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Abstract: Seaports’ breakwaters serve as important infrastructures capable of sheltering ships,
facilities, and harbour personnel from severe wave climate. Given their exposure to ocean waves
and port authorities’ increasing awareness towards sustainability, it is important to develop and
assess wave energy conversion technologies suitable of being integrated into seaport breakwaters. To
fulfil this goal whilst ensuring adequate sheltering conditions, this paper describes the performance
and stability analysis of the armour layer and toe berm of a 1/50 geometric scale model of the north
breakwater extension project, intended for the Port of Leixões, with an integrated hybrid wave energy
converter. This novel hybrid concept combines an oscillating water column and an overtopping
device. The breakwater was also studied without the hybrid wave energy device as to enable a
thorough comparison between both solutions regarding structural stability, safety, and overtopping
performance. The results point towards a considerable reduction in the overtopping volumes through
the integration of the hybrid technology by an average value of 50%, while the stability analysis
suggests that the toe berm of the breakwater is not significantly affected by the hybrid device,
leading to acceptable safety levels. Even so, some block displacements were observed, and the
attained stability numbers were slightly above the recommended thresholds from the literature. It
is also shown that traditional damage assessment parameters should be applied with care when
non-conventional structures are analysed, such as rubble-mound breakwaters with integrated wave
energy converters.

Keywords: physical modelling; wave energy; breakwaters; safety; overtopping; stability

1. Introduction

Seaports are important maritime infrastructures responsible for the development of
regional economies and the global transport trade. Yet, this has some consequences, as
pollution is a source of great concern [1] in terms of noise [2,3], greenhouse gas (GHG)
emissions [4], and public health [5]. They can also suffer from inherent environmental
consequences, given their coastal exposure and vulnerability to sea-level rise, storms, and
in some cases, flooding [6,7]. This has drawn the attention and concern of port authorities
and stakeholders, who have started to identify and implement new and more sustainable
policies within seaports [8–10] in order to mitigate the negative impacts of seaport activities.

One of the most promising options being considered by port authorities relies upon
the integration of wave energy converters (WECs) into breakwaters [11–13], which rep-
resent the main port structures responsible for sheltering the inner areas of seaports and
berthing ships from overtopping and severe wave climate [14,15]. This approach presents
an opportunity to supply seaports with clean and environmentally sustainable energy
by harnessing a directly available resource, given ports’ exposure to ocean waves, with a
high global potential [16,17]. However, it is crucial that the main functions of breakwaters
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are assured, as well as their structural stability. The functionality of rubble-mound break-
waters, for instance, can be compromised due to several occurrences. These include the
displacement of blocks by plunging waves, liftouts by uprush and downrush, slides of
the armour layers, and/or failure due to special wave trains and toe berm erosion, among
others [14]. Several formulae and methods have been developed for the design and stability
analysis (e.g., based on the stability number, Ns) [18–21]. Numerous studies have also been
carried out on the damage assessment (e.g., based on the damage number, Nod), namely, of
the toe berm for rubble-mound breakwaters [22,23]. Studies on the armour layer are more
focused on the stability number, NS, which is related to the determination of the armour
block’s weight [24] through empirical formulae [25,26]. Most studies are mainly aimed at
assessing damage on the structure during storms, as this is the main source of damage
during a breakwater’s usable life [27]. Lastly, though this damage assessment methodology
can be used for breakwater integrated WECs, such as overtopping devices (OWEC) [28]
and oscillating water columns (OWC) [29], it is crucial to ensure that breakwaters are also
able to cope with wave run-up and overtopping, in order to protect innermost infrastruc-
tures of the harbour and berthing ships. Several projects have been carried out to attain
information and create databases to serve as design references, such as the CLASH [30–32]
and the VOWS [33] projects. To these we add several experimental [30,34] and numerical
studies [35,36], as well as field measurements [37,38] and recommendations from various
sources on overtopping limits, such as the EurOtop Manual [39,40]. In summary, not only
is it pertinent to select and study an adequate WEC technology from a wide range of
solutions, but it is equally relevant to ensure that its integration into a port structure, such
as a breakwater, does not compromise its structural stability or functionality.

This paper discusses the integration of a combined OWEC–OWC wave energy con-
verter concept into a rubble-mound breakwater, with particular focus on the consequential
influence in terms of structural stability and functionality of the sheltering structure.
Section 2 of this paper describes the experimental study carried out with a reduced scale
physical model of the breakwater and WEC, the equipment that was utilized, the character-
istics of the experimental facility, and the case study used as reference. Section 3 presents
and discusses the most relevant results under the scope of this paper. The overtopping
volumes, stability numbers, and damage numbers for a series of severe sea-state tests are
compared with and without the integration of the hybrid WEC. Finally, Section 4 summa-
rizes the main conclusions of the experimental study and discusses the main consequences
of the proposed WEC solution from a structural perspective.

2. Experimental Study of the Hybrid OWEC–OWC Device
2.1. Case Study and Test Plan

The integration of the hybrid WEC concept has been considered for the case study of
the Port of Leixões, in the north-western coast of Portugal (41◦11′ N and 8◦42′ W), 4 km
north of the river Douro’s mouth. This seaport was selected due to its economic importance
at a regional and national level, the highly energetic wave climate to which it is subjected,
and the development strategy being followed by the Port Authority of Douro, Leixões,
and Viana do Castelo (APDL). Amongst other expansion and infrastructural improvement
plans, the port authority is currently considering an extension of the north breakwater by
300 m [41]. The main goal is to allow for ships of greater length/draught to safely enter the
port during rough wave conditions and to provide better tranquillity conditions within the
harbour basin.

In fact, facing the Atlantic Ocean, the Port of Leixões (Figure 1) is very susceptible to
highly energetic sea states. During storms, significant wave heights have been commonly
recorded at 8 m or more, with a maximum registered value slightly above 10 m, in 2014 [41].
These data were obtained from offshore wave buoy measurements (deep water conditions).
Hence, the north breakwater serves as one of the key protection structures of the innermost
areas of the port, alongside the south breakwater.
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Figure 1. Port of Leixões: (a) location in the Iberian Peninsula and (b) aerial view of the port and its breakwaters (north 
breakwater highlighted). 

Current plans for the improvement of the port accessibility mention an extension of 
the north breakwater by about 300 m, at an angle of 20° towards the west regarding the 
existing structure’s alignment (Figure 2a). This presents a unique opportunity to assess 
the potential of an integrated hybrid WEC (HWEC) into the extended breakwater. The 
proposed solution entails a rubble-mound breakwater with an armour layer composed of 
a double layer of Antifer blocks on the seaward side and a single layer on the inwards side 
(Figure 2c). A 20-metre-long section was considered for this study, with the HWEC being 
integrated at the centre of the breakwater (Figure 2b) at a water depth of circa 17.5 m 
(reference to the mean sea level or M.S.L.). 

 

Figure 1. Port of Leixões: (a) location in the Iberian Peninsula and (b) aerial view of the port and its breakwaters (north
breakwater highlighted).

Current plans for the improvement of the port accessibility mention an extension of
the north breakwater by about 300 m, at an angle of 20◦ towards the west regarding the
existing structure’s alignment (Figure 2a). This presents a unique opportunity to assess
the potential of an integrated hybrid WEC (HWEC) into the extended breakwater. The
proposed solution entails a rubble-mound breakwater with an armour layer composed
of a double layer of Antifer blocks on the seaward side and a single layer on the inwards
side (Figure 2c). A 20-metre-long section was considered for this study, with the HWEC
being integrated at the centre of the breakwater (Figure 2b) at a water depth of circa 17.5 m
(reference to the mean sea level or M.S.L.).
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Table 1. Sea states tested for the assessment of overtopping flow and structural stability
(prototype values).

Sea State HS (m) TP (s) Water Level

SS1 6.0 13 MLWS
(+0.31 m L.C.D)SS2 7.7 16

SSMax 8.0 16

SS1 6.0 13 MHWS
(+3.25 m L.C.D)SS2 7.7 16

SSMax 9.1 16

The experimental study with the physical model, which is later described, encom-
passed a wide range of wave conditions based on data from the case study area, as to study
the HWEC’s energy conversion performance under operational conditions [42,43]. Never-
theless, in order to reproduce extreme events and assess the impact that they can have on a
future breakwater extension, an additional set of extreme wave conditions were chosen.
This took into consideration the water depth and the wavemaker’s physical limitations.
Table 1 characterizes the extreme sea states tested for the mean low water springs (MLWS)
and mean high water springs (MHWS).

Standard procedures for reproduction of irregular sea states originated from the North
Atlantic Ocean involve the definition of a JONSWAP spectrum, with a peak enhancement
factor of 3.3. To ensure an adequate reproduction of the sea states and enable a deterministic
result comparison, a temporal sequence of circa 1200 waves was used for each test [44].
However, it should be noted that the most severe wave conditions (highest significant
wave height, Hs, and peak wave period, Tp) were defined based on the physical limitations
imposed by the wavemaker system, which operated with an active absorption module to
mitigate wave reflection. Wave breaking phenomena in the foreshore, at the front of the
rubble-mound breakwater, was also taken into account.

2.2. OWEC–OWC Concept and Physical Model

The hybrid WEC concept resulted from the combination of an overtopping device
(OWEC) [45–47] with an oscillating water column (OWC) [29,48,49] system [50]. For a
single module, it is expected that wave energy conversion be achieved through a dual-
mode operation, which should yield a greater performance than that of standalone variants
of the two original concepts, as it was shown in [42,43,51]. To accommodate the different
types of WEC whilst mitigating modifications of the preliminary design of the breakwater
structure, several adaptations were introduced.

The hybrid WEC’s dimensions and cross-section are compatible with the original
structural design of the rubble-mound breakwater, from the toe berm to the crest. The
OWC chamber was integrated amidst the reservoirs, intercepting them at a central position
and connecting to an upper section where the power take-off (PTO) would be located.
However, the OWC is isolated from the OWEC component. In the interior of the chamber,
there is an air volume trapped between the PTO (likely a turbine) and the seawater that
comes from the intake of the OWC. The passing of waves induces fluctuations on the free
surface of the water inside the chamber, which, in turn, generates air pressure differentials
that drive the PTO’s energy conversion process. As for the OWEC, several reservoirs allow
for the intake and accumulation of overtopping volumes. The different levels allow for
various combinations of sea level and wave height to be harnessed. The ramp slope is
similar to that of the original breakwater structure design, while the reservoirs denote a
small inclination towards the interior of the WEC, in order to promote the flow of seawater
into the penstocks associated to the hydraulic turbines (in the case of the physical model,
pipes), as seen in Figure 3. Low-head turbines convert the available potential energy (head
and stored water) into electric energy, similar to the process observed in hydroelectric
plants. Lastly, the shape of the device’s crest was selected as to serve as a barrier, which not
only mitigates overtopping of the structure, but also promotes the accumulation of water
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inside the OWEC’s reservoirs. Even so, as described above, it was important to measure
the overtopping volumes, especially those related to the hybrid WEC’s crest. The resulting
setup is presented in Figure 3, which depicts the connections between the physical model’s
OWEC reservoirs and the corresponding auxiliary reservoirs (ARs).
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2.3. Facilities, Materials, and Equipment

For the purpose of the physical modelling stage, a 3D reproduction of the hybrid
OWEC–OWC device at a geometric scale of 1:50, following on the Froude similitude criteria,
was considered (Figure 4). The selected domain was a channel that extended 14.30 m in
length and 0.84 m in width, within the wave basin at the Hydraulics Laboratory of the
Hydraulics, Water Resources and Environment Division of the Faculty of Engineering of
the University of Porto (FEUP), Portugal. The wave basin itself spans 28 m in length, 12 m
in width, and 1.2 m in height and has a multi-element piston-type wave generation system
(manufactured by HR Wallingford, UK) that is used for reproducing a wide variety of wave
conditions, including regular waves and irregular long-crested waves. The system also
includes a dynamic wave absorption system to compensate for wave re-reflections.
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Special care was taken during the setup of the physical model in order to mitigate
laboratorial and scale effects, such as the wall effects, given the limited dimensions of the
domain, the need to mitigate potential gaps in the setup of the blocks, and the interest
in reproducing an armour layer section as wide as feasible wide a section as feasible of
the armour layer. This would enable a more thorough and direct comparison with the
adjacent HWEC section. The width of the domain also implied that a single piston of
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the wavemaker system would be used to reproduce the selected regular and irregular
long-crested wave conditions.

The bathymetry in front of the structure was simplified and reproduced to represent
the relevant wave transformation processes during the propagation from the wavemaker
paddle to the model, analogously to wave propagation from the location where the wave
climate was established to the device’s location in the breakwater. For this purpose, a
sandy slope with an angle of 0.63◦ to the horizontal, on an overall length of 12.65 m, was
created. As the evolution of the bathymetric profile over time to track any possible scouring
phenomena occurring near the toe berm had already been monitored during a previous
phase of the project [52], and no relevant scouring was detected, only visual observation of
the sea bed in front of the structure was undertaken in this study.

In terms of overtopping measurements, the volume of water that overtops the break-
water crest, with or without the hybrid WEC integrated, was collected in an AR positioned
behind the physical model. The width of the collecting channel was the same in both
configurations (0.40 m at model scale). In more detail, the overtopping volumes were
collected by the upmost reservoir of the physical model and drained into the AR, at a
lower position, through a connecting pipe. Due to the confined space, the overtopping
volumes would accumulate, over time, within the AR, where a resistive wave gauge is
installed to measure the variation of the free surface of water (FSW). To avoid overflow of
the AR, a hydraulic pump was placed inside it, alongside the wave gauge. Hence, once
an upper threshold is reached, the pump begins to operate and stops only when a very
low elevation limit is achieved, close to 0 m. Since the inner area of the reservoir, Ar, is
known, the overtopping volume, ∆V, can be calculated, for an interval of time, ∆t, by
taking the water elevation variation, ∆h, and multiplying it by Ar. The summation of the
overtopping volumes, ∆V, gives the total overtopping volume over the duration of the test.
As a complement, during testing, it was possible to account for the pumped-out volumes
of water, since the pump’s flow curve and working time are also known.

Five additional gauges were deployed in this study and separated into two groups: a
single gauge next to the physical model and the remaining four at a distance of, at least,
one wavelength from the wavemaker’s piston paddle. These were used to measure the
FSW directly in front of the physical model and to perform a reflection analysis of the
generated waves, respectively. The reflection analysis, and hence, the determination of the
incident wave conditions, was done using a script based on a development of the least
square method proposed by [53].

The experimental setup is summarized in Figure 5, which also presents the ARs
that were used to collect the water gathered by the hybrid WEC’s reservoirs, namely, the
overtopping component, which is related to wave energy conversion under operational
conditions (for additional information, see [42,43]).



J. Mar. Sci. Eng. 2021, 9, 922 7 of 17J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 7 of 18 
 

 

 
(a) 

 
(b) 

Figure 5. Experimental setup: (a) initial case, without WEC; (b) case with integrated WEC. For the 
extreme wave tests, which are the scope of this paper, only reservoir R1 was active. 

3. Results 
3.1. Structure’s Functionality 

Breakwaters’ crest levels are a critical factor that should be carefully considered upon 
design. On one hand, crest heights may be required to be kept under a specific threshold, 
in order to minimize their visual impact. This is the case of the Port Leixões, as the exten-
sion of the north breakwater would introduce a new visual obstacle from the perspective 
of nearby residents and beach users. On the other hand, lower crest levels lead to more 
frequent overtopping occurrences, which can result in structural damage and longer pe-
riods of port terminal inoperativeness, should these exist. Therefore, the mean overtop-
ping discharge should be studied for the most severe wave conditions that a breakwater 
is subjected to, as well as other more frequent conditions when overtopping might occur. 

As explained previously, the overtopping flow over the crest of the structure is cap-
tured by a reservoir, on top of the device, connected to an AR on the back of the physical 
model. An example of a recorded time series is presented in Figure 6, where one can see 
the incrementing water level within the reservoir over time as well as the pump operation 
times. 

 
Figure 6. Time series of water level measurements inside an auxiliary reservoir (model values). 

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 7 of 18 
 

 

 
(a) 

 
(b) 

Figure 5. Experimental setup: (a) initial case, without WEC; (b) case with integrated WEC. For the 
extreme wave tests, which are the scope of this paper, only reservoir R1 was active. 

3. Results 
3.1. Structure’s Functionality 

Breakwaters’ crest levels are a critical factor that should be carefully considered upon 
design. On one hand, crest heights may be required to be kept under a specific threshold, 
in order to minimize their visual impact. This is the case of the Port Leixões, as the exten-
sion of the north breakwater would introduce a new visual obstacle from the perspective 
of nearby residents and beach users. On the other hand, lower crest levels lead to more 
frequent overtopping occurrences, which can result in structural damage and longer pe-
riods of port terminal inoperativeness, should these exist. Therefore, the mean overtop-
ping discharge should be studied for the most severe wave conditions that a breakwater 
is subjected to, as well as other more frequent conditions when overtopping might occur. 

As explained previously, the overtopping flow over the crest of the structure is cap-
tured by a reservoir, on top of the device, connected to an AR on the back of the physical 
model. An example of a recorded time series is presented in Figure 6, where one can see 
the incrementing water level within the reservoir over time as well as the pump operation 
times. 

 
Figure 6. Time series of water level measurements inside an auxiliary reservoir (model values). 

Figure 5. Experimental setup: (a) initial case, without WEC; (b) case with integrated WEC. For the
extreme wave tests, which are the scope of this paper, only reservoir R1 was active.

3. Results
3.1. Structure’s Functionality

Breakwaters’ crest levels are a critical factor that should be carefully considered upon
design. On one hand, crest heights may be required to be kept under a specific threshold, in
order to minimize their visual impact. This is the case of the Port Leixões, as the extension of
the north breakwater would introduce a new visual obstacle from the perspective of nearby
residents and beach users. On the other hand, lower crest levels lead to more frequent
overtopping occurrences, which can result in structural damage and longer periods of port
terminal inoperativeness, should these exist. Therefore, the mean overtopping discharge
should be studied for the most severe wave conditions that a breakwater is subjected to, as
well as other more frequent conditions when overtopping might occur.

As explained previously, the overtopping flow over the crest of the structure is cap-
tured by a reservoir, on top of the device, connected to an AR on the back of the physical
model. An example of a recorded time series is presented in Figure 6, where one can
see the incrementing water level within the reservoir over time as well as the pump
operation times.
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The analysis of the overtopping discharges was carried out having as reference the
EurOtop manual [39], which presents two methods: one based on the mean value approach
and another on the design and assessment approach, being the difference in the definition
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of two coefficients a and b. Because the former is recommended for predictions and
comparisons with measurements, the mean value approach was employed. As such, the
curve equation is defined as:

q√
gH3

s

= 0.09exp

−(−1.5
Rc

Hsγ f γβ

)1.3
 (1)

where q is the mean overtopping discharge, g the acceleration of gravity, Rc the crest height
relative to the mean sea level, Hs the spectral significant wave height, and γ f and γβ the
roughness and oblique wave attack factors, respectively.

It is worth noting that, in Equation (1), γβ and γ f are given based on the results from
the EU research program CLASH. A priori, γβ is equal to 1, as in the study carried out,
the waves do not act upon the breakwater structure at an oblique angle. However, the
value of γ f is worthy of discussion. From the CLASH results, it is recommended that,
for Antifer blocks, a value of 0.50 should be used for this coefficient. Nevertheless, this
value was attained for an Antifer block configuration that is far more disordered than
that used in this study, where the blocks were aligned carefully both in the longitudinal
and transversal directions (regular placement). This will become more perceivable in the
following sub-section. There is also some data dispersion inherent to the CLASH study
and other limitations in terms of transposition to the study that is the scope of this paper.
As such, an adjustment of the γ f coefficient was performed, aimed at approximating
the relative overtopping rate curve (left-hand side of Equation (1)) to the experimental
values, first for the case without the WEC, and aimed at minimizing the root mean square
error (RMSE). Afterwards, the data for the case with the WEC integrated were considered
(Figure 7).
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Figure 7. Relative overtopping rate curves following the mean value approach using a roughness
coefficient of 0.50 (left-hand side, reference from EurOtop manual) and 0.77 (right-hand side).
Overtopping discharge variation for each sea state (bottom) with the integration of the HWEC.

It was found that, for the case study of the Port of Leixões, a value of about 0.66
and 0.77 for the roughness coefficient would yield the best curve approximation for the
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experimental data, with and without the HWEC, respectively (see Figure 7, which includes
5% variability curves, in accordance to the EurOtop manual). These values were computed
with the assistance of the non-linear generalized reduced gradient solver engine, which
minimized the RMSE (1.07 × 10−5 and 1.11 × 10−5, respectively). These γ f values are
larger than the recommended value of 0.50. This result is justified by the more regular
arrangement of the blocks in the armour layer in comparison to the CLASH experiments.
The Antifer arrangement in the Leixões case study creates a smoother surface, somewhat
comparable to a ramp, thus leading to higher values of the relative overtopping rate.

The results from Figure 7 also demonstrate a small, yet important overall reduction in
the relative overtopping rate with the introduction of the WEC. In fact, it was estimated that
the HWEC enabled an average reduction of about 50% in the mean overtopping discharge
for the considered test conditions (Figure 7), if SS1 for the MHWS is not considered. Even
so, for this particular case, the attained variation was attributed to the usual uncertainty in
the prediction of overtopping discharges [34], especially high for very low discharge data,
which typically show a wider variability.

From a practical perspective, it is also pertinent to address the hypothetical use of the
breakwater’s inner side for different port related activities as well as the potential risks
that are inherent to the occurrence of extreme sea states. Currently, the north breakwater
of the Port of Leixões shelters from wave action an oil terminal, yet the extension project
foresees, in essence, the improvement of the accessibility and navigation conditions within
the harbour area. Hence, presently, no specific use of the extension is expected regarding
road traffic, pedestrians, and alike activities, excepting those required for the construction
and maintenance of the new structure. However, the situation may change in the future,
as in the past, with the construction of the oil terminal of Leixões in the lee side of the
existing north breakwater (Figure 1b). In that scenario, given the measured overtopping
volumes and average discharges, the usage of interior areas of the north breakwater’s
extension would need to be severely restricted during rough environmental conditions.
This is perceivable from Figure 8, which is based upon the limits recommended in the
Coastal Engineering Manual [21].

Even by considering the thresholds provided by the Rock Manual [20] or the EurOtop
Manual [39], access to pedestrians and vehicles would be deemed unsafe during the occur-
rence of extreme wave conditions (overtopping discharges exceed limits by, at least, two
orders of magnitude). The berthing of small ships is also ill-advised for those conditions.
The introduction of the HWEC into breakwater, albeit reducing the overall overtopping
discharges, is insufficient to eliminate the need for additional measures to reduce the risks
linked to overtopping. In addition, it will be important to adequately plan the construction
process of the breakwater.

The aforementioned reflection analysis routine was employed for the estimation of the
reflection coefficients, Kr (Figure 9). From the results, it is perceivable that the introduction
of the HWEC leads to an overall reduction in the reflection coefficient for MLWS, while an
increment is observed for MHWS. This could be justified by the structural design of the
hybrid solution:

• For MLWS, the overtopping discharges are partially received by the HWEC’s reser-
voirs. This exhibits a greater effect than that associated with reflections or energy
dissipations by the original breakwater armour layer;

• For MHWS, significant volumes of overtopping discharges are still received by the
reservoirs. However, given the higher waterline level, the overtopping flow easily
reaches the upper section of the HWEC. The reflections upon the crest’s vertical
sections are responsible for the increment of Kr.

The order of magnitude does not vary considerably (0.28 to 0.42, approximately) and
tends to stabilize beyond SS1. Additionally, although the significant wave height continues
to increase, the peak wave period is conserved (16 s), which is in agreement with the
evolution pattern of Kr.



J. Mar. Sci. Eng. 2021, 9, 922 10 of 17J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 10 of 18 
 

 

 
Figure 8. Critical values of average overtopping discharges versus experimental data results from 
the Leixões case study, adapted from [21]. 

The aforementioned reflection analysis routine was employed for the estimation of 
the reflection coefficients,  (Figure 9). From the results, it is perceivable that the intro-
duction of the HWEC leads to an overall reduction in the reflection coefficient for MLWS, 
while an increment is observed for MHWS. This could be justified by the structural design 
of the hybrid solution: 
• For MLWS, the overtopping discharges are partially received by the HWEC’s reser-

voirs. This exhibits a greater effect than that associated with reflections or energy 
dissipations by the original breakwater armour layer; 

• For MHWS, significant volumes of overtopping discharges are still received by the 
reservoirs. However, given the higher waterline level, the overtopping flow easily 
reaches the upper section of the HWEC. The reflections upon the crest’s vertical sec-
tions are responsible for the increment of . 

  

Figure 8. Critical values of average overtopping discharges versus experimental data results from
the Leixões case study, adapted from [21].

J. Mar. Sci. Eng. 2021, 9, x FOR PEER REVIEW 11 of 18 
 

 

 
Figure 9. Reflection coefficients with and without the HWEC. 

The order of magnitude does not vary considerably (0.28 to 0.42, approximately) and 
tends to stabilize beyond SS1. Additionally, although the significant wave height contin-
ues to increase, the peak wave period is conserved (16 s), which is in agreement with the 
evolution pattern of . 

3.2. Structure’s Stability 
The analysis of the structural stability of the breakwater requires a comparison be-

tween the design solutions for the north breakwater extension with and without the inte-
gration of the hybrid OWEC–OWC device. It is crucial that the introduction of the WEC 
does not significantly weaken, considering a worst-case scenario, the structural stability 
of the rubble-mound breakwater, given its key importance as a sheltering structure of the 
innermost areas of the seaport. For the Port of Leixões case study, the armour layer and 
toe berm of the outer sections of the structure, composed of Antifer concrete blocks, are of 
particular interest. Any movements, rotations, or excessive damage require repositioning 
and/or replacement of those blocks. Therefore, it is crucial to identify sections susceptible 
to these occurrences, particularly for severe wave climate, and quantify the motions and 
number of blocks that have moved over the various tests. 

A preliminary analysis of the evolution of the toe berm (light green blocks) and the 
outer amour layer (remaining blocks) of the breakwater is perceptible in Figure 10, for 
both the tests associated with MLWS and MHWS. It is noticeable that the outer armour 
layer has very small changes, both with and without the WEC; however, there are im-
portant changes that can be observed on the toe berm blocks. In the absence of the WEC, 
only three of these blocks were considerably displaced, and the number did not increase 
going from MLWS to MHWS tests. In contrast, when the WEC is integrated into the break-
water, the number of displaced blocks increases significantly. Moreover, unlike the previ-
ous case, there is an increment of the number of displaced blocks from the toe berm when 
comparing the final tests of MLWS and MHWS levels. The blocks are also shifted further 
away from the physical model. 

Figure 9. Reflection coefficients with and without the HWEC.

3.2. Structure’s Stability

The analysis of the structural stability of the breakwater requires a comparison be-
tween the design solutions for the north breakwater extension with and without the
integration of the hybrid OWEC–OWC device. It is crucial that the introduction of the WEC
does not significantly weaken, considering a worst-case scenario, the structural stability
of the rubble-mound breakwater, given its key importance as a sheltering structure of the
innermost areas of the seaport. For the Port of Leixões case study, the armour layer and
toe berm of the outer sections of the structure, composed of Antifer concrete blocks, are of
particular interest. Any movements, rotations, or excessive damage require repositioning
and/or replacement of those blocks. Therefore, it is crucial to identify sections susceptible
to these occurrences, particularly for severe wave climate, and quantify the motions and
number of blocks that have moved over the various tests.
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A preliminary analysis of the evolution of the toe berm (light green blocks) and the
outer amour layer (remaining blocks) of the breakwater is perceptible in Figure 10, for both
the tests associated with MLWS and MHWS. It is noticeable that the outer armour layer has
very small changes, both with and without the WEC; however, there are important changes
that can be observed on the toe berm blocks. In the absence of the WEC, only three of these
blocks were considerably displaced, and the number did not increase going from MLWS
to MHWS tests. In contrast, when the WEC is integrated into the breakwater, the number
of displaced blocks increases significantly. Moreover, unlike the previous case, there is
an increment of the number of displaced blocks from the toe berm when comparing the
final tests of MLWS and MHWS levels. The blocks are also shifted further away from the
physical model.
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The stability of the outer armour layer and toe berm of the breakwater was analysed
through the application of methods recommended in the literature [21]. An initial assess-
ment involved the quantification of the damage number, Nod, defined as the number of
displaced units within a breakwater strip with a width of Dn, and the stability number, Ns,
a commonly used parameter to assess structural stability under wave attack [25]:

Nod =
Ndis

W/Dn
(2)

Ns =
Hs

( ρs
ρw
− 1)Dn

= (1.6 + 0.24
hb
Dn

)N0.15
od (3)

where Ndis represents the number of units displaced out of the armour layer or toe berm,
W the width of the reference section, Dn the nominal diameter of the blocks, hb the water
depth at the top of the toe berm, and ρs and ρw the mass density of the blocks and water,
respectively. Considering that Antifer blocks were used in this study, Dn was calculated as
the equivalent cube length. Equation (3) refers to the stability of a toe berm formed by two
layers of stone with density of 2.68 t/m3, which was deemed the most suitable empirical
formula for the present study.

The analysis was supported by video recordings and photographs such as those
presented in Figure 10, covering the sections of interest. These were taken during the same
tests discussed in the previous sub-section. The comparison was made by matching the
results, for equivalent wave conditions, of the physical model with and without the WEC,
as seen in Figure 11.
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Regarding the analysis of the toe berm blocks, the values are cumulative and for the
whole toe berm, following the order of the tests from MLWS to MHWS (Table 1). Even so,
it is noticeable that, without the WEC, there is a gradual increment of the Nod for MLWS
level as the significant wave height increases, yet it remains unchanged for MHWS (0.19),
as it reaches an equilibrium state, as discussed previously. In contrast, the Nod values with
the WEC are much higher for both sea levels, with a maximum of 0.56 and 0.75 for MLWS
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and MHWS, respectively. Furthermore, the increment curve is less steep for MLWS, and
block motion is recorded during MHWS tests with the WEC. Lastly, the stability number is
slightly higher, overall, with the introduction of the WEC. The values range between 1.97
and 2.47/2.83 (MLWS/MHWS) and 0.00 and 2.09/2.30 (MLWS/MHWS) in the presence
and absence of the WEC, respectively. Both limits are within the recommended threshold
of 1 to 4 for statically stable breakwaters, a category into which rubble-mound breakwaters
are included [20,21]. However, the toe berm may safely allow values above that range.
Concerning the armour layer, no significant displacement of units was observed, leading
to Nod values always equal to zero. As such, little to no damage is expected to occur at the
armour layer under current design conditions, either with or without the WEC. Even so,
the toe berm has not reached a complete stability state, and additional damage could occur
if more tests were to be carried out. Consequently, this does not remove the possibility of
structural failure, although no block motion was recorded for the armour layer blocks, with
and without the WEC. The increment in the reflection coefficients also hints towards the
potential generation of a stronger seaward current responsible for the additional damage
at the toe berm, with the HWEC. This should be further assessed in follow-up studies.

For Antifer cubes on the toe berm, the reference value of damage start is 0.5, for
Nod, and 2.42 to 2.67, for a corresponding Ns, considering the MLWS and the MHWS,
respectively [21]. While the scenario without the WEC remains below these thresholds,
even after the last test with MHWS, the integration of the WEC leads to an increase
in Nod and NS slightly beyond the upper limits, even when the whole cross section is
considered. The damage number further increases and reaches a maximum of 0.75, an
intermediate value between the damage start level and the acceptable damage level, which
has a threshold of 2. The corresponding Ns is 2.83, for the obtained damage number, and
3.28, for the MHWS threshold (2.98 for MLWS). Even so, for the whole cross section, neither
case leads to a situation where the Nod reaches or exceeds the “severe damage level”, since
the values are all far below 4 (3.31 to 3.64, for a corresponding Ns). In summary, the Nod
and Ns in the absence of the WEC are, in accordance to Table VI-5-46 of the CEM [21], in
the “no damage” case. With the WEC, “no damage” is mostly associated with the MLWS,
while the MHWS yields only the “acceptable damage” case.

Nevertheless, it is important to take into account that the breakwater with the WEC
integrated has a non-uniform cross-section, and the toe berm presents a distinct behaviour
in front of the hybrid WEC (Figure 10). Figure 12 presents the evolution of the Nod
parameter for the two stretches: in front of the WEC and remaining stretch, with maximum
values of 0.87 and 0.62, respectively. It can be seen that while for the conventional cross-
section Nod is safely below the start of damage threshold, at first, in front of the hybrid WEC,
the toe berm is very close to the moderate damage condition. For the final layout, however,
the damage number in front of the WEC stabilizes, but it increases to 0.62 for the adjacent
cross-section, thus overcoming the moderate damage condition. These preliminary results
reveal that methodologies that were developed for the analysis of conventional breakwater
structures should be applied with care when WECs are integrated, forming non-uniform
structures with completely different behaviours that should be analysed independently,
to ensure the overall stability of the structure. The evaluation should also account for a
significant duration and range of extreme wave conditions, given the evolution of Nod
attributed to each reference stretch of the toe berm.
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4. Conclusions

In this paper, the integration of a hybrid OWEC–OWC wave energy converter device
into the north breakwater at the Port of Leixões was analysed. The influence of such a
combination in terms of structural stability and functionality of the rubble-mound break-
water was addressed and discussed, following the recommendations from the literature on
the subject.

From a functional perspective, the integration of the hybrid concept denotes a benefi-
cial contribution to overtopping volume mitigation, with an average reduction of about
50% for the tested conditions. Furthermore, the dimensionless discharge was compared
to the overtopping prediction formula from EurOtop II. The results with and without the
WEC both yielded roughness factors above the recommended value for Antifer blocks,
given the regular placement of the armour layer blocks and the smooth surface of the WEC
structure. In contrast, the overtopping results exceed the recommendations of the Rock
Manual, the EurOtop II Manual, and the Coastal Engineering Manual regarding safety
towards pedestrians (including trained staff), vehicles, equipment, and vessel access, being
at least two orders of magnitude above the thresholds. Hence, if the function or use of the
structure (i.e., the north breakwater extension) is changed in the future, it may be necessary
to introduce particular modifications in the structural solution, namely, in terms of the
crest’s shape (assuming the implantation of the WEC) and armour layer block layout. This
is dependent upon the intended usage of the inner area of the breakwater extension and
the crest, which is currently foreseen to be very limited. Concerning wave reflections, the
introduction of the HWEC led to an increase/decrease in Kr for MLWS/MHWS, respec-
tively. These were a consequence of the HWEC’s design, namely, the sloped reservoirs
(MLWS) and the upper part of the HWEC module, which exhibit an essentially vertical
configuration (MHWS). This should be carefully analysed in an eventual deployment stage,
as it could affect the local navigation conditions and wave regime.
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The structural stability analysis indicates that the introduction of the WEC has a
negative impact on the stability of the toe berm of the breakwater, although the armour
layer was not affected in a significant way (no relevant movements in the armour layer
blocks). The level of damage is greater for the case with the WEC device integrated into the
breakwater, yet the damage number and stability number values are lower than the failure
level threshold when the whole toe berm is considered. At worst, an “acceptable damage”
is obtained, and mostly for the MHWS with the WEC. A more specific analysis, dividing
the toe berm in two parts, reveals higher damage numbers in front of the WEC, particularly
for the MLWS, highlighting the fact that traditional damage assessment methods should
be applied with care when non-conventional structures are analysed, such as breakwaters
with integrated WEC. The original toe berm solution should also be redesigned, in order
to ensure that the risk of failure is mitigated, as well as that of scouring. This should be a
feasible option, as the inherent costs are expected to be low in comparison with the costs of
the armour layer.
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