes, which occur at length
scales not adequately solved on the computational particles (Luo ef al., 2021). For large-scale eddies,
resolved by the grid or particle sizes, the averaged equations are sufficient to solve it. The smaller
turbulent eddies, smaller than the particle size, need a closure scheme to model their effects on the flow
field (Dalrymple and Rogers, 2006). The concept of the Sub-Particle Scale (SPS) was described for the
first time by Gotoh (2001) to represent the effects of turbulence in their Moving Particle Semi-implicit
(MPS) model. The momentum conservation equation is defined as:

dv 1 ) 1,
E=—/—)VP+g+v0V ‘l7a+/—)V"[ (70)
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where the laminar term is treated as per equation (68) and 7 represents the SPS stress tensor. According
to Dalrymple and Rogers (2006), Favre averaging is needed to account for WCSPH, where eddy
viscosity closure is used to model the SPS stress tensor with Einstein notation for the shear stress
component in coordinate directions 7 and j as:

?”—2 s —Lis V= Zcazs, s
AN AR AR S| (71)

Here, k is the SPS turbulence kinetic energy, v, = (C;Al)?|S| is the turbulent eddy viscosity, where
C; = 0.12 is the Smagorinsky constant, C; = 0.0066, Al is the initial particle spacing, and |S| =
\/25i;S;j, where §;; is an element of the SPS strain tensor.

Finally, equation (70) is rewritten as:

dva Z (Pb + P, ) 40070 Ve Wap
=- ValWap + g+ ) my (—2tel ) y
e TIT LT (o + o)1)

+Zmb< Uy ”)v Wy,

(72)

Nevertheless, turbulence in SPH is a strenuous subject, and there is not a vast quantity of knowledge
about turbulent Lagrangian statistics. SPH usually struggles with these problems and is competitive only
if distorted/fragmented free surfaces are involved. The description of the Lagrangian turbulence is still
very under-developed.

3.3.2.6 Boundary conditions

The open and solid boundary conditions implementation in the SPH method is not as straightforward as
in the mesh-based numerical methods. In this method, when a fluid particle approaches a solid boundary,
only the particles inside the domain are involved in the SPH interpolants. The Lagrangian nature of SPH
together with the incompleteness of the kernel interpolation can generate odd effects and, consequently,
create difficulties in enforcing boundary conditions in SPH. Therefore, the treatment of boundary
conditions is still an open question and has been highlighted as one of the Grand Challenges of SPH.
When implementing BCs, important issues to be addressed include: (i) measures of consistency, (ii)
maintaining intrinsic SPH conservation properties, and (iii) discretization of complex real geometries.
Over the last few years, extensive research has been conducted to develop accurate and efficient
boundary conditions (BCs) in SPH. Many different approaches have been proposed in the literature to
apply solid boundary conditions. Currently, existing boundary conditions methodologies can be grouped
into three main categories: (i) boundary repulsive forces, (ii) fictitious particles, and (iii) boundary
integrals (Fig.19) (English et al., 2021).
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(a) Repulsive forces

(b) Fictitious boundary particles

(c) Boundary integral

an

Fig.19 — Generic SPH boundary treatments for rigid walls as particle approaches the boundary d.2;,. The grey
shaded area is the solid boundary, the blue particles are fluid particles and the red particles are boundary

particles (adapted from Violeau and Rogers (2016)).

Table 8 — Description, advantages, disadvantages and examples of three different boundary conditions

methodologies.

BCs
methodologies

Boundary repulsive forces

Fictitious boundary
particles

Boundary integral

Description

A repulsive function is added
to the particles that interact
with the boundary. In this
method, the magnitude of the
repulsive force experienced
by the fluid particles is a direct
function of the distance
between the particle and the
boundary.

The fluid is virtually
extended across the
boundary — e.g.,, two or
more layers of ghost
particles are placed beyond
the boundary -,
conveniently setting the
fields properties values on
such fictitious fluid.

It uses an approximation to
the surface integral to
account for the truncated
kernel. This introduces a
correction factor into the SPH
summations and additional
terms in the conservation
equations in order to mimic
the presence of the
boundary.

Advantages

- Easy to implement,

- Enables the discretization of
2-D and 3-D irregular
geometries,

- Computationally cheap.

- Fictitious particles can
take the form  of
stationary fluid particles
or similar to whom
conditions of
impermeability.

- Rather accurate.

Disadvantages

- Not directly completing the
kernel support,

- Leads to spurious
behaviours of the particles
as the SPH equations are
inaccurately solved close to
the boundaries, and

- Lack of literature analysing
its consistency and stability.

- Extend the method to 3-D
is challenging for
irregular geometries,

- Not prevent particles
from penetrating the
boundary and,

- Complex, and

- Computationally
expensive.

Examples &
References

(Monaghan, 1994; Monaghan
and Kaijtar, 2009)

- Create unphysical
separations.
Dynamic Boundary

Condition (DBC), Local
Uniform Stencil (LUST)

(Adami et al, 2012
Colagrossi and Landrini,
2003; Crespo et al., 2007;
Fourtakas et al., 2019;
Marrone et al., 2011)

Boundary integral (Integral)

(Campbell, 1989; Ferrand et
al., 2013; Kulasegaram et al.,
2004; Leroy et al., 2014;
Mayrhofer et al., 2013)
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In DualSPHysics, the boundary is described by a set of particles distinct from the set of fluid particles.
The software currently has implemented the following BCs functionalities for solid impermeable:

(i) Dynamic Boundary Condition (DBC) (Crespo et al., 2007)

It is the default method provided by DualSPHysics. In this method, solid objects, such as the wave
channel, floating objects, paddle wavemakers, etc., are discretized by a set of boundary particles. These
particles satisfy the same equations as fluid particles, but they do not move according to the forces
imposed on them. Instead, they remain fixed in position or move according to an assigned motion
function. When a fluid particle approaches a boundary, and the distance between its particles and the
particles of fluid becomes smaller than the interaction distance (equal to twice the interaction distance),
the density of the affected boundary particles increases, resulting in a pressure increase. Consequently,
this results in a repulsive force exerted on the fluid particle due to the pressure term in the momentum
equation (Crespo et al., 2017).

DBC proved to be a successful method when applied to some coastal engineering problems. Its success
is due to: its reliability and versatility; its computational simplicity, since density and pressure can be
calculated inside the same loops as fluid particles, resulting in a saving of computational time; and its
ability to deal with very complex 2-D and 3-D geometries — for more details see works of Altomare et
al. (2014) and Zhang et al. (2018). However, this approach also presents some drawbacks such as
(English et al., 2022):

= Non - physical density values on the boundaries,

=  Pressure measurement is very noisy close to the boundaries,

= The high repulsive force results in a gap between fluid and boundary particles, and

= The boundary layer is not accurately solved when considering the steady state 2D channel flows
unless a high resolution is used. The approximation of no-slip by setting zero velocity at each
boundary particle fails to capture the condition for lower resolutions. Then, this leads to higher-
than-expected velocities close to the boundary and throughout the flow.

Pressure (Pa)
9.0e+02
800
700

~ 600
— 500
400
300
200
100
0.0e+00

DBC mDBC

Fig.20 — Examples of some DBC problems: close up of the pressure field in the corner and the gap in the lateral
wall in the sloshing tank simulation for DBC (left) and mDBC boundaries (right) (adapted from English et al.
(2022)).
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(ii) Modified Dynamic Boundary Condition (mDBC)

A modification of DBC has been proposed by English et al. (2022) to solve some of the limitations of
the previous method while maintaining the capability of discretizing complex geometries without
compromising the efficiency of the GPU implementation (English ef al., 2022). The boundary particles
of mDBC are arranged in the same way as the boundary particles in the original DBC, but with an
additional boundary interface (solid black line in Fig.21) created between the fluid and the boundary
particles and located (for simple geometries) at half an inter-particle distance (dp/2) from the innermost
layer of boundary particles. For each boundary particle, a ghost node (crosses in Fig.21) is created in
the fluid domain using a mirroring procedure based on an approach similar to Marrone et al. (2011).
This ghost node is projected according to the normal vector of the boundary pointing to the fluid part of
the domain (arrows in Fig.21). For a flat surface, the ghost node is mirrored across the boundary interface
along the direction of the boundary normal pointing into the fluid (see Fig.21).For boundary particles
located in a corner, the normal is defined as the direction between the boundary particle and the corner,
being the ghost node mirrored through the point of this corner into the fluid domain (see Fig.21). Then,
fluid properties (density, velocity) are computed at the ghost nodes according to the surrounding fluid
(particles inside the kernel radius in Fig.21) using a corrected SPH approximation and finally mirrored
back to the boundary particles. For the density of the boundary particles, the ghost density and its
gradient are computed according to the first-order consistent SPH interpolation proposed by Liu and Liu
(2006).

00000000000
0000000000000

. Boundary particle ‘ Fluid Particle G:‘ Target boundary particle
= Boundary Limit == Normal vector 8 3% 22 Ghostnode

Fig.21 — Mirroring of ghost nodes (crosses), the kernel radius (shaded circles) around the ghost nodes and fluid
particles included in the kernel sum around ghost nodes for boundary particles in a flat surface and a corner.
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The mDBC approach presents several improvements regarding DBC: through the modified version,
density and pressure fields are smoother and have more realistic physical values; the size of the gap
between the fluid and the boundary has been drastically reduced, allowing for a more accurate
approximation of the boundary layer; and finally, a more accurate no-slip condition is employed that
can accurately describe channel flows with fewer particles than the original method (English et al.,
2022). The method has been implemented in the DualSPHysics code, in both CPU and GPU
implementations, with a minimal increase in computational cost. Despite the modified method keeps the
advantages of the original one (DBC) while tackling some of the drawbacks, the creation of the initial
condition for mDBC is more complicated since (Dominguez ef al., 2022; English et al., 2022):

= Several boundary particle layers are necessary, depending on the SPH smoothing length. The
use of an adequate number of layers of boundary particles prevents inconsistencies due to kernel
truncation effects for fluid particles located near the boundaries,

= Distance between boundary limit and boundary particles should be half the initial inter-particle
distance (dp/2),

= Vectors from boundary particles to actual boundary limit are necessary.

Open boundaries are required as soon as one wants to simulate a large-scale flow. DualSPHysics provide
support for these boundaries in the form of a periodic open boundary condition, which allow particles
that are near an open lateral boundary to interact with the fluid particles near the complimentary open
lateral boundary on the other side of the domain (Gomez-Gesteira et al., 2012). Finally, methods for
pre-imposed boundary motion, which allow boundary particles to be moved according to fixed forcing
functions, are also present in the software.

3.3.2.7 Time integrators and time step

Since the SPH equations have been reduced to a set of ordinary differential equations (ODEs), they may
be integrated using any convenient, stable method for integrating ODEs (Monaghan and Kos, 1999).
There are several ways to develop the solution of the SPH equations in time. It is advisable to use at
least a second-order accurate scheme in time. Consider the momentum, density, position equations in
the following form:
dv, dp, dr,
ar g =Re G =

Vg (73)

These equations are integrated in time using the two numerical schemes implemented in DualSPHysics:
(i) the Verlet time integration scheme (Verlet, 1967) and (ii) Symplectic position Verlet scheme
(Leimkuhler et al., 1996).

(i) Verlet time integration scheme

The Verlet algorithm, which is a second-order accurate space integrator, is probably the most used time
integration scheme in molecular dynamics. It provides low computational cost compared to other
integration techniques, primarily because this velocity Verlet version does not require multiple
calculation steps within an interaction interval. The predictor step calculates the WCSPH variables
according to (Verlet, 1967):
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vt = 1l 4 2AtF! (74)
n+1 n n Atz n

T =1t + Atvg + TF’a (75)

patt = pg~t + 2AtRG (76)

Due to the integration over a staggered time interval, the equations of density and velocity are no longer
coupled. This may lead to the divergence of integrated values through time. So, an intermediate step is
required every Ny steps (Ng = 40 is recommended) according to (Dominguez ef al., 2022):

vItl = vl + AtF! (77)

L At?
TJH— = T(;n + AtVan + TFJ[ (78)
pa*t = pi + AtRG (79)

According to Crespo et al. (2015), in cases where the Verlet scheme is used but it is found that numerical
stability is an issue, it may be sensible to increase the frequency at which the second part of this scheme
is applied. However, if it is necessary to increase this frequency beyond Ny = 10, the scheme may not
be able to capture the dynamics of the case in hand suitably and the Symplectic scheme should be used
instead.

(ii) Symplectic position Verlet scheme

The Symplectic integration algorithms are numerically more stable, but computationally more intensive.
The Symplectic position Verlet time integration (Leimkuhler and Matthews, 2016) scheme implemented
in DualSPHysics is second-order accurate in time. It is perfect for Lagrangian schemes since it is time
reversible and symmetric in the absence of friction or viscous effects that preserve geometric features.
The position Verlet scheme in the absence of dissipation forces reads (Leimkuhler and Matthews, 2016):

At
pUE — gy 717}} (80)
vt =yl 4 ALFY? (81)
At
A (82)

Considering the viscous forces and density evolution in DualSPHysics, it is required the velocity at the
(n+ 1/2) step. Thus, a velocity Verlet half step is used to compute the required velocity for the

78



Composite modelling of rubble-mound breakwaters using advanced physical modelling techniques and a smoothed particle
hydrodynamics model

acceleration and density evolution for F (73,41 /2) and R (75,41 2), respectively. The scheme implemented

in DualSPHysics reads:
At
ranH/z =1+ 717}} (83)
At
v =g+ R (84)
vt =yl 4 ALFY? (85)
vn+1 + vn
Ml = 4 At—( 2 3 @) (86)
where 7' *1/2 is substituted to r**1 in the previous equations - (80) to (82) - to eliminate dependence
from v, /2,

Finally, the corrected value of density is calculated using the half time steps of the symplectic position
Verlet scheme as follows (Parshikov et al., 2000):

At
n+1/2 — pg + —Rg

@ 2
n+1/2 (87)
n+l — ,n 2- €a
Pa = Pa 2+ £n+1/2
a

where €g+1/2 = —(RZH/2 pgﬂ/z) At.

Variable time-step

Like all numerical models, SPH suffers from numerical instabilities if the time step is not carefully
controlled. Thus, restriction on the time-step size must be enforced (Violeau and Leroy, 2014). With
explicit time integration schemes, the time-step control is dependent on the Courant-Friedrichs-Lewy
(CFL) condition, which ensures that the time-step remains lower than the maximal convection time on
the smoothing length during the simulation; the forcing terms; and the viscous diffusion term. A
variable time-step, At, is calculated according to Monaghan and Kos (1999) using:

. . . h
At = CFL - min (Aty, Atg,), Aty = mam(,/h/lfal) and At., = min —cs+ml§1xlhzv":“2| (88)
TaptT
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where Aty is based on the force per unit mass (|f,[), and At.,, combine the Courant and the viscous time
step controls. The variable time step is selected as the minimum of Aty and At,,, being bounded by the
Courant number CFL, usually in the range of 0.1 to 0.2 (Dominguez et al., 2022).

3.3.3  FUNCTIONALITIES
3.3.3.1 Wave generation and absorption

Waves and currents are major driving forces in ocean and coastal environments. For numerical
simulations in the coastal engineering field, the reproduction of waves in a relatively small domain that
can represent the key features of realistic sea states is an important issue as the first step of design of
coastal structures. Its success relies on the precise generation of waves or/and currents on the inflow
boundaries, minimizing unphysical numerical wave dissipations after long-distance propagation and
removing unwanted wave reflections (Luo et al., 2021). In DualSPHysics different techniques to
generate sea waves are implemented:

(1) The use of moving boundary particles to mimic the displacement of a piston- or a flap-type
wavemaker as in physical facilities. It is employed as a stand-alone generation method,

(i) Relaxation zones employed either as a stand-alone generation method or as coupling method
with other phase-resolving models,

(iii) Inlet open boundaries developed initially for two-way coupling with wave propagation models
but also suitable for stand-alone wave generation, and

(iv) Multi-layered piston moving boundaries coupled with an external method. This coupling
technique is a one-way offline coupling with no reflection compensation, for which it is suitable
only for low-reflective cases or very short time series used, such as the modelling of the main
pulse of a single solitary wave.

Regarding points (ii), (iii) and (iv), more details are given in subsection 3.3.3.3.

Concerning the waves generated by means of moving boundaries, the motion of the wave generator is
prescribed controlling its position (linear or angular) at each instant of time. Both 1°' and 2" order wave
generation theories for regular (monochromatic) and random waves are implemented in the
DualSPHysics code (Altomare et al., 2017). Moreover, it is also possible to generate solitary waves
using a piston-type wavemaker (Dominguez et al., 2019).

Table 9 — Summary of the wave generation theories available in DualSPHysics.

Wave theory Reference
1st Regular  Far-field solution for the free-surface elevation: (Biesel
order and

H . . 2w .
n(x, t) —;cos(wf—kx :—nd) where H is the wave height, w; == is the Suquet,
angular frequency, k = T is the wave number with T equal to the wave period 1951)

and L the wavelength. The initial phase § is given by a random number
between 0 and 2.

Bisel transfer function for a piston-type wavemaker:

H _ 2-sinh?(kd)

50 = sinh(ed)cosh(kd) TR ° where S is the piston stroke and d the water depth.

The displacement of a piston-type wavemaker: e, (t) = %sin(wt +6)
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Table 9 (cont.) — Summary of the wave generation theories available in DualSPHysics.

Wave theory Reference

Irregular ~ Generation of random waves by implementing a first-order wave generation (Liu and
algorithm: the irregular wave train is generated by combining the discrete Frigaard,
amplitude spectrum (JONSWAP or Pierson-Moskowitz spectrum) 1999)
corresponding to the target wave energy spectrum with random phases
obtained by a random number generator. More detail can be found in
Dominguez et al. (2022). A phase seed is also used to obtain different time
series of irregular waves assigning randomly a value for the original phase to
each wave component. Changing the phase seed allows generating different
irregular wave time series with the same significant wave height (H,,,) and
peak period (Tp).

2nd Regular Correction implemented for both piston- and flap-type wavemakers to prevent (Frigaard
order the generation of spurious secondary waves that travel at a speed slightly et al.,
lower than the primary waves — Madsen’s theory (1971): 1993;
- ltis simple, controllable and affordable computationally, I1\/I9a7d1s)en,
- It proves to be accurate and quite efficient for waves of first and second
order, and
- This solution is only valid within the following range: HL?/d® < 8r/3
The displacement of a piston-type wavemaker:
_ So H_2 _(3cos (kd) 2 .
e(t) = 2 sin(wt + 6) + [(32d) (—sinh3(kd) m1)] sin(2wt + 296)
where the second part of the right-hand term represents the second-order
term, and my; = H/S,.

Irregular  The solution for random waves is extended to the second-order wave (Barthel et
generation in order to cancel out the parasitic long waves and the spurious al., 1983)
displacement long waves (Hansen et al., 1980), the latter ones caused by
finite wavemaker displacementes away from the mean position. The method
implemented in DualSPHysics is based on the solution for the control signal
of the wavemaker that is described in Barthel et al. (1983), and it is applicable
to piston-type wavemakers only

Solitary  Single The displacement of a piston-type wavemaker: (Clamond

waves _2H . . and
xs(t) = Etanh[K(ct —x5(t))] , where the parameter K is the outskirt Germain,
coefficient, which describes the way the free-surface elevation tends towards  1ggo.
the mean level at infinity. Three different solitary wave generation theories  Goring,
have been implemented in DualSPHysics: 1978;
1) Rayleigh approximation (Serre, 1953), Serre,
2) First-order shallow water model (KdV) (Clamond and Germain, 1999), 1953)
3) Boussinesq (Goring, 1978).
For all cases, solitary waves are generated by the horizontal displacements
of a piston-type wavemaker.

Multiple To generate a series of multiple solitary waves, the law of motion of the

wavemaker is calculated for each i-th solitary wave. Any of the
aforementioned generation theories can be used. Then, the time lag between
the (i + 1)th and i-th solitary waves has to be specified as a fraction or multiple
of the generation time used for the i-th solitary wave. The generation of
multiple solitary waves is a simple but efficient way to model a wave train of
several tsunamis that might have been triggered by the same tectonic event.
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Besides wave generation, another key issue in any physical or numerical model applied to coastal
engineering is the wave absorption. In DualSPHysics, the displacement of moving boundaries does not
consider any compensation for the reflected waves that might reach the generation zone. Therefore, this
method does not allow wave generation over longer time periods. To solve this problem, two wave
absorption techniques, categorized as passive and active, are implemented in the software (Altomare et
al., 2017; Dominguez et al., 2022; Zhang et al., 2018).

The passive wave absorption consists of a damping system at the end of the domain to reduce the wave
energy and the reflection exerted by the boundary of the model domain. This system can be either a
dissipative beach or a damping area. In the case of using a dissipative beach, the wave energy is
dissipated through the process of wave breaking. When used, the beach should be quite gentle and long,
and exert very little reflection. The efficiency of the beach depends on the wave periods that characterise
the wave trains. The alternative to the dissipative beach corresponds to the damping areas. The
implemented damping system consists in gradually reducing the velocity of the particles at each time
step according to their location but using a quadratic decay rather than an exponential one. The velocity
is modified as following:

v =1, f(x,dt) (89)

where vy is the initial velocity of the particle i, v is the final velocity and f(x, dt) is the reduction
function defined as:

x—xo)2
X1~ Xo

f(x,dt):l—dt-ﬁ-( (90)

where dt is the duration of the last time step, x is the position of the particles, x, and x; are the initial
and final position of the damping zone, respectively. According to Lind et al. (2012), it is recommended
to use one wavelength, L, as the length of the damping zone. The coefficient § modifies the reduction
function that is applied to the velocity. In DualSPHysics, it is also possible to use a combination of
damping zone and dissipative beach (Altomare et al., 2017).

The active wave absorption technique consists in the correction of the real-time displacement of the
wavemaker to cancel out the reflected waves at the wavemaker and, consequently, to damp the unwanted
re-reflection phenomenon (Altomare et al., 2017; Dominguez et al., 2022). The active wave absorption
system (AWAS) implemented in the DualSPHysics is based on the time-domain filtering technique that
uses the free-surface elevation at the wavemaker position as feedback to obtain a control signal to correct
the wavemaker displacement (Altomare et al., 2017; Zhang et al., 2018). Hence, the target wavemaker
position, e(t), is corrected in real time to avoid reflection at the wave generation. The position in the
real-time is obtained through the velocity correction of its motion. The wavemaker velocity is modified
to match the velocity induced by the wave that will be absorbed. For a piston-type wavemaker, the wave
absorption is performed using linear long wave theory (Schéffer and Klopman, 2000). The corrected
velocity, U, is the difference between the theoretical wavemaker velocity, U; (equal to the derivative
in time of the piston-type wavemaker displacement e(t)), and the corrected velocity to absorb the
reflected waves, Ug. It can be expressed as follows (Dominguez ef al., 2022):
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Uc(t + At) = Uy(t) — Ur(t) = U(t) — (UWG,SPH(t) - UAWAs,i(f)) Vg/d (91)

where nawas; 1s the target incident free-surface elevation and 1w spy is the free-surface elevation
measured in front of the wavemaker. This is measured at 4 — 10 * hgpy from the wavemaker. Finally,
the wavemaker position at t + At is corrected at the end of the time step using the following equation:

At
e(t + At) = e(t) + (Uc(t + Ab) + Uc(t))7 (92)

A drift correction algorithm is implemented in the code. It prevents those little deviations from the mean
water level from zero, which can accumulate over time, causing a wave generator deviation from its
initial position to grow indefinitely. The algorithm checks when 80% of the maximum forward or
backward wave board stroke is reached, and in such cases, it forces the average position of the wave
plate to match its initial zero position. A smoothed transition, in form of a power function, is used to
prevent abrupt changes in the wavemaker displacement (Altomare et al., 2017).

3.3.3.2 Fluid-driven objects

The simulation of fluid-driven objects is other useful capability of SPH models. This functionality,
implemented in DualSPHysics, derives the movement of a floating object by considering its interaction
with fluid particles and using the resulting forces to drive its motion. By assuming that the body is rigid,
the net force on each individual particle that form the same floating object is computed as a summation
of the contributions of all surrounding fluid particles according to the designated kernel function and
smoothing length. In this way, each floating particle a € K experiences an acceleration (dv/dt) given
by:

dv _ Z m dvg,

- = ,—22

dt | ek & dt (93)

For the motion of the moving body, the basic equations of the rigid body dynamics can then be used:

dv dvy,
M= Z M (94)
keEK
aQ dvy
I = Z M (e = Ro) 7~ (95)
keEK

where M is the total mass of the object, I the moment of inertia, v the velocity, w the angular velocity,
and R, the centre of mass. Both equations are integrated in time to obtain the values of v and w at the
beginning of the subsequent time step. Each particle belonging to the object will move with a velocity:
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vy =v+w-(r,—Ry) (96)

Finally, the particles within the rigid body are moved by integrating equation (96) in time. The works
of Monaghan et al. (2003) show that this technique conserves both linear and angular momentum
(Dominguez et al., 2022).

3.3.3.3 Coupling with other models

The SPH method proved to be very accurate and efficient when dealing with moving boundaries and
complex interfaces, being adequate to resolve multi-mechanism problems. However, it is still less
effective to solve problems where conventional numerical methods are currently used and well
established. So, following the guidelines in the “SPHERIC Grand Challenge #4: Coupling to other
models”, it has been concluded that, depending on the problem in question, it can be more effective to
restrict the use of SPH to relatively small domains and to employ a coupling strategy to inject some
information into an SPH model from another model. In this way, the capabilities of both methods are
enhanced within their specific application fields (Dominguez et al., 2022; Violeau and Rogers, 2016).
This subsection describes two of the successful coupling strategies of DualSPHysics with other models:

e Coupling with wave propagation models

SPH solvers are capable of simulating properly all processes involved in cases of coastal engineering
applications, from wave generation to wave-structure interaction. Although, the employment of only
one stand-alone model in multi-scale complex simulations, often characterized by three-dimensional
domain and long durations, requires extensive computational resources. Note the case of the
DualSPHysics solver. The software allows a detailed model of local phenomena, such as wave-structure
interaction. Its mesh-free nature is also successful at mimicking the wave generation system of
experimental facilities, employing moving boundaries. However, to properly simulate wave
transformation when using these schemes and guarantee the correct wave sea state at the toe of the
structure, comparably to what happens in physical model tests, waves need to be generated and
propagate over relatively long domains. The computational cost of such simulation can be reduced by
coupling the DualSPHysics solver with less computationally demanding wave propagation models
(Dominguez et al., 2022).

Relaxation Zone Open boundaries
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Nine — Water surface elevation from the wave
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u;,. — velocity from the wave propagation model
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Fig.22 — Representation of the coupling techniques between DualSPHysics and wave propagation models
(adapted from Dominguez et al., 2021).
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The three coupling schemes between the DualSPHysics and wave propagation models, presented in
Fig.22, are hereby listed, and briefly described (Dominguez et al., 2022):

(1) Relaxation zones (Altomare et al., 2018): this technique is a general framework to generate
waves and currents in DualSPHysics, which can be applied as a stand-alone wave generation
and wave absorption method, as alternative to moving boundaries, or as a proper coupling
scheme between DualSPHysics and a wave propagation model. The basics of the method remain
the same in both cases. The coupling zone is extended from one single location to an area. In
this one-way offline coupling, the orbital velocity calculated by the wave propagation model is
imposed to the fluid particles in the DualSPHysics. The particle velocity distribution between
the centre of the relaxation zone (RZ) and its extremes is controlled by a weighting C function
(Fig.23 bottom), which prevents potential disorder due to the discontinuity of particle velocities
at the interface between the RZ and the main computational region. In this way, the reflected
waves are compensated inside the RZ (Crespo, 2020a; Dominguez et al., 2022). The weighting
function is implemented in the form of a hyperbolic function, and it depends on the set of values
chosen for the ¥ and 8 parameters, and on the distance from the centre of the RZ, being zero at
both extremes. The variation of both parameters allows exploring the performance of the RZ
depending on the shape of C. In Fig.23 (top), the basic scheme of the RZ is presented: the RZ
is defined by the area bounded by the red dotted line; at the right side of the RZ it is located the
main fluid domain. Since the generated waves will freely propagate in both directions along the
x-axis, a damping area is placed at the left side of the RZ, bounded by a blue dotted line (Crespo,
2020a). A correction for the velocity of fluid particles is implemented to avoid unrealistic
increase of the water level outside the generation zone, caused by Stokes drift velocity
(Dominguez et al., 2022).
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Fig.23 — Generic scheme of relaxation zone in DualSPHysics model (top) and shape of the weighting function C
for different values of g and B (bottom) (Altomare et al., 2018).
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(i1) Inlet open boundaries (Verbrugghe et al., 2019): The implementation of open boundaries in
DualSPHysics, discussed in detail in Tafuni et al. (2018), is done in a versatile way, using the
buffer region strategy. The logic behind using buffer zones is to attach several layers of fictitious
SPH particles to a region of the computational domain where an open boundary is needed, for
example an inlet or an outlet. A buffer area can work simultaneously as an inlet and outlet,
enabling the application of DualSPHysics to problems with backflow and flow reversion. The
implemented open boundary condition is illustrated in Fig.22, where a fluid is flowing near a
buffer zone, implemented as an open boundary. The buffer zone is located in between the
domain edge and the threshold boundary, the fluid-buffer interface. The buffer zone is filled
with a finite number of layers of buffer particles chosen to equal or exceed the kernel radius,
ensuring full kernel support for the closest fluid particles to the inlet/outlet threshold. Once the
buffer particles are created, it is necessary to enforce boundary conditions appropriately. There
are two possibilities to provide physical information to the buffer particles: the first correspond
to the pre-assignment of the quantities to these particles (e.g., velocity, pressure) by the user;
the second option is to extrapolate the physical quantities from the fluid domain using so-called
“ghost nodes”, properly placed within the fluid particles neighbouring the open boundary. The
placement of ghost nodes is calculated through mirroring the position of the buffer particle into
the fluid domain, following the normal direction to the open boundary. When extrapolating fluid
properties from the ghost nodes, the idea for retrieving quantities of the buffer particles is to
perform an interpolation at the ghost nodes, and then transport that information back to the
buffer particles. However, a standard SPH particle interpolation would not be consistent. Due
to the proximity of these nodes to an open boundary, and thus not fully surrounded by fluid
particles, the kernel would be truncated. Therefore, to obtain first-order kernel and particle
consistency, the method proposed by Liu and Liu (2006) is applied (Dominguez et al., 2022;
Verbrugghe et al., 2019).
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Fig.24 — General sketch of coupling methodology between the OceanWave3D (top) and the
DualSPHysics domain (bottom) (Verbrugghe et al., 2019).
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Verbrugghe et al. (2019) presented an improved two-way coupling with OceanWave3D,
employing the open boundary algorithm at the coupling interfaces, as illustrated in Fig.24. At
the inlet, horizontal orbital velocities and surface elevations are imposed on the buffer particles.
At the outlet, horizontal orbital velocities are imposed, while surface elevation is extrapolated
from the DualSPHysics fluid domain. A velocity correction algorithm based on linear shallow
water theory is applied for absorbing wave reflection in the SPH fluid domain. The
DualSPHysics surface elevation is coupled back to OceanWave3D to replace the original signal.
Inherently, open boundaries allow coupling in shallow waters, where wave non-linearity and
mass transport are dominant (e.g., in wave breaking zone) (Dominguez et al., 2022).

(ii1) Multi-layered piston wavemaker (Altomare et al., 2015a) consists of a set of boundary particles
that are bound together but do not move as a whole rigid body. The real time horizontal
displacement of the multi-layered piston wavemaker is reconstructed based on the velocity time
series calculated by one model employed for wave propagation (e.g., OpenFOAM, SWASH,
OceanWave3D) and interpolated along the water depth at a specific x-coordinate (here the x-
axis corresponds to the direction of wave propagation). This coupling technique is a one-way
offline coupling with no reflection compensation; therefore, its use is recommended for low-
reflective cases or very short time series (Dominguez et al., 2022; Mitsui et al., 2021).
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Fig.25 — Scheme of the multi-layered approach (adapted from Mitsui et al., 2021)

e Coupling with Project Chrono

A set of problems common to coastal and maritime engineering corresponds to the simple simultaneous
solid-fluid and solid-solid interactions. DualSPHysics offers a solid-solid Distributed Contact Discrete
Element Method (DCDEM) model, in which the general concept is to compute the forces acting on the
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fluid-solid particle pair using the SPH formulation and the solid-solid interactions via DEM, retaining
the same explicit integrator and the software meshless framework. However, this model presents some
drawbacks, which are common to all general DEM formulations: the explicit nature may impose very
small stability regions (not unconditionally stable contact description), complex friction models are
either computationally expensive or inaccurately reproduced, being difficult to model intricate
mechanisms (Martinez-Estévez et al., 2023).

Given the limitations of the DCDEM approach for general simulations, the use of a Differential
Variational Inequality (DVI) based non-smooth multibody dynamics solver is encouraged, allowing for
efficient and accurate modelling of fluid-mechanism interactions, a ubiquitous scenario in nature. So,
an open-source integrated framework to model fluid-structure-structure coupled systems is presented by
implementing the open-source high-performance library Project Chrono under DualSPHysics. The SPH
fluid model deals with flow non-linearities, free-surface and intense topological changes, while the rigid
body dynamics available in Project Chrono handle discontinuous frictional contacts and kinematic
restrictions. The interactions between bodies are computed in a similar fashion to the DEM
implementation, but in a more stable manner. In addition, thanks to the efficiency of the DVI
formulation, the impact on the computational time is residual, allowing the simulation of large and
complex Multiphysics systems (Martinez-Estévez et al., 2023).

The Project Chrono library (Tasora ef al., 2016) is coupled with DualSPHysics to address fluid-structure
interaction problems, particularly those involving mechanical constraints on rigid bodies. The initial
description and validation of this coupling are detailed in Canelas et al. (2018), where a simply supported
platform exposed to a dam break scenario demonstrated collapse and partial transport of the structure.
Additionally, Martinez-Estévez et al. (2023) introduced a restructured version of the DualSPHysics
code, coupled with the multiphysics library in a co-simulation environment, enhancing its applicability
to industrial problems. Martinez-Estévez et al. (2023) also conducted a thorough validation of the
collision detection algorithm, following the experimental setup by Hagemeier et al. (2021). The results
showed good agreement between the numerical and experimental data for the vertical component of a
fully submerged sphere falling and impacting the bottom surface of a steel tank.

The implementation strategy couples both models with a message-passing interface. The DualSPHysics
implementation is mainly split into three steps: (i) creation of the neighbour list, (ii) particle interaction
where force between particles is solved, and (iii) the variables of the system are updated at the new time
step. During the particle interaction, the DualSPHysics code computes the force exerted on the fluid-
driven object. Once the quantities from the rigid bodies are computed, the time step (Atspg), along with
the linear and angular acceleration (dV /dt, dQ/dt) to be applied in the center of mass of the object, are
transferred to the Chrono library. During that time step, Project Chrono returns the linear and angular
velocities, as well as the movement and the new position of the gravity center, computed by integrating
the fluid contributions and considering the mechanical constraints of the system, including collisions.

The collision detection is activated when the distance between two approaching objects is less than a
user-defined minimum distance. Therefore, Project Chrono uses the outer envelope surface of those
objects to detect collisions in terms of surfaces (not in terms of particles). Remember that two rigid
bodies should not penetrate, and, if they are in contact, there should be friction acting at the interface.
To enforce the non-penetration constraint, a function, ¢(q), called the gap function, is used that satisfies
(Martinez-Estévez et al., 2023):
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>0, Bodies are separated
¢(q) =4=0, Bodies are in contact (97)
<0, Bodies are interpenetrating

If a position q is feasible and the contact is active (¢p(q) = 0), then at the contact point exists a normal
force and a tangential force. The normal force (F,) is solved using the expression:

F, = ky83%0 — c,63 %0, (98)

where k,, is the normal stiffness, ¢, is the normal damping, v,, is the normal component of the relative
velocity at the point of contact, §,, is the normal overlap, and n is the unit vector pointing from one
particle center to the other (or from one surface object to the other). The values of normal stiffness and
damping depend on user-defined material properties like Young’s modulus, Poisson’s ratio, and
coefficient of restitution. The tangential force (F;) follows the Coulomb friction condition that defines
a maximum allowable force |Ft,max| = u|E,|, but can be written in a general way as:

5
Fo = min [, 727 = ke *0c = g8, v, (99)
t

where g is the coefficient of static friction that defines when passing from tangential sticking to
tangential slipping, k; is the tangential stiffness, v; is the tangential component of the relative velocity
at the point of contact, and §; is the tangential displacement vector. The normal and tangential forces
computed on each body as a result of the collision are included in the basic equations of the rigid body
dynamics to compute the final motion of the solids.

Finally, DualSPHysics updates the data of the rigid body particles according to the information received
from Project Chrono. The coupling between these two models and the implemented constraints allows
the modeling of many different and complex cases. However, one should not forget that Project Chrono
is a library, not an application, and like DualSPHysics, the code is in active development. Additionally,
Project Chrono uses only CPU, leading to high computation times when dealing with meshes with high
triangle counts (Martinez-Estévez et al., 2023).

3.3.4 CODE AND IMPLEMENTATION

SPH has traditionally been an expensive computational method. The main problem with its application
to real engineering problems is the excessively long computational runtimes. Note that real problems
require high resolution, large areas and long periods of time which implies simulating millions of
particles and a high number of interactions with neighbouring particles for each particle (typically 40 in
2D and 250 in 3D). Besides, the computational cost increases when the number of particles grows, and
small-time steps are required due to the use of explicit time integrators in WCSPH. Consequently, the
time needed to simulate a few seconds is too large, and one second of physical time can take several
days of calculation (Dominguez, 2014; Moreira, 2021).
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Making SPH more appropriate and versatile for engineering applications requires hardware acceleration
and parallel computing. Notice that the choice of hardware determines the options of parallelization
technique. For example, initially, the implementation of hardware acceleration for CFD calculations was
usually done by using High-Performance Computing (HPC) on parallel (supercomputers) machines
consisting of thousands of Central Processing Units (CPU) cores. Despite they can be easily
programmed, general purpose processors CPUs are not the best architecture to make faster scientific
computations (Moreira, 2021). More recently, General Purpose Graphic Processing Units (GPUs)
presented themselves as a disruptive technology and an accessible tool to accelerate SPH and all
numerical methods. The main HPC techniques used to reduce computation times by including multiple
techniques of parallel computing and distributed computing that allow the execution of several
operations simultaneously are summarized in Table 10 (Dominguez, 2014).

DualSPHysics is developed to run on two different hardware architectures: the traditional CPU and the
more recent GPU. The programing language C++ is used to code the SPH formulation for CPU
execution, but also implements the main program logic and all tasks not related to SPH calculation, such
as the initial configuration and input/output data. The GPU execution is performed using the Compute
Unified Device Architecture (CUDA), which is a NVDIAS’s parallel computing platform that allows
software to use GPU capabilities, designed to work with C/C++ language. Therefore, the parallel power
computing of GPUs can be also applied for SPH formulation where the same loops for each particle
during the simulation, kernels or functions can be executed on GPU rather than CPU (Dominguez,
2014).

This dual capability of DualSPHysics execution provides significant advantages but also some
drawbacks. Among the advantages (Dominguez, 2014):

e This code can perform extensive simulations using the computational power of the GPUs. It can
also run simulations on workstations without GPUs, using the current multicore CPU version of
the code;

e This solver enables fair comparisons in both CPU and GPU since the SPH formulation is
implemented, in an optimized way, to best perform on both hardware architectures. The
implementation of these algorithms is complex, leading to undetected errors. One can draw
comparisons between these two implementations as it is easier to understand the native C++ code
used for CPU implementation than the CUDA instructions for the GPU execution.

With the advent of more mature compilers and development environments, the CPU code has become
more accessible than the GPU one, principally when modifying and debugging. It represents an
attractive option for users approaching DualSPHysics for the first time. This is paramount since this
solver was developed as an open-source framework for the SPH method, and researchers use it to create
and test new formulations.

The main drawback is the higher maintenance cost of the solver and optimization of new functionalities
since it is necessary to maintain two different implementations and apply different optimization
strategies for each architecture (Dominguez, 2014; Dominguez et al., 2013).
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Table 10 — Description, advantages, disadvantages and examples of three different HPC techniques.

HPC Technique Description Advantages Disadvantages
OpenMP Best option to Model of parallel programming = Thg improvement is
o for systems of shared memory. limited by the number of
Open Multi- optimize the « portable and flexible  cores.
. performance of the programming interface using
Processing , directives.
multiple cores of the ! .
) Its implementations do not
Central  Processing involve major changes in the
= Units (CPUSs). code.
MPI Best option to Mess.a.ge-.passing library = Very expensive for a
. specification for systems of small research group.
combine the

Message Passing

Interface

resources of multiple

distributed memory:
computers and clusters.

parallel

The use of MPI implies
an over cost in terms of

: Several processes are R .
machines connected communicated by calling communlcatlon (time
via network. routines to send and receive dedicated to the

messages. interchange of data
The use of MPI is typically between _prO(_:esses) and
combined with OpenMP in synchronization.
clusters by using a hybrid
communication model.
GPGPU Best option to It involves the study and use of = New implementation of

parallel computing ability of a the algorithms used in

General-Purpose ~ 1ona9e huge  GPU to perform general  CPU is necessary for an

amounts of data, purpose programs. efficient use in GPU.

Computing on
Graphics Processing
Units

since their computing
power has increased
than

much faster

conventional CPUs.

= New

GPUs are designed for
graphics rendering and provide
a high calculation power with
very low cost and without
expensive infrastructures.

general purpose
programming languages and
APIs (such as Brook and
CUDA) provide an easier
access to the computing power
of GPUs. Researchers and
engineers of different fields are
achieving high speedups
implementing their codes with
the Compute Unified Device
Architecture (CUDA) platform.

An efficient and full use
of the capabilities of the
GPUs is not
straightforward.

Optimizing a SPH code
to be run on GPUs is

dependent upon the
GPU characteristics
used (e.g., compute
capability, number of
cores, number of
registers and cache
memory).
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3.3.4.1 Implementation

For the implementation of SPH, the code is organized in three main steps that are repeated each time
step till the end of the simulation: (i) neighbour list (NL); (ii) particle interactions (PI), and (iii) system
update (SU). Table 11 presents the flow diagram of the CPU implementation and a description of each
of the steps mentioned above (Dominguez, 2014).

Table 11 — CPU implementation flow diagram and implementation steps description.

Neighbour list (NL): it prepares the data needed to find the
neighbouring particles of each SPH particle efficiently in the
next task. DualSPHysics implements a cell-linked list approach.
First, the simulation domain is divided into cubic cells of size 2h
(using the Wendland kernel). Then, a list of particles, ordered
according to the cell to which they belong, is generated; finally,
all the arrays with the physical variables belonging to the
particles are reordered according to the list of particles. Despite
representing a small percentage of the total execution time, this
CPU implementation task is crucial to optimize the performance of the subsequent

step.
INITIALDATA

- Particle interactions (Pl): computation of the forces between
1 particles, solving momentum and continuity equations by the
interaction of each particle with its neighbouring particles. The

@ neighbour search is performed efficiently since, for each
particle, only the particles of the same cell and adjacent cells

l \ are candidates to be neighbours and will contribute to the

- SYSTEM UPDATE particle interaction. Each particle interacts with all its
SOERRCHONIEY {9} neighbouring particles (at a distance < 2h). The Pl is the most

1 time-consuming task, representing more than 95% of the total

execution time.

System update (SU): starting from the values of computed
forces, the physical quantities of the SPH particles (position,
velocity, density) are updated for the next simulation step.

Other less important but necessary tasks are the initial
configuration (Initial Data) and data loading (Save Data),
which are executed once at the beginning of the calculation,
and during the periodic data output, where particle information
(velocity and density) is saved on local storage (the hard drive)
at defined times (usually performed every hundreds or
thousands of simulation steps).

The GPU implementation presents some key differences compared to the CPU version. The main
difference being the parallel execution of all tasks that can be parallelised, such as all loops regarding
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particles. There are two options for GPU implementation: partial GPU implementation or full GPU
implementation. The first one is focused on force computation since this is the most time-consuming
part regarding runtime (see Fig.26). Each GPU execution thread computes the interaction between a
target particle and its neighbours. However, the most efficient technique is minimising communications
between the CPU and GPU for the data transfers, performing DualSPHysics’ calculations entirely on
the GPU (see Fig.26). When implementing neighbour list and system update on the GPU, the CPU-GPU
memory transfer is needed at (Dominguez et al., 2022):

e the beginning of the simulation, where a copy of all particle data is done to the GPU memory,

e relevant data transfer to the CPU memory when saving output data in the long-term memory is
required, which occasionally happens during the simulation and thus with negligible impact on
performance.
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interaction results from GPU to CPU each time A speedup in this part of the code can be achieved

step. by parallelizing NL and SU steps.

Fig.26 — Partial GPU implementation (left) and Full GPU implementation (right) flow diagrams.

3.3.4.2 Performance

The SPH is computationally demanding. It is therefore essential to apply optimization strategies for
CPU and GPU implementations, such as presented by Dominguez et al. (2013) to maximize the
performance. For example, the principal CPU optimization corresponds to the implementation of multi-
core programming. Current CPUs have several cores or processing units, so it is essential to distribute
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the computational load among them to maximize the CPU performance and accelerate the SPH code.
As mentioned previously, improving SPH applications requires hardware acceleration and parallel
computing. Depending on the hardware, which choice determines the parallelization techniques options,
and the HPC techniques previously presented, five basic programming options exist:

(1) Single thread (one task after another),

(i1) Multiple cores using OpenMP (shared memory) — divide the task into different parts, but they
compete using the same memory,

(ii1) Multiple Processes in Multiple Nodes using MPI (distributed memory) — four different computer
cores that don’t have shared memory. The communication back and forwards need to be done
correctly,

(iv) MPI and OpenMP,

(v) CPU and GPU.

As mentioned above, there are two main options to implement a parallel code in CPU: MPI or/and
OpenMP. In DualSPHysics, the CPU implementation uses the application programming interface
OpenMP to perform parallel execution of the SPH method on one or several multi-core CPUs hosted on
the same workstation or computation node. Each CPU thread executes, in parallel, the interactions with
the neighbours of a given set of particles. Meanwhile, a CUDA thread is created to compute the
interaction of each particle on GPU (Dominguez et al., 2022). Efficient and full use of the capabilities
of the GPUs is not straightforward, being necessary to know and consider the details of the GPU
architecture (e.g., compute capability, number of cores, number of registers, and cache memory) and the
CUDA programming model. The use of one GPU presents relevant limitations, namely the memory size
of the GPU and the execution time. The memory size of the GPU limits the maximum number of
particles. This limitation can be eliminated, in DualSPHysics, by using a multi-GPU approach. Initially,
this approach used the MPI to combine the computation power of different GPUs hosted in the same or
different computation nodes. This approach considers the simulation physical domain division into
subdomains so that the size of the simulation scales with the number of machines. Each MPI process
only needed to assign resources to manage a subset of the total amount of particles for each subdomain.
However, the use of MPI implies an over cost in communication — time dedicated to the interchange of
data between processes — and synchronization — all processes must wait for the slowest one (Dominguez
2017). Solutions, such as overlapping between force computation and communications and load
balancing, were used to minimize the drawbacks of MPI use. However, consumers can now easily
purchase desktop machines or a single compute node with 4-8 GPUs for only a few thousand euros. It
allows the simulation of a limit of 200 million particles. In that way, a new multi-GPU code optimized
for multi-GPU machines allows more efficient communication, including the MPI removal.

The runtime is one way of DualSPHysics performance measurement. The execution time increases
rapidly with the number of particles since each particle interacts with more than 200 neighbouring
particles in 3D. However, the total execution time is also influenced by other factors, such as:

e the resolution whose increase leads to the growth of the number of simulation steps per physical
second,

e the rapid time-varying events, which demand a small timestep during the simulation,

e the distribution of fluid in the simulation domain, which can increase or reduce the total number
of interactions between particles,

e the physical time to be simulated,

e the complexity of the chosen formulations,

e some hardware features.
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Another way to measure the performance of DualSPHysics is through Particle Interactions Per Second
(PIPS), by focusing on the actual number of particle interactions regardless of the number of simulation
steps, the particle's amount, or their distribution during the simulation. It is relevant to bear in mind that
the performance of the computing devices increases according to the size of the problem since an
efficient and full use of the hardware needs a minimum number of particles. So, one can consider the
device saturated when the performance does not increase as the number of particles increases. The
GPIPS (10° PIPS) value is almost constant when the number of particles is large enough to saturate the
calculation device (Dominguez et al., 2022).

3.3.4.3 Pre- and Post-processing tools

The DualSPHysics package includes the binaries executables for Linux and windows, the source files
of the SPH executable, some documentation, including DualSPHysics guides and help, and a lot of
examples of working cases (Fig.27). It also includes advanced pre-processing tools to create more
complex geometries and post-processing tools for analysis of the numerical results. The pre-processing
tools exist to convert into SPH particles any complex geometry, loaded from different format files like
CAD, 3ds, STL, ply, dwg, DXF, shp, IGS, vtk, csv, and to provide configuration for simulation. Post-
processing tools allow the calculation of quantities of interest, such as forces exerted on different objects,
maximum wave heights, or just plotting particle's different physical quantities (Fig.27) (Crespo et al.,
2015).

DualSPHysics Package r\

Linux & Windows
executables

(C B
Geometry (cad, 3Ds, dwg,
stl, vtk, ...)

~

Configuration

(parameters, motion, ...)
Documentation d
7 Pre-processing - Post-processing
tools tools

examples Full examples

Result analysis (data in
csv, xIs, m...)

Source code

N )

Visualization (videos,
images, graphs)

C

Fig.27 — DualSPHysics package’s content and workflow.

Fig.28 shows the program's working scheme with representative examples of executable input and
output files. Next, some of the codes and main tools of DualSPHysics will be explained in more detail
(Crespo et al., 2015).
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Fig.28 — DualSPHysics’ workflow with representative example of input and output files of the executable files.

The pre-processing step includes a program named GenCase to define the initial configuration of the
simulation, movement description of moving objects and the execution parameters in DualSPHysics. A
definition input file (Case_def.xml), in XML format, contains all this information and divides into two
sections:
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(i) casedef: this section, created by the user and used by the GenCase program, allows the
definition of the case with initial geometry and configuration. It includes information such as:
= the constants needed in SPH (constantsdef), among which are the speed of sound
(coefsound), the coefficient to calculate the smoothing length (coeth),

= label configuration (mkconfig),

= the system geometry ("geometry"). In this subsection is defined the distance between
particles (dp) and the minimum and maximum dimensions of the domain where particles
can be created (pointmin and pointmax),

= special features for boundary and fluid particles ("initials"),

= the description of floating objects ("floatings") and

= the boundary movement description (motion), for example, a wave paddle movement
imposed by an external file resultant from the experimental model.
(i) execution: this section is created by the user, modified by GenCase and only used by the
DualSPHysics solver. It contains the information required to execute the case, which includes:
= the configuration of different features used in DualSPHysics simulation ("special"), namely
the automatic wave generation, the active wave absorption system, wave gauges, collisions
using Project Chrono, and external forces,

= the execution parameters in DualSPHysics (<parameters>), among which are the kernel
type, the viscosity treatment (ViscoTreatment), the maximum simulation time (TimeMax),
and the timestep (TimeOut).

In the XML guides available on the software package, one can find a complete description of the code
and XML files. These documents help in a new case generation, using the XML file as input, and
explaining all the XML parameters by relating them to the SPH equations.

After the XML file creation, GenCase employs a 3D Cartesian mesh to locate particles. The idea is to
build any object using particles. Two output files are created after running GenCase: Case.xml and
Case.bi4, corresponding to the input files for DualSPHysics code. Particle geometries created with
GenCase can be initially verified by visualising in ParaView software the files Case Allvtk,
Case_Bound.vtk and Case Fluid.vtk.

The processing step corresponds to running the SPH simulation using the particles, resorting to the main
code, named DualSPHysics. The input files to run DualSPHysics code include one XML file (Case.xml)
and a binary file (Case.bi4). The Case.xml contains all the parameters of the system configuration and
its execution. It includes relevant variables (smoothing length, reference density, gravity, coefficients to
compute pressure starting from density, speed of sound, etc.), the number of particles in the system,
movement definition of moving boundaries and properties of moving bodies. Case.bi4 contains the
initial state of particles (number of particles, position, velocity, and density) in a BINX4 format. The
output files consist of files in binary format with information about the particles for different times of
the simulation (Part0000.bi4, Part0001.bi4, Part0002.bi4, etc.), files with excluded particles
(PartOut.obi4) and a text file with the run log (Run.out).

Finally, the DualSPHysics package possesses a set of post-processing tools useful for the analysis of
simulation results, including the calculation of magnitudes using particle data and visualization starting
from SPH particles. A list of these tools and their description is presented below (Crespo, 2020b):

e PartVTK code converts the DualSPHysics output binary files into a different format that can be
visualized.
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PartVTKOut code generates files with the particles excluded from the simulation for one of these
three reasons: position, density, and velocity. For example, when one particle moves beyond the
limits of the domain, the particle is excluded.

BoundaryVTK code creates triangles or planes to represent the boundary shapes formed by the
boundary particles.

IsoSurface code creates surfaces using the marching cubes algorithm. This computer graphics
technique extracts a polygonal mesh of an isosurface from a 3D scalar field. It helps to improve
the visualization of the simulation by representing surfaces instead of particles.

FloatingInfo code uses PartFloat.fbi4 and other binary files as input to obtain different data of the
floating objects, such as linear velocity, angular velocity, displacement of the centre, motions and
angles of rotation.

MeasureTool code allows the computation of different physical quantities (velocity, pressure,
free-surface elevation) at a set of given points by means of an SPH interpolation of the values of
the neighbouring particles around a given position (see Table 12). It enables the comparison
between experimental and numerical values.

Table 12 — Computation schemes and equations of different physical quantities.

Physical quantities Computation Schemes Equation
Velocity For a given location, is
computed the numerical
Oogoog gOO P06 9 Ooog gO velocity using velocity values of
0 HC%0 < Ogoo '®) neighbouring fluid particles:
05 0p° 0 =00 DIRIATY
00" 052%0 00 oo " _ 2 VoWap
BETn O v, =
Zb Wab
Pressure For a given location, is
computed the numerical
OO§008 8088000 %goog 808888 ol velocity using velocity values of
090 .99 C 20606 GO O neighbouring fluid particles:
'®) 0 C 000 oQ
0% 0 2 5P 02005 S50 > P,
00”050 Q0 00 g0 ooo% p, =22 b ab
Zb Wab
Free-surface For a given (X,Y) position
elevation numerical mass is computed at
mii different Z positions using
mass values of neighbouring
fluid particles:
m=05 mg = Z mbWab
Go=E0 ofe)
@ oc b
00 o 3 O
QSC?OOQO OOCC)’OOQOO 000 One will choose as wave
Q7 im=1 @0 . .
00 O%OO 0 500 elevation the Z value for which

m = 0.5 X Mreference.

ComputeForces code computes the force exerted by the fluid onto a boundary object. The force
value is the summation of the acceleration values multiplied by the mass of each boundary
particle that form that object (Fig.29).
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e FlowTool code calculates the number of fluid particles that enter or leave the domain defined
by the user and the average velocity of the particles that enter that domain. This tool is
appropriate to compute discharges or overtopping in the case of coastal protection since it is
easy to determine the inflow and outflow. First, one can calculate the volume in some defined
domain by multiplying the volume of just one particle by the number of particles. Then, one
obtains the inflow by dividing the fluid volume by the interval time (output time).

For a range of boundary particles, the numerical | It is done the summation of acceleration values of

acceleration of those boundary particles is computed | those boundary particles:

by solving the particle interactions with fluid dy
. . . F=my —=

neighbouring particles: dt

dva = _Zmb[sz +P112+Hahjvapl/ah +g
dt b Py P

a

Fig.29 — Scheme of computation of forces exerted by the fluid on the boundary.

3.3.5 APPLICATIONS

DualSPHysics evolved significantly over the last years. The validation of the features developed in its
different versions with analytical solutions, numerical benchmarks and experimental results demonstrate
accuracy and convergence. As mentioned previously, one of the code's key fields of application is
coastal engineering, employing the model as a complementary tool to experimental measurements. The
accurate modelling of wave generation and propagation is a fundamental requirement for proper
capturing the wave-structure interaction phenomena. By gaining a detailed insight into the physics
involved and structure responses, engineers have the potential means to optimise the structure's design
and improve its survivability. Table 13 includes some relevant works focused on coastal engineering
applications of DualSPHysics published over the last almost ten years, emphasising validated
applications (Dominguez et al., 2022).
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Table 13 — Examples of coastal engineering and multiphysics simulations in the literature over the last years

using DualSPHysics.

#

Reference

Main topics and achievements

Coastal structures

1

Altomare et al

(2014)

Regular waves colliding with a rubble-mound breakwater armoured with grooved
cubic blocks

Time series of wave run-up

Comparison with empirical solutions and experimental data (Zeebruge

breakwater)
2 Altomare et al. Regular and random waves colliding with coastal structures with focus on wave
(2015a) impact on vertical structures and storm return walls
Comparison with experimental data and analytical solutions
3 Altomare et al One-way coupling with the time-domain wave model based on a finite difference
(2015b) method - Simulating WAve till SHore (SWASH)
Waves generated by means of a moving boundary (multi-layer piston)
Comparison with experimental data
4 Pringgana et al. Tsunami-induced bore impact on onshore structure on a dry bed
(2016) Coupling with Finite-Element (FE) using Abaqus to model the dynamic response
of a representative timber structure
Solitary waves with different characteristics generated by the numerical paddle
wavemaker
Numerical probes uniformly distributed on the structure's vertical surface
providing detailed measures of the pressure distribution across the structure
Comparison with semi-empirical approaches
5 Altomare et al Numerical flume resembling a physical wave facility and moving boundaries
(2017) mimic the action of a piston-type wavemaker
Automatic wave generation (long-crested second-order waves and random
waves)
Passive (damping system) and active wave absorption (see Fig. 30)
Comparison with experimental data and analytical solutions, in terms of water
surface elevation, wave orbital velocities, wave forces and capacity for damping
the re-reflection inside the fluid domain
6 Altomare et al Coupling with the non-hydrostatic wave flow model SWASH (Relaxation Zone,

(2018)

RZ)

Description of the procedure for a proper design of the RZ (i.e. shape of the
weighting function, size of the RZ)

Validation of wave generation and wave reflection for monochromatic waves
employing RZ both as stand-alone wave generation technique and as coupling
framework with SWASH model

Test also for generation and absorption of irregular waves

Comparison with experimental data concerning the wave flow impacts on vertical
walls and theoretical solutions
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Table 13 (cont.) — Examples of coastal engineering and multiphysics simulations in the literature over the last

years using DualSPHysics.

#  Reference = Main topics and achievements
7 Zhangetal (2018) = Regular waves interacting with porous breakwater (see Fig.31)
=  Time series of wave run-up
=  Comparison with experimental data (analyse of a real sea dike from the coast of
Chongwu in China)
8 Roselli et al. (2018) =  Optimisation of model setup for wave propagation through genetic algorithms
= Comparison with theoretical solutions
9 Sarfaraz and Pak = Regular waves interacting with low-crested breakwater constructed using cubic
(2018) armour blocks.
=  Coupling with Polyhedral — DEM
=  Time series of fluid velocity and pressure near the armour units
= Time series of the vertical and horizontal forces (and moments) applied to
various armour units
=  Proposal of a practical non-dimensional relationship for calculating the required
dimension of the cubic armour units, based on the numerical simulation results
and used for preliminary design
10 Verbrugghe et al. = Two-way coupling with OceanWave3D
(2019) = Open boundary conditions
= Validation using a 2D test case of a floating box in terms of its three degrees of
freedom (heave, surge and pitch)
= Comparison with experimental data from Ren et al. (2015)
= 3D proof of concept considering overtopping waves acting on a heaving cylinder
11 Gonzalez-Cao et = Propagation of a regular wave train and its collision with a vertical sea wall with
al. (2019) a hanging horizontal cantilever slab using SPH (DualSPHysics) and mesh based
(IHFOAM) models
= Time series of free-surface elevation and horizontal force exerted on the wall
=  Comparison with experimental data
= Comparison of the accuracy of DualSPHysics and IHFOAM considering different
metrics (skill index, normalized standard deviation, correlation coefficient and
root-mean square error)
12 Dominguez et al. = Implementation of an advanced solitary waves generation system (different
(2019) theories) to simulate tsunami-like solitary waves
=  Comparison with analytical solutions and experimental data (forces exerted on
harbour protections, run-up of solitary waves on a gentle beach, and the impact
of double solitary waves on two cylindrical reservoirs)
13 Loweetal (2019) = Spilling and plunging wave breaking within the surf zone

Simulation of two distinct bathymetric profiles - a plane beach and a fringing reef
Comparison with experimental data (measurements of waves flows and mean
water levels)
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Table 13 (cont.) — Examples of coastal engineering and multiphysics simulations in the literature over the last

years using DualSPHysics.

# Reference = Main topics and achievements
14 Subramaniam et al. = 3D modelling of wave-run on convex and concave dikes using SPH
(2019) (DualSPHysics) and mesh based (OpenFOAM) models
= Regular waves
=  Comparison with experimental results and mesh-based methods
15 Altomare et al. = Large-scale structure (Pontdel Petroli, around Badalona, Spain) under extreme

(2020)

wave conditions (storm Gloria, January 2020) (see Fig.33)

Wave generation by Open boundaries to alleviate the high computational cost
of a full 3D simulation

Pier failure analysis —assessment and characterization of the wave loading that
determined the structural failure

Fist known application of SPH open boundary conditions to model a real-world
engineering case

16 Mitsui et al. (2023)

3D modelling of the stability of Tetrapods armour units paced above a
submerged mound against solitary waves (see Fig.33)

Coupling with Project Chrono

Time series of free-surface elevation, wave force exerted on the Tetrapods
Comparison with experimental data (displacements of Tetrapods and damage
ration under different solitary waves)

Test of the stability for different coefficients of friction between mound and
Tetrapods to simulate the effects of different materials and surface roughness

Multiphysics problems

17

Canelas et
(2015)

al.

Spatially detailed and time-resolved simulation of fluid-solid interaction
Validation using a buoyancy-driven motion of an unrestricted rigid body
Comparison of the model with numerical experiments and analytical solutions
recovered from the literature

Investigation on the influence of the stabilizing 6-SPH terms

18

Canelas et
(2018)

al.

Simulation of a dam break flow impacting a supported platform to validate
frictional contacts

Coupling with Project Chrono (DVI solver)

Comparison with experimental data (numerical times for movement initiation
and the angle inversion times were consistent with the experimental ones)
Test of different pendulum systems — gravity pendulum and spring pendulum
Application cases to showcase the potential of the model: WaveStar, Tidal
turbine, Ragdoll)

19

Ropero-Giralda
al. (2020)

et

Simulation of point-absorber wave energy with power take-off system
Coupling with Project Chrono

Comparison with experimental data of regular waves interacting with the point-
absorber (heave displacement and velocity of the device)
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Table 13 (cont.) — Examples of coastal engineering and multiphysics simulations in the literature over the last

years using DualSPHysics.

# Reference

Main topics and achievements

20 Hagemeier et al
(2021)

Simulation of the settling process and wall impact of large spherical particles in
a stagnant, highly viscous fluid

Study of collision behaviour of spherical particles and wall effect

Comparison of settling curves and settling velocities with experimental data and
analytical solution for the Stokes and the Newton regimes

21 Martinez-Estévez et
al. (2023)

Two-way coupling with Project Chrono (SPH-FEA solver) to solve fluid-
structure interaction

Validation of the SPH-FEA coupling against four reference cases (e.g., dam
break impacting a flexible obstacle)

Comparison with other approaches presented in literature to prove accuracy of
the novel model and performance and resource optimisation

Other relevant works involving overtopping analysis (Altomare et al., 2021; Suzuki et al., 2022) and
wave interaction with breakwaters effects assessment (Wen et al., 2018) were published in the last few
years. Note that these works are merely qualitative analyses, not validating the numerical results using

experimental results.

Time: 180s

11m 45m

Fig. 30 — Instant of the simulation with regular waves and using a dissipative beach and damping area (grey
plane) (Altomare et al., 2017).

Fig.31 — Initial setup of the experiment with the armoured dike (Zhang et al., 2018).
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Fig.32 — Lateral and top views of the initial (a) and final situation (b) of the Tetrapods after the interaction with a
solitary wave during the experiments (left) and with the numerical simulations (right) (adapted from (Mitsui et al.,
2023)

a) Time: 10.350 s b) Time: 10.800 s

Velocity (m/s)
000 050 100 150 200 250 3.00

A

c) Time: 10.975 s d) Time: 11.100 s

Fig.33 — Snapshots of the SPH horizontal velocity contours for a wave impacting the Pont del Petroli pier
(Altomare et al., 2020).
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Taking into account the studies listed in Table 13, numbered from 0 to 20, Table 14 provides a summary of the SPH formulation and the functionalities
employed in these works.

Table 14 — Summary of SPH formulation and functionalities employed in works from Table 13.

1 2 3 4 5 6 7 8 9 10 11 12 13 15 16|17 18 19 20 21

SPH FORMULATION

Density filters
Density correction Density diffusive terms

Riemann solvers

Particle shifting algorithm

Artificial viscosity
Turbulence and viscosity in SPH  Laminar viscosity

Sub-Particle Scale turbulence

DBC L] L] L] L[] L] L] L[] L] L] L[] L] L] L] L] L]

Boundary conditions mDBC

Periodic open boundary condition

Verlet time integration scheme
Time integrators Symplectic position Verlet scheme

Variable time step

FUNCTIONALITIES

Moving boundary particles
] Relaxation zones
Wave generation )
Inlet open boundaries

Multi-layered piston moving boundaries

Passive wave absorption

Wave absorption
Active wave absorption (AWAS) ° il B ° ° °

Wave propagation models
Coupling with other models Project Chrono
Others (FE models, etc.) ° il
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3.4 CONCLUSIONS

Advanced computational fluid dynamics (CFD) has become a critical tool in coastal engineering,
providing significant insights into the complex wave-structure interactions that are crucial for the design
and analysis of rubble-mound breakwaters.

Among the available methods, Smoothed Particle Hydrodynamics (SPH) has proven particularly
effective for tackling non-linear problems. Its meshless Lagrangian framework allows for the simulation
of large surface deformations, dynamic free-surface flows, and intricate boundary conditions, making it
a valuable complement to physical modelling. However, despite significant benefits of mesh-free
methods like SPH, their applicability is not universal, facing challenges when addressing large-scale,
three-dimensional problems in practical engineering contexts.

One of the primary challenges for SPH methods lies in their high computational demands and difficulty
in scaling up to simulate large domains with complex geometries, porous structures, and multi-body
interactions. DualSPHysics, a leading SPH solver, has made notable progress in overcoming these
limitations by incorporating GPU acceleration and high-performance computing techniques. These
advancements enable simulations of higher resolution and complexity, broadening its applications in
coastal engineering.

Despite these improvements, replicating real ocean conditions remains a persistent challenge for both
numerical and physical models. Laboratory facilities, no matter how sophisticated, are inherently limited
in their ability to replicate the full complexity of natural ocean environments, even when accounting for
factors such as wind, currents, and temperature gradients. This limitation extends to numerical models
like DualSPHysics, which rely on simplifying assumptions and may exhibit discrepancies when
compared to real-world behaviour. Key factors such as the non-repeatability of experimental tests and
the need for wave re-reflection compensation must also be considered when interpreting numerical
results.

Significant technical advancements in DualSPHysics have enhanced its reliability and performance. It
employs the Weakly Compressible SPH (WCSPH) scheme, which is valued for its efficiency in
modelling free-surface flows, though issues such as spurious noise in pressure and density fields persist.
Refinements, including density diffusive terms (DDT) and artificial viscosity, have mitigated these
issues, improving numerical stability and accuracy. Additional features such as modified Dynamic
Boundary Conditions (mDBC) have further enhanced the solver’s ability to simulate realistic wave-
structure interactions, avoiding unphysical energy build-up and improving the fidelity of simulations.

The versatility of DualSPHysics has expanded further through its transition into a multiphysics
framework, integrating libraries like Project Chrono to model rigid body dynamics. These developments
allow for more comprehensive studies, such as wave-structure interactions and armour unit behaviour.
Notable studies by Sarfaraz and Pak (2018) and Mitsui ef al. (2023) have demonstrated the potential of
coupling DualSPHysics with external models like Polyhedral DEM and Project Chrono to simulate wave
forces and collision dynamics. These studies offer valuable insights into the stability of breakwaters and
the performance of individual armour units under wave action, though more research is needed to
explore these dynamics in detail.

Several recommendations emerge from the literature to guide future research and applications:

e For problems involving violent collisions with coastal structures, mesh-free methods such as
SPH have achieved maturity in predicting macro-scale parameters like wave elevation and
force.
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e Hybrid approaches that combine the use of mesh-free and mesh-based methods is advisable to
leverage their respective strengths and mitigate their limitations. For example, DualSPHysics
has been validated for its wave generation capabilities using innovative techniques like
Relaxation Zones and Input Open Boundaries. These advancements enable DualSPHysics to be
efficiently coupled with external wave models such as SWASH and OceanWave3D, which are
more computationally efficient for generating realistic waves.

e Active wave absorption systems are particularly effective mimicking real wave facilities and
avoiding unphysical energy build-up. These systems are particularly suitable for studies
involving sea wave interactions with coastal structures, while passive absorption systems are
more appropriate for offshore applications such as wave energy converters and floating bodies.

In conclusion, the advancements in SPH methods, particularly DualSPHysics, underscore their growing
utility in coastal engineering. While challenges persist, particularly in simulating fine-scale interactions
and improving computational efficiency, ongoing refinements and robust validation against analytical
solutions, numerical benchmarks and experimental data will further enhance their accuracy and
applicability. Hybrid approaches that combine SPH with traditional mesh-based models hold significant
potential for addressing complex engineering challenges. By dividing computational tasks effectively,
these hybrid methods can focus on smaller, high-resolution domains, enabling more precise simulations
of wave-structure interactions. These developments will play a critical role in designing adaptive and
sustainable coastal protection systems, essential for addressing the growing vulnerabilities of coastal
infrastructure in the face of climate change.
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4

EXPERIMENTAL STUDY OF
RUBBLE-MOUND BREAKWATERS
AND SPH APPLICATIONS

4.1 INTRODUCTION

Traditionally, the assessment of the hydraulic and structural behaviour of rubble-mound breakwaters
was made using physical models. Physical modelling has become a fundamental tool in maritime
hydraulics for studying complex hydraulic phenomena and supporting the analysis of problems such as
the design of maritime structures and the search for cost-effective and accurate solutions. This tool
allows the closest representation of the set of phenomena involved in the sea-wave action in coastal
structures, given the complexity associated with both wave propagation, wave-structure interaction
phenomena (so diverse and complex as refraction, diffraction, wave breaking, reflection, wave run-up
and overtopping) and the bathymetry.

Some authors (e.g., Dalrymple, 1985; Kamphuis, 1991; Le Méhauté, 1990 and Hughes 1993) pointed
out some distinct advantages of using physical models to reproduce nearshore processes:

o The physical model integrates the “proper equations” governing the processes without
simplifying assumptions made for analytical or numerical models;

o The inherent limits of deterministic fluid mechanics due to turbulence makes laboratory
experimental techniques one of the most useful tools in coastal engineering;

o The scale model tests allow the reproduction of complex boundary conditions beyond the
accuracy of finite step differences. Convective and dissipative non-linear effects are also in near
similitude;

o The size and magnitude of coastal projects lead to expensive and hard-to-achieve field
measurements, whereas the small size of scale model tests allows easier data collection, and its
technology remains cost-effective;

e Physical models offer the chance to monitor and measure the physics in a controlled
environment, simulating varied or sometimes rare environmental conditions at the convenience
of the researcher;

e Physical contact with the fluid element remains the best guide for intuitive discovery, once the
physical model demonstrates visually, and with credibility, what will happen.

On the other hand, physical modelling is considered an expensive and time-consuming technique. In the
last few years, numerical models have evolved significantly, proving to be a fast, cheap, and flexible
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complement to physical modelling, allowing significant savings by reducing the number of experimental
tests to be performed. Numerical modelling can be a useful predictive tool because it can cover multiple
spatial and temporal scales. Using remarkable evolutions in the numerical models’ fields, software like
DualSPHysics proved to be an appropriate option to accurately simulate some highly non-linear
problems using complex boundaries (see chapter 3). In the coastal engineering field, it has been
demonstrated that the DualSPHysics solver is a robust computational tool to simulate free-surface flows,
solid-solid interactions, modelling damage and failures, and fluid-structure interaction (see subsection
3.3.5).

Despite all the advancements and significance of numerical models, they still require adjustments and
calibration based on field evidence obtained from physical modelling. As a result, neither physical nor
numerical models can provide a complete set of results on their own. However, when used in a
complementary manner, they enable a more comprehensive study of complex phenomena. This
combination allows for the evaluation and optimization of various aspects of a project, such as the
stability and overtopping performance of maritime protective structures, in a faster and more efficient
manner (Reis et al., 2015).

Fig.34 illustrates the complementary use of physical and numerical models, specifically DualSPHysics,
to simulate phenomena associated with wave interaction with a breakwater, including wave loadings,
overtopping, and damage assessment.

Advanced
- techniques for
the characterisation of Wave-by-wave overtopping analysis

Armour layer damage patterns

Smoothed Particle
Hydrodynamics (SPH)

model Displacement  monitoring  using

instrumented blocks

Pressures on selected elements

Fig.34 — Representative diagram of the complementarity between physical and numerical modelling.

Therefore, considering the undeniable interest in these tools, many physical and intellectual investments
are maintained to improve concepts, techniques, equipment, and experimental procedures to collect
more information from these tests as well as to automate the collection and analysis of results needed to
improve numerical models’ validations (Fortes et al., 2017; Lopes et al., 2013).

Le Méhauté (1990) said “knowledge gaps in present mathematical representations of flow processes
will dictate the direction of future experimental efforts understanding of the basic laws of fluid flow”.

109



Composite modelling of rubble-mound breakwaters using advanced physical modelling techniques and a smoothed patrticle
hydrodynamics model

Based on these points, the general goal of this thesis is to perform a comprehensive study of rubble-
mound breakwaters in terms of wave loadings, overtopping and damage assessment, using physical and
numerical modelling in a complementary way, seeking its optimized design. For that, high-resolution
and accurate results from physical model tests were used to validate the application of DualSPHysics
solver on the simulation of the fluid-structure interaction and the interaction among different bodies
(e.g., sliding Antifer units) by coupling with Project Chrono.

Therefore, the practical component of this thesis is divided into 3 phases, as presented in Fig.35, which
will be described in this chapter, including all methodologies and results obtained.

= ™~
@ NUMERICAL MODEL TESTS Validation of the DualSPHysics model with existing sets of experimental data
- w,

s ™
2.1. PHYSICAL MODEL TESTS Propagation and breaking process tgsts of REGULAR WAVES running up
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&

4
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3D analysis for a region near the structure using DualSPHysics and rigid body

2.2. NUMERICAL MODEL TESTS e i
analysis using Project Chrono
-

4
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3.1. SmartAntifer Intrumented Antifer block development and construction
\ J
. ™
Propagation and breaking process tests of SOLITARY WAVES running up
EREIICAL MIODESIES b smooth slopes armoured with one Antifers row using some SMART UNITS
- J
( . . . .. )
3.3. NUMERICAL MODEL TESTS 3D anz:)lyﬂs. for a r'eglon near the structure using DualSPHysics and rigid body
analysis using Project Chrono
-

4

Fig.35 — Representative scheme of the practical component of the thesis and respective phases and tasks.

Phase 1 (subsection 4.2) encompasses the implementation of DualSPHysics on a breakwater consisting
of a roundhead and trunk, leveraging the data obtained from experimental studies conducted at FEUP
within the HydralLab+ and SE@PORTS projects. The validation of the DualSPHysics model uses data
from damage scans of the structure's armour and measurements of overtopping to replicate a 3D section
of the breakwater. This process has allowed for a deeper comprehension of the numerical code, including
its inherent model limitations.

To keep improving reliability and confidence in the results, it is essential to persist in advancing the
numerical model by validating it against reliable experimental data. To this end, the 2™ phase is divided
into two different tasks: task 2.1 (subsection 4.3) refers to the physical model study in the
multidirectional wave basin of FEUP representing the propagation and breaking process of regular
waves running up a smooth slope armoured with one or three Antifer rows, planned to provide all the
required data for the subsequent numerical simulations. In addition, the tests allow a deeper
understanding of the fluid-structure interaction. Task 2.2 (subsection 4.3.2) corresponds to the numerical
simulation of the experimental setup. In this way, it is possible to validate the capability of
DualSPHysics to simulate fluid-structure interactions and solid-solid interactions by coupling with other
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models, such as Project Chrono, and by comparing them with the experimental results. For this, it is
important to know the location of the wave probes relative to the wavemaker and model.

The 3" phase is divided into three different tasks. Task 3.1 (subsection 4.4.1) corresponds to the
development and construction of an instrumented armour unit — SmartAntifer. These blocks are
incorporated in the second phase of experimental tests, 3.2, in which the main goal is to improve the
phase 2 results. In this case, solitary waves are used instead of regular ones, and the motion of
wavemaker paddles is recorded. Then, these experimental results are compared with the numerical ones
resulting from the numerical simulation of the experimental setup, in task 3.3.

4.2 VALIDATION OF THE DUALSPHYSICS MODEL WITH EXISTING EXPERIMENTAL DATA SETS
421 DESCRIPTION OF THE HYDRALAB+ AND SE@PORTS PROJECTS

Phase 1 involves applying DualSPHysics to a breakwater consisting of a roundhead and trunk, utilizing
data from an experimental work conducted at FEUP as part of the HydralLab+ and SE@PORTS projects.
A brief description of these projects is presented below.

Horizon 2020 — HydraLab+ R&D Project

The experimental work relative to UPORTO participation in TASK 8.2 of HydraLab+ project, entitled
“Damage characterization under variable and unsteady test conditions”, was carried out in 2016. The
work was done in cooperation with LNEC and Deltares, having received advice and input from the other
institutions involved in Task 8.2, namely from HR Wallingford, UK.

The work included 3D damage tests on a rubble-mound breakwater with a rocky armour layer to study
the damage progression in the trunk (front and rear slopes) and roundhead of the structure, for two water
levels, and considering the effect of sea level rise. In addition to obtaining high-resolution data on
damage progression in rubble-mound structures, these experiments also included overtopping
measurements.

The tests were carried out in the multidirectional wave basin (28.0 m long, 12.0 m wide and 1.2 m deep)
of the Hydraulics Laboratory of the Hydraulics, Water Resources and Environment Division of the
Faculty of Engineering of the University of Porto, Portugal, equipped with a 12.0 m wide multi-element
wavemaker, piston-type (16 independent paddles), which also includes an active wave reflection
absorption system (model HR Wallingford, UK).

A reference rubble-mound breakwater was reproduced in the wave basin on a geometric scale of 1:35,
to ensure reduced scale effects, and according to the Froude similarity criteria. The geometric scale was
also fixed after analysing the granular materials available for the armour layer. The 4.0 m wide trunk
section was placed perpendicularly to the basin sidewall and a semi-circular roundhead was placed at
its other side, Fig.36. The breakwater physical model was 5.6 m long, 3.1 m wide and 0.68 m high.
Fig.36 also presents a close view of the physical model that allows identifying: (i) the front slope; (ii)
the roundhead; (iii) the rear slope; (iv) and the overtopping measurement area, where the chute and the
overtopping tank were placed.
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Fig.36 — Model setup in FEUP basin.

The following equipment was used: resistive-type wave probes (a set of four aligned gauges was placed
in front of the model to determine the characteristics of incoming and reflected waves); digital cameras;
and stereophotogrammetry system. In addition, there was also three chutes to direct the overtopping
water to three auxiliary reservoirs and level gauge set-ups for application in the overtopping reservoirs.
A stereophotogrammetry equipment was used to measure the 3D damage progression in the armour
layer (front and rear slopes and roundhead) of the rubble-mound breakwater.

The tests were carried out with irregular waves, either long or short crested. Three water depths were
considered, but only the first two were used in the core tests: 0.566 m (mean high water level); 0.592
(mean high water level plus sea level rise) and 0.480 m (mean low water level). The most extreme wave
conditions were defined to avoid wave breaking before the structure, since the breaking criteria was the
most limiting condition. Those conditions were relatively far away from the wavemaker performance
curves. Those conditions were (model values):

= Irregular waves according to the JONSWAP spectrum (peak enhancement factor of 3.3), using
the filtered white noise technique;
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=  Significant wave heights: 0.071, 0.094, 0.118 and 0.142 m, corresponding to 60, 80, 100 and
120% of the breakwater design wave height, respectively;

= Peak wave periods: 1.29, 1.58, 1,87 and 2.18 s, defined to maintain the local wave steepness
constant and equal to 0.030;

= Standard test duration: 1000 waves.

The principal results of this study can be found in Hofland ef al. (2017).

SE@PORTS Project

SE@PORTS project was an EU-funded project (OCEANERA-NET) whose main goal was to assess
existing Wave Energy Converters (WEC) suitable for integration on harbour breakwaters and increase
their Technology Readiness Level (TRL). Therefore, an innovative device was idealized from a
combination of an overtopping device (OWEC) with an oscillating water column (OWC) system. The
novel WEC concept needed to reach TRL 3/4 - a proven concept sustained by established feasibility
tests - thus being ready to be integrated into seaport infrastructures. As such, the Leixdes North
Breakwater, on the north-western coast of Portugal, was considered as reference for implementing the
hybrid WEC concept idealised and developed in the project. This device resulted from a combination of
an overtopping device (OWEC) with an oscillating water column (OWC) system. Following the
selection of the technologies to be used in the hybrid WEC for integration in the Port of Leixdes, its
preliminary design, and the numerical study for optimization of the device’s efficiency, a series of 2D
tests were carried out at the Hydraulics Laboratory of the Hydraulics, Water Resources and Environment
Division of the Faculty of Engineering of the University of Porto.

The work included a 3D reproduction of the hybrid OWEC-OWC device at a geometric scale of 1:50.
A representative scheme of the hybrid WEC is presented in Fig.37. The selected domain was a channel
within the wave basin that extended 14.30 m in length and 0.84 m in width. A sandy slope was placed
to represent a simplified bathymetry in front of the structure (seabed). It intended to mimic the relevant
wave transformation process during the propagation from the wavemaker paddle to the physical model.

Crests of the overtopping
reservoirs (OWECQC)

Water intake f:l
of the OWC L

Fig.37 — Representative scheme of the Hybrid WEC model (Clemente et al., 2021).

A wide variety of equipment was used, namely resistive-type wave probes (a set of gauges aligned in
front of the model to determine the characteristics of the incoming waves); pressure sensors; 2D bed
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profiler; digital cameras; among others. In addition, for this work, a discharge flow measurement system
was developed and used to determine both the device’s impact on the breakwater’s effectiveness in
preventing overtopping and measure the flow rate that enters each device's reservoir during the tests (to
assess the harvested wave energy). So, auxiliary reservoirs were used to collect the water gathered by
the hybrid WEC reservoirs, connected through ducts to each device's reservoir. Clemente et al. (2021)
presents a more detailed description of the system. Regarding overtopping measurements, the volume
of water that overtops the breakwater crest, whether considering or not the integration of the hybrid
WEC, was also collected in an auxiliary reservoir (AR). This AR was positioned behind the physical
model, connecting to the top of the structure through a channel. The setup with and without the WEC
integrated is represented in Fig.38.
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Fig.38 — Experimental setup: initial case, without WEC (top); and case with integrated WEC (bottom) (Clemente et
al., 2021).

The experimental study encompassed a wide range of wave conditions, including regular and irregular
long-crested waves, based on data from the case study area, and to study the WEC energy conversion
performance under operational conditions. The generation of irregular sea states involved the definition
of a JONSWAP spectrum, with a peak enhancement factor of 3.3. The principal results of this study can
be found in Clemente et al. (2021) and Calheiros-Cabral et al. (2020).

4.2.2 GENERAL CONSIDERATIONS
4.2.2.1 Required data for numerical simulation and model limitations

The Phase 1 goal was not to test a specific device or working principle but rather to use the previously
obtained experimental data to test the ability of DualSPHysics to simulate some phenomena in a large
domain, including some components of complex geometry, namely the movement of the breakwater
armour layer units using, at that time, the recent coupling of the software with Project Chrono.
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For the initial application and validation of DualSPHysics, data on wave-by-wave overtopping and
damage progression on a rubble-mound breakwater (trunk and roundhead), available from the EU
H2020 Hydralab+ project, were considered for use. However, when using the SPH method and
DualSPHysics to simulate complex problems, like the reproduction of 3D breakwaters sections, some
issues needed to be addressed, considering the limitations of the software. These problems usually
involve the simulation of large domains at a very high resolution, which can lead to precision problems
in DualSPHysics. The SPH method is expensive in terms of computational time. Therefore, to achieve
optimal computational performance, the best practices suggest a wise selection of the following three
parameters, which influence runtime:

e The number of simulated particles, defined by the initial distance between particles, dp. The
higher the value of dp, the smaller the number of particles and, consequently, the results are less
accurate;

e The type of hardware used, since the maximum number of particles to simulate depends on the
computer's memory capacity. The memory space of a GPU is limited, but the computation
capability is much higher when compared to a CPU, and the runtime is smaller;

e The duration of the simulation. This value should not be too high to ensure a reasonable runtime
value.

Considering the previous points, it was necessary to discard the use of the Hydralab+ project data since
its setup had some constraints, that would be hard to model numerically with DualSPHysics model,
namely:

e Large domain and a hard-to-simulate roundhead;

e The rock armour layer with units distributed unevenly. The porosity of the breakwater, the center
of mass of the stones, and the dimensions are hard to define. For that reason, it is difficult to model
the rocks, fixed or as moving blocks, using Project Chrono;

e The long time series of irregular waves (= 2000 s, = 1000 waves) since the damage of the
breakwater resulted from the cumulative displacement of some armour layer units from their
original position.

Given the difficulties presented, one focused on the numerical reproduction of the experimental set from
SE@Ports project. Compared with the Hydralab+ project, the experimental work of SE@Ports project
was carried out inside a wave flume of smaller dimensions and, consequently, a smaller domain needs
to be modelled. Furthermore, the armour units were well defined, and the piston wavemaker movement
was recorded. It should be mentioned that the final goal was to quantify the cumulative damage of the
armour layer and overtopping. However, to assess the cumulative damage, it was crucial to evaluate the
action with a minimum of = 1000 waves to reproduce the experimental tests. The software allowed the
evaluation of irregular wave action during a maximum of 60 s, which was not enough to reproduce
properly the irregularity of the waves. One option was to choose the 60 s of most interest of the whole
time series, but by choosing just one section of the time series, it was impossible to measure the
cumulative damage. Note that the decision to simulate more time with a smaller spatial resolution
implies a loss of computational performance and precision.

To overcome some of the problems, it was decided to simulate 2" order regular waves instead for a
maximum of 30 s. In addition, one started to evaluate the SE@Ports’ project breakwater considering a
case with the armour layer blocks fixed and another assuming that the toe berm blocks move under the
action of waves. After overcoming the time series length problem, the numerical 3D reproduction of the
wave channel and physical model still presented some difficulties related to its dimension and a lack of
appropriate data from the SE@Ports project to compare with the numerical results. A complete 3D
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reproduction of the wave flume is time-consuming in terms of software computation due to the number
of fluid particles involved. The correct operation of the software, in a reasonable computational time,
can be ensured by placing the piston wavemaker at a distance smaller than 2 wavelengths from the
structure. In the SE@Ports case, the domain was too large, and the piston wavemaker was at
approximately 3 wavelengths from the structure. One way of reducing the simulation domain and the
number of fluid particles was by applying a coupling technique. For the application of coupling or
relaxation zone techniques, it is relevant to place wave probes at strategic points during the experimental
campaign. It is also essential to record the motion of wavemaker paddles during the tests with irregular
waves. However, there are instances where the lack of laboratory equipment, such as waves probes, or
the incorrect assessment of software inputs, such as placing wave probes in irrelevant locations, hinders
the accurate replication of the physical model through numerical means due to insufficient information
availability. It also contributes to the inaccurate simulation of the physical model, making it impossible
to compare the experimental results with the numerical ones. It was the case with the SE@Ports project,
in which wave probes data collection was insufficient. Throughout the identification of software needs
in advance, one could have reproduced larger domains with irregular waves for a longer simulation time.

4.2.2.2 Simulation results and recommendations for future work

Phase 1 only allowed a qualitative analysis of the numerical model of the SE@Ports project. During this
phase, the latest features of the DualSPHysics — version 4.4. — were tested for fixed and moving blocks,
namely:

e New density diffusion terms that gave more accurate density/pressure fields;

e New version of Chrono that solved collisions between moving blocks much faster due to its
parallel computation module;

e New option to solve collisions, not only inelastic (only considering restitution and friction
coefficient) but also elastic (considering young modulus and Poisson ratio).

The inadequate data led to an unsatisfactory reproduction and validation of the numerical model. Phase
1 primarily resulted in some recommendations and requirements that the experimental model study must
fulfil to foster favourable numerical outcomes, namely:

(i) A systematic record of data, such as the water surface elevation, the piston-type wavemaker
motion, the porosity considered for the breakwater armour layer, and the friction between the
blocks;

(ii)  Use of regular waves instead of irregular waves (2" order preferable);

(iii) Placement of wave gauges at strategic points;

(iv) The minimum distance between the piston-type wave maker and the structure should be
equivalent to one wavelength to ensure proper wave development. If this distance exceeds two
wavelengths, alternative wave generation techniques must be implemented in the 3D
numerical simulation to reduce the simulation domain. These techniques require knowledge
of both the incident and reflected (Hi and H;) waves, which necessitates installing a row of
three wave gauges in the experimental model at 1 to 2 wavelengths from the structure to gather
this information;

(v)  When necessary, the AWAS system should be activated;

(vi) Run-up should be measured using run-up gauges, step gauges or spiderweb instead of
resistance-type wave gauges;

(vii) Assessment and recording of the porosity considered for the breakwater armour layer;
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(viii) Preparation of AutoCAD files of the breakwater cross section and of the experimental facility;
(ix) Take into account the reliability, repeatability and reproducibility of the tests.

Thus, Phase 2 was initiated, with laboratory tests incorporating the recommendations from Phase 1 to
ensure the acquisition of accurate and high-quality data for numerical validation.

4.3 SLOPE ARMOURED WITH ANTIFER BLOCKS UNDER THE ACTION OF REGULAR WAVES

The Phase 2 is divided into two different tasks: task 2.1 (subsection 4.3.1) refers to the physical model
study representing the propagation and breaking process of regular waves running up a smooth slope
armoured with one or three Antifer rows, planned to provide all the reliable experimental data for the
subsequent numerical simulations. Task 2.2 (subsection 4.3.2) corresponds to the numerical simulation
of the experimental setup. In this way, it is possible to validate the capability of DualSPHysics to
simulate fluid-structure and solid-solid interactions by coupling with other models, such as Project
Chrono, and by comparing them with the experimental results.

431 LABORATORY EXPERIMENTS

The experimental tests of phase 2.1 were performed in the multidirectional wave basin of the Hydraulics
Laboratory of the Hydraulics, Water Resources and Environment Division of the Faculty of Engineering
of the University of Porto, Portugal. Waves were generated by a multi-element piston-type wavemaker
designed by HR Wallingford (UK), which generates both regular and long or short crested irregular
waves. It also has incorporated an active wave reflection absorption system. On the opposite side of the
wavemaker, there is an 8 m long dissipation beach with an 18% slope that ensure minor wave reflections.

For 2D studies, several guide walls can be used to create flumes within the tank. The side windows
allow the visualization of the physical model and its interaction with the generated waves. Fig.39 shows
the wave basin scheme.

WAVE GENERATION SYSTEM
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Fig.39 — FEUP wave basin scheme.
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Phase 2.1 refers to tests of the propagation and breaking process of regular waves running up smooth
and rough slopes armoured with one to three rows of Antifer blocks. These tests were used mainly for
comparison purposes when testing the Antifer blocks' stability using numerical model tools.

4.3.1.1 Model configuration
Experimental set-up

The physical model, designed and built at FEUP, corresponds to a simple slope armoured with one to
three rows of Antifer blocks, reproduced on a geometric scale of 1:40 to ensure reduced scale effects.
The slope, built with acrylic, can assume two different slope values: 1V:2H and 1V:1.5H, depending on
the test series, and has a diagonal extension of 1.80m. In the smooth version, where the acrylic slope
was covered with two layers of paint to check the roughness, a printed 10 cm grid was used for a more
effective qualitative and quantitative assessment of the Antifer block’s movement. The second version
corresponds to a rough slope covered by rubble. Both versions are presented in Fig.40.

Fig.40 — Side view (top) and top views (bottom) of the model: smooth (bottom left) and rough (bottom middle and
right) configurations.

The model was positioned in a channel 0.80 m wide, 12 m long and 1.20 m high. The distance from the
slope toe to the wavemaker paddle (when in its middle position) was equal to, approximately, 9.95 m.
The bathymetry in front of the structure was not reproduced. Thus, the water depth was kept constant
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and fixed at approximately 0.50 m (20 m in the prototype). The Antifer blocks were installed in the
active zone of the slope, at a 0.45 m high. Fig.41 and Fig.42 present the final experimental setup.
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Fig.41 — Experimental setup profile in FEUP flume, considering a slope of 1V:1.5H.
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Fig.42 — Experimental setup top view in FEUP flume, considering a slope of 1V:1.5H.

Antifer blocks characteristics

The Antifer blocks used in the experimental study present the geometric parameters introduced in Table
15, which follows the geometric characteristics shown in Fig.43.

A

Vo= 1.0247 H’
A=1.086H
B =1.005H
C=0.095H
D =0.024 H
r=0.1215H

Fig.43 — Geometric characteristics of Antifer blocks.

119




Composite modelling of rubble-mound breakwaters using advanced physical modelling techniques and a smoothed patrticle
hydrodynamics model

Table 15 — Geometric parameters of Antifer blocks.

Geometric Parameters Values
A[m] 0.056
H[m] 0.052
B [m] 0.052
Vv [m?] 0.140
Dy [m] 0.052

From the available assortment of Antifer blocks in the hydraulic laboratory, two distinct groups of blocks
were selected: 14 blocks of type 1 and 28 blocks of type 2. The corresponding average mass properties
of blocks type 1 and 2 are meticulously outlined in Table 16. The first group, comprising type 1 blocks,
was heavier and was specifically employed in a scenario where a single row of blocks was used, ensuring
that blocks would not slide off the slope when at rest, yet providing enough mobility to slide when
impacted by waves. On the other hand, the type 2 blocks, were reserved for scenarios involving multiple
rows of blocks due to their lighter weight. In this context, the blocks exhibited a heightened level of
interlocking, necessitating the use of lighter blocks to achieve the desired motion.

Table 16 — Mass properties of Antifer blocks.

Mass properties Type 1 Type 2
Mantifer [9] 365.3 291.5
Pantifer [kg/m?] 2600 2023
Pwater [kg/m3] 1000 1000
A 1.600 1.023

4.3.1.2 Instrumentation
Equipment description and setup
The principal equipment used during the tests were:

e Resistive wave probes to measure the water’s free-surface elevation and, consequently,
determine the incident wave conditions and estimate the reflection coefficient and run-up;

e Photographic and video cameras to assess the structural damage and for test recording,
respectively.

The resistive wave probes measure the electric current between the two stainless steel rods, which is
then converted to a voltage that is considered proportional to the submersion depth of the rods, with an
accuracy of 0.4 mm (Rosa-Santos et al., 2015a). Two probe sizes with different lengths are available:
60 cm and 30 cm.

The wave probes were numbered from S1 to S14 and separated into two modules: ID1 and ID2. Module
ID1 has eight channels (five were operational), and module ID2 has six. Table 17 indicates the relation
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between the probe identity and its number. This designation served to identify the comma-separated
files (.cvs) containing the information from each probe in the data sets. The .csv files created by the
acquisition system comprise five columns: the first column has the time in model scale, in seconds; the
second column has the processed data value for each time step, meaning the voltage that passes between
the two probe rods, in Volts; the third column has the calibrated data value for each time step in model
scale, meaning the water’s free surface elevation referred to the calibrated zero, in meters; the fourth
column has the time in prototype scale, in seconds; finally, the fifth column has the calibrated data value
for each time step in prototype scale, meaning the water’s free surface elevation referred to the calibrated
zero, in meters.

Table 17 — Probes channels and designations.

Board 1 (ID1) Board 2 (ID2)
Probe Channel Designation Probe Channel Designation
S1 1 ID1_Ch1_Channel 1 s7 1 ID2_Ch1_Channel 1
- 2 - S8 2 ID2_Ch2_Channel 2
- 3 - S9 3 ID2_Ch3_Channel 3
S2 4 ID1_Ch4_Channel 4 S4 4 ID2_Ch4_Channel 4
S3 5 ID1_Ch5_Channel 5 S10 5 ID2_Ch5_Channel 5
- 6 S11 6 ID2_Ch6_Channel 6
S5 7 ID1_Ch7_Channel 7 - 7 -
S6 8 ID1_Ch8_Channel 8 - 8 -

Nine of the eleven wave probes were displaced in the flume in sets of three aligned probes: two at a
distance equal to the wavelength, L, and 2L from the structure (for numerical simulation reasons) and
one closer to the piston paddle. The distribution of the probes sets along the flume, for the different
model slopes, are presented in Fig.44 and Fig.45. As evident from these figures, the arrangement of the
probes and the spacing between them varies in the two presented setups. The spacing is dependent on
the water depth (d), wave periods (7) and wave heights (H) specified in the test plan.
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Fig.44 — Wave probes distribution considering a slope of 1V:1.5H (in meters).
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Fig.45 — Wave probes distribution considering a slope of 1V:2.0H (in meters).

The HR-DAQ software manual — Data Acquisition and Analysis Software — advises that the best spacing
between the wave gauges used to make the reflection analysis should respect a rule to avoid numerical
errors. This rule determines that the average of the parameter sin Z(kxi ]-) for the six possible distances
(X12, X13, X14, X23, X24, and x34) is bigger than 0.25, defined by the following expression (Wallingford,
2013):

1
: [sin 2(kx;3) + sin 2(kx;3) + sin 2(kx;4) + sin 2(kx,3) + sin 2(kx,,) + sin 2(kx3,)] > 0.25 (100)

where x;; corresponds to the distance between probes i and j [m].

This routine is designed for the use of 4 wave probes, but in this case only 3 probes were utilised. The
distances x1; = x1, = 0 (correspondent to the first probe), x4 3, and x;, were introduced in the software,
and values were processed by the program to verify the rule presented in equation (100). This software
interface, present in Fig.46, also provided a valid frequency range for the reflection analysis.

Probe Spacing (model m)
Probe 1 | 0000 2/ Probe 2 | 0000 3| Probe 3 | 2150 | Probe4 | 0400 |2

Model Water Depth (m) | P50 5| Minimum Energy (%) | 1° 5
] Reverse Probe Order

Valid range  Reflection

Valid Range

Denominator

t t t t t t
0.0 08 1.0 15 20 25 30 35
Frequency {Hz)

Threshold | Total 512 813 514 523 524 534

Value Frequency (Hz)
Minimmm 0.644

Mazximum 1.862

Fig.46 — HR-DAQ software interface used for reflection analysis considering the scenario of a slope of 1V:1.5H.
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The spacing between the three aligned wave probes (S4, S5 and S6) chosen for each scenario (different
slopes) is presented in Fig.47.

S4 S5 S6 S4 S5 S6

@ o ) ©) e )
% 0.15 % 0.25 ﬁk ; | |
Fig.47 — Spacing between the three aligned wave probes S4, S5 and S6 (in meters) for the scenarios considering
a slope of 1V:1.5H (left) and a slope of 1V:2.0H (right).

0.40 0.25

The two remaining probes were used to measure the wave run-up. These capacitive wave gauges were
deployed over the slope, approximately 10 cm above the blocks, and maintaining the slope angle.

Regarding the structural damage measurement, a 24.1 megapixels Canon EOS 2000D photographic
camera was used to photograph the structure orthogonally and track the Antifer blocks’ movements.
Prior to each test, a photograph of the model was captured to serve as a reference, and following the
completion of each test, another photograph was taken. It was possible to assess the movement of the
blocks by comparing the resulting photographs. Another photographic camera, a Nikon D3100, was also
used to record the different tests. Both cameras were assembled above and approximately normal to the
slope.

Equipment calibration

The resistive wave probes need to be calibrated every day before being used to guarantee minimum error
in the measurements. The process consists of manually changing the probe's immersion depth (Fig.48)
and associating the voltage between the two rods to the measured immersion depth for at least three
known values (Table 18); then, a linear relation is established.

Table 18 — Wave probes type and immersion differences.

Probe Type Calibration Probe Type Calibration

S1 S4
+10 cm

S2 S5

+ 16 cm (%)
S3 60 cm S6
30 cm +6cm

S10 S7
+18 cm

S11 S8

(*) Series 05 and 06 S9
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Fig.48 — Calibration procedure for 60 cm (top) and 30 cm (bottom) wave probes for series 05.

4.3.1.3 Test Procedure
The experimental tests were divided into six series:

e Series 00 — Physical model without blocks corresponding to a smooth slope (slope made of acrylic
with two layers of paint) to test the wave conditions for both slopes;

e Series 01 — Arrangement of 1-row of 14 Antifer blocks (Type 1) and a smooth slope (slope made
of acrylic with two layers of paint), considering a slope of 1V:1.5H (Fig.49);

e Series 02 — Arrangement of 2 layers of 2 rows of Antifer blocks (Type 2) and a smooth slope
(slope made of acrylic with two layers of paint), considering a slope of 1V:1.5H;

e Series 03 — Arrangement of 1-row of 14 Antifer blocks (Type 1) and a rough slope (slope made
of acrylic covered by mound), considering a slope of 1V:1.5H (Fig.49);
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e Series 04 — Arrangement of 2 layers of 3 rows of Antifer blocks (Type 2) and a rough slope (slope
made of acrylic covered by mound), considering a slope of 1V:1.5H;

o Series 05 — Arrangement of 1-row of 14 Antifer blocks (Type 2) and a smooth slope (slope made
of acrylic with two layers of paint), considering a slope of 1V:2H;

o Series 06 — Extra tests of arrangement of 1-row of 14 Antifer blocks (Type 2) and a smooth slope
(slope made of acrylic with two layers of paint), considering a slope of 1V:2H and a different
displacement in high of the Antifer blocks.

1.80 —‘ ‘ 1.50 —‘

Fig.49 — Perpendicular view (left) and profile view (right) of Antifer blocks arrangement for test series 01 and 03.

In series 02 and 04, the Antifer blocks placement method was defined by the first- and second-layer
pattern and the way the blocks are placed per row or layer. For each test, two different placement
methods were tested, according to Table 19, where the pictures for the regular placement are top views,
x oriented along the width of the slope, and distance y aligned with the direction of the slope incline.

Table 19 — General overview placement methods.

Placement method Figure First layer Second layer Placement

Regular Regular

ik

it
"l
Pyramid Pyramid

B
ey

(A) Column
Layer by layer

(B) Double Pyramid

In both methods it was considered that y = A = 0.056m (Antifer base measurement) and the distance
between blocks as x = 0.84. It resulted in the arrangement presented in Fig.50 to Fig.52 for geometry
(A) and Fig.53 to Fig.55 for geometry (B). Note that the red line represented marks the position on the
slope corresponding to 0.45 m height and served as a reference.
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1st layer
0.102
Fig.50 — First layer in column for geometry (A), with measurements in meters.
2nd layer
i | 1
0.067
L
0.102
0(;45 #0.056
: N

Fig.51 — Second layer in column for geometry (A), with measurements in meters.

Fig.52 — Perpendicular view (left) and profile view (right) of Antifer blocks arrangement for geometry (A).
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1st layer
I }, 0.056 +
0‘1{:15_
0.80 a2
0.045
B B I By
Fig.53 — First layer in pyramid for geometry (B), with measurements in meters.

2nd layer )

'I 0.056

0.067

0.102

Fig.54 — Second layer in pyramid for geometry (B), with measurements in meters.

Fig.55 — Perpendicular view (left) and profile view (right) of Antifer blocks arrangement for geometry (B).
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Fig.56 — Perpendicular view (left) and profile view (right) of Antifer blocks arrangement for series 05 and 06.

Testing conditions

The physical model, considering two different slopes, was tested for different wave characteristics (test
conditions), as presented in Table 20. The structure was subjected to a normal wave action of regular
2" order waves (Fig.57), with height ranging from 1.25 ¢cm to 10 cm and periods varying from 0.603 s
to 1.478 s, in a water depth of 0.5055 m. A test duration of 100 waves was considered since more than
90% of the blocks would have already moved by that time and equilibrium would have established.

Table 20 — Testing wave conditions range and characteristics (model values).

Variable Expression Value
Wave height H[m] 0.0125, 0.01875, 0.025, 0.0375, 0.050, 0.075, 0.100
Wave period Ts] 0.603, 0.739, 0.853, 0.885, 0.930, 0.988, 1.045, 1.074, 1.146, 1.207,
1.315, 1.395, 1.478, 1.518
Water depth d[m] 0.5055
No. of waves N [-] 100
Angle of wave action [°] 20
Wave type Regular
Wave theory 2" order

The tests were named based on the following nomenclature: SO0 HOORW_A RO00

First, the test series is identified. Therefore, SO0 refers to series 0, SO1 to series 1, etc...Then, the HOO
refers to a specific combination of the wave height (H) and the wave period (T), as presented in Table
21.

After the wave characteristics, the Wave Type and the geometry used are stated. When the wave type is
“RW?” it means regular waves were generated. The geometry can be geometry A or B.

Finally, the test iteration is specified. Each test (R00) was repeated at least 3 times. So, they are
numbered sequentially as 01, 02, 03, etc...
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Table 21 — Testing wave conditions: combinations of wave heights and wave periods.

Name H[m] T [s] Name H [m] T [s]
HO1 0.0125 0.603 H11 0.1000 1.146
H02 0.0188 0.739 H12 0.0375 0.930
HO03 0.0250 0.853 H13 0.0500 1.074
HO04 0.0375 1.045 H14 0.0750 1.315
HO5 0.0500 1.207 H15 0.1000 1.518
HO06 0.0750 1.478 H16 0.0375 1.395
HO7 0.0250 0.885 H17 0.0500 1.395
HO08 0.0375 0.885 H18 0.0750 1.395
H09 0.0500 0.885 H19 0.1000 1.395
H10 0.0750 0.988

0.100 T
| DEEP-WATER H _ o0.142
| BREAKING CRITERION ) .\\‘
I STOKES 4th or S5th ORDER| ®H01
! e e CSE(iSe S| @H02
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ooto L BREAKING CRITERION L
(SOLITARY WAVE) v = g l oOHO04
b / ‘: OHO5
7
d / Eﬁl o *H06
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4 (s AHO7
] | AHO8
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T2 0001 7 | AH10
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0.000 / i ' BH16
| ' BH17
/ : mH18
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Fig.57 — Wave theories range of application (Le Méhauté, 1976) and testing wave conditions representation.
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The combination of wave conditions tested in each series was:

Series 01 and series 03: HO1 to HO5;

Series 02: HO1 to HOS for both geometries A and B;
Series 04: HO7 to H11 for both geometries A and B;
Series 05: HO7 to H19;

Series 06: H12 to H15.

The wave probe acquisition frequency used was 40 Hz. After each test, the Antifer blocks were re-
installed at their original position.

Image processing

A Canon EOS 2000D 18 55mm photographic camera was used to photograph the structure from above
and track the Antifer blocks” movements. The camera, assembled above and approximately normal to
the slope, recorded the initial and final positions of the blocks for each test, as presented from Fig.58 to
Fig.64.

Fig.58 — Photographs for the initial and final position of the blocks for test S0O1_HO03RW_RO01.

Fig.59 — Photographs for the initial and final position of the blocks for test S02_HO03RW_A_RO0O.
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Fig.60 — Photographs for the initial and final position of the blocks for test S02_HO03RW_B_RO00.

Fig.62 — Photographs for the initial and final position of the blocks for test S04_HO07RW_A_RO0O.
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Fig.63 — Photographs for the initial and final position of the blocks for test S05_H14RW_RO06.

g . | \

Fig.64 — Photographs for the initial and final position of the blocks for test SO1_HO3RW_R00, considering the
blocks initially positioned above the red line.

The results of some test conditions were considered for image processing purposes. The results of series
01 and 03 were discarded because the slope was too steep, leading to the complete collapse of the row
of blocks for most wave conditions. In the case of the 02 and 04 series, it was necessary to glue the first
lines of blocks of both layers to the slope to prevent the blocks from completely collapsing and to create
the compaction effect felt on a breakwater. However, this strongly impacted the possible movement of
the blocks, with only a slight rotation of them in some of the scenarios. The most suitable results,
considering their future use for numerical validation, were for waves H12 and H14 from series 05.

The distortion of the photos was corrected using Lightroom software. Finally, to carry out the
quantitative analysis of the movement of the Antifer blocks, the open-source software Imagel,
distributed by Fiji, was used, with which it was possible to measure each block's initial and final
displacements by considering a fixed point. The steps followed in the software, described in a simplified
form, are:
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1)
2)
3)

4)

5)
6)
7)
8)
9)

Open the photo correspondent to the initial condition in ImagelJ;

Use the tool *Straight* to draw a line correspondent to the channel width;

Define the correspondence between the image pixels and the known measure (channel width),
using the tool Analyze>SetScale (see Fig.65);

Set a reference point, which should be the same for the initial and final conditions, and draw a
straight line between that point and the centre of the blocks;

Use the tool Analyze>Measure to determine the angle and length of the line (see Fig.65);
Repeat steps 4 and 5 for the remaining blocks;

Export the resultant table to a spreadsheet file;

Repeat 1 to 7 steps considering now the photo corresponding to the final conditions’ scenario;
Using a simple geometric relation, calculate the final displacement of the blocks.

4 Image

‘ﬁl; gEljn Image Process Analyze Plugins Window Help
gjoa|ofid <N Alo|e| 4~ s]e| ] | | |=
| x=1698, y=636, value=180,177,184 (#b4b1b8)

| 4 505 H12RW_RO1(B).Xjpg (16.7%)

000x4000 pixels; RGB; 92MB.

(&) set Scale

Distance in pixels: [2480.2000
Known distance: (0.8
Pixel aspectratio: [1.0

Unitoflength: [m
Clickto Remove Scale

I~ Global

Scale: 3100.2500 pixels/m

OK | Cancel | Help

Fig.65 — ImageJ tools: SetScale (top) and Measure (bottom).
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4.3.2 VALIDATION OF THE DUALSPHYSICS MODEL WITH NEW EXPERIMENTAL DATA

The task 2.2 corresponds to the numerical validation of a model considering the experimental data
previously obtained. The agreement between numerical and experimental results was accessed through
the mean displacements of the units when interacting with second-order regular wave action. The
research included discussion about: i) how to mimic the experimental incident wave conditions in the
numerical wave tank, ii) the minimum resolution needed to obtain accurate results, iii) the use of the
Modified Dynamic Boundary Conditions (English et al., 2022) and of the new density diffusion terms
(Fourtakas et al., 2019), iv) how to define geometries of the Antifer blocks in the collision detection
algorithm of Project Chrono (Martinez-Estévez et al., 2023).

The DualSPHysics code was used to model the propagation and interaction of the regular waves with a
smooth (PVC) slope armoured with one row of Antifer blocks. The configuration of the DualSPHysics
simulation was based on the real dimensions of the laboratory wave tank but with some adaptations. The
numerical tank was 16 m long, 0.80 m wide, and 2 m high. The numerical conditions were the same as
the experimental test conditions.

4.3.2.1 Definition of the case geometry and initial conditions

The configuration of the DualSPHysics simulation should be based on the real dimensions of the wave
tank. However, to make the simulation computationally feasible, since the software was not yet capable
of simulating very large computational domains with many blocks and considering Chrono, it was
decided to reduce the length of the wave tank and, consequently, the simulation domain. Therefore, a
numerical tank 5.1 m long, 0.80 m wide, and 2 m high was considered, whereas the numerical domain
was 9 m long, 1 m wide, and 3 m high. The incident and reflected wave heights (H; and H,, respectively)
were obtained during the experimental tests by installing three probes at one to two wavelengths from
the structure, which helped to reduce the distance between the model and the piston paddle to 2.5 m,
equivalent to one wavelength. Fig.66 shows the three-dimensional representation of the numerical
domain. The initial water level was 50.55 cm. The model set up of series 5 from experimental work was
considered: arrangement of 1-row of 14 Antifer blocks (Type 2, see Table 15 and Fig.43) and a smooth
slope (made of acrylic with two layers of paint), considering a slope of 1V:2H.

Point max [7,0.5,2]
L ]

Row with 14 Antifers

=17

<
Point min [-2,-0.5,-1]

Antifer.stl Simplified version

Fig.66 — Three-dimensional representation of the numerical domain (left) and top view (middle).
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4.3.2.2 Boundary conditions and other numerical parameters

The following conditions were activated during the numerical implementation:

Moving boundaries to mimic the piston wave generation;

Active Wave Absorption System (AWAS) applied to the piston paddle wavemaker;

Density Diffusion Term (DDT) (Fourtakas et al., 2019) to get a less noisy and more accurate
density and pressure field for the fluid domain;

Consideration of STL files of the Antifer blocks to use Project Chrono and mDBC. A simplified
version of the Antifer STL file, as presented in Fig.66, was used to reduce the number of faces
involved in collision computations with Project Chrono, thereby decreasing the overall simulation
execution time by speeding up Chrono's processing;

Modified Dynamic Boundary Condition (mDBC) (English ef al., 2022) applied to a smooth slope,
bottom, piston paddle and STL files of Antifers. The equations of rigid body dynamics were used
to determine the movement of rigid bodies like the Antifer blocks. This involved computing the
resultant force of each floating particle as the sum of the contribution of all surrounding fluid
particles, as explained in Canelas et al. (2018). To implement the modified Direct Boundary
Condition (mDBC), normal vectors were required for each particle. These vectors were created
with direction towards the boundary interface, and their magnitude was equal to the distance
between the position of the boundary particle and the boundary interface. The direction and
magnitude of these normal vectors are crucial in obtaining the ghost node projected into the fluid
across the boundary interface. To properly implement this boundary condition, four layers of
ghost nodes within the fluid domain were required to obtain the density of the solid particles by
linear extrapolations. Fig.67 displays the STL file of an Antifer and the bottom and slope
boundaries, how they were discretized into SPH boundary particles, and the normal vectors
computed for each particle. Note that the magnitude of each normal vector varied depending on
the distance between the particle and the boundary interface, as illustrated in Fig.67;

Boundary limit

Boundary particles

TR TR TR T TR R TR T T T R

|
4 layers of boundary
particles and ghost nodes

4 2

Yoo

Fig.67 — mDBC application to the bottom, slope and Antifer blocks, including the normal vectors representation.
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e Project Chrono for the detection of accelerated collisions between blocks. It was necessary to
define the values of the friction coefficient between Antifer blocks and between Antifer blocks
and the slope was necessary to solve the collisions. To obtain the static coefficient, a simple
method was used: placing one block at rest on the slope in a horizontal position and gradually
increasing the slope angle until the block started to slide. The tangent of the threshold angle was
then used as a measure of the coefficient of friction. The properties of the materials, which values
are provided in Table 22 should be given by the user.

Table 22 — Phase 2: Antifer parameters and coefficients for the numerical simulation of blocks’ collisions using
DualSPHysics coupling with Project Chrono.

Parameter / Coefficient Notation [Units] Value
Moment of inertia ) I [kg - m?] 0.00017676
L, [kg -m?] 0.00017676
I, [kg - m?] 0.00018280
Friction coefficient Uantifer (Concrete) VS Antifer (Concrete)—) 0.65
Uantifer (Concrete) VS Mound (Wood+Ink)[—] 0.67
Young modulus E. [GPa] 30
Poisson ratio v [—] 0.2
Restitution coefficient () Cr [-] 0.55

() Results from CAD software for mass properties 1.
(") See Sarfaraz and Pak (2018)

4.3.2.3 Validation of wave conditions

Waves selected for the study are of the regular and 2™ order type, enabling the application of automatic
wave generation theories already implemented in the DualSPHysics code. However, due to the
computational domain's reduction and approximation of the piston paddle’s location to the model at 2.5
m, the parameters related to the piston paddle wavemaker had to be adjusted for each wave height, such
as wave height (H), wave period (T), time until the wave's complete development (ramp) and start-
period of the active wave absorption system (startA WAS). So, the numerical waves were validated to
ensure that the first waves generated in the numerical model were equal to the experimental ones. This
is very important since the first waves were the ones responsible for the movement of the blocks, despite
not being completely developed.

The validation of wave conditions involved considering the blocks fixed and a two-dimensional domain.
Fig.68 depicts the numerical domain. The wave validation procedure consisted of the following steps:

(i) Application of automatic second-order regular wave generation theory, which was implemented
in the code, at the piston paddle wavemaker located 2.5 m away from the structure;

(i1) Adjusting the parameters related to the piston paddle wavemaker movement (H, T, ramp and
startAWAS) for each simulated wave height;

(iii) Comparing the experimental and numerical free-surface elevations at wave gauge S7.
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Fig.68 — Two-dimensional numerical setup for validation of wave conditions.

Applying the reflection analysis by Mansard and Funke (1980), the incident and reflected wave heights
were separated from both the experimental and numerical records of the free surface elevation. As a
result, Fig.69 and Fig.70 were obtained, representing the free surface elevation time series of the incident
water elevation on wave gauge S7 as obtained with the two-dimensional numerical simulation and
measured in the physical model test, for wave conditions H12 (Hex,=0.0375 m, 7=0.93s) and H14

(H.p=0.075m, T=1.315s).

During the initial seconds, the free-surface elevation was accurately represented, demonstrating a good
agreement with the experimental data. This confirmed that the chosen numeric parameters (Hum, ramp
and startAWAS) were well adjusted to minimize the differences that emerge as the simulation progresses
in the amplitudes of the numerical and experimental waves. These discrepancies are due to the
repositioning of the wavemaker paddle closer to the model, which leads to the observation of different
reflections than those observed in the laboratory as they now take place in different spaces and at
different times within the numerical model.
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Fig.69 — Free surface elevation of the incident component at gauge S7, considering 7=0.93s, Hexp=0.0375m,
Hnum=0.035m, d=0.5055m, ramp=11 and startAWAS=14s.
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Fig.70 — Free surface elevation of the incident component at gauge S7, considering 7=1.315s,
Hexp=Hnum=0.075m, d=0.5055m, ramp=9 and startAWAS=11.835s.

4.3.2.4 Numerical discretisation parameters and software performance assessment

An initial distance between particles, dp, should be established to discretise the numerical domain into
particles. According to Altomare et al. (2017), a minimum of 5 particles is recommended to define the
wave height (H) and, consequently, to ensure precise wave propagation (H/dp > 5). Based on the wave
heights of tests H12 and H14, a dp of 0.005 m was selected, resulting in H/dp ratios of 7.5 and 10,
respectively.

The distance of interaction (kernel radius) is defined as 24 = 0.02078 m (being h = 1.2 -3 - dp). A
total of 12,346,600 particles were created with 16,086 particles discretising the 14 Antifer blocks. For
H12, the simulation of 52 s of physical time took 20 days to be executed using NVIDIA GeForce RTX
2080 Ti GPU. For H14, the simulation of 38.5 s of physical time took 27 days to run using NVIDIA
GeForce RTX 2080 Ti GPU. By utilising an NVIDIA GeForce RTX 3080 Ti GPU, the computational
acceleration of the process could have resulted in a 50% reduction in the total simulation time.
Furthermore, the entire process is delayed since Chrono uses a single-core CPU to solve the interactions
between the blocks, and slope and Antifer blocks.

4.3.3 RESULTS AND DISCUSSION

In these tests, the hydraulic stability of the Antifer blocks is a function of the hydrodynamics forces,
frictions forces, and block weight.

Fig.71, Fig.72 and Fig.73 illustrate the total displacements of each block for tests H12 and H14,
considering the performance of three tests per wave to assess the repeatability of the measured results,
and compared with the total displacement of the blocks from the numerical simulation (shown in
yellow). As expected, there is some variability in the results obtained for each block, but the range of
values obtained for each wave height is well-identified.
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Fig.71 — Total displacements obtained for each block for H12 and H14, considering the performance of three
tests, and the total displacement of the blocks from the numerical simulation.
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—e—H=0.0375m (Test1) —e—H=0.0375m (Test2) + H=0.0375m (Test3) ~+~H=0.035m_SPH

Fig.72 — Total displacements obtained for each block for H12, considering the results of three tests, and the total
displacement of the blocks from the numerical simulation.

Considering the test H12 with height H = 0.0375 m, the total displacements for test 1 (RO1) varies
between 3 mm and 0.15 m; for test 2 (R02) between 1 mm and 0.13 m; and for test 3 (R03) between 9
mm and 0.15 m. Comparing with the numerical results, one can observe that, on average, the movement
of the blocks were of the same order of magnitude. However, due to differences arising from wave tank
reflections, variance in incident wave heights, and the use of an average block mass, accurate replication
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of block displacement was not feasible. It is important to highlight that even the experimentally obtained
results are not always consistent, as there are variations between test repetitions. Therefore, this
emphasizes the notion that a certain degree of disparity between numerical and experimental results is
always expected.

# Antifer Blocks
i 2 3 4 5 6 7 8 9 10 11 12 13 14

Final displacement (m)
o
(4]

0.50
——H=0.0750m (Test1) ——H=0.0750m (Test2) H=0.0750m (Test3) H=0.0750m_SPH

Fig.73 — Total displacements obtained for each block for H14, considering the results of three tests, and the total
displacement of the blocks from the numerical simulation.

For wave H14 with height H=0.075 m, the total displacements for test 1 (RO1) varies between 0.25m
and 0.44m,; for test 2 (R02) between 0.30m and 0.45m; and for test 3 (R03) between 0.35m and 0.50m.

Comparing with the numerical simulation, the results were poorer, casting doubt on the accuracy of the
results for the previous wave height. Nevertheless, it was observed that, in the numerical simulation,
more blocks rotated than in the physical model, where only one block in one of the tests rotated. If there
are "jumps" in the movement graphs along the x and z axes, it indicates that the blocks have rotated
(Fig.74). In this case, three blocks exhibited rotation movement. Such rotation was not observed in the
experimental tests.

The graphics of Fig.75 reveal that test H12 did not produce any rotation of the blocks, either in the
numerical simulations or in the experimental tests. Nonetheless, since the numerical simulation only
considered 52 s, it is unclear whether the blocks would eventually rotate or move more if the simulation
time was extended.

To address the challenges found in this initial phase, it is advisable that the upcoming phase of the
research adheres to the following recommendations:

e Replace regular waves by solitary waves to simplify the system and eliminate effects of
reflections and re-reflections;
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e Integrate instrumented Antifer blocks with an Inertial Measurement Unit (IMU) to facilitate
tracking of the block’s movement and to maintain weight, and regularity;

e Ensure the reproducibility of results both in experiments and numerical simulations by
considering various factors, such as the wave generation, experimental setup, and the location of
the model, piston, and wave probes in the wave flume.

Surge motion

SPH_H14RW

0.25
03 2 " 5 . " i i i
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0 5 10 15 20 25 30 35 40 45
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Fig.74 — Comparison between the numerical and experimental rotational movement of the blocks for wave H14.
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Fig.75 — Numerical rotational movement of the blocks for wave H12.

4.4 SLOPE ARMOURED WITH SMART ANTIFER BLOCKS UNDER THE ACTION OF SOLITARY WAVES

The third phase comprised three distinct tasks, being task 3.1 dedicated to designing and constructing a
small-scale IoT-enabled Antifer block called the SmartAntifer. The SmartAntifer was designed to
measure, record, process, and communicate the data relating to the 3D displacements and forces acting
on an Antifer block in a laboratory context. The instrumented unit will be used in task 3.2 (4.3.1) of the
subsequent experimental testing phase to enhance the results achieved in Phase 2. Finally, task 3.3
(4.4.3) corresponds to the validation of the numerical model considering the new experimental results.

441 SMARTANTIFER

During Phase 3.1, the primary objective was to develop the architecture for the SmartAntifer's software
and hardware, whose design resulted from a collaboration between the Hydraulics Laboratory of the
Department of Civil Engineering and the Laboratory of Systems and Underwater Technology (LSTS),
both from the Faculty of Engineering of the University of Porto. This work was followed by an extensive
testing program to evaluate the performance of the instrumented unit before proceeding to more complex
testing in Phase 3.2. This testing program included a thorough analysis of the SmartAntifer's
performance and calibration procedure and the creation of a proof-of-concept for future versions of the
instrumented units with more advanced capabilities.

4.4.1.1 SmartAntifer development and construction
System architecture

This section provides an overview of the system architecture and its functional modules, which can be
categorized into three main modules, as shown in Fig.76. The SmartAntifer block was aimed at meeting
specific application requirements, including:

e 3D displacement measurement;

e wireless connectivity;

e a minimum sampling frequency of 4 Hz;
e data export in CSV format;
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e compatibility with watertight systems;
e charging without physical connectors; and
e autonomy of 6-8 hours.

/ Simulation Tank \ loT Gateway / Analytics / Storage \ Client Application
(¢ [ 4
¢ o a ‘ nll
) 1w —
9 / % Web App
(3D D) « HTTPS
Smart Antifer BI t th
uetoo § l.l [~
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Dedicated
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Fig.76 — Overall architecture system (Neiva et al., 2021).

To collect data, Bluetooth communication technology was used to transmit data from the SmartAntifer
blocks to the cloud through a computer or mobile application. Both applications offer the added
functionality of changing configuration parameters for each SmartAntifer, managing stored data, and
operating as a gateway for sending collected data to the cloud-based service using backhaul
communications, such as Wi-Fi, 4G, or Ethernet. The IoT device was specified to operate in the
laboratory, in proximity to the operator/user, the reason why other IoT communication protocols were
discarded.

On the server-side, data received from the application was stored in a database and processed for
visualization. Then, a block of analytics was used to identify movements and evaluate the 3D
displacement of each specific SmartAntifer block that has been used in a specific experiment.

Prototypes

The SmartAntifer architecture has gone through multiple iterations to develop a basic circuit that
requires the fewest components possible, while meeting the application requirements for integration into
a laboratory model scale Antifer cube (type 2, 291.5 gr, A = 0.056 m, Fig.43).

An initial prototype of the SmartAntifer block was created using 3D printing. This cost-effective version
was developed to examine the block's opening and closing mechanism, as well as the grooves and hollow
areas for implantation, and to evaluate the size of the electrotechnical component of the instrumented
block.

143



Composite modelling of rubble-mound breakwaters using advanced physical modelling techniques and a smoothed patrticle
hydrodynamics model

Fig.77 — CAD drawings and 15t SmartAntifer prototype (September 2020).

For the second prototype, a special aluminium alloy with a higher density than the norm was utilized to
meet the required geometry and mass specifications of the block. Additionally, a steel mass was included
to satisfy the necessary inertia. To further comply with the block's mass and to optimize the use of the
internal space for electronic component placement, the shape of the hollow was changed from circular
to ellipsoidal. An O-ring was also used to ensure the block remains waterproof when submerged in
water. The CAD drawings of this prototype are presented in Fig.78.

Fig.78 — CAD drawings of the 2" SmartAntifer prototype (May 2021).

The electronic component architecture of the second SmartAntifer prototype was organized into five
primary blocks, as depicted in Fig.79: microcontroller, Bluetooth module for communication, external
storage (microSD and EEPROM), Inertial Measurement Unit (IMU), and power management
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(comprising of control logic and wireless charger). Two Li-Polymer batteries with a capacity of 600mAh
were utilized, with a recommended voltage range of 2.75V to 4.2V.

Control Logic Bluethooth

Microcontroller §

Fig.79 — Constitution of the 2"¢ SmartAntifer prototype.

During the assembly of the mechanical and electronic components of the block, certain incompatibilities
were detected, leading to non-compliance with some of the originally imposed requirements. The
thickness of the aluminium was one of such issues, inhibiting the detection of the Bluetooth signal and
induction-based charging of the batteries. Consequently, it was necessary to open the block each time
to charge or retrieve information stored on the memory card.

A third and final prototype was created to overcome the remaining details — Fig.80. For this final
prototype, both the Bluetooth antenna and induction coil were relocated to the external base of the
Antifer and covered with waterproof resin. Additionally, a LED was included to display the operational
mode of the SmartAntifer, indicating whether it is in ON, Acquisition mode, Configuration mode, or
OFF. Following the design of this final prototype, 10 SmartAntifers were produced, and several relevant
characteristics should be noted for future integration into a slope for tests:

e Unlike the concrete blocks, the SmartAntifer is not designed to absorb water. So, the block,
including electronic components, weighs a total of 316 g, equivalent to the wet weight of the
concrete blocks in the laboratory;

e Geometrically, the SmartAntifers are identical to the existing laboratory concrete blocks, with A=
0.056 m;
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e Both the second and final prototype of SmartAntifers were painted with the same paint used on
the laboratory blocks, to ensure the same roughness when in contact with the slope and with each
other (Fig.79).

Fig.80 — SmartAntifer final product (April 2022).

The architecture of the [oT device for the SmartAntifer final prototype is described in more detail below.

Instrumentation

The final architecture version is divided into 5 main blocks: microcontroller unit (MCU), antenna for
communications, external storage (microSD and EEPROM), Inertial Measurement Unit (IMU), and
power management (including control logic, wireless charger). This architecture is presented in Fig.81.
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Fig.81 — SmartAntifer: loT device architecture (adapted from Neiva ef al., 2021).
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The SmartAntifer prototype was implemented on a four-layer printed circuit board (PCB), with key
components detailed in Fig.82, including an ICM-20948 from TDK. This low-power 9-axis Inertial
Measurement Unit (IMU) is designed for IoT applications and comprises a three-axis MEMS
(micromachined micro-electromechanical systems) accelerometer (Acc), gyroscope (Gyr), and
magnetometer (Mag). Additionally, it features an integrated Digital Motion Processor (DMP) that
offloads computational demands from the host processor, optimizing power efficiency. The DMP
operates at a refresh rate of 200 Hz, though the sampling frequency can be adapted to suit specific
scenarios. The IMU’s central placement on the PCB aligns it closer to the device’s centre of mass,
minimizing rotational offsets during measurements. Furthermore, integrated circuits are co-located on
the same PCB side to simplify assembly, and package choice is prioritized to ensure the shortest distance
with the microcontroller.

The ICM-20948's accelerometer and gyroscope function as follows:
e MEMS accelerometer operation.

The MEMS accelerometer measures linear acceleration, which is the rate of change of velocity along a
specific direction. It uses a small "proof mass" inside the sensor that displaces slightly when the device
undergoes acceleration. According to Newton’s second law:

F=m-a (101)

where F is the force applied to the proof mass m and a is the resulting acceleration. In the case of a
MEMS accelerometer, this force induces a slight displacement of the proof mass, altering capacitance
or resistance within the device. This change in the electrical signal is read as acceleration by the IMU.
The accelerometer reads both gravitational acceleration (g, approximately 9.81 m/s? on Earth) and any
applied acceleration (a) due to movement. When the accelerometer is stationary (e.g., lying flat on a
table), the only force acting on it is gravity. Here, the accelerometer measures the static acceleration due
to gravity, g, which allows it to detect orientation. When a force is applied to the accelerometer, e.g., if
it is moved or rotated, it undergoes dynamic acceleration, a, in addition to the static gravitational
acceleration. The total measured acceleration a,;eqsureq 1S given by:

Ameasured = g +a (102)

e MEMS gyroscope operation

The MEMS gyroscope in the ICM-20948 measures angular velocity, which is the rate at which the
device turns around an axis. Internally, the gyroscope has a vibrating structure. When the device rotates,
this vibrating mass experiences the Coriolis effect, which generates a small, perpendicular force relative
to the direction of vibration and the axis of rotation. This force causes a measurable displacement in the
vibrating mass, which is proportional to the angular rate, w, as described by:

Feoriolis =2 -m v w (103)
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where m is the mass of the vibrating structure, v is its velocity, and w is the angular velocity of the
device. The gyroscope accurately measures rotational speed and direction by detecting changes in the
vibration due to this Coriolis force,

The SmartAntifer device also includes:

e amicroSD card reader for data storage during the data acquisition stage;

e an EEPROM to store important operational parameters, such as the IMU calibration data;

e alow-power Real-Time Clock (RTC) to know the date and time of each acquisition;

e a wireless charging circuit compatible with the Qi protocol to charge the batteries;

e a ESP32-PICO-D4 from Espressif Systems, which is a System-in Package (SiP) comprising a
40MHz crystal oscillator, a 4 MB flash memory, an ESP32 MCU, which is a single 2.4GHz Wi-
Fi and Bluetooth combo ship, and a 50 Ohm calibrated radiofrequency (RF) circuit. In the final
product, the antenna, initially embedded in the PCB was cut off and extended to the exterior;

e a circuitry responsible for externally turning the system ON/OFF using a HALL sensor when the
system is installed in a watertight block;

e two connectors: one for interfacing with an external PCB with an RGB led, and another to connect
the HALL effect sensor.

Bluetooth Antena

Microcontroller

RTC &
Power , = . ...........
Management E -

JSB Debug and
ogramming

Fig.82 — Different views of the SmartAntifer loT device prototype with all components identified in red and the 3D-
axis identified in yellow (adapted from Neiva et al., 2021).

4.4.1.2 Signal detection

To activate a SmartAntifer, the hall sensor must be triggered by passing a magnet nearby. Once the cube
is turned on, the LED will display a colour sequence and begin acquiring data from the IMU. The LED
will flash briefly in white every second to indicate the acquisition process has begun.

After the startup, the SmartAntifer automatically enters data acquisition mode. When in this mode, the
acquired data is stored on a micro-SD card. Upon the first daily startup of the SmartAntifer, a folder is
created with the day, month, and year according to the internal clock configuration. If it is not the first
startup of the day, the respective folder for that day is opened and the data is saved in a CSV file. After
opening the micro-SD card on a computer, the interface will display the available folders and files. By
opening a folder, all previously created CSV files can be easily accessed and listed. The following image
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displays the contents of a CSV file. The initial row displays the zero values of the accelerometer, whereas
the subsequent row comprises a header that denotes the nature of data in each column. Specifically, the
columns represent the linear acceleration along the 3-axis (ax, ay, and az), angular velocity along the 3-
axis (gx, gy, and gz), and the magnetic field strength along the 3-axis orientation (mx, my, and mz).

@ 080621 m| 191306.c5v #accel zeros 536.132812 , -95.214844 , 857.910156
8 100621 B 151355.05v record, frame_id,ax,ay,az,gx,gy,gz,mx,my,mz, temp_imu,day,month,year,hour,minute,second,battery,
. 1,1,-14.404297,26.611328,0.732422,-0.152588,1.129150, -1.495361,0,0,0,26.94,9,6,2022,10,29,46,4.13,
= 2,2,-14.404297,24.902344,5.371094,0.091553,0.244141, -0.915527,0,0,0,26.96,9,6,2022,10,29,46,4.13,
- IRERSRASY 3,3,-19.287109,26.123047,2.929688,0.488281, -8.061035, -1.159668,0,0,0,26.95,9,6,2022,10,29,46,4.13,
Bl 130621 = 191522.05v 4,4,-19.531250,31.738281,5.371094,0.427246,1.068115,-1.129150,0,0,0,26.95,9,6,2022,10,29,46,4.13
@8 160621 =] 191630.c5v 5,5,-13.671875,29.541016,-9.765625, -0.183105,0.518799, -2.227783,0,0,0,26.97,9,6,2022,10,29,46,4.13,
6,6,-21.484375,28.076172,7.812500,0.762939, -2.349854,0.061035,0,0,0,26.99,9,6,2022,10,29,46,4.13,

B8 180321 ™ 191640.CSV 7,7,-19.287109,19.287109,-7.324219,0.610352, -0.854492, -0.701904,0,0,0,26.97,9,6,2022,10,29,46,4.13,
8,8,-22.949219,20.751953, -6.347656,0.061035,0.518799, -1.464844,0,0,0,27.00,9,6,2022,10,29,46,4.13,

B 200621 9,9,-17.089844,27.832031,1.708984,0.671387,0.122070, -0.885010,0,0,0,26.98,9,6,2022,10,29,46,4.13,

@8 240621 10,10,-24.902344,20.263672,-5.126953,0.183105,-1.098633, -1.220703,0,0,0,27.03,9,6,2022,10,29,46,4.13,
11,1,-16.357422,23.681641,7.568359,0.427246, -0.762939, -0.854492,0,0,0,27.03,9,6,2022,10,29,47,4.13,

B 250621 12,2,-14.160156,26.855469, -3.173828,0.061035,0.000000, -1.098633,0,0,0,27.03,9,6,2022,10,29,47,4.13,
13,3,-19.531250,24.169922,0.488281,0.183105, -0.305176,-1.586914,0,0,0,27.04,9,6,2022,10,29,47,4.13,
14,4,-25.878906,20.507812,-0.976562,-0.061035,-0.976562,-1.190186,0,0,0,27.03,9,6,2022,10,29,47,4.13,
15,5,-21.728516,21.728516,2.929688, -1.068115,1.129150, -2.655029,0,0,0,27.02,9,6,2022,10,29,47,4.13,
16,6,-20.263672,11.474609,2.441406,-0.457764,-0.305176,-2.075195,0,0,0,27.06,9,6,2022,10,29,47,4.13,
17,7,-22.460938,30.273438,3.906250,0.030518, -0.244141,-1.037598,0,0,0,27.04,9,6,2022,10,29,47,4.13,
18,8,-26.855469,21.240234,1.220703,1.220703, -0.946045, -0.488281,0,0,0,27.06,9,6,2022,10,29,47,4.13,
19,9, -23.437500,26.367188,1.953125,1.220703, -0.213623, -0.366211,0,0,0,27.07,9,6,2022,10,29,47,4.13,
20,10,-22.949219,18.310547,2.197266,1.129150, -0.366211, -0.732422,0,0,0,27.08,9,6,2022,10,29,47,4.13,

Fig.83 — Example of the available folders and CSV files inside a micro-SD card.

To switch to configuration mode, the magnet must be brought close to the hall sensor again for 2 s. If
the magnet remains in the same position for more than 5 s, the SmartAntifer will enter power-off mode.
When in configuration mode, the SmartAntifer can be configured using either the Android application
or the Windows application, which is presented in the next subsection. Bringing the magnet close to the
hall sensor again for 2 s returns the SmartAntifer to the acquisition mode, while bringing the magnet
close for more than 5 s will turn off the device.

4.4.1.3 General SmartAntifer configuration: application setup and operation range

This section describes the configuration of the SmartAntifer device and the setup processes via the BBQO
Manager application. Two dedicated applications, BBQ Manager for computers and a mobile app,
provide a user-friendly interface for configuring the SmartAntifer’s ID, data segmentation, activation
scheduling, and real-time data monitoring.

Upon launching the application, a window appears, and the application automatically searches for
connected SmartAntifer devices. Alternatively, new SmartAntifer devices can be manually searched for
by clicking the “Scan nearby devices” button, which adds any found devices to the list on the left. If the
device ID cannot be retrieved, the Bluetooth module's MAC address will be displayed instead. To
establish connection with a SmartAntifer device, the user can simply select its ID from the list.

After connecting to the SmartAntifer, the window presented in Fig.84 is displayed, presenting five
different sections: Status, IMU, Settings, Alarms and Files, providing an intuitive setup process for
SmartAntifer devices:

(1) Status: Displays battery status, current date/time, and time synchronization options. If the Sync
button is red, a slight time difference exists between the SmartAntifer and the computer; clicking
the button will adjust the clock. A green Sync button indicates the time is synchronized. To
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ensure optimal performance and protect the device, the operational parameters and ranges must
be observed. The Battery status should maintain a voltage between 3.3V and 4.2V to avoid

potential damage to the circuit or sensors.

(ii) IMU: Allows real-time data viewing of acceleration and angular velocity readings, with updates
every second. The IMU section includes calibration settings to help reduce noise and drift,
which can affect data accuracy. The Reset button here restores default IMU settings, helpful for
reestablishing baseline measurements if needed.

(iii) Settings: Configures the device ID and sets CSV file segmentation intervals, allowing better
data management, especially in extended experiments. The first field allows the user to assign
anew SmartAntifer /D, effective upon the next restart. The second option lets users set intervals
for data segmentation; for instance, setting an interval of 10 minutes creates a new file every 10
minutes. The Update button applies new settings to the SmartAntifer, while Refresh retrieves

previously saved parameters.

(iv) Alarms: Allows scheduling of device activation with up to 12 alarms available. Users can
configure the wake-up time relative to the SmartAntifer’s current time and specify the duration
for each activation event. Each alarm can be set by entering the desired Time and Duration

fields.

(v) Files: Enables file browsing and downloading files stored in the SmartAntifer. By clicking
Refiresh, the user can view an updated list of folders and files. Files can be downloaded by right
clicking the file name to reveal the Download option. The download progress is shown in a bar
below the list, and users can specify the destination folder and file name. By default, files are
saved with the SmartAntifer ID, folder name, and file name in the format (e.g.,

ID folder file.csv).
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Fig.84 — “BBQ Manager” application display after connection to a SmartAntifer device.
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As a final note, it is worth mentioning that the mobile application also allows powering off blocks and
changing the data acquisition frequency, with a tested maximum of 100Hz.

4.4.1.4 Calibration procedure for SmartAntifer IMU

Raw sensor readings are often affected by noise and drift. Noise in IMU data can stem from electrical
interference, thermal variations, and sensor limitations. Techniques such as filtering — such as low pass
filtering - and averaging can help reduce the inaccuracies and random fluctuation in sensor readings.
Drift, which represents a gradual deviation in sensor output from true values over time, often resulting
from sensor aging, temperature changes, and cumulative biases, can significantly impact long-duration
measurements. Regular calibration and the use of sensor fusion techniques - integrating data from other
sensors (e.g., GPS or magnetometers) - can effectively correct for drift, enhancing overall measurement
reliability. This compensates for accumulated errors, improving long-term measurement stability and
accuracy.

Calibration plays a central role in SmartAntifer’s performance, ensuring precise IMU measurements by
correcting sensor biases and alignment during data acquisition, followed by adjustments for noise and
drift during data processing. This two-stage calibration approach is explored in greater depth in the
following sections:

Calibration for data acquisition

(i) Accelerometer calibration: this includes both static calibration, where the IMU is placed in
known orientations to identify and correct biases, and dynamic calibration, using controlled
motions to ensure consistent and accurate acceleration readings across all axes;

(i) Gyroscope calibration: this requires determining any inherent bias of the gyroscope by
measuring its output while stationary, then rotating the IMU at known rates to assess and adjust
any discrepancies in angular velocity readings, ensuring consistency;

(ii1) Temperature calibration: calibration across multiple temperature ranges compensates for any
temperature-induced variations in sensor response, enhancing reliability across variable
environmental conditions;

(iv) Dynamic range and resolution: confirm that the IMU can accurately measure the expected
range of accelerations and angular velocities. This involves validating readings against known
values in various scenarios to ensure resolution meets application requirements, particularly for
subtle movements or orientation changes;

(v) Calibration procedures and tools: utilize specialized calibration software and equipment to
facilitate the calibration process effectively.

Calibration for data processing

(i) Sensor fusion calibration:
e Alignment and synchronization: ensure that the IMU's accelerometer and gyroscope are
correctly aligned and synchronized in time to improve sensor fusion algorithm accuracy
(e.g., Kalman filters, complementary filters);
e Tuning sensor fusion parameters: adjust parameters in sensor fusion algorithms, such as the
process noise and measurement noise, to improve the output accuracy based on calibration
results;
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(i1) Post-calibration validation: After calibration adjustments, validate against reference standards
to ensure data quality meets required accuracy levels;

(iii) Periodic recalibration: depending on the application and operating environment, periodic
recalibration may be necessary to account for any drift or changes in the sensor characteristics
over time.

4.4.1.5 Preliminary tests
Submergence testing

The ten instrumented blocks resulting from the latest prototype were subjected to a leakage test. These
units were arranged in a single row and positioned at a height of 64.5 cm on a slope of 1V:1.5H.
Subsequently, the blocks underwent tests using solitary waves with a maximum duration of six minutes,
although their intended operation span is 6 to 8 hours.

Despite the reduced number of tests, faulty operation was detected in four out of the ten blocks. Two of
them acquired incorrect data due to an inappropriate configuration, while the other two ceased to
function entirely. Upon analysis, it was found that the interior of these two blocks contained water in
the batteries, and there were areas of the IMU that were short-circuited. It is plausible that water entered
through the base area, as the blocks heated up significantly during induction charging, causing the resin
on the sides of the base to lift slightly, thus creating entry points for water.

Ultimately, 8 out of 10 blocks passed the submersion test. However, as a precautionary measure, the
type of resin used in the base of the blocks was changed and the transition areas were reinforced to
prevent future water entry issues in the system.

Axis convention and signal validation and quality

Afterwards, the final circuit underwent a series of evaluations for its IMU sensitivity, precision,
consistency, hysteresis, and other typical instrumentation characteristics.

To perform prototype validation, the device was configured to operate with a sampling frequency of 100
Hz and to store the 6-axis data (accelerometer and gyroscope) into the microSD memory card. It is
important to highlight that the data exported to the CSV file undergoes a transformation of axes, to be
referred to the axis system commonly used, as presented in Fig.85.

Fig.85 — Axis system axis commonly used.
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To confirm the prototype axis orientation, the following experiment was performed:

(i) The prototype was positioned in the rest position, as presented in Fig.85, for circa 20 s,
(ii) The prototype was then rotated 90° on the x-axis for another 20 s,
(ii1) Lastly, the prototype was rotated 90° on the z-axis for another 20 s.
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Fig.86 — Axis confirmation based on accelerometer data.

Fig.86 illustrates that during the initial 20 s, when the prototype was positioned vertically, a gravitational
acceleration of positive 9.8 m/s? was registered along the z-axis. While resting stationary on a table, the
block exhibits an “upward” acceleration of 9.8 m/s% Following a 90-degree rotation about the x-axis
(between 20 and 40 s), the gravitational acceleration shifted to the y-axis, showing the expected negative
value. Finally, with an additional 90-degree rotation about the z-axis (between 40 and 60 s), the
gravitational acceleration began registering along the x-axis. This procedure can be periodically used
for IMU calibration, such as in preparation for simulation.

Another simple test involved placing the block on a flat surface, with the z-axis vertical, and moving it
in various directions to verify if the block recorded the linear accelerations (m/s?) properly. Fig.87 shows
three tests performed and the corresponding time series of accelerations along the x, y and z-axis.
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Fig.87 — Acceleration data of an instrumented block, considering three different movements of the block: xy-axis,
x-axis and y-axis.
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Upon analysing Fig.87, several key insights emerge regarding the movement and acceleration of the
block within the xy plane:

e Since the block's movement is limited to the xy plane, the acceleration peaks are observed along
these axes. As anticipated, gravitational acceleration is detected solely along the z-axis, with
minimal movement observed in this direction;

e The first and fourth movements of the block follow a path determined by a resultant vector
composed of two acceleration vectors along the x and y axes. In the first movement, as the block
is pushed from left to right, both acceleration components are negative, as they point in the
opposite direction to the positive axes. This combined motion means the block initially moves
in a negative direction along both axes, with corresponding negative acceleration values. As it
decelerates, the acceleration on both axes shifts from negative to positive, indicating the slowing
of the block until it comes to rest. This transition is visible in the acceleration graphic, showing
an initial negative peak followed by a positive peak as the block decelerates. In the fourth
movement, the block is shifted downwards, generating a negative acceleration peak along the
x-axis and a positive peak along the y-axis. The graph reflects this pattern as follows: the x-axis
component shows an initial negative peak followed by a positive one, while the y-axis
component shows a positive peak followed by a negative one, capturing the directional
transition during this phase;

e In contrast, during the second and third movements, the block’s displacement occurs exclusively
along the x-axis and y-axis, respectively. These directional constraints are evident in the
acceleration data, where activity is confined to one axis per movement, corresponding to the
specific direction of each displacement. Since these movements progress from the negative to
the positive direction on both axes, the acceleration graphs display an initial negative peak,
followed by a positive one;

e  While the individual x, y, or z components may display positive or negative values, the resultant
linear acceleration magnitude is always positive. This distinction is essential for interpreting
experimental data: the acceleration values alone do not directly indicate changes in speed, as
positive acceleration does not always imply an increase in speed, nor does negative acceleration
necessarily signify deceleration. Instead, these changes must be understood through the
directional context and vector properties.

In essence, interpreting acceleration graphs from experiments requires careful attention to directionality,
axis orientation, and vector magnitudes to accurately evaluate changes in velocity and movement
direction.

The last test involved rotating the same block, placed on the flat surface, around the z-axis, clockwise
and counterclockwise, to verify if the block recorded the angular velocity (rad/s). Fig.88 shows 3 tests
performed and the corresponding time series of angular velocity around the z-axis.
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Fig.88 — Angular velocity data of an instrumented block, considering three different rotations of the block around
the z-axis.

As anticipated, the angular velocity is observed exclusively along the z-axis, as the rotation occurs solely
around this direction. Additionally, when the block rotates counterclockwise, the angular velocity
registers as negative, as seen in the first and second movements. Conversely, when rotating clockwise,
the angular velocity registers as positive, as illustrated in the third peak of the graph.

The operation of the magnetometer was not tested since it is not relevant for the experimental work
carried out.

4.4.2 LABORATORY EXPERIMENTS

Based on the results of the previous testing stage, Phase 2, the subsequent experimental investigation
refers to tests of the propagation and breaking process of a solitary wave running up a smooth slope
armoured with one row of Antifer blocks, making use of instrumented blocks as presented in subsection
4.4.1. These experimental tests correspond to phase 3.2 and were performed in the same multidirectional
wave basin presented in subsection 4.3.1. The outcomes of this phase include the recording of the water
surface elevation, the average displacement of the blocks, the displacement of each instrumented block,
and the forces on the SmartAntifer blocks. These experiments will showcase the benefits of utilizing
instrumented blocks in experimental works of this nature, while also providing high-quality data for
validating the numerical model.
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4.4.2.1 Model configuration
Experimental set-up

The physical model corresponds to a simple slope, armoured with one row of seven instrumented Antifer
blocks, reproduced on a geometric scale of 1:40. Building on the Phase 2 model, the reconstruction
aimed to address several issues identified in the initial version. This updated model not only allows for
the adjustment of the slope angle, facilitated by a movable supporting structure, but it has also been
reinforced to mitigate bending due to its extended length. Fig.89 illustrates some of the details of the
enhanced structure.
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Fig.89 — Side view (top) and top views (bottom) of the model, smooth (bottom left) and rough (bottom middle and
right) configurations.

The acrylic slope, with an established angle of 25.5°, was covered with two layers of paint to ensure the
roughness. A printed 10 cm principal grid and a 2.5 cm secondary grid were used for a more effective
qualitative and quantitative assessment of the block’s movement. The model was positioned in a channel
0.80 m wide, 8 m long and 1.20 m high. The distance from the slope toe to the wavemaker paddle (when
in its forward position) was equal to, approximately, 6 m. It was necessary to move the structure 3.5 cm
forward to ensure that the extension of the slope was 6 m from the paddle when it was in its most forward
position, as represented in Fig.91. The bathymetry in front of the structure was not reproduced. Thus,
the water depth was kept constant and fixed at approximately 53 ¢cm (21.2 m in the prototype). Five
resistive-type hydrodynamic level probes (WG1, WG2, WG3, WG4, WGS) were installed in the channel
at distances of 1.20m, 2.40m, 3.60m, 4.80m, and 5.40m from the model, respectively. The Antifer blocks
were installed in the active zone of the slope. Fig.90 and Fig.91 present the final experimental setup.
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Fig.90 — Experimental setup top view in FEUP flume.
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Fig.91 — Experimental setup profile in FEUP flume for series01.

Antifer blocks characteristics

The blocks used in this phase were the instrumented Antifers, SmartAntifers, introduced in the previous
subsection 4.4.1. They presented the same geometric parameters introduced in Table 15, which follow
the proportions shown in Fig.43. The corresponding geometric proportions and mass properties are
outlined in Fig.92. Although made of aluminium, these blocks were designed to replicate the typical wet
mass and behaviour of the standard blocks used in laboratory environments.
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6.4 Mass properties of Bloco Antifer BBQ V3.0
Configuration: Default
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BBQ Electronica
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Fig.92 — Geometric proportions and mass properties of instrumented Antifer blocks (SmartAntifers).

4.4.2.2 Instrumentation
Equipment description and setup

As in the previous laboratory experiments, the principal equipment and measurements carried out during
the tests were:

e Resistive wave probes to measure the water’s free surface elevation and, consequently;

e Determine the incident wave height and estimate the reflection coefficient and run-up;

e Photographic and video cameras to assess the structural damage and for test recording,
respectively.

Regarding the wave probes, although two probe sizes are available, 60 cm and 30 cm, only the 60 cm
probes were used. The wave probes available were numbered from WGI1 to WG5S and only module ID2,
which has six channels available, was used. Table 23 indicates the relation between the probe identity
and its number. This designation was used to identify the comma-separated values (.csv) files containing
the information from each probe in the data sets, as previously mentioned in section 4.3.1.2.

Five wave probes were installed in the flume: the first four probes (WG1 to WG4) are evenly spaced
1.20 m apart, with WG1 positioned 1.20 m from the piston paddle when it is in its forward position. The
WGS5 probe is positioned closer to the model, at 60 cm from both the model and the WG4 probe, as
presented in Fig.90. In this instance, given that the wave generated is a solitary wave, the wave probes
were not spaced according to the wavelength and wave period. Instead, a more regular configuration
along the flume was chosen to effectively capture the wave's progression.
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Table 23 — Probes channels and designations.

Board 1 (ID1) Board 2 (ID2)
Probe Channel Designation Probe Channel Designation
- 1 - WG1 1 ID2_Ch1_Channel 1
- 2 - WG2 2 ID2_Ch2_Channel 2
- 3 - WG3 3 ID2_Ch3_Channel 3
- 4 - WG4 4 ID2_Ch4_Channel 4
- 5 - WG5 5 ID2_Ch5_Channel 5
- 6 - - 6 -
- 7 - - 7 -
- 8 - - 8 -

Regarding the structural damage measurement, a 24.1 megapixel Canon EOS 2000D photographic
camera was used to photograph the structure from above and track the Antifer blocks’ movements. Prior
to each test, a photograph of the model was captured to serve as reference, and following the completion
of each test, another photograph was taken. It was possible to assess the movement of the blocks by
comparing the resulting photographs. A GoPro camera was also used to record the different tests. Both
cameras were assembled above and approximately normal to the slope.

In addition to the photographic setup, the instrumentation includes the SmartAntifer blocks, which by
means of an accelerometer and a gyroscope estimate movement the blocks movement characteristics.
The accelerometer data allow for the calculation of acceleration vectors, which provide insight into the
forces acting on the blocks, while the gyroscope data capture the rotational dynamics that influence the
blocks' orientation. By transforming and integrating these data, it is possible to derive detailed motion
characteristics, including velocity and displacement, that are essential for understanding the behaviour
of the blocks under wave-induced forces. This combined analysis (sensor fusion) provides a powerful
tool for investigating the complex interactions between the blocks and the slope and forms the basis for
evaluating their stability and motion in the context of the experimental tests.

Equipment calibration

The resistive wave probes need to be calibrated every day before being used to guarantee minimum error
in the deviations. The process is the same as presented in subsection 4.3.1.2. It consists of manually
changing the probe's immersion depth (Fig.48, top view) and associating the voltage between the two
rods to the measured immersion depth for at least three known values; then, a linear relation is
established. In this case, the immersion difference selected was of £14 cm.

Prior to the calculations of movement characteristics, sensor data have to be calibrated. By addressing
the calibration considerations presented on section 4.4.1.4, the accuracy and reliability of the IMUs'
measurements can be significantly enhanced, contributing to the overall quality of the data collected
during the experiments.
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4.4.2.3 Test Procedure
The experimental tests were divided into four series:

o Series C — Physical model without blocks corresponding to a smooth slope (slope made of acrylic
with two layers of paint) to test the wave conditions;
o Series S# — Arrangement of 1-row of 7 instrumented Antifer blocks (SmartAntifer) and a smooth
slope (slope made of acrylic with two layers of paint), considering a slope of 25.5° (Fig.91):
= Series S1 — SmartAntifer blocks spaced 4.36 cm apart from each other and placed above the
water level (53 cm);
= Series S2 — SmartAntifer blocks spaced 4.36 cm apart from each other and placed below the
water level (48.7 cm);
= Series S3 — SmartAntifer blocks in contact with each other and placed below the water level
(48.7 cm).

So, three distinct scenarios were considered for the positioning of blocks within the active zone of the
slope. The arrangements of blocks for series 1, 2, and 3 are illustrated in Fig.93. For the purposes of
numerical reproduction using the DualSPHysics software, and due to the recording of accelerations of
the instrumented blocks, it was decided to consider the blocks spaced apart in the scenarios of series 1
and 2. This ensures the evaluation of the independent movement of each block without the influence of
collisions between them. Note that the red line marks the position on the slope corresponding to 0.53 m
height and served as a guideline. Additionally, for an approximate qualitative and quantitative analysis
of the movement of the blocks, a primary grid of 10 cm by 10 cm and a secondary grid of 2.5 cm by 2.5
cm were drawn.
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Fig.93 — Perpendicular view of SmartAntifer blocks arrangement for test series S1, S2 and S3.

Testing conditions

The structure was subjected to a normal wave action of solitary waves with heights of 3.2 cm, 5.9 cm
and 8.9 cm at the offshore uniform depth (WG at Fig.90), considering a water depth of 53 cm.
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As in previous tests, the waves were generated by the multi-element piston-type wavemaker designed
by HR Wallingford (UK) and controlled by the HR WaveMaker software. The installed generation
system allows for the creation of various types of waves, ranging from regular monochromatic waves,
normal to the wave generator as in earlier laboratory tests, to solitary waves. The latter are generated
using the externally generated seas module of the generation system, which allows a time series of
paddle motions to be imported into HR WaveMaker and converted into a playback file. The piston
motion time series to be imported to the HR WaveMaker should follow the example presented in Fig.94.

Max semi-stroke = 0.54m

I Piston Motion - External File
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Fig.94 — Example of piston motion time series for Serie C (H = 3.2 cm): 1) The piston moves backwards (10 s); 2)
Stays in that position for a few minutes for water stabilization; 3) Piston moves forward (20 s) — Solitary wave; 4)
Stays in that position for a few minutes; 5) Return to the original position.

Note that the maximum wave heights are limited by the performance characteristics of the generation
system, such as the maximum excursion (1.08 m), maximum speed (0.87 m/s), maximum force (1.5
kN), and nominal motor power (1.38 kW). Table 24 present the performance characteristics of the
generation system for the tested solitary waves.

Table 24 — Performance characteristics of the generation system for tested solitary waves.

HTARGETED Max. actuator Max. actuator Max. actuator Max. piston Total Hwa1
[em] velocity [m/s] force [kN/m] power [kW/m]  semi-stroke [m]  Stroke [m] [ecm]

5 0.23 0.26 0.06 0.19 0.37 3.2
7.5 0.35 0.39 0.13 0.23 0.46 5.9
10 0.47 0.52 0.24 0.27 0.53 8.9

The tests were named based on the following nomenclature: S# SW_d530 H### R##.
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First, the test series is identified. Therefore, S# refers to series S1, S2 or S3. Then, the Wave Type and
the water depth are identified, with “SW?” meaning solitary waves and d530 referring to the water depth
of 53 cm. Subsequently, the characteristics of the waves, namely the wave height, is specified through
H####, where it could assume three different combinations: HO50 (Hwgi = 3.2 cm), HO75 (Hwgi = 5.9
cm) and H100 (Hwei = 8.9 cm). Finally, the test iteration is specified. Each test (R##) is repeated at least
3 times. So, they are numbered sequentially as 00, 01, 02, 03, etc.

Fig.95 represents the time series of the free surface elevation for all three series of tests, S1, S2 and S3,
considering the three wave heights, 3.2 cm, 5.9 cm and 8.9 cm. The wave probe acquisition frequency
used was 100 Hz.

Based on the results obtained, it is observed that for all three series of tests, the greater the wave height,
the shorter the period and the more pronounced the second peak, which corresponds to the wave
reflection in the model. Regardless of the series, when considering the same wave height, the
development of solitary waves is similar across the various scenarios, with slight differences appearing
only in the reflected wave.

SERIE $1 SERIE S2 SERIE S3
Hye1 =3.2cm Hygi =3.2cm Hygy =3.2cm

Hwes =5.9cm Hwet =5.9¢cm Hwet =5.9cm

Hwet =8.9cm Hwey =8.9cm

-0.02
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Fig.95 — Time series of the free-surface elevation for series S1, S2, and S3, for the three wave heights, H = 3.2
cm, 5.9 cm and 8.9 cm, considering the repetition ROO for all the tests.
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Image processing

A Canon EOS 2000D photographic camera with a fixed focal length of 50 mm was used to photograph
the structure from above and track the Antifer blocks’ movements. The camera remained consistently
positioned orthogonally to the slope and recorded the initial and final positions of the blocks for each
test. In the end of each test, the Antifer blocks were re-installed at its original position, as presented from
Fig.96 to Fig.98.
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Fig.96 — Photographs for the initial (a) and final position of the blocks for tests S1_SW_d530_H050_RO00 (b),
S1_SW_d530_H075_R00 (c) and S1_SW_d530_H100_RO00 (d).
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Fig.97 — Photographs for the initial (a) and final position of the blocks for tests S2_SW_d530_H050_RO00 (b),
S2_SW_d530_H075_R02 (c) and S2_SW_d530_H100_RO03 (d).
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Fig.98 — Photographs for the initial (a) and final position of the blocks for tests S3_SW_d530_H050_R00 (b),

S3_SW_d530_H075_RO1 (c) and S3_SW_d530_H100_R01 (d).

The distortion of the resulting photos was corrected using Lightroom software. Then, the software
Image] was utilised for quantitative analysis of the Antifer block movement. In these tests, the steps
followed using ImageJ, which were slightly different from the previous experimental campaign, are
described below:

1)
2)
3)

4)
5)
6)
7)

8)
9)

Open the photo correspondent to the initial condition in ImageJ;

Open the photo correspondent to the final condition in Image J;

Overlay the final photo on the initial one, adopting a 50% opacity and adjusting the images
based on the grids and the markers, using the tools Image>Overlay>Add Image (see Fig.99);
Save the overlaid image so that it can be worked on;

Use the tool *Straight™® to draw a line correspondent to the distance between two known points;
Define the correspondence between the image pixels and the known measure (h), using the tool
Analyze>SetScale (see Fig.99);

Draw a straight line between the centre of the blocks in their initial position and their final
position;

Use the toll Analyze>Measure to determine the angle and length of the line (see Fig.99);
Repeat steps 7 and 8 for the remaining blocks;

10) Export the resultant table to a spreadsheet file.
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Fig.99 — Imageld tools: 1. Overlay>Add Image; 2. Analyze>Set Scale; and 3. Analyze>Measure.

SmartAntifer signal selection and processing

The SmartAntifer data acquisition was conducted using the IMU accelerometers and gyroscopes at a
sampling rate of 100 Hz. This frequency is consistent with previous studies, as referenced in Table 7 of
section 2.2.3, and is deemed sufficient for capturing the dynamics of the blocks' motion.

Authors like Jamil et al. (2020) and Kok et al. (2017) presented quantitative approaches to derive by
simple physical relations detailed motions characteristics, specifically displacement, from the IMU raw
data. The flowchart provided in Fig.100 illustrates the sequence of steps involved in transforming raw
IMU data into displacement measurements.

Gyroscope raw data:

—— Orientation — Q (°)

l

Rotate R(0) Gravit
> Qtransformed (m/SZ) Y

Accelerometer raw data:

Acceleration — @(m/s?)  m——

"

Fig.100 — SmartAntifer signal processing: from raw data to displacement measurements.

compensation
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This section details the systematic approach presented above, with an emphasis on the planar motion of
blocks confined to an inclined surface.

The first step in the process involves the acquisition of the angular velocity data from the gyroscope
along the three axes. This data is subsequently integrated to determine the orientation of the Antifer over
time. The integrated angular velocity, expressed as ., , and €., is fundamental for capturing the
block’s rotational behaviour, which directly influences its motion in the three-dimensional space. On
this study, the block’s motion is constrained primarily within the plane, with its orientation limited to
rotations around the z-axis, while rotations around the x- and y-axes are negligible under normal
conditions. Consequently, the dynamic analysis can be restricted to two translational degrees of freedom
(x, ¥) and one rotational degree of freedom (€2, the orientation angle about the z-axis).

The computed orientation is crucial for transforming accelerometer readings from the block’s local
coordinate system (x’,)’,z") to a global reference frame (x, y, z) aligned with the inclined plane, as
presented in Fig.101.

Lateral view Top view

X x’ A 0,=0,+Q,
1
|

a =25.5°

(a) (b) (c)

Fig.101 — Technical conventions: (a) lateral view of the z and zf-axis; (b) top view of the local and global reference
frame at t = Os; (c) top view of the local and global reference frame during motion.

At the starting position, t = Os, the block's inner coordinate system is aligned with the fixed reference
system through a static transformation. This ensures that the local z’-axis aligns with the global z-axis
(perpendicular to the plane) and that the local x’-axis aligns with the x-axis at 45° to the slope direction
(see Fig.101 (b)).

As the block moves and rotates (see Fig.101 (c)), given that the orientation changes are constrained
around the z-axis, this simplifies the dynamic rotation matrix to account for planar motion:

cos(8) sin(@) O
R(0) = |-sin(8) cos(8) 0 (104)
0 0 1

where, for an instant of time i, 0; = 6;_1 + Q;_,.

The transformed acceleration is given by:

167



Composite modelling of rubble-mound breakwaters using advanced physical modelling techniques and a smoothed patrticle
hydrodynamics model

cos(9) sin(0) 01 [ax

QAtransformed =RO) " qpcar = —sin(8) cos(8) O0Of-|% (105)
0 0 1 a;,

where a;,.4; is the acceleration measured in the block’s local coordinate system, and R () is the rotation
matrix.

After transforming the accelerometer data, gravity compensation is performed, which corresponds to
the process of removing the effect of gravitational acceleration from the data measured by and
accelerometer to isolate the true acceleration of the block relative to the global reference frame. An
accelerometer inherently detects specific forces, encompassing both dynamic accelerations from
external influences (such as hydrodynamic forces) and static acceleration resulting from gravity. This
step ensures that only the relevant forces contributing to the block’s motion are considered. The
corrected acceleration is given by:

atransformed,x sin(a)
l -9 [ l (106)

Qcorrected = QAtransformed — Yplane = [atransformed,y 0
atransformed,z COS(CZ)

where g accounts for the inclined plane’s orientation, with a being the plane’s angle relative to the

plane
horizontal.

The corrected accelerations, now expressed in the global frame and after gravity compensation, are
integrated over time to compute the velocity of the block. A second integration is then performed to
determine the displacement relative to the starting position. It is important to note that this two-step
integration process is sensitive to initial conditions, making the calibration and correction of sensor drift
essential for accurate results. Given the block's constraints within the plane, this two-step integration
focuses exclusively on the x- and y-components, while the z-component, representing motion
perpendicular to the plane, is excluded. The equations for velocity and displacement are:

Ay = Qcorrected,x » Ay = Qcorrected,y

vy = J- a,(Odt + vy, v, = fay(t)dt +Vyo (107)

Sy = J-vx(t)dt + 5S¢0, Sy = J-vy(t)dt + 50

These equations describe the block’s motion within the xy plane, with s, and s, representing the

displacement components along the plane. The total planar displacement, d;, is then obtained using the
Pythagorean theorem to combine the contributions from both directions:

d; = /%% + 5§ (108)
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This scalar value represents the net distance travelled by the block within the plane of interest,
effectively capturing the cumulative effect of motion in both x and y axes.

Beyond displacement measurements, instrumented blocks enable detailed force analysis, providing
insights into block behaviour under changing hydrodynamic conditions. Since the block's mass and size
are predetermined, this information can be combined with the recorded data to compute forces. By
accurately quantifying gravitational components and frictional forces, they contribute to optimizing
designs and improving stability evaluations in coastal engineering.

The stability of a block on the slope is determined by the balance between the gravitational force (Fy,)
pulling it downward and the frictional force (f) resisting its motion. The weight of the block acts
vertically downward and can be decomposed into two components:

e Normal force (W.): This component is perpendicular to the slope and determines the contact
pressure between the block and the surface. It is critical in calculating the frictional force.

W, =Fy -cos(a) =m- g - cos(a) (109)

e Downbhill Force (W)): This component acts parallel to the slope and drives the block's motion.
Its magnitude depends on the slope angle o and the weight of the block.

W, = Fy rsin(a) = m- g - sin(a) (110)

The frictional force (f), which depends on the normal force and the coefficient of friction (1) between
the block and the slope, acts in the opposite direction to the downhill force:

f=pu-W, =u-m-g-cos(a) (111)

For stability, the frictional force must equal or exceed the downbhill force (f = W)). In static conditions,
when the block remains stationary, the downhill force recorded by the sensors corresponds to the
maximum frictional force resisting motion. This enables direct calculation of the coefficient of friction:

_ M _ tan(a) _ QAtransformed,x
# w, la| - sin (COS_l (atransformed,z (112)
lal

Furthermore, under dynamic conditions (e.g., when hydrodynamic forces act on the block), the
instrumented system can measure additional external forces. By analysing deviations in acceleration and
orientation from static conditions, external forces such as wave impacts can be isolated. For instance,
using Newton’s second law of motion, the block's mass is multiplied by the recorded accelerations to
compute the net forces acting on the block:
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Fret = M Qeorrected (113)

4.4.3 VALIDATION OF THE DUALSPHYSICS MODEL

Task 3.3 corresponds to the numerical validation of the numerical model considering the experimental
data previously obtained. The latest version of the coupling between the open-source codes
DualSPHysics (v5.2) and the multiphysics library Project Chrono (v4.0.0) were used to model the
propagation and interaction of the solitary waves with a smooth slope armoured with one row of Antifer
blocks. The numerical setup is explained first, where special attention is paid to the boundary conditions
used to discretise the complex geometry of the Antifers. The configuration of the DualSPHysics
simulation was based on the real dimensions of the laboratory wave tank but with some adaptations and
the numerical conditions were the same as the experimental test conditions. The research included
discussion about the use of the Modified Dynamic Boundary Conditions (English ef al., 2022) and of
the new density diffusion terms (Fourtakas et al., 2019), as well as the definition of the geometries of
the Antifer blocks in the collision detection algorithm of Project Chrono (Martinez-Estévez et al., 2023).
Then, a detailed validation is presented with comparisons of the: i) experimental and numerical surface
elevation at wave gauge WGS5, ii) numerical response between Antifer and Acrylic-slope testing
different friction coefficients, iii) experimental and numerical displacement of the Antifers during the
motion induced by the interaction with the different solitary waves, and iv) numerical force exerted by
the fluid onto the blocks. Finally, this section also includes a convergence and performance analysis that
helps to decide the best numerical resolution in terms of accuracy and computational runtime.

4.4.3.1 Definition of the case geometry and initial conditions

As mentioned in 4.3.2.1, there is a need to reduce the size of the simulation domain compared to the
actual dimensions of the experimental work for computational purposes. In this case, a numerical tank
3.83 m long, 0.80 m wide, and 1.2 m high was considered, whereas the numerical domain was 8 m long,
1 m wide, and 1.2 m high. Fig.102 shows the three-dimensional representation of the numerical domain,
considering the blocks initial setup of Serie 1. The initial water depth was 53 cm. The model setups from
the experimental work (S1, S2 and S3) were considered: arrangement of 1-row of 7 Antifer blocks and
a smooth slope, considering an angle of 25.5°.

Pointmax[8,0.5,1.2]
e

ROW, WITH 7 ANTIFERS

\\J./—//_v.
Pointmin[0.5,-0.5,-1]

Antifer.stl Simplified version

Fig.102 — Three-dimensional representation of the numerical domain (left) and top view (middle), considering the
setup of Series 1.

170



Composite modelling of rubble-mound breakwaters using advanced physical modelling techniques and a smoothed particle
hydrodynamics model

4.4.3.2 Boundary conditions and other numerical parameters
The following conditions were activated during the numerical implementation:

e Inlet open boundaries using the buffer region strategy for wave generation (see subsection
3.3.3.3);

e Density Diffusion Term (DDT) (Fourtakas et al., 2019);

o Consideration of STL files of the Antifer blocks to use Project Chrono and mDBC. These files
were the same used in the experimental work of Phase 2 (see subsection 4.3.1.1);

e modified Dynamic Boundary Condition (mDBC) (English et al., 2022) applied to the smooth
slope, bottom, piston paddle and STL files of Antifers (see subsection 4.3.1.1);

e Project Chrono for the detection of collisions between blocks. First, the collision algorithm of
Project Chrono (based on DEM) was activated defining a minimum distance to detect collisions
between geometries (STL for example). In this case, Antifer blocks were initially positioned
nearly in contact with the slope, maintaining a gap slightly larger than the defined minimum
collision detection distance. Second, it was necessary to define Antifer parameters and
coefficients for the numerical simulation, namely the friction coefficients between the Antifer
blocks and between the blocks and the slope.

One simple technique was applied to obtain the friction coefficient by placing some blocks at rest
on the slope in a horizontal position and gradually increasing the angle until the blocks started to
slide. The tangent of the threshold angle was then used as a measure of the coefficient of friction.
From this test, an average friction coefficient of 0.88 (tan(41.4°)) was obtained. Upon conducting
a critical analysis and comparing these results with the values previously used in Phase 2 of the
tests, it was concluded that this friction coefficient was not the most appropriate. This discrepancy
likely resulted from a measurement error, such as not maintaining the necessary conditions
between the slope and the blocks.

To obtain a more accurate estimation of the friction coefficient, results from instrumented blocks
were utilised as an initial approximation.

Knowing that the slope has an angle of 25.5° and considering the static position of the block, the
component of the gravitational force along the slope was recorded by the instrumented block to
be approximately 1.34 N. This indicates that the frictional force should at least match this value
to prevent the block from moving. Through force analysis, the coefficient of friction can be
determined, offering a reliable estimate based on precise measurements from instrumented blocks
under controlled conditions. Based on the data provided, the friction coefficient was determined
to be approximately 0.48. This calculated value serves as an initial reference point. If the angle of
25.5°1s confirmed as the critical angle, this value aligns well with the coefficient of friction.

It is important to highlight that in the numerical modelling, it is both plausible and often necessary

to consider a range of friction coefficients between the blocks and the slope. This is because, in

laboratory works, despite attempts to replicate the same conditions across multiple test repetitions,
small variations are inevitable due to:

(i) Material properties: the blocks are made of aluminium and have a hand-painted coating,
which may differ slightly from block to block;

(i) Surface conditions: the slope surface, made of acrylic, also has a paint coating. This surface
may have varying properties along its length or width, resulting in slightly different friction
coefficients for blocks placed in different areas;

(ii1) Environmental factors: the tests were not all conducted on the same day, leading to variations
in water temperature and viscosity due to external factors such as the presence of sand;
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(iv) Wave interactions: The interaction between the waves and the blocks can also affect the
friction. Different amounts of water or debris trapped under the blocks could change the
friction coefficient; and

(v) Deliberate experimental design: for series S1, the blocks' starting position was above the still
water level, while for series S2 and S3 the blocks were semi-submerged. The initial contact
with water affects the friction coefficient.

Thus, using a range for the friction coefficient instead of a fixed value is not only acceptable but
also more realistic and insightful, allowing for more accurate modelling and robust analysis.

Antifer properties and coefficients for the numerical simulation are detailed in Table 25. These
values differ from those presented in Table 22 because the materials are different. For instance,
the friction coefficient of 0.30 was selected as it is commonly cited in reference charts for
aluminum materials (greased or lubricated) in the literature, providing a reliable baseline for the
subsequent analysis.

Table 25 — Phase 3: Antifer parameters and coefficients for the numerical simulation of blocks collisions
using DualSPHysics coupling with Project Chrono.

Parameter / Coefficient Notation [Units] Value
Moment of inertia () I [kg - m?] 0.00015112
1 [kg - m?2] 0.00015631
I, [kg -m?] 0.00016102

Friction coefficient Uantifer (Aluminium) VS Antifer (Aluminium)[—] 0.30
Uantifer (Aluminium) VS Slope (Acrylic)[—] 0.48 -0.50

Young modulus Ee ppuminium [GPA] ; Ec peryiic [GPa] 69 ; 21
Poisson ratio Varminium (=1 Vacryiic [=] 0.33;0.35
Restitution coefficient Crawminium 1713 CRacryic [=] 0.70; 0.80

() Results from CAD software.

4.4.3.3 Validation of wave conditions

In DualSPHysics, solitary waves can be generated in three different ways: (i) automatic generation
according to implemented theories; (ii) imposing movement of an external file to the piston; (iii)
inlet/outlet open boundary conditions.

When addressing three-dimensional domains, it is essential to reduce the simulation domain to ensure
the feasibility of numerical tests within a reasonable timeframe, focusing on the area closest to the model
(row of Antifer blocks). This domain reduction impacts the validation of wave conditions. For instance,
both methods (i) and (ii) would necessitate positioning the piston as close as possible to the model, as
depicted in option 1 from Fig.103.
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ORIGINAL
WG1 WG2 WG3 WG4 WG5S
1.20 ; 1.20 ; 1.20 ; 1.20 ; 0 60—;—0 60—
6.00 1
784
OPTION 1 — PISTON CLOSER TO THE MODEL
WG4 WG5S
—;—0 60—;—0 60—
OPTION 2 — INLET OPEN BOUNDARY CONDITION
WG5S
0604—0 60—

Inlet Buffer Zone

Fig.103 — Representation of the two techniques (option 1 and 2) in DualSPHysics to generate sea waves.

The positioning of the piston at a location of interest close to the model requires the adjustment of the
wave conditions (wave height) in the case of automatic generation theories, or to the generation of an
external file containing the piston's motion, since the same file used in laboratory tests cannot be
employed. The primary drawback of selecting option 1 is that the piston continues to operate as a solid
boundary condition. This effectively makes it function as a 'wall', leading to increased reflections and
re-reflections due to the reduced dimensions of the tank.

Considering this aspect, option 2 from Fig.103, which involves the inlet open boundary condition
described in subsection 3.3.3.3, was chosen for ensuring that the numerical model generates a solitary
wave identical to the experimental wave within the defined time interval of interest. This interval extends
from the wave's initial interaction with the model, causing blocks movement, until the blocks achieve a
stable position. This choice is crucial as the initial run-up and run-down phases predominantly influence
the blocks dynamics. Once stabilised, the blocks are no longer affected by wave reflections and re-
reflections.

The validation of wave conditions involved a slope without blocks and a two-dimensional domain.
Subsequently, the water surface elevation and velocity were imposed on the particles in the inlet buffer
zone. These parameters were derived from the experimental results of series C. The water surface
elevation measured at WG4 was used to calculate the velocity, U, based on the water surface elevation,
7, using linear shallow water theory:

g

u) =n(- Fres

(114)
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After running the simulation of the 2D numerical model, measurements at WG5 were then compared
with experimental data to verify the accuracy of wave generation and propagation. The results are
presented in Fig.104.

WG4
Inlet Buffer Zone
WG5S
x=0m x=4.8m
0.06
e SPH_Series C_H=3.2cm
0.05 SPH_Series C_H=3.2cm_AWAS
- - -EXP_Series C_H=3.2cm
0.04 - -
0.03
E 002
(—5
a\ 7’ Y
0.01 S £ \ 7~ \ \
- e ” (N
_——_——.‘/ - A Y
\
0 i~ \
\
\
N
-0.01 N
-0.02
0 1 2 3 4 5 6
Time [s]

Fig.104 — Comparison of the free-surface elevation (n) of numerical and experimental tests at WGS5, considering
the series C and a wave height of 3.2 cm, without AWAS (blue line) and with AWAS (red line).

In the SPH simulation results, a clear reflection of the solitary wave by the slope is observed (Fig.104,
red line). To mitigate these reflection effects, an alternative approach involves relocating the inlet buffer
zone to WGI1. This allows for the measurement of: (i) the water surface elevation and velocity profile at
WG4 to create the input data files for the inlet; (ii) the water surface elevation at WG4 plus an additional
5 dp to generate the necessary files for AWAS correction. By utilising that numerical information, the
inlet buffer zone can be relocated to WG4. The water surface elevation results at WG5S can then be
compared with the experimental results to validate the simulation results (Fig.104, blue line). The results
showed good agreement for all wave heights. These results confirm the validity of the analysis method
for the propagation of the solitary wave, considering first a 2D analysis of the full domain and then a
3D analysis with a reduced domain by the SPH method using inlet/outlet conditions.

Once the use of inlet/outlet conditions for wave generation was validated, the 3D numerical simulations
for series S1 to S3 were conducted. Comparing the numerical results for the free surface elevation of
the three series with the experimental results, it was concluded that there is good agreement in wave
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heights, with a difference inferior to dp (the numerical resolution). These results are illustrated in
Fig.105, Fig.106 and Fig.107.
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Fig.105 — Comparison of numerical and experimental free-surface elevation (n) at WG5S of series S1.
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Fig.106 — Comparison of numerical and experimental free-surface elevation (n) at WG5S of series S2.
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Fig.107 — Comparison of numerical and experimental free-surface elevation (n) at WG5 of series S3.

4.4.3.4 Numerical discretisation parameters

An initial distance between particles, dp, need to be established to discretise the numerical domain into
particles. As mentioned in previous sections and following the recommendations in Altomare et al.
(2017) and Roselli ef al. (2018), a minimum of 5 particles need to be used to define the wave height (H)
for accurate wave propagation (H/dp > 5). According to the minimum wave height measured at WG1
(Fig.90), dp = 0.005 m was initially considered, which means that H/dp is 6, 12 and 18 for the three
different solitary wave heights (3.2, 5.9 and 8.9 cm, respectively) at WG1. Moreover, using this
resolution, 11 particles were created in the characteristic size of a Antifer (5.6 cm). In subsection 4.4.4.4,
a convergence and performance study are conducted, where different numerical resolutions and runtimes
are analysed.

Note that the DualSPHysics software includes pre-processing tools that allow to introduce complex
geometries by means of a wide range of input files including CAD, STL, PLY files, etc., making the
setup of simulations straightforward. In this case, the actual geometry of the Antifers can be considered
using STL files. The distance of interaction (kernel radius) is here defined as 2h = 0.026 m (being
h = 1.5-v3-dp, in 3D). A total number of 7,908,137 particles are created with 8,344 particles
discretising the 7 Antifers and 6,012,867 particles discretising the fluid. The simulation of 6 s of physical
time took around 7 h (for the three solitary wave conditions) using NVIDIA L40S GPU with Intel i7-
8700K CPU and 64 GB RAM. Around 40 minutes of that total execution time was spent by Project
Chrono solving the interactions between Antifers and the slope. Whereas the DualSPHysics is executed
on the GPU card, the collision detection of the Project Chrono library is executed on single-core CPU
(Martinez-Estévez et al., 2023).
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444 RESULTS AND DISCUSSION

The experimental data, in CSV format, obtained using the instrumented blocks, were processed using a
Matlab routine and validated qualitatively and quantitatively using the ImagelJ software (4.4.4.1). After
processing the experimental results, the numerical dataset was processed using Matlab routines and the
ParaView visualization tool. In this section, comparative graphs of the results are presented (4.4.4.2),
followed by a hydrodynamic field study (4.4.4.3) and a comprehensive analysis of the performance and
convergence of the results (4.4.4.4), considering the influence of initially defined parameters and the
quality of inputs (4.4.4.5). The critical analysis will yield the identification and prioritisation of areas
for improvement in the numerical model DualSPHysics. Additionally, a set of recommendations will be
listed for future software users, highlighting the best settings to achieve the best results.

4.4.4 .1 Validation of SmartAntifers

This study examines the hydraulic stability of instrumented units influenced by hydrodynamic forces,
frictional forces, and their own weight. This subsection delves into the signal selection, data processing,
and motion analysis of instrumented blocks within a specific series (S2) utilizing the SmartAntifer
system. The focus is on blocks 4 and 5 from this series (Hwai = 5.9 cm, R02) to illustrate distinct
movement behaviours under inclined plane conditions. The two blocks were chosen to showcase
contrasting scenarios: block 4 maintains its orientation throughout motion, with its displacement vector
aligned with the slope direction, whereas block 5 shows a deviation from this alignment, accompanied
by a change in orientation. The scenario is illustrated in Fig.108.

Displ. = 10.5
Yaw (z) = 0°

Fig.108 — Overlap of the initial and final photograph of the blocks for test S2_SW_d530_H075_R02.

First, a qualitative analysis of the calibrated raw data for blocks 4 and 5 was conducted using Fig.109
and Fig.110. In Fig.109(a) and Fig.110(a), the acceleration along each block's axis (see Fig.85) is shown
in units of g (1g = 9.81 m/s?), which can be used to track the translational dynamics of the blocks. Then,
Fig.109(b) and Fig.110(b) represent the resultant acceleration magnitude, |a’|, which is calculated using
the following formula:

la'| = /a;cz +a,” + a? (115)
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where ay, a;, and a; represent the accelerations along the respective x’, y” and z’ axes. Finaly, Fig.109(c)

and Fig.110(c) illustrate the gyroscope readings, showing angular velocity (®) in degrees per second
(°/s) around each block axis, which provide valuable insights into the rotational dynamics of the blocks.
Throughout all plots, stationary periods are indicated by light grey vertical bars, while motion periods
are highlighted with vertical bars in light yellow (indicating common motion phases for both blocks)

and red.

(a)

(b)

()

a[g]

Resultant a [g]

s

1.2

0.8
0.6
04

0.2

-0.2
-0.4
-0.6
-0.8

1.6
1.4
1.2

0.8
0.6

35
30
25
20
15
10

-10
-15

Accelerometer

——aX

\’W’\/\’_——‘ —ay' |

—az'

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time [s]
Gyroscope
—0X
—wy
— Wz
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time [s]

Fig.109 — Calibrated IMU data of block 4: (a) acceleration data on the three axes (ay, ay, a;), (b) resultant

acceleration magnitude, and (c) gyroscope data around the three axes (wx, Wy, Wz).
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Fig.110 — Calibrated IMU data of block 5: (a) acceleration data on the three axes (ay, ay, az), (b) resultant

acceleration magnitude, and (c) gyroscope data around the three axes (wx, wy, Wz).

Several key insights can be drawn from both figures. First, analysing the stationary conditions, before
the onset of actual motion, both blocks record resultant acceleration magnitudes close to 1g. This pattern
is characteristic of non-motion conditions where only gravitational acceleration is being detected. This
conclusion is further corroborated by the gyroscope data in Fig.109(c) and Fig.110(c), which show zero
angular velocity, confirming the absence of rotational motion. Since the blocks are positioned on an
inclined plane, the accelerations recorded along all local axes represent components of the gravity
vector, reflecting the block’s orientation relative to the vertical gravity vector. For instance, measures in
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block 4 indicate mean values of a, = 0.29g, a;, =-0.31g and a; = 0.90g, while for block 5 records a; =
0.30g, a; = -0.38g and a; = 0.88g. These values are useful to determine the initial orientation of the
Antifer blocks, 8, which can be computed using the following equation:

A
0, = cos™?! (—) (116)

|a’| - sin(a)

The slope presents an established angle, a, equal to 25.5° and theoretical considerations establish that

the resultant acceleration magnitude |a’| should equal 9.81 m/s?. However, considering equation (115)
and the previous mean values of ay, a; and az, |a’| assume a value of 9.95 m/s? for block 4, and 10.35

m/s? for block 5. Consequently, since a can be represented by:

—
N (117)

where o is equal to 25.3° for block 4 and 28.5° for block 5. That means that z’ axis is not perpendicular
to the slope of 25.5°. While these discrepancies are small for block 4, allowing to focus its analysis to
only 3 freedom degrees, significant differences in the block 5 lead to the necessity of 6 degrees of
freedom analysis. However, for simplification reasons, as the differences correspond to an error smaller
than 15%, one is going to keep assuming that x’y’ form the plane parallel to the slope, to still being able
to apply equation (116). Making this assumption, the values of 8, for blocks 4 and 5, are,
correspondingly, 47.3° and 51.3°. This means that the x” and )’ axes are not perfectly aligned with the
block’s diagonals, i.e., the electronic components were not properly positioned inside it (Fig.111).

X K /

Fig.111 — Theoretical (left) vs real (right) positioning of block 5 IMU x’ and y’ axes.

These variations between blocks arise due to two primary factors: (i) minor manufacturing tolerances,
which introduce quasi-constant offsets in the sensors’ readings due to non-uniformity in internal mass
distributions; and (ii) misalignments in the sensor placement within the blocks, compounded by the
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manual positioning of the blocks on the slope, introducing additional inaccuracies. This situation
underscores the importance of careful calibration and data interpretation.

Once the motion begins, the accelerometer data of block 4 indicate stable, almost symmetrical values
for a; and a;,, indicating minimal change in orientation during motion. The resultant vector in the x’y’-
plane aligns with the slope direction, confirming translational motion without reorientation. Plus, little
to no angular velocity around the z’-axis, confirm that its motion is primarily translational without
significant reorientation. The motion phase lasts approximately 0.81 s.

In contrast, for block 5, the accelerometer data show noticeable changes in a; and ay,, indicating rotation
around the z’-axis and a reorientation during motion phase, resulting in a different final orientation
compared to the initial state. Peaks in angular velocity in the gyroscope data confirm substantial
rotational movement around z’-axis. This suggests that external forces, such as wave action, have caused
the block to rotate as it moves down the slope. This motion phase lasts approximately 1.02 s, suggesting
variations in their initial conditions or external forces influencing their dynamics, when compared with
block 4.

For both blocks, the vertical component of acceleration (a;) remains stable, suggesting consistent
gravitational influence during motion.

After the analysis of the motion mode, the next step corresponded to the quantification of the
displacement along the inclined plane considering the procedure presented on 4.4.2.3. After finding the
initial orientation, by means of the received angle Q,, the sensor readings ay, a; and a; were rearranged
— application of rotation matrix (equations (104) and (105)) and gravity compensation (equation (106))
- to ay, a, and a,. By integrating a, and a,, (equation (107)) it was possible to obtain the blocks
movement characteristics relative to its starting position: velocity, v, and v,, , and displacement, s, and
Sy, plotted in Fig.112. Only the accelerations during the periods of motion were considered for
integration. For stationary periods (before and after the motion periods) the acceleration values for both
blocks were assumed to be 0 m/s?.

Observing Fig.112, both blocks exhibit distinctive motion patterns that reveal the effects of interactions
with the plane and their surrounding conditions. While there are similarities in the overall trends, key
differences in their behaviour highlight the variability in the dynamics of motion under comparable
experimental conditions.

For block 4 (Fig.112 a), the acceleration in the x-direction (a,) begins oscillating around 0.8 s and
continues until 1.5 seconds, reaching a peak of approximately 5.63 m/s® at 1.2 s. Meanwhile, the
acceleration in the y-direction (a, ) remains constant and close to zero throughout the entire interval,
indicating no significant force acting in that direction. The motion of the block along the x-axis is
influenced by a combination of gravity, friction, and the wave's hydrodynamic drag forces. While
gravity steady force pulling the block down the slope and friction resisting this motion create predictable
deceleration, the wave’s time-varying drag force introduces a chaotic nature, alternately accelerating
and decelerating the block during its run-up and run-down phases. This interplay results in oscillatory
and irregular patterns in a,., contrasting with the smoother, more consistent behaviour along the y-axis.
This behaviour is reflected in the velocity (v,), which decreases from 0 m/s to —0.43 m/s between 0.7 s
and 1.5 s, with some oscillations, which are indicative of minor surface irregularities or changes in the
block’s interaction with the surrounding boundaries. In contrast, the velocity in the y-direction (v,,) stays
constant at zero, showing no motion in that axis. The position in the x-direction (s,,) gradually decreases,
dropping from 0 m at 0.7 s to approximately —0.121 m by the end of the interval. The y-position (s,,)

remains unchanged throughout, affirming the lack of motion or acceleration along the y-axis.
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Fig.112 — Time series of the derived movement characteristics for acceleration (a [m/s?]), velocity (v [m/s]) and
displacement (s [m]) of block 4 (a) and block 5 (b).

In contrast, block 5 (Fig.112 b) exhibits a more complex kinematic behaviour, involving significant
activity in both x and y components. The acceleration profile reveals a pronounced oscillatory pattern
for a,., which begins fluctuating around 0.5 s. These oscillations reach a peak value of approximately
4.45 m/s* near 0.8 s, reflecting the influence of time-varying forces such as wave drag and friction acting
along the slope. In contrast, a, exhibits a much steadier behaviour, with only minor fluctuations
throughout the motion phase. Its variations remain within the range of approximately —1 m/s? to 0 m/s?,
indicating limited lateral force influence during the block’s motion along the slope.

The velocity patterns further reflect the influence of these forces. The x-velocity (v, ) starts at 0 m/s and
decreases steadily to approximately —0.275m/s by 0.75s, after which it oscillates, mirroring the
irregularities in a,.. The motion ceases abruptly at 1.5 s, as v, returns to zero. In contrast, the y-velocity
(vy) shows a smoother but more significant decline, dropping from 0 m/s at 0.5 s to —0.44 m/s at 1.5s.
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This difference arises from the cumulative nature of acceleration: while a, does not oscillate
significantly, its steady, prolonged influence leads to a more pronounced buildup of v,,.

The displacement plots (s, and s, ) provide further insights into the block’s motion. The x-displacement
(sx) shows a steady negative trend, decreasing from 0 m to approximately —0.207 m by the time the
motion ceases at 1.5 s. The oscillatory behaviour observed in a, and v, does not significantly disrupt

the overall steady progression of s,,, as these oscillations tend to cancel out over time. In contrast, the y-
displacement (s,) reveals a markedly different pattern, reflecting a more pronounced and dynamic

motion in the y-direction. Starting from 0 m, s,, undergoes a significant decline, reaching approximately
—0.165 m by the end of the motion phase.

Overall, Fig.112 a) reflects a system dominated by x-direction dynamics, with minimal or no influence
in the y-direction. On the other hand, Fig.112 b) introduces significant motion along the y-axis,
indicating a dynamic alteration, likely caused by an external force. Table 26, summarizing the peak
values of acceleration, velocity, displacement, total displacement (applying equation (108) and rotation
for both blocks, will provide additional context for these findings.

Table 26 — Summary of the peak values of acceleration, velocity, displacement and rotation for different

timesteps.
Time ay ay Uy Vy Sy Sy Q, 0 d
[s] [m/s?] [m/s] [m] ¢ [m]
0 0 0 0 0 0 0 0.0 -47.3
0.50 0 0 0 0 0 0 0.0 -47.3
0.75 0 0 0 0 0 0 0.0 -47.4
Block 4 0.80 0 0 0 0 0 0 -0.1 -47.4 0.124
1.18 5.625 0.068 -0.228  -0.002 -0.024 0 0.7 -46.6
1.5 0 0 -0.310 -0.001 -0.121 0 -0.2 -47.6
2 0 0 0 0 -0.124 0 -0.2 -47.6
0 0 0 0 0 0 0 0.0 -51.4
0.50 0 0 0 0 0 0 0.0 -51.3
0.75 4.451 0.198 -0.276 -0.063 -0.019 -0.007 4.7 -46.6
Block 5 0.80 -1.269 -0.258 -0.163 -0.059 -0.027 -0.009 4.7 -46.7 0.259
1.18 -1.210  -0.630 -0.265  -0.229 -0.124  -0.062 11.2 -40.2
1.50 0 0 -0.240  -0.428 -0.201 -0.161 171 -34.2
2 0 0 0 0 -0.203  -0.165 171 -34.2

Considering all factors, the displacement results for block 4 align well with expectations when compared
to the value obtained using the ImageJ software. As shown in Fig.108, the displacement occurs

exclusively along the x-axis, with no observed rotations. This is consistent with the calculated
displacement values, where sy, equal to 0.124 m, was like the expected outcome of 0.105 m, s,

remained effectively zero, and the block's rotational measurement, (), indicated no rotation.
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In contrast, the displacement results for block 5 deviate significantly from expectations. Although the
block moved in the anticipated direction, the displacement magnitude exceeded more than double the
expected value of 0.114 m obtained using ImageJ tool. Specifically, the displacement along the x-axis
was approximately 70 % greater than anticipated, reaching 0.203 m instead of the expected 0.119 m,
while along the y-axis, the displacement was dramatically higher — approximately 14 times the expected
value — measuring 0.165 m instead of 0.0125 m.

This discrepancy points to potential issues in the interpretation or processing of IMU data, particularly
in the y-direction. Factors contributing to these anomalies include:

(1) misjudgements in determining the non-stationary period's duration;
(i1) integration errors, arising from the inherent limitations of IMU data, such as integration
drift; or

(iii) inaccuracies in defining the block's orientation.

The manual identification of the start and end of motion is particularly critical, as these were set based
on observed declines in rotational readings (from the gyroscope) and low acceleration values indicative
of gravitational influence. While the manual setting of these periods can always be debated, any misstep
here could lead to erroneous displacement values. However, given the gradual decline of motion and the
consistency of low acceleration magnitudes during the transition to stationary states, such
misjudgements are expected to have only a minimal effect.

Integration drift, an inherent limitation of IMU data, may also play a significant role. The process of
twice-integrating acceleration values to derive displacement amplifies minor inaccuracies, particularly
when dealing with extended time intervals or larger displacements. This is compounded by finite
sampling rates and sensor resolution, which introduce additional sources of error.

Notably, the rotational behaviour of block 5, like that of block 4, closely matched predictions, indicating
no significant issues in capturing angular dynamics. This consistency suggests that the observed
discrepancies are confined to the linear motion dynamics, particularly in the y-direction, rather than
arising from rotational motion or systemic calibration errors.

4.4.4.2 Validation of numerical Antifers displacement

The analysis started with a comparison of the total displacements of the Antifer units from the S1 and
S2 series. At the level of the Project Chrono, only the friction between the blocks and the slope was
considered, as no collisions between blocks were observed in those series. Initially, a qualitative and
preliminary quantitative analysis was conducted using Fig.113 and Fig.114, which provide an initial
visual comparison, displaying images from one of the repetitions of each experiment on the left and
corresponding simulation snapshots on the right, for series S1 and S2, respectively. The first frames (a)
depict the initial state before the wave's arrival, while the subsequent images illustrate the final state
after the solitary wave has interacted with the Antifers. This allows the observation of block
displacement for each wave condition, for each series S1 and S2: Hwgi = 3.2 cm (b), Hwgi = 5.9 cm (¢),
and Hwgi = 8.9 cm (d). As anticipated, the results exhibit some variation; however, a detailed analysis
of each wave reveals that the displacements in both the experimental and numerical data are closely
aligned. The average displacements, when referenced against the grid matrix, are comparable across
both sets of data. Additionally, the range of values obtained for each wave height is well-defined, further
validating the consistency between the experimental and numerical observations.
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Subsequently, a more detailed quantitative analysis is presented in Fig.115. This figure compares the
average experimental individual displacement of the seven Antifer units for wave heights of 3.2 cm, 5.9
cm, and 8.9 cm, based on a minimum of three tests per wave height to ensure repeatability of the
measurements. The standard deviation values for each block of the experimental results are also
computed to quantify variability. These results are compared with the total displacement of the blocks
from the numerical simulations, which consider three different friction coefficients (1) rather than a
single fixed value. This approach is not only acceptable, but it also provides a more realistic and
insightful analysis, facilitating more accurate modelling and robust conclusions, as discussed in section
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Fig.113 — Top view of the initial (a) and final situation of the Antifers after the interaction with the three different
waves (b, ¢ and d), during experiments (left), considering only one of the repetitions, and with the numerical
simulation (right), y = 0.50, for series S1.
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Fig.114 — Top view of the initial (a) and final situation of the Antifers after the interaction with the three different

waves (b, ¢ and d), during experiments (left), considering only one of the repetitions, and with the numerical
simulation (right), u = 0.50, for series S2.
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Fig.115 — Experimental and numerical displacements of the 7 Antifers for the different wave conditions of Series 1
and 2 (H=3.2, 5.9 and 8.9 cm), considering three coefficients of friction (u = 0.48, 0.49, 0.50).

First, analysing the results for the smallest wave height, Hwai = 3.2 cm, the blocks did not move during
the experiments in both series. However, in the numerical simulations, the blocks experienced small
displacements ranging from 2.4 to 6.5 cm.

Evaluating the intermediate wave condition with a wave height of Hwgi = 5.9 cm, in series S1, the blocks
had displacements which varied from no movement up to 31 cm, with an average displacement of 6.4
cm. In series S2, the displacements ranged from stationary to 18 cm, with an average total displacement
of 8 cm. When compared with the numerical results, the 4 = 0.50 produced the best results for both
series. Series S1 showed an average displacement of 12 cm, and series S2 had an average displacement
of 8 cm, indicating that the block movements were of the same order of magnitude.

Finally, evaluating the largest wave condition, with a wave height of Hwci = 8.9 cm, the experimental
results for series S1 varied between 8.1 cm and 47.3 cm, with an average total displacement of 29.6 cm.
For series S2, the displacements ranged between 18.8 cm and 32.5 cm, with an average displacement of
24.8 cm. In comparison, the numerical displacements ranged from 23 to 33.6 cm in series S1 and from
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14.1 to 22.5 cm in series S2. These results confirm that, for the selected range of coefficients of friction
(1), the block movements in the numerical simulations were of the same order of magnitude as those
observed in the laboratory experiments.

Table 27 includes all the data and the errors between experimental and numerical results. First, the
average of the displacements of the Antifers during experiments is computed for each repetition
(EXP_RO00, EXP_RO1, EXP RO02, etc) and the average of the repetitions was computed again to obtain
one experimental value of displacement for each solitary wave (EXP_mean), that are compared with the
numerical values for the different friction coefficients. Overall, it can be noted that a coefficient of
friction # = 0.50 is the most suitable for more than 50% of the cases, yielding smaller errors.
Additionally, series S2 produces smaller errors compared to series S1. It is important to emphasise that
achieving high levels of repeatability in experimental work is challenging, highlighting the difficult to
ensure accuracy between numerical and experimental results.

Table 27 — Experimental and numerical displacement of Antifers for series S1 and S2.

SERIES S1 SERIES S2
H=32cm H=59cm H=8.9cm H=32cm H=59cm H=8.9cm

EXP_RO00 0.000 0.048 0.345 0.000 0.051 0.255
EXP_RO1 0.000 0.092 0.3055 (*) 0.000 0.093 0.242
EXP_R02 0.000 0.030 0.341 0.000 0.091 0.249
EXP_RO03 0.086 0.246 0.085 0.252
EXP_RO04 0.243 0.064 0.242
EXP_RO05 0.080
EXP_RO06 0.095
EXP_mean 0.000 0.064 £ 0.030 0.296 + 0.050 0.000 0.080 £0.017 0.248 + 0.006
SPH_p=0.48 0.057 0.198 0.320 0.018 0.116 0.209

Error 209.4% 7.9% 45.3% 15.9%
SPH_p=0.49 0.041 0.158 0.302 0.013 0.099 0.192

Error 147.0% 2.0% 23.7% 22.8%
SPH_p=0.50 0.030 0.120 0.283 0.011 0.080 0.176

Error 88.0% 4.4% 0.5% 29.3%

From a practical perspective, it is important to quantify the rate of damage in addition to measuring
units’ displacement. The damage level is defined as the number of blocks that moved more than the
characteristic size of 5.2 cm relative to the total number of blocks. The results, presented in Table 28,
include the damage level for each individual experiment repetition, the average damage level across
different repetitions, and the numerical values.

In both series, considering the smallest wave height, Hwgi = 3.2 cm, no damage was recorded in either
the experiments or the numerical simulations, except for the SPH_u = 0.48 case, where 5 of the blocks
displaced more than 5.2 cm. For the largest wave height, Hwgi = 8.9 cm, 100% damage was observed
in both the experiments and the numerical simulations, as all blocks displaced more than 5.2 cm. For
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the intermediate wave height, HWG1 = 5.9 cm, the experimentally recorded damage was lower than the
numerically recorded damage.

Table 28 — Experimental and numerical damage of Antifers for series S1 and 2.

SERIES S1 SERIES S2

H=3.2cm H=5.9cm H=8.9cm H=3.2cm H=5.9cm H=8.9cm
EXP_RO00 0% (0) 43% (3) 100% (7) 0% (0) 43% (3) 100% (7)
EXP_RO1 0% (0) 43% (3) 100% (7) 0% (0) 86% (6) 100% (7)
EXP_RO02 0% (0) 29% (2) 100% (7) 0% (0) 100% (7) 100% (7)
EXP_RO03 57% (4) 100% (7) 100% (7) 100% (7)
EXP_R04 100% (7) 43% (3) 100% (7)
EXP_RO05 43% (3)
EXP_R06 86% (6)
EXP_mean 0% (0) 43% (3) 100% (7) 0% (0) 71% (5) 100% (7)
SPH_p=0.48 71% (5) 100% (7) 100% (7) 0% (0) 100% (7) 100% (7)
SPH_p=0.49 0% (0) 100% (7) 100% (7) 0% (0) 100% (7) 100% (7)
SPH_p=0.50 0% (0) 100% (7) 100% (7) 0% (0) 86% (6) 100% (7)

In conclusion, although there is some variability in the results obtained for each block, the range of
values for each wave height is clearly defined. Overall, the numerical values align in a satisfactory way
with the experimental data. It can be concluded that the DualSPHysics model, coupled with the Project
Chrono library, can reproduce the hydrodynamic response of Antifer blocks with some accuracy, at least
for configurations of series S1 and S2.

Finally, analysing series S3, it was necessary to consider not only the friction between the slope and the
blocks but also the friction between the blocks themselves, which makes this case very challenging for
both physical and numerical modelling. Building on the previous series, three distinct friction values
were adopted for the interaction between the slope and the blocks, while a coefficient of friction pu =
0.30 was used for the interactions between the blocks. Comparing the experimental results with the
numerical simulations, when exposed to the three different wave heights, Fig.116 provides a qualitative
analysis of the block movements, whereas Fig.117 and Table 29 present a quantitative analysis.

Qualitatively evaluating the obtained results, it is noteworthy that the movement patterns observed in
the experiments differ from those in the numerical simulations. Specifically, when comparing the
numerical results with the experimental ones, the influence of the blocks on each other varies between
the two cases for all three waves. In the experimental work, the blocks at the edges tend to move less
than the central blocks, largely due to the influence of the side walls and the hydrodynamic effects in
the lateral spaces during the run-up. On the contrary, in the numerical results, the central blocks move
less than the blocks at the edges. A parabolic shape is observed for Hwgi = 3.2 cm, while for Hwgi =5.9
cm the blocks form almost a perfect line. Only for Hwai = 8.9 cm is observed an inverse parabolic shape
in SPH.
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Fig.116 — Top view of the initial (a) and final situation of the Antifers after the interaction with the three different
waves (b, ¢ and d), during experiments (left), considering only one of the repetitions, and with the numerical
simulation (right), for series S3.
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Fig.117 — Experimental and numerical displacements of the 7 Antifers for the different wave conditions of series
S3 (H = 3.2, 5.9 and 8.9 cm), considering three coefficients of friction (v = 0.48, 0.49, 0.50).

Table 29 — Experimental and numerical displacement of Antifers for series S3.

SERIES S3
H=3.2cm H=59cm H=89cm

EXP_RO00 0.064 0.167 0.273
EXP_RO1 0.064 0.171 0.313
EXP_R02 0.074 0.165 0.296
EXP_mean 0.067 £ 0.006 0.168 + 0.003 0.294 + 0.020
SPH_p=0.48 0.066 0.161 0.288

Error 1.6% 4.0% 2.0%
SPH_p=0.49 0.062 0.156 0.255

Error 7.8% 7.2% 13.3%
SPH_p=0.50 0.056 0.152 0.253

Error 17.3% 9.3% 14.0%

191



Composite modelling of rubble-mound breakwaters using advanced physical modelling techniques and a smoothed patrticle
hydrodynamics model

Quantitatively evaluating Fig.117 alongside Table 29, it is evident that for all three waves, the
experimental and numerical results show less discrepancy when x4 = 0.48 is considered between the
blocks and the slope, resulting in errors of less than 4%. Focusing on this friction coefficient and
analysing each wave individually, the experimental blocks moved an average of 6.7 cm and the
numerical blocks 6.6 cm for the smallest wave (Hwci = 3.2 cm). For the intermediate wave (Hwai = 5.9
cm), the blocks displaced an average of 16.8 cm in the experiments and 16.1 ¢cm in the numerical
simulations. Finally, for the largest wave (Hwci = 8.9 cm), the experimental Antifer units moved an
average of 29.4 cm, while the numerical units moved 28.8 cm. From this analysis, the following can be
inferred:

e For each wave height, the final displacements fall within a well-defined range when comparing
numerical and experimental results;

e On average, the numerical blocks moved less than the experimental blocks for all three waves;

e The intermediate wave presented a higher discrepancy between numerical and experimental
results, leading to a higher percentage error.

This series requires a more in-depth analysis, as, unlike series S1 and S2, more variables influence the
results, specifically the friction and restitution coefficients in the simulations for the collisions between
the blocks; the turbulence modelling; and the initial interdistance between the blocks. Therefore, it is
necessary to test additional hypotheses by varying these parameters. For this reason, the analysis in the
following sections will focus exclusively on series S1 and S2.

4.4.4.3 Hydrodynamic force analysis

The numerical model computes the pressure and velocity fields and the forces exerted on Antifer blocks
by solitary waves. As mentioned before, when an Antifer block is impacted by a wave, several forces
act on it, namely: (i) hydrodynamic forces, which includes the drag force (parallel to the flow direction,
opposing block movement) and the lift force (perpendicular to the flow direction); (ii) hydrostatic force,
due to water pressure on the block, acting perpendicular to its surface; (iii) gravitational force, due to
the block’s weight and divided into normal force (N = W, ) and downbhill force (W), driving the block
downward; and (iv) frictional force (f), opposing the sliding motion, dependent on the normal force and
the friction coefficient between the block and the slope.

When analysing the stability and movement of a block on a slope subjected to wave action, the balance
of these forces is critical. The block remains stationary if the frictional force is equal to or greater than
the downhill force. Movement occurs when the hydrodynamic force exceeds the resisting frictional
force.

Fig.118 and Fig.119 illustrate the time series of the hydrodynamic force along the slope direction
experienced by the blocks for series S1 and S2, using a coefficient of 0.50. The average force time series
for the seven Antifer blocks are represented in red. Initially, the hydrostatic force, due to water pressure,
differs slightly between S1 and S2 because of varying submersion levels. As the solitary wave reaches
and passes over the blocks, a peak in the force signal is observed, particularly for larger waves. This
peak corresponds to the moment when the wave's impact is at its maximum. The blocks move when this
hydrodynamic force exceeds the frictional force, marked by a dashed line in the figures.
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Fig.118 — Time series of the displacement and force exerted by the fluid onto the 7 Antifer blocks for the different
wave conditions of series S1, considering a friction coefficient equal to 0.50.
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Fig.119 — Time series of the displacement and force exerted by the fluid onto the 7 Antifer blocks for the different
wave conditions of series S2, considering a friction coefficient equal to 0.50.
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Considering the series S1, where the blocks are initially not subjected to water pressure, the frictional
force can be calculated using equation (111). Assuming a friction coefficient of 0.50, an angle (o) of
25.5° a mass (m) of 0.316 kg, and gravitational acceleration (g) of 9.81 m/s?, the resulting frictional
force is 1.4 N.

After the initial impact and subsequent displacement of the blocks, there is a reduction in the
hydrodynamic force acting on them. By examining these forces and their interactions, one can
understand the conditions under which the blocks remain stable or start to move. This balance is crucial
for evaluating the effectiveness and stability of the Antifer units under wave action.

4.4.4.4 Convergence and performance analysis

This section includes the convergence analysis that was performed to select the most suitable numerical
resolution to obtain the results presented in the previous sections. All previous simulations use the initial
interparticle distance of dp = 0.005 m, as indicated in section 4.4.3.4.. A complete convergence study
includes the results of using different initial interparticle distances.

The convergence study will focus exclusively on series S2, considering the two largest wave heights.
Based on the errors presented in Table 27, u = 0.50 was selected for studies involving a wave height of
5.9 cm, and u = 0.48 was chosen for studies involving a wave height of 8.9 cm.

Fig.120 and Fig.121 show the average displacement of the Antifer blocks, taking into account the
various repetitions of the experimental work and the results of the numerical simulations for three
different resolutions (dp = 0.0025, 0.005 and 0.01 m) used to discretise the Antifer blocks with 22, 11
and 5 particles per size, respectively (Table 30).
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Fig.120 — Experimental and numerical displacements of the 7 Antifers for Hwe1 = 5.9 of series S2, considering u =
0.50 and three different resolutions (dp = 2.5, 5 and 10 mm).
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Fig.121 — Experimental and numerical displacements of the 7 Antifers for Hwe1 = 8.9 cm of series S2, considering

1 = 0.48 and three different resolutions (dp = 2.5, 5 and 10 mm).

For both scenarios, convergence is achieved using a dp of 0.005 m, with no significant improvements
observed when employing a smaller interparticle distance but preventing the increase in the

computational time.

Another crucial aspect in evaluating the capability of a numerical tool is its computational performance,
as it is desirable for simulations to be executed within a reasonable computational time. Table 30
presents the runtimes of all previous convergence tests, which were conducted using an NVIDIA L40S

GPU paired with an Intel i17-8§700K CPU.

Table 30 — Initial particle spacing, number of particles and computational times and error comparing with

experimental results using three different resolutions.

Runtime Error
H Particl SPH
Configuration dp d_p Number of particles GAUCIES SPH +
[Antifer Chrono vs
Chrono
size EXP
Total Fluid Floating [h] [min] [%]
0.0025 24 54.162.894 47.827.640 64.953 22 128.57 91.9 59.3
H=5.9
0.005 12 7.902.565 6.007.435 8.197 11 6.64 37.2 0.5
cm
0.01 6 1.237.249 758.037 980 5 0.76 20.6 15.4
S2
0.0025 36 54.162.894 47.827.640 64.953 22 128.57 91.9 20.9
H=8.9
0.005 18 7.902.565 6.007.435 8.197 11 6.64 37.2 -15.9
cm
0.01 9 1.237.249 758.037 980 5 0.76 20.6 -58.7
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To determine the optimal numerical resolution, it is essential to achieve a good balance between
accuracy and runtime. Based on the results presented in Table 30, simulations using a higher resolution,
dp = 0.0025 m, take approximately 5 days to complete, whereas simulations with dp = 0.005 m are
executed in just 6 hours. Moreover, for both wave heights, the most precise results are obtained with dp
= 0.005 m. Therefore, dp = 0.005 m can be considered as a good compromise between accuracy and
reasonable simulation runtimes.

As previously mentioned, DualSPHysics runs on a GPU card, while collision detection in the Project
Chrono library operates on a single-core CPU. As shown in Table 30, increasing the resolution results
in longer total simulation times due to the higher number of interactions and SPH particles that need to
be processed with smaller time steps. However, the time spent on solving solid interactions does not
increase significantly, as the number of colliding objects (and faces of the objects) that need to be
handled by Chrono remains the same, independent of the SPH resolution. Therefore, special attention
should be given when increasing the number of blocks to be simulated, as these factors significantly
influence the runtime of the multiphysics library (Martinez-Estévez et al., 2023).

4.4.4.5 Effect of changes on the friction coefficient

The numerical tool was rigorously validated through specific experiments, where the movements of the
Antifer blocks were meticulously recorded. The actual geometry and properties (mass and friction
coefficient) of the blocks and the slope were accurately incorporated into the simulations. The
experimental campaign involved Antifer blocks made of aluminium and a slope made of acrylic, both
coated with two layers of paint to impart some roughness.

For series S1 and S2, the friction coefficient between the blocks and the slope ranged between 0.48 and
0.50. This section explores variations in the friction coefficient to represent slopes of different materials
or the effects of material deterioration over time or under cyclic loading, which inevitably alter surface
properties and consequently the shear friction (Mitsui ef al., 2023; Taklas et al., 2022). Specifically, the
following values of the friction coefficient (1) between the slope and the blocks were modelled: 0.1, 0.2,
0.3,04,0.5,0.6,0.7, 0.8, and 0.9.

The average displacement was calculated from the simulation results considering different coefficients
of friction (u), consistently using a dp of 0.005 m. All displacement values are plotted in Fig.122 for a
comprehensive analysis.
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Fig.122 — Displacements for different friction coefficients between Antifers and slope, for series S1 (top) and S2
(bottom).

As expected, higher wave heights result in greater displacements for both series, S1 and S2. The
simulations show that the minimum friction coefficient (0.1) leads to the highest displacements.
Conversely, displacement decreases as the friction coefficient increases. Notably, for friction
coefficients greater than 0.6, the Antifer blocks do not move at all for the first two solitary wave heights.
Additionally, with Hwgi = 8.9 cm, displacements are less than 10 cm for friction coefficients exceeding
0.6. In conclusion, the results prove that the displacement of the units increases with wave height and
decreases with the increments of the friction coefficient (e.g., higher rugosity of the materials).

4.5 CONCLUSIONS

This chapter focused on studying the hydraulic and structural behaviour of rubble-mound breakwaters,
employing a systematic approach that combined physical and numerical modelling techniques. The
primary objective was to assess the critical performance aspects of breakwaters, including wave
loadings, overtopping, and structural stability, using a combination of high-resolution experimental tests
and advanced numerical simulations. A particular focus was placed on validating the DualSPHysics
solver, coupled with Project Chrono, against high-quality experimental data to ensure accurate
representation of complex fluid-structure interactions and block dynamics. The chapter also introduced
innovative tools, such as the SmartAntifer block, to enhance experimental precision, thereby deeper
insights into breakwater armour units’ performance under different wave conditions. Organised into
iterative phases, the study progressively refined methodologies, introduced innovations, and addressed
challenges at each step while providing valuable recommendations to guide subsequent efforts.
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The validation of the DualSPHysics solver, coupled with Project Chrono, confirmed its effectiveness in
simulating complex fluid-structure interactions. The model showed promise in reproducing
experimental results, with final block displacements falling within a well-defined range under various
wave scenarios. First, a particle resolution was defined as an optimal compromise between
computational accuracy and runtime efficiency. Additionally, coupling techniques and hardware
optimisations effectively reduced simulation domain sizes, addressing computational challenges
associated with large-scale 3D models. The numerical model’s ability to simulate these interactions is
essential for understanding the impact of hydraulic forces on breakwater stability and optimizing design
approaches for coastal infrastructure.

The experimental tests conducted in a multidirectional wave basin offered valuable data on wave
propagation, wave breaking, and block stability under regular and solitary wave conditions. These tests
provided a clearer understanding of the impact of slope configuration, block arrangement, and wave
height on block displacement, contributing to the improvement of numerical simulations. The
experimental setup was simplified, particularly through the use of solitary waves, as they minimized
complex wave interactions, such as reflections and re-reflections, enabling more direct comparisons
between experimental and numerical results.

The integration of the SmartAntifer blocks further enhanced the experimental phase. These instrumented
blocks, equipped with Inertial Measurement Units (IMUs), enabled precise measurements of block
movements, rotations, and accelerations during the tests. The SmartAntifer blocks’ standardised design,
with consistent geometry, weight, and surface roughness, ensured improved experimental repeatability.
This standardization eliminated inconsistencies typically associated with variations in block properties,
providing more reliable experimental data to calibrate and validate the numerical models.

An iterative methodology was crucial to refining both experimental and numerical techniques. Each
iteration led to improvements in accuracy, efficiency, and the reliability of results. Key findings include:

(i) Data-driven validation: systematic and precise data collection and carefully controlled
experimental setups were pivotal for validating numerical models and achieving meaningful
comparisons;

(ii) Technological integration: advances in numerical tools (e.g., coupling techniques, mDBC) and
experimental methods (e.g., SmartAntifer blocks with IMUs) significantly improved the fidelity
and scope of the research;

(iii) Balance of accuracy and efficiency: numerical modelling efforts highlighted the trade-off
between simulation accuracy and computational efficiency, necessitating careful parameter
selection and hardware optimization.

These findings deepen the understanding of block stability and dynamics under complex hydrodynamic
conditions. The integration of physical and numerical modelling provides valuable insights into wave
loads, block interactions, and structural stability, improving the reliability of breakwater design and
coastal infrastructure resilience.

This research lays the foundation for future studies, offering methodologies that can be further refined
to enhance breakwater design accuracy. The integration of hybrid numerical approaches and continued
standardization of experimental setups will be key to developing efficient, sustainable coastal protection
systems that can withstand the challenges posed by climate change.
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5

DISCUSSION AND CONCLUSIONS

5.1 INTRODUCTION

This chapter offers an in-depth discussion of the key findings, methodologies, and challenges
encountered during the study of rubble-mound breakwaters. By integrating numerical and experimental
approaches, the research initially aimed for a holistic perspective on breakwater performance, including
overtopping, run-up, and overall structural stability. However, as the study progressed, the focus shifted
to the hydraulic instability and damage of the breakwater trunk armour layer — a critical factor in
structural failure. This evolution reflected the need to address specific gaps in the literature and respond
to key questions about damage progression measurement and mitigation.

The following research questions were addressed:

e How are rubble-mound breakwaters made of artificial units designed to prevent destabilization?

e  What physical phenomena contribute to hydraulic instability?

o [s damage often related to the hydraulic instability of the armour layer?

e How can damage progression in the armour layer be effectively measured?

e What are the current trends and areas of interest in assessing damage of rubble-mound
breakwaters of artificial units?

e What kinds of loads do the artificial blocks in the armour layer experience, and can these loads
be measured experimentally?

e  What other methods are available for modelling the interactions between waves and structures,
as well as inter-unit interactions?

e Is the SPH formulation, particularly the DualSPHysics solver, the most suitable method for
simulations involving wave-breakwater interactions?

e How can one contribute to the development and validation of the model?

e What valuable insights can be obtained by using instrumented units for experimental testing
that are not typically captured by standard experimental techniques?

e How can instrumented units generate novel datasets for calibrating DualSPHysics solver? Are
the numerical results accurate and dependable?

e What kind of insights can be gained from fully replicated real breakwater interactions using
these calibrated numerical models?

o s this method computationally efficient and easily integrated as a tool for coastal engineers?
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These questions were shaped by the gaps identified in the literature review and the practical challenges
posed by the evolution of coastal environments and engineering needs.

Chapter 2 highlighted that rubble-mound breakwaters are exposed to increasingly severe environmental
stresses due to climate change, sea-level rise, and evolving storm patterns. Damage in rubble-mound
breakwaters is often linked to the hydraulic instability of the armour layer, where wave forces cause
movements such as rocking, displacements, and settlements. These processes can lead to progressive
reshaping of the armour layer, core exposure, and eventual structural failure. Despite the availability of
empirical techniques and probabilistic approaches for assessing damage (e.g., Van der Meer (1988b),
Campos et al. (2020a)), a lack of standardised experimental methodologies and limitations in
quantifying stochastic wave loading, critical factors like block-unit collisions and hydrodynamic
pressures remain significant challenges. Accurately quantifying damage in rubble-mound breakwaters
remains a significant challenge, with existing methods, such as visual assessments and volumetric
reconstructions, presenting trade-offs between practicality, precision, and reproducibility. Advanced
numerical tools such as Smoothed Particle Hydrodynamics (SPH) — and specifically DualSPHysics —
have emerged as powerful alternatives for addressing these gaps. As reviewed extensively in Chapter 3,
its meshless Lagrangian framework is particularly well-suited for modelling free-surface flows, large
deformations, and intricate boundary conditions that characterize the hydrodynamics of rubble-mound
breakwaters. Recent advancements and integration with Project Chrono for rigid body dynamics, have
extended its capabilities to simulate the movement and interaction of individual armour units under wave
action. This makes it an ideal solver for analysing hydrodynamic forces, unit displacement, and inter-
unit collisions, which are critical for understanding the damage progression in breakwater structures.
The need for robust validation of its results against high-quality experimental data remains paramount,
and this study contributes to bridging that gap by integrating the numerical simulations with
experimental findings using innovative tools such as the SmartAntifer blocks.

This chapter begins by interpreting the outcomes of the iterative methodological advancements across
the research phases and discussing their implications for answering the research questions. It then
examines the methodological challenges encountered, the contributions to knowledge and practice, and
the broader implications for the field of coastal engineering. The discussion concludes with
recommendations for future research and practical applications.

5.2 SYNTHESIS OF FINDINGS AND CRITICAL ANALYSIS OF METHODOLOGICAL CHALLENGES
Phase 1: Advancing numerical modelling with DualSPHysics

In Phase 1, DualSPHysics was employed to simulate the wave-structure interactions of rubble-mound
breakwaters, leveraging experimental data from FEUP experiments under H2020-HydraLab+ and
SE@PORTS projects.

The primary goal was to test the model’s ability to simulate wave-by-wave overtopping, run-up and
damage progression across a range of geometries and wave conditions. The DualSPHysics model was
selected due to its demonstrated ability to accurately model complex hydrodynamic phenomena such as
wave breaking (Farahani and Dalrymple, 2014), wave overtopping (Shao et al., 2006), wave run-up
(Shadloo et al., 2016), and wave impact (Altomare et al., 2014). Additionally, the prior experience with
the software and the familiarity with its capabilities and limitations further motivated the choice of
DualSPHysics for this work. This phase of the research work was important for: i) reviewing the
software’s capabilities, ii) establishing the parameters to consider for achieving the best results and
computational performance, and iii) identifying areas of interest for further development and validation.
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First results highlighted the model’s capacity to simulate complex hydrodynamic phenomena such as
wave breaking, overtopping, and wave impact. However, challenges emerged related to computational
cost, particularly in large-scale 3D simulations. The precision limitations observed during these early
stages underscored the importance of balancing particle resolution (dp), hardware capabilities (e.g.,
GPU memory) and simulation duration to achieve computational efficiency.

Key insights from this phase included:

e the adoption of coupling techniques reduces simulation domain sizes and number of particles,
enabling more feasible computations;

e the use of Project Chrono for improved collision resolution is instrumental in achieving
qualitative analysis about wave-structure interactions but requires more systematic experimental
data for robust validation.

This phase contributed to answering the question of how numerical models can be used to assess wave-
induced damage in breakwaters, particularly regarding the feasibility of modelling complex breakwater
geometries at different scales. Recommendations emerging from phase 1 emphasized the need to ensure
the reliability, repeatability and reproducibility of the experimental tests to foster favourable numerical
outcomes. It included simplifying simulation domains (use of wave conditions of smaller order) and
refinements in input parameters, including precise data collection (e.g., wave probe placement, water
surface elevations, and friction coefficients).

Phase 2: Experimental validation with Antifer blocks

Phase 2 involved laboratory-scale experiments on smooth and rough slopes armoured with Antifer
blocks, designed for comparison purposes when testing the stability of Antifer blocks using numerical
model tools. The choice of Antifer blocks was motivated by their previous application in the
SE@PORTS project, where they were extensively tested. Since these blocks were already available in
the laboratory, they provided a practical and well-documented choice for this study.

One recurring challenge in breakwater research is balancing experimental simplicity with the need to
replicate realistic field conditions. While studies, such as Mitsui et al. (2023), also tested the movement
of armour units using DualSPHysics, they typically employed simplified setups, such as block
configurations in horizontal planes and solitary wave conditions. These configurations limit the ability
to replicate the dynamic and cumulative effects seen in real-world conditions. In contrast, this research
introduced a more realistic and complex experimental setup by placing Antifer blocks on a slope and
subjecting them to repetitive wave action through regular wave conditions. This allowed for a more
accurate simulation of the sustained hydrodynamic forces that would be encountered in the field,
enabling a better assessment of wave-structure interactions over time, while solitary wave setups are
generally suited for one-off impacts and not sustained interactions.

The main objective of this phase was to test DualSPHysics' capability to simulate fluid-structure and
inter-block interactions. Key elements of the numerical modelling included:

e Mimicking experimental wave conditions in the numerical tank;

e Determining the minimum resolution required for accuracy;

¢ Implementing modified Dynamic Boundary Conditions (mDBC) (English et al., 2022) and
updated density diffusion terms (Fourtakas et al., 2019);

e Defining Antifer block geometries for Project Chrono's collision detection algorithm (Canelas
et al., 2018; Mitsui et al., 2023).
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The most challenging aspects were accurately replicating the wave conditions due to reflections in the
laboratory wave tank and defining Antifer block geometries for collision detection. The high wave
reflections made it difficult to perfectly simulate the incident wave characteristics in the numerical tank,
emphasizing the importance of precise modelling of the experimental setup.

Despite these challenges, the results showed good agreement between the experimental and numerical
data, with block displacements exhibiting a comparable order of magnitude in movement. This
confirmed DualSPHysics' potential for simulating block movements under dynamic wave conditions,
though some discrepancies remained.

The key achievements of this phase included:

e Laboratory experiments provided insights into wave propagation and breaking processes over
smooth and rough slopes, with one or more rows of Antifer blocks used to mimic realistic
conditions. Phase 1 recommendations were followed, such as strategic wave gauge placement
and systematic data recording, which ensured repeatability. The results highlighted the impact
of slope configuration, block arrangement, and wave height on block stability, providing
valuable data for numerical model validation;

e Numerical simulations benefitted from the introduction of mDBC and density diffusion terms,
which improved wave surface representation, while Project Chrono enhanced block interaction
modelling;

e Agreement between experimental and numerical data was observed, although discrepancies in
wave reflections and variations in wave heights persisted. The displacements recorded in the
numerical simulation were much more regular than in the experimental campaign. These
differences underscored the challenges of perfectly matching physical and numerical setups.

This phase addressed the question of how experimental methods can be integrated with numerical
simulations to enhance the understanding of block displacement and breakwater stability, particularly
regarding wave-induced forces on individual armour units. To refine future studies, recommendations
included:

(1) integrating instrumented Antifer blocks with IMUs for precise displacement tracking;

(i1) replacing regular waves with solitary waves to minimize reflection effects and simplify the
analysis, and

(ii1) carefully controlling wave generation, experimental setups, and instrumentation placement
to ensure reproducibility.

Phase 3: SmartAntifer integration and numerical model validation

Although the results of phase 2 demonstrated DualSPHysics’ ability to reproduce the movement of
individual blocks and their interaction, further simplification of the scenario and a more appropriate
selection of parameters were necessary to ensure repeatability, reproducibility, and accuracy of
numerical results when compared to experimental data. Building on the insights from phases 1 and 2,
phase 3 focused on the validation of a 3D numerical model using data from an experimental campaign,
which setup was constituted by a smooth slope with a unique raw of Antifers, initially not in touch, and
exposed to solitary waves only.

To further enhance the quality and increase the quantity of the data usually gathered during standard
experimental campaigns, the centrepiece of this phase was the development of the SmartAntifer, an IoT-
enabled Antifer block equipped with Inertial Measurement Units (IMUs) designed to track movements
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and forces during experimental tests. The development of the SmartAntifer instrumented block adhered
to the recommendations outlined in subsection 2.2.3.1. Compared to instrumented blocks used in
previous studies, the SmartAntifer offers several key advantages. First, the blocks are fully wireless,
following the concept previously introduced by block designs presented by other authors such Gronz et
al. (2016), Hofland et al. (2018), and Santos ef al. (2019), unlike the wired designs employed by authors
like Arefin (2017), which constrain the block's degrees of freedom. This wireless design ensures greater
freedom of movement, allowing for more accurate simulation of real-world conditions. Additionally,
the SmartAntifer features an extended battery life and an innovative charging system, eliminating the
need to open the block for data retrieval or recharging. This not only enhances durability but also
simplifies operational workflows. Furthermore, compared to other studies with a similar goal - measure,
record, process, and transmit data related to the 3D displacements of an armour unit in a laboratory
context (e.g., Gronz et al. (2016); Santos et al. (2019)) — the SmartAntifer boasts a significantly higher
data acquisition frequency, ensuring more detailed and reliable movement tracking.

These advancements make the SmartAntifer a cutting-edge tool for analysing block dynamics under
different wave conditions, offering standardized and precise measurement capabilities. The
development and deployment of this device addressed several practical challenges, bridging gaps
between numerical and experimental approaches. The data obtained aimed to be used to analyse forces
acting on individual armour units, final displacement of breakwater armour units, and impact velocity
of rocking Antifer blocks. However, during its implementation, practical challenges were encountered,
including:

e  Waterproofing issues, which led to water ingress in some blocks, compromising their electronic
components, necessitating enhanced sealing techniques;

e Misalignments between sensor axes and block coordinate systems, which impacted data
reliability, emphasizing the need for precise calibration during setup;

e Errors defining motion periods, and inaccuracies during manual identification of stationary
states;

e Integration drift, caused by errors accumulated during double integration of accelerometer data,
a known limitation of IMU-based systems, underscored the importance of advanced filtering
and sensor fusion methods;

e Rounding or quantization errors that propagate and amplify during integration due to IMUs
collection data at discrete intervals and with finite resolution.

Even when stationary, two identical IMUs may produce different acceleration magnitudes due to factors
such as manufacturing tolerances, calibration differences, and environmental influences. Misalignments
between sensor axes and block coordinate systems can further amplify these discrepancies, emphasizing
the need for precise calibration and alignment. Additionally, inherent noise, temperature effects, and
gravitational variations at different locations contribute to measurement variability. Techniques such as
averaging readings, correcting for temperature-dependent drifts, and ensuring consistent placement
during experiments are essential to minimize these inconsistencies.

These errors contribute for the discrepancies noticed in the linear motion dynamics of the blocks when
compared to the results obtained through image processing. Strategies such as applying Kalman filters,
leveraging external reference systems (e.g., GPS or optical tracking), regular calibration processes, and
automated methods to reduce errors, avoiding manual adjustments, were identified as critical for
improving measurement accuracy.
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Despite these challenges, the SmartAntifer blocks contributed indirectly by ensuring better experimental
repeatability. Their uniform weight, geometry, and surface roughness met laboratory-specific
requirements, ensuring compatibility with existing setups while maintaining physical properties akin to
conventional Antifer blocks. This improved consistency reduced variability in experimental setups,
indirectly enhancing numerical model simulations and facilitating more accurate comparisons between
results. Numerical simulations, supported by advanced GPUs, were validated by experimental findings,
comparing block displacements, water surface elevations, and fluid forces. These comparisons yielded
the following outcomes:

e Reasonable agreement between DualSPHysics and experimental wave conditions was achieved,
proving the validity of the 3D analysis with a reduced domain using inlet/outlet open boundary
conditions (Dominguez et al., 2022);

e In physical modelling, variations in friction coefficients due to material properties, surface
conditions, environmental factors, and experimental design were identified as critical
parameters affecting block displacement and tests repeatability. Numerical simulations reflected
these effects, providing a range of plausible outcomes consistent with experimental variability;

e Consequently, despite improvements in the alignment of numerical simulations and physical
test results, discrepancies in block displacements persisted, moving the numerical blocks less
than the experimental blocks for all the three waves considered;

o The numerical results underscored the importance of optimising numerical resolution (e.g., dp
=0.005 m) to balance accuracy and runtime.

This phase contributed to answering the questions of how to enhance the accuracy of numerical
simulations through experimental data and how instrumented blocks can provide novel insights into the
dynamic behaviour of breakwater armour units.

5.3 CONTRIBUTIONS TO KNOWLEDGE AND PRACTICE
This research significantly advances the field of coastal engineering by:
(i) Bridging experimental and numerical approaches

This iterative process demonstrated that numerical and physical modelling are not standalone solutions
but are interdependent. Numerical models rely on experimental validation to ensure their accuracy and
realism, while physical tests benefit from numerical insights to refine their focus and interpret their
outcomes. Together, these approaches provide a comprehensive toolkit for addressing the dynamic
challenges of modern coastal engineering, including adapting to changing wave patterns, intensifying
storm conditions, and achieving sustainability goals. This synergy not only enhances the accuracy of
breakwater predictions but also aids in the optimization of coastal defence designs. The combined use
of these methods ensures that engineers can accurately assess breakwaters resilience and make informed
decisions about their performance under varying environmental conditions.

(ii) Enhancing numerical modelling with DualSPHysics

A major contribution of this study is the enhanced application of DualSPHysics for simulating wave-
structure interactions. The model was successfully validated with detailed experimental data, providing
new insights into armour unit dynamics and hydrodynamic forces. Key methodological advancements
include:

204



Composite modelling of rubble-mound breakwaters using advanced physical modelling techniques and a smoothed particle
hydrodynamics model

e The refinement of boundary conditions and particle resolution, optimizing the balance between
computational efficiency and model accuracy;

e The ability to simulate complex, non-linear wave-structure interactions that are challenging to
measure physically, establishing DualSPHysics as a reliable tool for breakwater design.

These contributions make DualSPHysics a more robust and versatile tool for understanding breakwater
behaviour, providing a scalable and cost-effective complement to physical testing.

(iii) Innovation in experimental instrumentation: SmartAntifer blocks

The development and deployment of SmartAntifer blocks equipped with IMUs represent a
groundbreaking advancement in experimental instrumentation. These blocks enable precise
measurement of 3D displacements, rotations, and accelerations. Unlike previous designs, the
SmartAntifer’s wireless capability, extended battery life, and high data acquisition frequency make it an
ideal tool for capturing detailed block movements and improving model calibration. This innovation not
only enhances the accuracy of experimental results but also contributes to better experimental
repeatability by maintaining consistent physical properties (e.g., geometry, weight, surface roughness)
across all blocks. The SmartAntifer blocks allow for long-term assessments of breakwaters resilience
under various wave conditions, offering a valuable dataset for future numerical model validation.

(iv) Linking to broader themes

This study aligns with broader themes in coastal engineering and contributes to global sustainability
goals by addressing the need for climate-resilient breakwaters. By advancing both experimental
techniques and numerical modelling, this research supports the design of breakwaters capable of
withstanding increasingly severe environmental conditions.

Overall, this research provides practical tools to improve coastal engineering practices, offering more
efficient and cost-effective methods for designing resilient infrastructure that can withstand intensifying
wave conditions due to climate change.

5.4 FUTURE DEVELOPMENTS AND RECOMMENDATIONS

Throughout this research, significant progress has been made in understanding wave-induced forces and
breakwater performance using experimental and numerical approaches. However, several research areas
remain open for further investigation to refine methodologies, validate numerical models, and enable
their practical application in real-world scenarios. The following topics outline key areas of intervention
and future directions to enhance breakwater design and analysis:

(1) Enhanced realism and high-quality experimental data

High-quality physical experiments are essential for validating numerical models and understanding
breakwater performance under more realistic conditions. Future studies must prioritize conducting
physical experiments that replicate more realistic conditions, particularly focusing on instrumented
units like the SmartAntifer blocks. Physical experiments should reproduce sections of rubble-mound
breakwaters under controlled conditions, with instrumented SmartAntifer blocks strategically
placed in critical zones, such as the toe berm and within the armour layer. These tests will provide
detailed measurements of block displacement, rotation, and hydrodynamic forces, enabling direct
comparisons with numerical simulations. This targeted approach will also help identify areas of
intense unit-to-unit interactions, offering insights into damage progression and structural
vulnerabilities.
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To ensure greater consistency and comparability across studies, standardized experimental protocols
should be developed. This includes consistent wave generation techniques, damage assessment
methods, and measurement procedures. Standardization will allow for more effective collaboration
across research teams and enhance the applicability of findings to real-world engineering challenges.

(i) SmartAntifer technology refinement and broader applications

Advancements in SmartAntifer technology are essential to improve data acquisition capabilities.
Future work should focus on enhancing the wireless transmission system for real-time monitoring,
establishing effective calibration methods, and refining signal processing techniques to ensure
precise measurements of displacement and rotation. These improvements will make SmartAntifer
units more reliable for both laboratory and field applications.

Expanding the use of SmartAntifer units’ technology, whether through its implementation in other
types of armour units or its application to other coastal structures such as seawalls, groynes, and
artificial reefs, will provide valuable insights into their performance under diverse environmental
conditions. Moreover, integrating SmartAntifer units into field-scale experiments will facilitate the
transition from laboratory-based studies to real-world coastal protection scenarios, enabling long-
term monitoring of infrastructure under dynamic wave conditions.

(iii) Refinement and expansion of numerical models:

Refining numerical models to improve accuracy, efficiency, and realism is another key area for
future research. The DualSPHysics framework should be further developed to improve both its
accuracy and computational efficiency. Current limitations in fully replicating three-dimensional
simulations of breakwaters damage progression laboratory campaigns should be addressed by
focusing on modelling critical sections of the breakwater, where the effects of armour units’
interactions are most pronounced.

Additionally, numerical models should be used iteratively to identify areas with intense unit-to-unit
interactions, guiding the placement of instrumented blocks in future experimental tests. This
targeted approach will improve our ability to predict damage patterns and structural vulnerabilities,
while also providing a direct link between experimental results and numerical simulations.

The modelling of block interactions can be further refined by investigating the effects of different
friction coefficients, accounting for material properties, slope porosity and environmental
conditions. To address computational inefficiencies, hybrid methods that combine GPU and CPU
resources should be explored. These methods will enable more detailed and practical large-scale
simulations, which are critical for coastal engineers.

Finally, refining numerical models based on experimental findings will improve the accuracy of
loading assessments in the armour layer and toe berm. This enhancement will make the
DualSPHysics framework a more reliable tool for design optimization and sensitivity analyses,
strengthening its position in breakwater design research.

(iv) Addressing climate change and realistic scenarios

Future research must also address the challenges posed by climate change, particularly the impact
of rising sea levels and increased storm intensity. To assess structural responses and identify
vulnerabilities under these evolving conditions, numerical and experimental models must simulate
climate-driven scenarios, including more extreme wave conditions, storm surges, and complex wave
patterns. These simulations will provide critical insights into the future performance of breakwater
structures and inform design strategies to improve their durability. Moreover, additional physical
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studies are needed to assess overtopping and wave run-up, which will further inform the
development of more robust coastal defence strategies.

(v) Development of new design formulas

The strategic placement of instrumented SmartAntifer blocks on the toe berm and other critical
zones will provide essential data for developing new damage formulas, particularly for under-
researched areas. The response of toe berm, a key component in breakwater stability, remains poorly
understood, and targeted research here will improve existing empirical models for breakwater
design. Future work should also focus on revising design frameworks based on experimental and
numerical findings. This includes evaluating existing empirical formulas and proposing
improvements to reflect new insights into the behaviour of breakwaters.

By addressing these future developments, research will align experimental and numerical methodologies
more closely, fostering the creation of accurate and efficient tools for sustainable coastal engineering.
Additionally, to the detailed future developments outlined above, the following key recommendations
summarize the main priorities from this research:

e Start with simplified systems in both physical and numerical modelling and progressively
increasing complexity;

e Prioritize the integration of instrumented units to enhance data accuracy and numerical model
validation;

e Standardize experimental protocols to ensure reproducibility and comparability across studies;

e Optimize numerical simulations for accuracy and efficiency, balancing resolution and
computational cost;

e Focus research on critical structural components, such as the toe berm, to develop improved
damage and stability formulas;

e Incorporate climate change scenarios, flow through porous media and turbulence into
breakwater design and analysis methodologies;

o Foster interdisciplinary collaboration between experimentalists, model developers, and
engineers to align research outcomes with real-world applications.

5.5 FINAL REMARKS

This thesis represents a significant step forward in the study of rubble-mound breakwaters by integrating
advanced experimental and numerical approaches to tackle the challenges of hydraulic instability and
damage progression. Through the application of innovative tools such as the SmartAntifer blocks and
the DualSPHysics framework, this work has provided new insights into the complex interactions
between wave forces, breakwater stability, and armour unit dynamics.

The research has underscored the importance of combining physical and numerical modelling to achieve
a more comprehensive understanding of coastal structures. By bridging these methodologies, the study
not only validated the potential of numerical simulations to replicate real-world conditions but also
highlighted the role of experimental data in refining these models for enhanced accuracy and reliability.
These contributions mark a critical advancement in the iterative development of breakwater design
methodologies.
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Beyond its technical achievements, this thesis aligns with broader objectives in coastal engineering,
including the need for sustainable and climate-resilient infrastructure. As coastal regions face
increasingly severe environmental pressures, the findings of this research provide actionable insights
for designing structures that are more adaptive to evolving wave patterns and storm intensities.

Despite the challenges encountered — ranging from computational constraints to experimental
complexities — this work has laid a solid foundation for future developments in the field. It has not only
demonstrated the potential of cutting-edge technologies to address long-standing engineering problems
but also emphasized the need for continued interdisciplinary collaboration to push the boundaries of
innovation.

In conclusion, this thesis contributes to advancing the knowledge, tools, and methodologies necessary
for addressing contemporary coastal engineering challenges. It paves the way for future research and
development, supporting the creation of resilient, efficient, and sustainable coastal protection systems
that safeguard communities and ecosystems for generations to come.
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