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Abstract. Coastal areas are an apprized environment by society that will continue
to expand rapidly. Traditional coastal protection structures are commonly de-
ployed to protect coastal areas endangered by natural extreme weather events.
However, due to their limited efficiency and very high costs, more efficient and
sustainable strategies to deal with coastal erosion are imperative.

This research work focuses on the assessment of engineering solutions to miti-
gate and delay coastal erosion. Three different structure geometries (triangular
prism shape, single detached breakwater and group of two detached breakwaters)
are analysed on a realistic bathymetry, using a combination of numerical models
(SWAN and XBeach) to study the influence of those structures on the coastal
hydro- and morphodynamics. SWAN was used for hydrodynamics and XBeach
for hydrodynamics and morphodynamics assessments. In addition, a comparison
between SWAN and XBeach hydrodynamics results was also performed.
Structures considered in this study have regular shaped geometries, and are char-
acterized in terms of their efficiency regarding wave height and wave energy dis-
sipation considering different wave regimes and performance in terms of long-
term beach morphodynamic impact (sediments accumulation and erosion). The
analysis is concentrated in two scenarios, one for low and the other for highly
energetic hydrodynamics (the most challenging to coastal zones defence). The
obtained results allowed classifying their performance in terms of the impact on
wave energy and wave height dissipation, and sediment erosion/deposition pat-
terns.
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1 Introduction

Coastal areas are a much-appreciated environment by society, and support a large
amount of economic and leisure activities [1]. Due to coastal ecosystems vulnerability
to natural and anthropogenic hazards, a range of challenges, including coastal erosion
and rapid urbanization are contributing to their environmental degradation [2]-[4].
Projections presented by the Intergovernmental Panel on Climate Change (IPCC)
indicate that global climate change may rise sea level, and, in some areas, increase the
frequency and severity of storms [5]. Coastal protection on zones prone to shoreline



retreat due to high tide/wave energy action and high sediment transport deficit may
involve different solutions to control coastal erosion. However, traditional hard struc-
tures are not necessarily the most adequate solution since they can generate adverse
effects such as: aggravation of erosion downdrift; disturbance of sediment supply and
beach reduction; and adverse visual impacts [6], [7]. Coastal defence structures should
contribute to the dissipation of wave energy before reaching the beach, minimizing, this
way, erosion. It is important to highlight that the implementation of coastal structures
may locally reduce risks of exposure to sea action, but does not eliminate them, and
these should not be used as an excuse to allow building in areas of risk.

Behind the search for more efficient and sustainable strategies to deal with coastal
retreat, this study focuses on a comparison between the performance of two traditional
coastal protection solutions (single detached breakwater and group of two detached
breakwaters) and a different structure shape on a particular coastal stretch. In order to
analyse the hydro- (wave height and wave energy dissipation) and morphodynamics
(sediments accumulation and erosion areas) of the structures and beach interactions,
two computer programs were used: SWAN [8] for hydrodynamics and XBeach [9] for
hydrodynamics and morphodynamics. In addition, a comparison between SWAN and
XBeach hydrodynamics results was also performed, using three SWAN models for
each one of the assessed structures and three XBeach models for the same structures.

2 Methodology

2.1  SWAN and XBeach numerical models

SWAN (Simulation WAves Nearshore) can be used as stand-alone application, but it is
also included in the Delft3D 4 Suite [10]. SWAN [8] is a spectral wave model for ob-
taining realistic estimates of wave propagation in coastal areas, lakes and estuaries. The
model is based on the wave action balance equation, and simulates the wave propaga-
tion from deep waters to the transition zone considering the physical processes of re-
fraction, diffraction, shoaling, currents interaction, wave growth by wind action, wave
breaking under the influence of excess slope, power dissipation due to bottom friction,
blocking and reflection by opposing currents and transmission through obstacles. The
spread of wave propagation in stationary or non-stationary modes, in the geographical
and spectral spaces is performed using implicit numerical schemes. The data required
for the implementation of SWAN are bathymetry of the model area and wave condi-
tions at the open boundaries. Among the several results obtained by SWAN, these are
the ones that stand out: significant wave heights (Hs), peak and average time periods
(T), peak and average directions, directional dispersion, and level of water anywhere in
the computational domain [11]. The application of SWAN at ocean scales is not rec-
ommended from an efficiency point of view. SWAN does not calculate wave-induced
currents, and is not applicable to shallow waters (it is only valid to deep and transitional
waters).



XBeach [9] numerical model is used for the computation of 2D-horizontal nearshore
hydrodynamics due to wave propagation, including surf-beat (long period waves), av-
erage flow, and wave-induced currents in combination with non-cohesive sediment
transports, overwash (wave uprush over a natural or artificial coastal barrier), scour
around hard structures, and morphological changes of the nearshore beaches and dunes
during storm events. XBeach concurrently solves the time-dependent short wave action
balance, the roller energy equations, the nonlinear shallow water equations (NSWE) of
mass and momentum, the sediment transport and bed change equations. As boundary
conditions, XBeach requires tidal levels, deeper-water (outside the surf zone) wave
conditions and bathymetry [12]. Users are allowed to choose which mode options to
implement: stationary wave mode, surf-beat mode (instationary), and non-hydrostatic
mode (wave-resolving: the most computationally expensive mode, because it requires
higher spatial resolution and associated smaller time steps) [13]. Further information
on these modes can be consulted in [14]. The model accounts for feedback between the
evolving bathymetry and the hydrodynamics at each time step.

2.2  Simulated Scenarios

For this study, three different geometries for coastal protection structures were ana-
lysed. For better understanding the performance of a different shaped structure (Fig.
1a), the impact of this structure on a coastal zone was compared with a typical detached
breakwater (Fig. 1b) and a group of detached breakwaters (Fig. 1c). The case study
developed by [15] is taken as a reference for the modelling of the different shaped
structure that resembles a triangular prism, where the structure performance was con-
ducted in terms of ‘surfability’ and coastal protection. [15] analysed the performance
of two triangular prism structure geometries differing in their opening angles (45° and
66°) for two different incident wave conditions (frequent wave: Hs=1.5, T=9s; and
storm wave: Hs=4, T=15s) and concluded that both geometries contribute to sedimen-
tation. For the current study, results analysis will focus on coastal protection purposes
and it will consider the structure geometry of 45° opening angle due to its wider shadow
zone benefits for coastal protection. As geometrical considerations, all structures share
the same length (250m), except the two detached breakwaters in Fig. 1c that presents a
third of the length considered in the other structures (83m). The detached breakwaters
were designed to have a crest width of 10m and side-slopes of 1:2, which are repre-
sentative of regular structures of this type as presented in [16]. The triangular prism
structure followed [15] design with a crest width of 75m and side slopes of 1:10. All
structures have their crests submerged at -1.5m relatively to mean sea level and are
located at the same distance from the shoreline (440m).

In order to study the structure’s influence on significant wave heights attenuation
and sediments accumulation, a realistic bathymetry was used for the model simulations,
based on [15]’s study. Regarding model conditions, the computational domain is
1670m x 1870m (crosshore x longshore) with a node spacing of dx=dy=5.0m for both
hydro- and morphodynamics analysis. The total simulation time was two hours for the
hydrodynamics analysis (using SWAN and XBeach) and one day for morphodynamics



(XBeach) with a morphological acceleration factor to speed up the morphological time
scale relative to the hydrodynamic timescale (morfac) of 50.
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Fig. 1 Geometrical shapes considered in this study (upper panel: plan view; lower panel: cross-section):
a) triangular prism structure; b) regular detached breakwater; c) group of detached breakwaters.

The study by [17] on the simulation time for morphodynamics has concluded that the
necessary time (in days) to study the morphological development process of a signifi-
cant salient due to a detached breakwater placed 500m away from the shoreline was
seventy-five days with a morfac equal to 100 (approximately twenty years). Even
though the simulation time considered in this study is significantly shorter than the
[17]’s (justified by the need to reduce calculation time), it is adequate to study the sed-
iments transport tendency to erosion or accretion.

For hydrodynamics (using SWAN and XBeach), the frequent wave and the storm
wave conditions considered in [15] were adopted in this study, with waves incoming
from the West direction (270°), while the tide level considered was Om (mean sea level).
For morphodynamics analysis (using XBeach), only the frequent wave scenario was
analysed, in order to give insights on the response to a mean wave climate. Regarding
seabed composition, the sediments dimensions considered were 200um for Dso and
300um for Dy, being Dse and Dgg common metrics used to describe particle size distri-
butions. In this case, Dsp means that 50% of the sample has a size of 200pum or smaller
and Dgo that 90% has a size of 300um or smaller. Boundary conditions for SWAN
model (hydrodynamics) were defined for North, West and South boundaries (frequent
and storm wave conditions), while for XBeach model (hydrodynamics and morphody-
namics) absorbing-generating (weakly-reflective) boundary in 2D (abs_2d) for front
and back boundaries, and wall boundary condition (simple no flux boundary condition)
for left and right boundaries were defined. In XBeach model the left and right designa-
tions correspond to North and South, while front and back to West and East, respec-
tively.

For hydrodynamics (SWAN and XBeach), the wave type considered was a
JONSWAP spectrum, whereas for morphodynamics (XBeach) the stationary mode was
selected. The consideration of stationary mode is justified by the need to reduce model
calculation time for morphodynamics. The numerical model results obtained by the
SWAN model are the significant wave heights, while XBeach model estimates the sed-
iments accumulation and erosion near shoreline as well as the bed level. XBeach pre-
sents Hyms Values (root mean square wave heights), which require a conversion to Hs



(significant wave heights), in order to be compared to SWAN hydrodynamics results.
The wave energy dissipation also requires separate calculation.

3 Results and discussion

3.1 Hydrodynamics

Numerical simulations for the analysis of significant wave heights dissipation for
two different scenarios (frequent wave and storm wave conditions) were performed
for each structure: triangular prism structure (Figs. 2al and 2a2), detached break-
water (Figs. 2b1 and 2b2) and group of detached breakwaters (Figs. 2c1 and 2c¢2).
Comparatively to a situation without structure, an analysis of the influence of each
structure on the significant wave heights on a storm wave condition was also per-
formed (Figs. 2a3, 2b3 and 2c3). For a more legible analysis, the presented results
are centred in a limited window around the structures. The contour lines are also
depicted in all presented results.

From the results presented in Fig. 2, wave shoaling (increase of the wave height)
in every structure shape is evident due to a decrease of the depth. This phenomenon
is visible at the apex of the triangular prism structure for both wave conditions
(represented with number 1 in Figs. 2al and 2a2); at the North extremity of the
detached breakwater and group of detached breakwaters for the storm wave condi-
tion (represented with number 2 in Figs. 2b2 and 2c2); a small wave shoaling along
the detached breakwater for both wave conditions (represented with number 3 in
Figs. 2b1 and 2b2), and also a small wave shoaling along the group of detached
breakwaters for both wave conditions (also represented with number 3 in Figs. 2cl
and 2c¢2). A more intense variation of bottom elevation due to the presence of the
detached breakwaters near the North extremities, relatively to the South extremi-
ties, may explain the wave shoaling at this particular area (2). The most evident
wave shoaling is at the apex of the triangular prism structure (1), while on the other
mentioned cases (2 and 3) the differences are more subtle. Regarding significant
wave heights decrease, it is clear the effect for every structure shape under both
wave conditions. This dissipation is more significant for the storm wave condition.
For the triangular prism structure, a progressive increase on significant wave
heights is visible from the structure inward (protected) extremity to position
1.45km for frequent wave condition (represented with number 4 in Fig. 2al) and
1.28km for storm wave condition (also represented with number 4 in Fig. 2a2).
After the position 1.28km for storm wave condition, the significant wave heights
progressively decrease towards shoreline. These phenomena are explained by the
shoaling and breaking due to depth decrease. For the detached breakwater this phe-
nomenon is not visible for the storm wave condition, but it is present for the fre-
quent wave where an increase of significant wave height is perceptible from the
structure inward extremity to position 1.42km (also represented with number 4 in
Fig. 2b1). From this position towards shoreline, the significant wave heights de-
crease gradually.
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Fig. 2 Significant wave heights dissipation for frequent wave condition: triangular prism structure (al);
detached breakwater (b1), and group of detached breakwaters (c1); and storm wave condition: trian-
gular prism structure (a2), detached breakwater (b2), and group of detached breakwaters (c2). Signifi-
cant wave heights difference with and without any structure on a storm wave condition: triangular
prism structure (a3), detached breakwater (b3), and group of detached breakwaters (c3).

Finally, for the group of detached breakwaters a small increase on the significant
wave height is visible from the structure inward extremity to position 1.21km for
the storm wave condition (also represented with number 4 in Fig. 2¢2), and also an
increase of significant wave height from the structure inward extremity to position
1.42km for the frequent wave condition (also represented with number 4 in Fig.
2cl). After those positions, the significant wave heights decrease towards shore-
line. Results for the North and South detached breakwater from the group of de-
tached breakwaters are similar.

Relatively to the influence of a structure on significant wave heights, it is clear
that all structures contribute to a decrease and that the triangular prism structure
reduces significant wave heights at a larger scale (Fig. 2a3) than the detached
breakwater and group of detached breakwaters. On the group of detached breakwa-
ters, even though there is a gap between the structures, a small significant wave



height reduction at the inward side is observable in Fig. 2¢c3 (represented with num-
ber 5). Near the shoreline, although the three cases (Figs. 2a3, 2b3 and 2c3) do not
present any significant differences, it can be concluded that the triangular prism
structure presents a more significant and larger shadow zone than the other two
solutions. This effect can bring protection benefits if the structure is positioned
closer to shoreline.

The XBeach numerical results for root mean square wave heights (H:ms) were con-
verted to significant wave heights (Hs) using Eq. (1) [18].

Hg = V2 x Hyps @

The plots depicted in Fig. 3 present the similarities and differences between the
significant wave heights results for SWAN and XBeach. The plots show the results
for a cross-section at each structure. Results for the South detached breakwater
from the group of detached breakwaters are not presented in this study due to results
similarity to the North structure. The indicated values in the plots were selected for
four positions: before, immediately before, immediately after and after the struc-
tures. The vertical lines plotted represent relevant seabed slope changes.

As mentioned before, the wave shoaling due to a sudden depth change immedi-
ately before the structure is visible for all cases with both numerical models. From
the analysis of Fig. 3, it is clear that both SWAN and XBeach simulate this phe-
nomenon for all structures and that for the all storm wave conditions, SWAN sim-
ulates a small wave shoaling due to the slope change at positions 625m and 1125m,
and a wave shoaling for all frequent wave condition at position 1125m. The XBeach
model only represents a significant wave shoaling for the frequent and storm wave
condition for the triangular prism structure at position 1125m.
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Fig. 3 Comparison between SWAN and XBeach significant wave height results for frequent
(Hs=1.5m, T=9s) and storm (Hs=4m, T=15s) conditions for: triangular prism structure (Section A-A),
detached breakwater (Section B-B) and North detached breakwater from the group of detached break-
waters (Section C-C).

Egs. (2), (3) and (4) were, respectively, applied in order to proceed to: an overall
comparison between SWAN and XBeach hydrodynamics results (A); an overall
percentage of significant wave height results reduction before and after the struc-
tures for both wave conditions (a); and their wave energy reduction results (B). EQ.
(5) represents the wave energy equation (E) used for this study.

A swan-xpeacn = Hs swan — Hs xBeacn (2)

a = (Hs gefore — Hs agter)/Hs Before % 100 3)
B = (E before = E agter)/ E sefore X 100 (4)
E == (pgH?) (5)

where Aswan-xgeach IS the comparison between significant wave height results between
both models for a specific location (m); Hs swan and Hs xgeach are the significant wave
height computed by, respectively, SWAN and XBeach model for a specific location
(m); a is the numerical model H;s reduction for a specific location (%); Hs sefore and Hs
after are the significant wave height, respectively, before and after, a structure (m); B is
the numerical model E reduction for a specific location (%); Egefore and Easer are the
wave energy, respectively, before and after, a structure (J/m?); E is the wave energy
per unit area (J/m?); p is the water density (kg/m®); g is the gravity acceleration
(m/s?); and H is the wave height (m). Considering pseawater= 1025kg/m? and g= 9,81
m/s? the wave energy was computed for all scenarios.

From Fig. 3 and using Eq. (2), it is clear that for the frequent wave condition,
the SWAN results before the structures (triangular prism; detached breakwater; and
group of detached breakwaters) calculates smaller significant wave heights than the
XBeach model (-0.05; -0.05; -0.05), and greater significant wave heights after the
structures (0.19, 0.18, 0.28). For the storm wave condition, SWAN model computes
greater significant wave heights than the XBeach model before (0.42; 0.42; 0.44)
and after (0.15; 0.23; 0.25) the structures.

Regarding the difference between significant wave heights before and after the
structures, using Eq. (3), XBeach presents greater reduction values than the SWAN



model. Similar reduction values for significant wave height (SWAN, XBeach) can
be seen for the storm wave conditions [(62.16%, 62.85%); (58.75%, 60.30%);
(56.71, 58.43%)], while for the frequent wave condition significant differences are
evident [(23.30%, 38.21%); (16.77%, 31.00%); (5.40%, 26.84%)] (triangular
prism; detached breakwater; and group of detached breakwaters). For both scenar-
ios, the triangular prism structure has the best performance, due to higher reduction
values, whereas the group of detached breakwater is the least effective.

Overall, for extreme wave conditions, results for significant wave height reduc-
tions for both SWAN and XBeach models are similar, which indicates that, even
though the significant wave heights calculated are different, the performance for
each structure is comparable. Since wave energy is proportional to wave heights
(Eq. (5)), the same conclusion for wave energy can be taken (Eq. (4)).

3.2 Morphodynamics

One of the suggestions proposed by [15] was to study morphodynamics around the
structure to enable a deeper understanding on sedimentation and erosion areas. In order
to develop that study, XBeach morphodynamic models for each one of the structures
were performed. Also, a study developed by [17] where the XBeach model was used
to analyse salient and tombolo formations for different detached breakwater condi-
tions was considered for testing the results quality and ensure the adequate models
conditions.

Numerical simulations for the analysis of cumulative sedimentation and erosion
for the frequent wave condition were conducted for each shape: triangular prism
structure (Fig. 4al), detached breakwater (Fig. 4b1) and group of detached break-
waters (Fig. 4cl). Figs. 4a2, 4b2 and 4c2 show the bed level evolution at the end
of the XBeach simulation for each structure shape. The study was performed for one
day with a morfac of 50, which insights results for fifty days. The simulations were
taken for a frequent wave condition and the results presented are cropped for a more
legible analysis. From the results depicted in Figs. 4al, 4bl, and 4c1, it is evident the
most significant erosion areas immediately after the triangular prism structure (1) (over
-0.9m); outwards the detached breakwater and group of detached breakwaters (2) due
to waves reflection (-0.1m); at the North and South extremities of the detached break-
water and group of detached breakwaters (3) due to waves diffraction (-0.1m); and
downdrift near the shoreline of all the three structures (4) (-0.3m). Along the shoreline,
a very small erosion with the same magnitude (-0.1m) for the three scenarios is also
evident. Outwards the triangular prism structure (5), it is also noticeable a slight erosion
due to waves reflexion (-0.1m). Regarding the erosion on the detached breakwater and
group of detached breakwaters (marked with numbers 2 and 3), it is noticeable a more
intense phenomenon on the detached breakwater scenario. These erosion areas near
the structures may put at risk the structures stability due to scouring. Near the shore-
line, the downdrift erosion on the detached breakwater and group of detached breakwa-
ters scenarios (4) is slightly more intense than the erosion in the triangular prism struc-
ture scenario (4). In the group of detached breakwaters there is no erosion at the gap
between the structures.
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Fig. 4 Cumulative sedimentation and erosion for frequent wave condition: triangular prism structure
(al); detached breakwater (b1), group of detached breakwaters (c1). Bed level for frequent wave con-
dition: triangular prism structure (a2); detached breakwater (b2), group of detached breakwaters (c2).

Regarding sedimentation areas, it is visible a significant sediments accretion of
0.2m inwards the triangular prism structure (6) immediately after the erosion area,
which may suggest that part of the sediments on the eroded area settled further
ahead. Along the shoreline, in the triangular prism structure there is a significant
sedimentation updrift and downdrift the structure (7) (0.2m), while on the detached
breakwater and group of detached breakwaters the corresponding sedimentation (7)
is located at the structures protected region. Immediately after the detached break-
water and group of detached breakwaters (6) there is also a slight sediments accre-
tion (0.2m). From the results presented in Figs. 4a2, 4b2, and 4c2, it can be con-
cluded that there were no significant changes in morphology in all scenarios, except
for immediately after the triangular prism structure (Fig. 4a2) where the erosion (1)
and sedimentation (2) phenomena altered the bed level.

4 Conclusions

This study aimed to assess the performance of a triangular prism structure and two
traditional coastal protection solutions in dissipating wave energy and protecting
the beach using numerical models implemented with SWAN and XBeach. In addi-
tion, a comparison between SWAN and XBeach hydrodynamics results was also
performed. The triangular prism structure characteristics were based on a previous
[15] research work, and all structures analysed were simulated for storm and frequent
wave conditions. Regarding significant wave heights results, a substantial decrease
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between before and after every structure shape is clear for both wave scenarios
(especially during storm wave conditions), which indicates that all structures have
great influence on reducing significant wave heights and wave energy. Amongst all
structures, for both scenarios, the triangular prism was the best for reducing signif-
icant wave heights at a larger scale and a larger shadow zone compared to the de-
tached breakwater and group of detached breakwaters, which can bring protection
benefits if the structure is positioned closer to shoreline. The least effective struc-
ture is the group of detached breakwaters.

Comparing both models, it can be concluded that, overall, SWAN numerical
model tends to present greater significant wave heights results; and that XBeach
presents greater percentages of significant wave heights reduction for frequent
wave conditions, and similar values for storm wave conditions. This similarity in-
dicates that, even though the significant wave heights calculated are different, the
performance for each structure is comparable. The same conclusions can be taken
for wave energy results.

Regarding morphodynamics, the obtained results present a favourable tendency
to sediments accretion near the shoreline, and at the inward areas for the three
structures, since the greatest values for sediments accumulation are located at these
sites. The most significant sediments accretion at the shoreline is noticeable for the
group of detached breakwaters, while the largest overall sediments accumulation is
visible for the triangular prism structure. The accretion and erosion patterns along
the shoreline for the three structures scenarios are similar for the fifty days insights.
It is important to note that erosion areas near all structures jeopardise their stability
due to local scouring. In the simulated numerical models, the widely known erosion
effects near the detached breakwaters (simple and group) are evident due to waves
reflection and diffraction phenomena. The obtained results suggest that the longer
the detached breakwater, the more intense the erosion is near the structure. The
largest overall erosion is located inwards the triangular prism structure.

In this study, contrary to [17]’s, patterns of salient formations are not created for
these conditions, since there were no evidences of significant changes in bed level
results. It is important to mention that the author’s study highlighted an emerged
structure, which ensures greater sediments retention, and a seventy-five days sim-
ulation time. For further studies, emerged structures and/or structures placed closer
to shoreline should be better analysed. Also, a longer morphodynamics simulation
time and the consideration of a JONSWAP spectrum for the XBeach morphody-
namics analysis may present more realistic morphodynamics results.
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