Coastal Engineering 200 (2025) 104751

. . - - =
Contents lists available at ScienceDirect

Coastal Engineering

journal homepage: www.elsevier.com/locate/coastaleng

Statistical design of submerged artificial oyster reefs using Design of
Experiments and clustering strategies

Lei Wang ?, Weikai Tan ", Marine Thomas ¢, Felix Leung ¢, Alessandro Stocchino ¢

a Department of Civil and Environmental Engineering, the Hong Kong Polytechnic University, Hong Kong Special Administrative Region of China

b Department of Port, Waterway and Coastal Engineering, School of Transportation, Southeast University, Nanjing 210096, China

¢ The Nature Conservancy Hong Kong Foundation Ltd, Hong Kong Special Administrative Region of China

dSocial Responsibility and Sustainable Development Office, Jockey Club Museum of Climate Change, The Chinese University of Hong Kong, Hong Kong Special
Administrative Region of China

¢ State Key Laboratory on Marine Pollution, City University of Hong Kong, Hong Kong Special Administrative Region of China

ARTICLE INFO ABSTRACT

Keywords:

Artificial oyster reef
Wave dissipation
Nature-based solutions
Clustering strategies

The implementation of artificial oyster reefs as a Nature-based Solution to enhance ecological benefits and
shoreline protection represents a prominent area of research. Nevertheless, the wave attenuation performance
of multiple underwater artificial reefs has yet to be subjected to comprehensive investigation. To address
this gap, we investigated numerically the wave attenuation produced by a sequence of submerged artificial
oyster reefs, taking into account a range of incoming wave conditions and configurations of the artificial
reefs themselves. A large number of simulations have been designed using an approach based on the Design
of Experiment theory, namely the D-optimal approach. The large dataset obtained has been analyzed using
unsupervised machine learning techniques, i.e. the weighted K-means. The results showed a clear separation
of the combinations of physical variables that led to the lowest transmission coefficients. In particular, three
dimensionless variables were identified as being of particular significance for minimizing the transmission
coefficient, namely the submergence of the oyster reefs, the length of the oyster reef in relation to the incident
wavenumber, and the number of oyster reefs. Relative water depth, wave steepness, distance between adjacent
oyster reefs, and seabed slope were found to play a minor role. Based on the results, we suggested an optimal
statistical design strategy in order to reach a wave transmission coefficient as low as 0.5, provided the specific
characteristic of the site (design wave, slope of the shoaling zone, and water depth). These findings will provide
guidance for practical application.

1. Introduction 2023). During the past century, more than 85% of oyster reef habitats

have been lost (Beck et al., 2011). A striking example can be found in

Opyster reefs, as part of the so-called ecosystem engineering (Abascal
et al., 2009; Mitsch, 2012), are widely distributed in temperate and sub-
tropical estuaries as well as shallow marine areas (Tolley and Volety,
2005; Coen et al., 2007). These reefs contribute significantly to water
purification, fish resource enhancement, shoreline erosion mitigation,
carbon sequestration, biodiversity enhancement, and overall ecosystem
stability (Grabowski and Peterson, 2007; Scyphers et al., 2011; Kellogg
et al.,, 2013; Zu Ermgassen et al., 2013; La Peyre et al., 2014). They
play a crucial role in stabilizing intertidal sediments and influencing
hydrodynamic patterns within coastal environments. However, due to
overharvesting, coastal zone development, water pollution, and disease,
most natural oyster reefs face ecological challenges such as habitat
destruction, area shrinkage, and functional degradation (Xu et al.,

the massive loss of natural oyster reefs recently described in European
coastal habitats (Thurstan et al., 2024) as well as South-East Asia (Lau
et al., 2020; Williams et al., 2024). Consequently, there is an urgent
need to implement practical measures to restore oyster reef habitats,
as also demonstrated by the growing interest in policy on local to
international scales (Waltham et al., 2020).

Since the 1990s, numerous oyster reef restoration projects have
been implemented in estuaries, initially focusing on enhancing the eco-
nomic benefits of shellfish (Coen and Luckenbach, 2000). Over recent
decades, the ecosystem service provided by oysters has been extensively
studied (Brown et al.,, 2014; Graham et al., 2017). These projects
often involve constructing mounds from limestone riprap boulders,
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approximately 50 cm in diameter and 1.5-2 meters in height (Pierson
and Eggleston, 2014). The establishment of ecosystems such as the
artificial oyster reef (EAOR), newly developed artificial oyster reef
(NAOR), and non-reef bare substratum (NBS) has demonstrated signif-
icant benefits (Wang et al., 2022). The construction of artificial oyster
reefs offers considerable advantages for the ecosystem (Goelz et al.,
2020) and has emerged as a sustainable solution for soft engineering
coastal protection. Large-scale artificial reef installations have been
conducted in countries such as for Japan, the United States, South
Korea and Hong Kong SAR (Baine, 2001; Hernandez et al., 2018; Lau
et al., 2020; Williams et al., 2024). These initiatives involve placing
structures on the seabed to create suitable habitats for the growth,
development, spawning, and shelter of marine organisms (Lee et al.,
2018). Oyster reefs, thriving in intertidal zones with their complex
structures, are particularly effective at attenuating incident waves,
thereby protecting coastlines from erosion (Bridges et al., 2021). This
makes them a natural underwater breaker and a valuable additional
measure for coastal protection (Morris et al., 2019).

When waves interact with a structure, several processes occur,
including wave breaking, reflection, overtopping, and frictional dis-
sipation. For submerged oyster reefs, the effects of reflection and
overtopping are reduced compared to emerged reefs where wave at-
tenuation is primarily dominated by these process. The geometric
shape of oyster reefs has been shown to resemble that of classical
underwater breakwaters (Van der Meer et al., 2005), which enhances
wave attenuation as waves pass over these submerged structures. Sev-
eral dimensionless parameters have been proposed to describe wave
attenuation caused by artificial breakwaters, offering empirical re-
lationships based on the interaction between waves and submerged
structures (d’Angremond et al., 1996; Seabrook and Hall, 1999; Van der
Meer et al., 2005; Buccino and Calabrese, 2007; Srineash and Murali,
2019). The impact on transmission performance has been attributed
to two key variables (Srineash and Murali, 2019), the ratio of reef
height to water depth (denoted as h,/d by Seabrook and Hall, 1999)
and the ratio of flat reef length to the significant wave height of
incident waves (denoted as B/H; by Van der Meer et al., 2005). As
the length of the flat reef increases, the interactions between waves
and structures become more complex, and the transmission coefficient
decreases as the dimensionless height and length of the flat increase.
For instance, when the ratio of reef height to water depth is less
than 0.8, the transmission coefficient is greater than 0.6. In restoration
project, it has been verified that oyster shell bags exhibit lower wave
transmission coefficients (i.e., better wave attenuation effects) due to
their compact shape and smaller porosity (Hernandez et al., 2018),
compared to oyster balls, oyster wave attenuation devices (WADs), and
oyster BLK (named, “reef block”) (Stokes et al., 2012). The aforemen-
tioned studies primarily focus on single submerged reefs. However,
for multiple submerged reefs, a special phenomenon known as Bragg
resonance (Bragg and Bragg, 1913) must be considered. When specific
conditions are met between the arrangement of certain structures and
the incident waves, Bragg resonance can cause an abnormal increase in
reflected waves, leading to a rapid decrease in transmitted waves (Mei
et al., 1988; Bailard et al., 1992; Lin and Liu, 2005; Xie et al., 2011;
Liu et al.,, 2019). This phenomenon is crucial for the optimization
process in our study. In the present study we intended to overcome
some limitations of previous research, in particular, considering the
effect of multiple submerged reefs while expanding the hydrodynamic
conditions covering fully nonlinear wave-wave interaction during the
wave propagation.

To optimize artificial oyster reefs, it is essential to consider a wide
range of potential independent variables, resulting in numerous com-
binations that need to be calculated. The traditional approach involves
sequentially combining different variables, which is time-consuming.
Therefore, an effective experimental design that can quickly determine
the optimal combinations is crucial. Design of Experiments (DoE) is
a powerful tool for data collection and analysis, based on machine
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learning principles (Telford, 2007). It allows for the simultaneous ma-
nipulation of multiple input factors, enabling the determination of their
effects on a desired output (response). By manipulating multiple inputs
concurrently, DoE can identify significant interactions that might be
overlooked when experimenting with one factor at a time. This method
can investigate all possible combinations (Full Factorial) (Kabagire and
Yahia, 2018; Haddaji et al., 2022) or only a subset of the possible
combinations (Fractional Factorial) (Hawkins and Lye, 2006). DoE
has been widely applied in academic experimental research and has
demonstrated great potential for application (Ba-Abbad et al., 2013;
Berger et al.,, 2017; Bowden et al., 2019; Jankovic et al., 2021).
However, its use in ocean engineering has been limited. Notable ex-
ceptions include predicting the thrust of a propeller (Islam and Lye,
2009), investigating influence of the environmental conditions on the
tension in marine risers for Floating Production Storage and Offloading
(FPSO) ships (Hawkins and Lye, 2006), designing a wind turbines
and ship structures (Lee et al., 2015), improving the bow shape of a
tanker hull (Seok et al., 2019) and evaluating an automatic ocean salt
collector (Song et al., 2020).

Additionally, the extensive data processing required for optimizing
artificial oyster reefs necessitates the assistance of machine learning
techniques. Clustering, a statistical algorithm, can be employed to
detect similarities within the dataset (Faber et al., 1994). K-means clus-
tering, an unsupervised learning technique, can be utilized in the data
mining process to partition the data into predefined groups, which has
been successfully applied in data classification (Koszalka and LaCasce,
2010; Uti et al., 2023; Lagomarsino-Oneto et al., 2024). This method
does not require predetermined attributes or the prediction of target
values. Unsupervised data mining seeks to uncover hidden relationships
and structures within the data (Cawley, 2019). These unsupervised
techniques are particularly useful for interpreting raw data without
prior knowledge of its structure and for identifying patterns within the
data (Chong et al., 2021).

Although significant progress has been made in oyster reef restora-
tions, both academically and in engineering, the optimization of mul-
tiple submerged artificial reefs based on the hydrodynamic perfor-
mance remains unclear. To address this issue, the layout of multiple
submerged artificial reefs is numerically optimized using Design of
Experiments (DoE) and clustering strategies. The novelty of the present
work can be summarized in three key aspects. First, the High-order
Spectral method, known for its computational efficiency, is employed to
perform parallel simulations using the optimal combinations obtained
from the DoE approach, thereby saving considerable time. Second, the
weighted K-means method is used to effectively classify the database,
which is crucial for subsequent optimization. Third, an optimal strategy
is proposed that includes sensitive variables, their ranges, and the cor-
responding occurrence probabilities of achieving a lower transmission
coefficient.

The remainder of the paper is organized as follows. Section 2 intro-
duces the methodology employed in this study, including a description
of the fully nonlinear numerical wave model, the Design of Experiments
(DoE) approach, data clustering techniques, and the numerical simu-
lation strategy. The results are analyzed in Section 3, followed by a
discussion in Section 4. The main conclusions are summarized in the
final section.

2. Methodology
2.1. Formulation of the numerical model

In the present study we implemented a numerical wave model
based on the High-order Spectral (HOS) method, first proposed by West
et al. (1987). HOS models are based on perturbation expansion to
higher-order terms of the velocity potential. The Fast Fourier Transform
(FFT) employed to solve the velocity potential and its derivative terms
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Fig. 1. Sketch of the numerical domain together with an example of artificial oyster reefs. The position of the numerical water level probes is also reported.

significantly enhances computational efficiency. A two-dimensional nu-
merical wave model based on HOS method was formulated to simulate
wave propagation over artificial oyster reefs. A sketch of the numerical
domain is illustrated in Fig. 1, together with a sketch of the artificial
oyster reefs and the relevant variables. In particular, a regular incident
wave, with wave height H, is imposed offshore (x = 0) and artificial
oyster reefs with a sinusoidal shape are uniformly arranged on a mild
slope s seafloor. The geometry of the reefs are characterized by their
length L, height d, number N, and the space L, between two successive
reefs.

In HOS method, the fluid is assumed to be incompressible, inviscid,
and irrotational, based on potential flow theory. A two-dimensional
Cartesian coordinate system is defined, with the origin located at the
left side of the still water surface plane. The x-axis extends along the
direction of the incident wave propagation, while the z-axis is oriented
vertically upward, see Fig. 1.

The velocity potential @ within the domain D, with a working depth
of h at the prescribed position (x, z), satisfies the Laplace equation:

Vo’=0 in D ¢}

where V = (d/dx,0/0z).

Hereafter, the mathematical model is solved according to Ducrozet
et al. (2012), with the velocity potential split into the sum of a free
surface spectral potential component @, and a prescribed additional
velocity potential @,;,. The corresponding kinematic and dynamic
boundary conditions of the free surface are written as

ne= 4|V )@, + @) = Vo @+ Pg) Vo z=n(x,1) (2)
@)= =g = 3V, + 30+ Vo A@).T = @) .
1

@) z=nten)
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The inlet boundary condition and the bottom boundary condition can
be given as:

# = Fr']incidcnt x=0 G
G
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0
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where @ and 7,4 are the angular frequency and water surface ele-
vation of the incident waves, respectively, and 7, is the hydrodynamic
transfer function, calculated as:

4sinh? kh

= > " 6
" 2kh+ sinh2kh ©)

where k is the wavenumber and h water depth

¢ is the topographic transformation. In our case, it is prescribed as
Fig. 1

5X x<02L,
sx+d sin[%(x -02L,)] 02L,<x<02L.,+L
X 02L, +L<x<02L, +L+1L;

sx+dsin[£(x —02L,) = (N = 1)(L + L,)]
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)
where L, is the length of the numerical wave tank.
The initial condition is set for r =7, = 0 as follows:
n(x,19) =0
D5 (x.19) =0 (8)

Dga(x,2,t9) =0

The additional velocity potential @,;, can be determined by the
incident waves, known as a set of specific basis functions concerning
the number of points along the vertical direction of the numerical
model. The unknown free surface velocity potential > could be solved
as the sum of a series of high-order characteristic functions &, in
which they are decomposed into a™ and g for the consideration
of the topographic variation. The former one satisfies the free surface
boundary condition and the latter one satisfies the bottom condition,
as:

cosh[|k;| (z + h)]

M(x, z,1) = ZHoa ™ ihix 9

a(x,z,1) = T (1) cosn(k | ) e 9
sinh[|k;{ (z + h)] .

P 2,0 = B0z + 53 g o L s 10)

k;cosh(|k;| h)

Once the derivative terms of the wave surface elevation #(x,?)
and the free surface velocity potential <D}(x, t) in Egs. (2) and (3)
are calculated, the corresponding variables in the next time step can
be obtained using the fourth-order Rung-Kutta method. We refer the
reader to Hao et al. (2022) for more details.

To mitigate the influence of reflected waves on numerical accuracy,
a damping zone up to 4-5 times the wavelength of the incident waves
is implemented at the downstream boundary of the computational
domain according to the methodology proposed by Larsen and Dancy
(1983). This absorption technique operates through progressive wave
energy dissipation within the damping zone, achieved by applying a
spatial damping coefficient y to both free surface elevation and velocity
potential during each computational time step. The damping coefficient
follows the formulation:

_ { exp [(274/0AD — p=d:/mAD) jng]  0<d <d,

1 d, <d (11)

where d represents the distance from the damping zone interior node to
the domain boundary, Ad is the grid spacing between adjacent nodes,



L. Wang et al.

Table 1

Range of parameters used for the Design of Experiment.

set N. of runs kh kH/2 d/h kL/@r)  kLs/Qr) s N

1 1244 0.5-1 0.012-0.03 0.1-0.7 0.22-0.4 0.11-0.2 0-1:800 1-4
2 11573 0.32-1 0.01-0.03 0.1-0.73 0.18-0.47 0.06-0.25 0-1:800 1-4
d, is the width of the damping zone, and n = 5 and a = 4 are

empirical constants governing damping intensity and spatial gradient
the constants.

Finally, the output of each wave simulation has been used to
calculate the transmission coefficient, defined as:

K, = H,/H, 12)

where H; denotes the wave height of the incident wave, and H, denotes
the wave height of the transmitted wave. In particular, H; has been
calculated using the two-point method proposed by Goda and Suzuki
(1976) based on the time history of surface elevation recorded at two
adjacent gauges, namely gauge 1 and gauge 2 (see Fig. 1), within a
half-wavelength distance. H, was computed, with the same method, as
the separated incident waves using gauge 3 and gauge 4 as illustrated
in Fig. 1.

2.2. Numerical simulation strategy based on D-optimality

To optimize artificial oyster reefs, several potential variables must
be considered. In this study, we examined a total of seven variables
related to both the hydrodynamic conditions and the geometry of the
reefs. Our primary aim is to investigate how the transmission coefficient
depends on the combination of these selected variables. To achieve this,
we first defined the relevant physical variables and converted them
into dimensionless forms. The variables selected include: the relative
water depth (kh), wave steepness (kH /2), the dimensionless height or
submergence of the oyster reef (d/h), the dimensionless length of the
oyster reef (kL/(2r)) and spacing (kL,/(2x)), the slope of the seabed
(s), and the number of oyster reefs (N). To cover a wide range of
variability for these parameters, we set ten different values for kh,
kH/2,d/h, kL/(2x) and kL,/(2x), six values for the bottom slope and
varied the number of oyster reefs from 1 to 4. Table 1 provides the
detailed values for each variable. Two sets of parameters have been
tested to evaluate the influence of the range of chosen parameters on
the final results, together with the number of numerical simulations
selected using the approach described below.

The values chosen for the relative water depth and wave steepness
are representative for realistic coastal conditions (Zhu et al., 2020;
Wiberg et al., 2019; Chowdhury et al., 2021; Morris et al., 2021).

Given the variables and their variability, the total number of pos-
sible combinations is 2.4 million. Conducting simulations for all these
combinations would require an unsustainable amount of computational
time. To address this issue and to maximize the likelihood of success in
our analysis, a well-designed experiment is recommended to optimize
the controlling parameters for achieving the minimum transmission
coefficient (Telford, 2007; Kim et al., 2015). The strategy suggested
in this study is to implement Design of Experiments (DoE) theories to
select the most informative set of experimental conditions. The primary
advantage of using the DoE approach is its ability to systematically and
efficiently identify the most efficient combinations of factors affecting
a process, thereby optimizing outcomes while minimizing the number
of required experimental runs and resources.

Compared to linear experimental designs, such as Full Factorial De-
signs (Kabagire and Yahia, 2018), Fractional Factorial Designs (Hawkins
and Lye, 2006), or Response Surface Designs (Lee et al., 2015), al-
phabetic optimal designs are more suitable for calibrating nonlinear
models (Guerrero and Stephen, 2018; Huan et al., 2024) as in the
present context of optimizing oyster reef restoration. When generating

Coastal Engineering 200 (2025) 104751

optimal designs with a focus on precise parameter estimations, D-
optimality is the most popular design criterion due to its simplicity in
implementation and computation (Singh and Xie, 2020).

For this reasons, we employed the D-optimal criterion to achieve
the optimal experimental design in the present study. As in any optimal
design, we started defining the parametric statistical model to describe
our observations (Huan et al., 2024). Owing to the nonlinearity of
process under investigations, we selected a quadratic model for the
response y that included all the possible parameter interaction as
follows (Myers et al., 2016; Walsh et al., 2024):

k k k=1 k
y=ﬂ0+2ﬂixi+2ﬁiix?i+z 2 Bijxixj +€ 13
i=1 i=1 i=1 j=i+l
where k is the number of experimental parameters (7 in the present
case). The model response includes an intercept f,, k main effects
(linear terms), k(k — 1)/2 two-way interactions and k quadratic terms.
The error term, ¢, is assumed to be independently and identically
distributed.

Let p being the number of coefficients of the assumed nonlinear
model (36 in this case), any optimal design is based on the con-
struction of the n X p model matrix X, where n is the number of
sets of candidate design points &,. The model matrix is then used to
compute the symmetric, positive semi-definite px p Fischer information
matrix as X'X (de Aguiar et al., 1995; Huan et al., 2024). Among
the classical alphabetic optimality, D-optimal is formulated in terms of
maximization of the determinant of the information matrix, i.e.:

maxg c=det(X" X) a4

where &, is the nth combination of the candidate variables belonging
to the set of all possible designs = (Wong, 1994; Cuervo et al., 2016).
Maximizing the determinant of the information matrix is equivalent
to minimizing the volume of the confidence region of the regres-
sion parameters (Meyers et al., 2016; Huan et al., 2024). Compared
to other alphabetic optimal designs, such as A, G or E optimal, D-
optimal is know to perform better when dealing with nonlinear models
prioritizing joint parameter precision, while for example A-optimal
favors individual parameter accuracy (Jones et al., 2021; Bodunwa and
Adewole, 2022; Iwundu and Israel, 2024). Moreover, the efficiency is
straightforwardly computed compared to A and E optimal design and
it is generally higher compared to other designs (Wong, 1994; Jones
et al., 2021), as we will see below.

D-optimal designs are typically generated using an iterative search
algorithm. This algorithm starts with an initial set of experimental
points and iteratively adjusts these points to improve the determinant
of the information matrix, until convergence. The identified design
points minimize the volume of the confidence ellipsoid for the co-
efficients, thereby determining the optimal combination of potential
variables (Melas et al., 2011). The algorithm applied in the present
study is the coordinate exchange algorithm implemented in the Matlab
function cordexch (Cuervo et al., 2016).

For each choice of n, we monitored the behavior of some critical
quantities in order to select the final optimal design matrix. In par-
ticular, we computed the value of the determinant of the information
matrix, the maximum variance function or leverage d(¢;) for the ith
matrix, the D- and G-efficiency. The definitions of the above quantities
read:

dE) = XX @s)
D-eff = X"X["" In (16)
G-ef f = p/(nd(&)) a7)

The results of our DOE are shown in Fig. 2 in terms of the efficien-
cies, leverage, condition number normalized with its maximum value
and the log of the determinant of the information matrix. The range
of n tested was between 36, the minimum required being p = 36, and
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Fig. 2. Evolution of DoE parameters as a function of the number of parameter combinations n: D-eff, G-eff and leverage d(¢).

20000. As shown in panel (a), both D-eff and G-eff rapidly attained
their maximum values around » = 400 and, then, they remained fairly
constant. At the same time the variance decayed sharply reaching
values as low as 0.039 for n = 1000.

For the present study, we tested two sets of optimal designs with
the aim to study the influence of the initial range of the variables and
the influence of the total number of numerical simulations. The two
sets, after removing the duplicates, included 1244 and 11573 runs,
respectively. For both cases the G- and D-efficiency were very similar
(set 1: G-efficiency equal to 0.928, D-efficiency equal to 0.534; set 1:
G-efficiency equal to 0.931, D-efficiency equal to 0.524), and with a
variance equal to 0.0311 (set 1) and to 0.0031 (set 2).

2.3. Clustering analysis of the simulation output

The main output of the set of simulations performed using the
HOS wave model was the computation of the transmission coefficient
depending on the combinations of parameters obtained using the D-
optimal analysis described in the previous section. The next step was
the postprocessing of the data with the aim of identifying a set of
parameters that lead to minimum values of the transmission coefficient
in the multidimensional parameter space.

To this end, a weighted K-means method (e.g., Modha and Spangler,
2003) is designed and applied to separate the HOS dataset into several
clusters mainly according to transmission coefficients, i.e., different
clusters should have rather distinct values of transmission coefficients.
We selected the K-means method primarily because it is a weight-
sensitive clustering approach, allowing us to separate data into distinct
clusters by adjusting the weights of variables. This property ensures
that each cluster can be characterized by distinct K, values, which is
crucial for our analysis. Unlike some other clustering methods, such as
hierarchical clustering or Gaussian mixture models, K-means offers the
flexibility to emphasize certain variables over others through weight-
ing, thereby enhancing the separation between clusters. Indeed, such a
strategy is feasible as Ackerman et al. (2021) mathematically showed
that the K-means method is weight sensitive, i.e., it can separate data
into any set by altering the weights of variables. In the discussion
section, we will show that the weighted K-means method groups data
with different transmission coefficients. Afterward, the distribution of
7 input variables within each cluster will be investigated to determine
the key parameters that dominate the wave attenuation.

A brief introduction of the weighted K-means is given as follows.
Before clustering, an appropriate number of clusters (K) is selected.
Given a set of K, the weighted K-means algorithm is repeatedly ex-
ecuted and a sum of squared errors (SSE, summed distance of each
sample to its own centroid), is calculated. The K at the inflection point
of the K — SSE curve is considered as the number of clusters.

Consequently, given initial weights for 8 variables (7 input variables
and transmission coefficient) and randomized cluster centroids, the
target function (cf., Huang et al., 2005)

Juw =200 58 2N 8y, Dist(x, s by ;) (18)

is minimized by adjusting §,,, where 6, is 1 when the sample n belongs
to cluster k, and O otherwise. N is the number of samples, M = 8 is
number of variables, w; is the weight of variable j, x, ; is the variable
Jj of sample n, y, ; is the variable j of cluster k centroid. Here, Dist is
the function to calculate distance, which is simply taken as Euclidean
distance. Once 6, is determined through minimizing J,,, the centroid
of each cluster is updated through,
Uy = Zn[snkxn (19)
Z‘nﬁnk

Iterations are then conducted until convergence.

The weights w; for each variable were selected by ensuring each
cluster had rather distinct transmission coefficients. A sensitivity anal-
ysis will be presented in the Results section.

Finally, the Sum of Squared Errors (SSE) applied in the K-means
method can measure the degree of the cluster coherence. The SSE was
calculated as follows:

k
SSE=Y"3 |p-m|’ (20)

i=1 peC;
where m denotes the centroid of the cluster C; within the samples p,
and k denotes the number of the cluster. The smaller the SSE, the
closer the data points are to the corresponding center, and the better
the clustering effect. The values of the SSE as a function of the cluster
numbers was used for selecting the optimal number of clusters.

3. Results
3.1. Wave model validation

The wave model based on High-order Spectral (HOS) method was
initially validated against available experimental observations. In par-
ticular, we used laboratory measurements conducted by Beji and Battjes
(1993), where regular waves climbed a mild slope and passed through
the submerged breakwater. The laboratory setup for this experiment is
illustrated in Fig. 3.

To quantitatively compare the numerical model results and the
experimental observations, we computed several statistical indexes. In
particular, we evaluated the correlation coefficient (CC), the BIAS,
the root mean square error (RM S E), the Hanna and Heinold indicator
(H H) and the model skill score (SKILL), as follows:

(S -$)-(0,-0)
B o5-0p- N

cc 21
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Fig. 3. Sketch of the geometry used during the experiments (Beji and Battjes, 1993). The position of the wave gauges is also reported.

Table 2
Statistical parameters.
cc BIAS RMSE HH SKILL
Afdx spatial discretization
37 0.992 0.0037 0.1146 0.991 0.980
56 0.992 0.0007 0.1133 0.991 0.981
75 0.991 —0.0019 0.1153 0.990 0.980
dt integration time
0.04 0.976 —0.0061 0.1833 0.975 0.949
0.02 0.987 —-0.0035 0.1379 0.986 0.971
0.01 0.991 —-0.0019 0.1153 0.990 0.980
M nonlinearlity
10 0.991 —-0.0065 0.1197 0.990 0.978
12 0.991 —0.0019 0.1153 0.990 0.980
14 0.991 —-0.0012 0.1173 0.990 0.979
X85, -0)
BIAS = N (22)

9\
RMSE = {| Z(O,TSJ (23)
_ [Ss-or
HH = 208 - 0) @4

20, - 5
20, -0y
where N is the total number of samples, S; and O; are the simulated
and observed variables with their respective means S, O and standard
deviations o, 65. HH is also referred as a symmetrically normalized
root mean square error: it takes into account both the average and
scatter components of the error and it is unbiased towards simulations
that underestimate the average.

SKILL = (25)

The time series of the free surface recorded at the station x = 14.5 m
has been selected for comparison with the numerical results and to
perform convergence tests. The results of the sensitivity analysis is
shown in Fig. 4 and the corresponding statistical indexes are reported
in Table 2.

In particular, we verified the convergence against the spatial dis-
cretization, i.e. varying the number of grids per wavelength (1/dx),
varying the integration time step, and the order of nonlinearity, panels
(a), (b) and (c), respectively. For the range of parameters investigated,
the correlation coefficient is consistently around 0.9 or above, as the
SKILL score and the Hanna and Heinold indicator (H H). The results
regarding the order of nonlinearity show that the difference of the
statistical indicators are very small for the three values tested. Based
on this analysis, we selected the following set: 1/dx = 56, dt = 0.02 s
and M = 12.

With the selected numerical parameters, we performed simulated
several regular waves simulations and compared with the experimental
observations. The comparison of water surface elevation time series

Table 3

Statistical parameters of the comparison of the simulated results against the experi-
mental observations in multiple locations. Note that for computing the statistics the
normalized free surface elevation 5/A has been used.

x (m) cc BIAS RMSE HH SKILL
5.2 0.996 —0.000108 0.0644 0.996 0.992
12.5 0.985 -0.000807 0.1593 0.985 0.971
13.5 0.991 —0.008389 0.1185 0.991 0.982
19 0.995 —0.037545 0.1137 0.991 0.979

between numerical results (represented by red dotted lines) and ex-
perimental data (represented by black solid lines) is shown in Fig. 5
for four measuring stations (x = 5.2,12.5,13.5 and 19 m, see Fig. 3
for their location). The observed agreement between the experimental
measurements and the numerical simulation is very good either in
terms of wave height and phase, except for the initial stage of the
measurements while the wave was developing. The statistical indexes
corresponding to the test shown in Fig. 5 are reported in Table 3.

Thus, the present HOS model proved to be able to accurately
reproduce wave propagation over submerged structures.

3.2. Data clustering results

3.2.1. Optimal number of clusters

The vanilla K-means method needs a pre-defined number of clusters
(K). To select K, we follow the elbow of inertia method to find the
appropriate K value (Cremonini et al., 2021; Tan et al., 2024; Daliri
et al., 2025). In this method, the sum of squared errors (SSE) is
calculated, see Eq. (20), for a set of given K. SSE measures the
samples’ total distance to their own centroid after data clustering. When
SSE is large, the clustering yields unreliable results as samples are
on average far from their centroids. Suppose a small value of SSE is
obtained, the clustering results are considered as acceptable. The SSE
value usually drops quickly with increasing K, then descends slowly as
K further increases. Therefore, for the balance between efficiency and
accuracy, the inflection point of SSSE curve (against K), the so-called
elbow is commonly chosen as the best number of clusters for subsequent
analysis.

Fig. 6 shows the SSE as function of cluster number K obtained
starting from the output of numerical simulations belonging to set 1.
Note that both set 1 and set 2 lead to almost identical results. The
SSE decreases rapidly at first and then stabilizes as the value of K
increases, indicating the convergence of error accumulation. To ensure
that the optimal configuration is as precise as possible, it is important
to consider both error convergence and sufficient classification. Based
on the trend of the SSE we selected for the present analysis a number
of clusters equal to 6.

3.2.2. Selection of the variables weights

After determining the optimal classification strategy in terms of
number of clusters, we tested four groups of weights for the seven
variables. The values of the weights are shown in Table 4. The weights
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Fig. 4. Convergence analysis of the numerical model: (a) effect of spatial discretization; (b) effect of decreasing integration time;(c) effect of increased nonlinear order. In each

panel the experimental free surface time signal at x = 14.5 m is reported for comparison.

Table 4

Weights used in the K-means algorithm.
kh kH/2 d/h kL/Qx)  kLs/Qx) s N K,
0.0857  0.012-0.03  0.0857  0.0857 0.0857 0.0857  0.0857 0.5
0.0571 0.0571 0.0571 0.0571 0.0571 0.0571 0.0571 0.6
0.0286  0.0286 0.0286  0.0286 0.0286 0.0286  0.0286 0.8
0.0143  0.0143 0.0143  0.0143 0.0143 0.0143  0.0143 0.9

have been arbitrarily decided imposing an increasing value to our
target variable K, and, then, assigning an equal weight to the other
variables such that the sum of the weights was unitary.

The weights assigned to the variables were carefully selected to
ensure that each cluster exhibits distinctly different K, values. We
progressively increased the weights of K, until the K, values were
well-separated among the clusters.

We evaluated the performance of the clustering analysis on the
two sets of numerical simulations varying the four groups of weights.
To better identify the best choice of the weights, we adopted a di-
mension reduction method named T-distributed Stochastic Neighbor
Embedding (T-SNE), which projects the clustered results from high-
dimensional variable space to 2-dimensional latent space (Hinton and

Roweis, 2002). This approach is based on the definition of two proba-
bility distributions in a high-dimensional variable space for the original
data, in the form of a Gaussian neighborhood distribution, and a 2-
dimensional latent space (for data visualization), again a Gaussian
neighborhood distribution with unitary variance. As the data projec-
tion from high-dimensional space to the 2-dimensional latent space is
not known, a training process is designed by reducing the difference
between the two distributions, computing the sum of Kullback-Leibler
divergences of the two distributions as a measure of their differences.

The result of the reduction from a multidimensional space to a two-
dimensional one is shown in Fig. 7 for all groups of weights ;. Six
clusters are represented by different symbols and colors. There is almost
no overlap among the points belonging to different clusters suggesting
that the clustering procedure efficiently classified and separated the
multi-dimensional dataset.

From panel (a) to (d) the weight of the transmission coefficient
increases from 0.5 to 0.9. Values below 0.8 lead to a poorer distinction
among the six clusters, see panel (a) and (b) where the points of
different colors are mixed together especially for clusters 3, 4, 5 and
6. When the weight for K; is equal to 0.8 (panel c) the six clusters are
very well distinct. A further increase in the weight does not produce
significant improvements.
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Fig. 5. Comparison of the time signal of water surface elevation between the numerical results and experimental data at four locations,

l.4><107 T T T T T T
1.2x107
1.0x107

@ 8.0x10°

S

? 6.0x10°
4.0x10°

2.0x10°

0.0

8 10
Cluster (K)

Fig. 6. Sum of Squared Errors (SSE) as a function of the number of clusters K.

This conclusion is even clearer if the actual distribution of K, values
corresponding to the different clusters is analyzed, see Fig. 8. The
clustering results are arranged stepwise according to the transmission
coefficient, from smallest to largest corresponding to Cluster 1 to
Cluster 6. The vertical axis reports the probability of occurrence for
each cluster. The same weight for K, that led to a clear distinction of
the clusters in the T-SNE visualization results in non overlapping values
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see Fig. 3.

for our target variable. Based on this analysis, a weight of 0.8 for K
has been selected and the results shown in the rest of the paper will
refer to this choice.

3.2.3. Influence of the number of simulations and parameter range

As discussed in Section 2.2 two sets of simulations have been
identified based on the D-optimal design. Here we show the results of
the clustering analysis on the two sets for the purpose of discussing the
potential role of the number of simulations and the range of the main
variables.

The distributions of K, among the six clusters is shown in Fig. 9,
panel (a) corresponding to set 1 (smaller number of simulations) and
panel (b) corresponding to set 2 (larger number of simulations). As
expected for both cases, the weighted K-means produced a well sep-
arated clustering leading to non overlapping values of the transmission
coefficient. In light of searching for the best configuration in terms
of minimizing the transmission coefficient it could be argued that the
increase of number of simulations does not change substantially the
final output. Note that for both cases the G- and D-efficiency were
already almost constant and the decrease of the variance was relatively
small from set 1 and set 2. This implies that once the D-optimal set of
parameters has been select, increasing the number of simulations does
not produce important differences.

Moreover, the results suggest that does exist a combination of
parameters that lead to an efficient wave attenuation of the submerged
oyster reefs. In fact, Cluster 1, for both sets of simulations, is composed
by combinations of variables that yield to K, between 0.19 and 0.51
and between 0.1 and 0.38 for set 1 and 2 respectively. Similar values
have been recently observed in laboratory studies of wave attenuation
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Fig. 7. T-SNE visualization of the clustered results obtained varying the
K, weight equal to 0.6; (c) K, weight equal to 0.8; (a) K, weight equal to 0.9.
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Fig. 8. Distribution of the transmission coefficient and its probability corresponding to the six clusters. (a) K, weight equal to 0.5; (b) K, weight equal to 0.6; (c) K, weight equal
to 0.8; (a) K, weight equal to 0.9.

with submerged artificial reefs or breakwater with impermeable and
porous conditions (van Gent et al., 2023; Huang et al., 2024; Provan
et al., 2024; Huang et al., 2025). The values of K, remains reasonably
small (i.e. below 0.7) also in Cluster 2 for set 1 and Cluster 2 and 3 for

set 2, whereas the other clusters show higher values, suggesting that,
for the corresponding multidimensional parameters, the design of the
artificial reef do not produce efficient wave attenuation. The detailed
range of values for both set 1 and set 2 is reported in Table 5.
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Fig. 9. Distribution of the transmission coefficient and its probability corresponding to the six clusters. (a) set 1; (b) set 2.

Table 5
Range of variability of the transmission coefficient K, for each cluster for set 1 and 2.
Cluster N. K, set'1 K, set 2
1 [0.19, 0.52) [0.10, 0.38)
2 [0.52, 0.70] [0.38, 0.54]
3 [0.70, 0.82] [0.54, 0.69]
4 [0.82, 0.90] [0.69, 0.80]
5 [0.90, 0.95] [0.80, 0.91]
6 [0.95, 1.00] [0.91, 1.00]

Considering the probability of each cluster, it is worth noting the
most efficient combination of parameters included in Cluster 1 has the
lowest probability, around 5%. This implies that the optimal design
conditions, at least in the range of parameters investigates, are the least
probable among within the whole parameter space. This aspect will
be further investigated in the next sections. In the following we will
consider the results obtained for the smaller set of simulations since
it already provide clear information on the performances in terms of
wave attenuation. The results for the larger data set are reported in the
Supplementary Information document.

4. Discussion

4.1. Influence of single independent variables on the transmission coeffi-
cients

In this section we show the sensitivity analysis considering the
influence of each independent variables separately on K,. Box plots
are used to describe the performance of wave transmission influenced
by the selected seven variables. The data will be arranged in terms
interquartile range (IQR). In particular, 50% of the data will be
represented a rectangular box bounded by first quartile (Q,), lower
boundary of the box, and the third quartile (Q3), upper boundary of the
rectangle box. Moreover, the statistical median or the second quartile
(Q,) is represented as a straight line within the box and the mean value
is shown with a square symbol. Points that fall outside the rectangle
are considered outliers, with the maximum at the distributional range
of O3 + 1.5TQR and the minimum at the distributional range of Q, —
1.5I0R.

We first consider the influence of the hydrodynamic conditions and
the domain geometry on the transmission coefficient. Fig. 10 shows
the distribution of K, as a function of the relative wave depth (kh),
panel (a), the wave steepness (kH /2), panel (b), and the bottom slope
(s), panel (c). Generally, the transmission coefficient is found relatively
high with a median value ranging between 0.7 and 0.9 and a mean val-
ues varying between 0.65 and 0.8 in the range investigated for the three
variables considered. A few outliers appear in the lower coefficient
values range. On the contrary, a much more pronounced variability is
observed when the geometry of the oyster reefs is considered. Fig. 10

10

shows the distribution of K, as a function of the relative submergence
(d/h), panel (d), the dimensionless reef length (kL/(2x)), panel (e), the
dimensionless reef spacing (kL,/(2x)), panel (f), and the reef number
(N), panel (g).

As far as the relative submergence is concerned, for smaller relative
submergence (d/h), the transmission coefficient is concentrated around
0.95 with a very narrow distribution. As d/h increases, the distribution
of the K, broadens, reaching much lower values. When d/h reaches its
maximum value, the minimum transmission coefficient can be as low
as 0.10. This suggest, as expected, that a larger ratio of reef height to
local water depth enhances the wave attenuation.

Regarding the effect of different lengths of artificial reefs, panel
(e), shorter relative lengths appear more effective in attenuating the
incoming waves, as shown by the lower values of the transmission
coefficients. This might be due to the fact that smaller relative lengths
of oyster reefs correspond to longer incoming waves, which tend to be
more easily transmitted over submerged artificial reefs. As (kL/(2x))
increases, K, distributions tends to be narrower and centered on values
around 0.9.

The spacing between consecutive reefs relative to the wavelength
seems to slightly affect the wave transmission, panel (f), leading to
distribution centered around K, ~ 0.9, at least in the range of values
investigated.

Finally, the influence of the number of reefs on K, is shown in panel
(g). The trend is quite straightforward to explain: the more oyster reefs
there are, the more incident wave energy is attenuated, resulting in
reduced wave transmission.

4.2. Bivariate analysis

Using the K-means approach, data with similar attributes are clas-
sified together. However, it is important to identify what these similar
attributes are and how the independent variables are distributed across
different clusters. We use bivariate analysis, which combines a scatter
plot and frequency distributions, to identify the effect of the main
variables on our target function. Fig. 11 illustrates the distributions
of independent and dependent variables in each cluster dividing, as
in Fig. 10, the set of variables linked to the wave conditions and
reef geometries. Different clusters are represented by different colors
ranging from Cluster 1 to Cluster 6. The scatter plot shows the transmis-
sion coefficients along each independent variable, with the frequency
distribution of the independent variable displayed at the top and that
of the transmission coefficient on the right. The statistical parameters
of the frequency distributions (mean, standard deviation and skewness)
for each variable are reported in Table 6.

In Fig. 11, several independent variables can be observed evenly
distributed among different clusters, without no distinct dominance,
such as relative water depth in panel (a), wave steepness in panel (b),
and slope of the seabed in panel (c). This suggests that the conditions
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Fig. 10. Box plots of the transmission coefficient (K,) as a function of: (a) kh; (b) kH/2; (c) s; (d) d/h; (e) kL/(2x); (f) kL,/(2z) and (g) N.

of incoming waves and the seabed slope has a minor influence on the
wave attenuation performance. Xie (2022) pointed out that a sloping
seabed can shift the resonance frequency, but has little effect on wave
transmission, consistent with our observation.

On the other hand, the distribution three of the other independent
variables plays a dominant role on controlling the wave transmission
as shown in Fig. 11, namely the relative submergence (panel (d)), the
length of the oyster reef (panel (e)), and the number of oyster reefs
(panel (g)). The distance between successive reefs is again found to
slightly influence the wave transmission performance, see panel (f).

These observations are in line with previous studies on submerged
breakwaters (Bredes et al., 2022) and less traditional submerged struc-
tures (van Gent et al., 2023; Huang et al., 2024; Provan et al., 2024;
Huang et al., 2025).

Regarding the role of the relative submergence (d/h), Fig. 11 panel
(d), it is important to note how the shape of the relative frequency

distribution within the different clusters varies from Cluster 1 to 6.
The former is characterized by a distribution with a small standard
deviation and a negative skewness, whereas the distributions for the
other clusters have much higher standard deviation and comparable
skewness, see Table 6. In Cluster 1, the narrower range of relative
submergence (i.e., d/h € [0.55, 0.70]) results in a relatively narrow
distribution in K, around a mean value of about 0.4, i.e. only 40% of the
wave is transmitted. In contrast, the wider range in Cluster 6 (i.e., d/h
€ [0.10, 0.70]) allows more than 97% of waves to pass over the reef.
This observation is in contrast with the results discussed in Morris et al.
(2021), where it was suggested the for dimensionless height of the
reef less than 0.8, the transmission coefficient is greater than 0.6. The
reason for this discrepancy can be found in the different reef geometry
(shape and number of reefs). Other studies showed that modifying the
reef layout could reduce the wave transmission (Chang and Liou, 2007;
Zhang et al., 2012; Peduzzi et al., 2012).
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Fig. 11. Bivariate plots and corresponding frequency distributions of the transmission coefficient (K,) as a function of: (a) kh; (b) kH /2; (c) s; (d) d/h; (e) kL/(2x); (f) kL,/(2x)

and (g) N.

As far as the relative length of the oyster reef is concerned, a
similar trend can be observed, see Fig. 11 panel (e). From Cluster 1 to
Cluster 6, the probability distribution of the independent variable tend
to produce higher mean values and higher standard deviations. Unlike
the trend observed in Cluster 1, where the probability distribution of
the independent variable increases with relative submergence, there is
no significant change in the relative length of the oyster reef.

Regarding the number of underwater artificial reefs, it was shown
that it affects wave transmission (Wang et al., 2006; Tsai et al., 2011).
However, no quantitative indications were suggested. As shown in
Fig. 11 panel (g), a lower transmission coefficient is observed when the
number of oyster reefs is greater than two. Furthermore, as the number
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of oyster reefs increases, the relative frequency peak increases and
the transmission coefficient value decreases accordingly. The present
results suggest that the optimal dimensionless reef length (kL/(27)) in
Cluster 1 is around 0.5, leading to low K, values. The reduction in K,
as a function of the submerged reef length could be attributed to the
well-know Bragg resonance effect (Bragg and Bragg, 1913). Indeed,
when the length of the periodic perturbation (reef) of the seabed is
close to half of the incident wavelength, Bragg resonance occurs as
observed in laboratory experiments (Li et al., 2020; Gao et al., 2024)
and demonstrated in theoretical analysis (Chang and Liou, 2007; Liu
et al., 2020; Xie, 2022). The resonance effect can result in an increase
in reflected waves and a decrease in transmitted waves.
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Table 6
Statistical parameters of the frequency distributions shown in the bivarate plots of Fig. 11.
Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6

Mean 0.3986 0.6227 0.7678 0.8593 0.9238 0.9743

K, STD 0.0877 0.053 0.0354 0.0232 0.0166 0.0059
skewness -0.6128 —0.4869 0.2132 —-0.8018 —0.4296 —8.1659
Mean 0.7708 0.7494 0.7534 0.7407 0.7784 0.8035

kh STD 0.1358 0.156 0.1589 0.1474 0.1514 0.1436
skewness —-0.0062 —0.1868 —0.0424 0.0788 —-0.1751 —0.3894
Mean 0.0218 0.0204 0.0218 0.0218 0.0212 0.0203

kH /2 STD 0.0056 0.0056 0.0055 0.0055 0.0058 0.0058
skewness -0.0644 0.1305 —-0.1579 -0.08 —-0.1272 0.148
Mean 488 497 507 496 492 496

s STD 243 251 256 250 258 270
skewness -0.829 —-0.9156 —0.9128 -0.8814 —0.8392 0.8268
Mean 0.6547 0.5977 0.5496 0.5302 0.4948 0.2892

d/h STD 0.0498 0.0903 0.0934 0.1286 0.1418 0.1706
skewness -0.7632 —-0.5518 —0.0169 -0.2376 —0.5561 0.6083
Mean 0.2449 0.2639 0.2861 0.3029 0.3211 0.324

kL/(27) STD 0.0245 0.03 0.0444 0.0483 0.054 0.0599
skewness 2.0369 0.2169 0.4851 0.0549 —-0.3162 —-0.3678
Mean 0.1481 0.1554 0.1533 0.1503 0.1583 0.154

kLg/(27) STD 0.0247 0.0304 0.0277 0.0293 0.0287 0.0285
skewness 0.3912 —0.0037 0.0952 0.238 -0.1618 0.0026
Mean 3.5849 3.1264 2.8788 2.4826 2.1007 2.2768

N STD 0.4927 0.785 0.8074 1.0028 1.0822 1.1375
skewness —0.3446 -0.226 —0.0355 0.0998 0.5145 0.2808

4.3. Optimal strategy

The final question to be answered is whether meeting all these
conditions ensures the best wave attenuation performance, or what
is the probability of achieving the lowest transmission coefficient. To
this end, we consider the combined effect of the three most variables,
namely d/h, kL/(2x) and N.

Fig. 12 shows the bivariate plot of the combined effect of the
relative submergence and length of oyster reefs. The probability dis-
tribution of relative submergence is displayed at the top, while the one
corresponding to the relative length of the oyster reef is on the right. To
identify the interval bands with better wave attenuation performance,
a polynomial fitting line (represented by a dashed line) and its 95%
prediction band (represented by the shaded areas of the same color)
are included in the scatter plot.

From Cluster 1 to Cluster 6, the fitting lines (the dash-dotted line)
gradually shift from the lower right to the upper left corner while
increasing their length, i.e. covering a wider range in the parameter
space as the 95% prediction band. Moreover, the curvature of the
polynomial fitting changes from convex to concave. Observing the top
probability distribution, the peak gradually decreases, and its corre-
sponding relative submergence moves downstream. This indicates that
when the relative submergence is larger, both Cluster 1 and Cluster
6 are present. In other words, even if a specific range of values (as
shown in the enlarged plot) is met, data from other clusters can still be
within this optimal interval, leading to larger transmission coefficients,
particularly those exceeding 0.5.

We now focus our attention in the optimal parameter space shown
as zoom rectangle box in Fig. 12, and we analyze these subspace
considering the number of reefs N and the probability associated to
each cluster. The results of this analysis is shown in Fig. 13.

Assuming the relative submergence and the length of the oyster
reef fall within the optimal interval zone, the range of the transmis-
sion coefficient varies significantly with different numbers of oyster
reefs. When N is 4, Cluster 1 accounts for 70.45%, far exceeding the
probability associated to the other clusters. For N = 3, Cluster 1
and Cluster 2 each account for 44.90%. For N = 2, the proportions
are mainly concentrated in Cluster 2 and Cluster 3. When N is 1,
the probabilities of Cluster 4 and Cluster 5 are much higher than
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the rest of the clusters. As the number of oyster reefs increases, the
interval band with the highest probability of occurrence gradually shifts
upward (i.e., the cluster number increases). Even within the same
optimal interval band, having more oyster reefs makes it easier to
achieve lower transmission coefficients. Therefore, although there are
different configurations of transmission coefficients within this interval,
by considering the number of oyster reefs number, we can estimate the
probability of obtaining a lower transmission coefficient.

From the above discussion, we are able to suggest general criteria to
optimize the wave attenuation of artificial submerged oyster reefs. The
same principle could guide oyster reef restoration activities. It is crucial
to set the geometry of the oyster reef in terms of d/h, kL/(2x) and
N to meet specific conditions. In particular, it is desirable that these
parameters fall within the effective interval band as suggested by the
clustering analysis and finally reported in Fig. 14 panel (a) as red poly-
gon. Additionally, it is important to consider the number of oyster reefs
and its influence on the wave dissipation performance, as summarized
in Fig. 14 panel (b). For example, when the number of oyster reefs
is set to 4, the probability of the oyster reef transmission coefficient
being within the range of [0.19,0.51] is 70.45%, whereas the probability
within a larger range of K, € [0.19,0.70] reaches 89.80%. Generally,
once the number of oyster reefs is fixed, a transmission coefficient
range with a higher probability of nearly 90% can be determined. These
results enable rapid estimation of wave dissipation performance based
on the prescribed configuration and provide an optimal strategy for
practical oyster reef restoration projects.

It is worth noting that using a larger dataset of simulations (set 2)
lead to very similar conclusions in terms of optimal parameters, see
Fig. S4 of the Supplementary Information document. One significant
difference can be observed in the probability for each cluster for
varying reef number, compare Fig. 13 and Fig. S3 of the SI document.
The larger number of simulations redistribute the probability linked to
the single cluster, however, without changing the main outputs of the
analysis.

4.4. Limitations and future directions

Finally, we acknowledge some limitations of the present approach
and selected parameters that in the future could be overcome. A first
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Fig. 14. Optimal strategy of oyster reef restoration. (a) Illustration of effective subdomain in the space (kL/(2x),d/h); (b) Transmission coefficient range with different N.

limitation regards the wave model here implemented. If on one hand
High-order Spectral (HOS) models offer the possibility to efficiently
perform a large volume of simulations with high accuracy; on the
other hand, they are limited to non-breaking conditions. To cover a
wider range of wave parameters that include braking, a different class
of models should be selected. However, using more refined numeri-
cal models, e.g. based on Reynolds-averaged Navier-Stokes equations
(RANS) equations would limit the number of simulation due to a much
higher numerical time costs.

While the HOS method excels in simulating broad-banded wave
fields with moderate nonlinearity (Dommermuth and Yue, 1987), it
faces challenges in resolving wave breaking and turbulent dissipation
due to its spectral truncation of high-order terms (Craig et al., 2021).
Recent advances in hybrid modeling (Ducrozet et al., 2016) suggest
that combining HOS with conformal mapping or VOF (Volume-of-
Fluid) methods could leverage their respective advantages: HOS for
open-sea propagation and conformal mapping for near-shore/breaking
regimes, for instance, the conformal mapping method (Viotti et al.,
2014) provides a truly fully nonlinear formulation in two dimensions by
exploiting analytical continuation via the Cauchy-Riemann equations.
This approach eliminates truncation errors in vertical dynamics, mak-
ing it particularly suited for extreme waves and breaking processes,
to guide future research in this direction. Current HOS implementa-
tion neglects turbulent dissipation mechanisms, which may lead to
an overestimation of wave energy retention in breaking scenarios. To
address this, future studies could integrate LES (Large Eddy Simulation)
closures (Derakhti et al., 2020, among others) or adopt conformal
mapping-based Eulerian tracking of vorticity. Based on the above im-
provements, a promising extension in future work is to hybridize the
present HOS framework with conformal mapping techniques, which has
the potential to be available for nearshore applications.

A second, important limitation of the present study is the inclusion
of the porosity of the submerged reefs. Several studies show that the
porosity of the submerged structure could strongly impact the wave
transmission (van Gent et al., 2023; Huang et al., 2024; Provan et al.,
2024; Huang et al., 2025, among others). This aspect will be considered
in the future, implementing porous boundary conditions within the
HOS model. A final limitation could be the shape of the reef here
considered. Indeed, the shape of the submerged structure is known to
play a role in wave transmission.

Regardless these limitations, the main conclusions of the study
remains valid in the range of parameters considered that are com-
monly found in realistic projects. natural and artificial oyster reefs
and the related restoration projects as Nature-based Solutions are now
considered a valuable strategy to increase coastal climate adaptations.
Their use is mentioned on several international guidelines and climate
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change reports (IUCN, 2020; Wild et al., 2020; Portner et al., 2022).
The present results could help NGOs and practitioner in the design of
these solutions to increase the coastal protection against wave storms
impact. Moreover, the suggested approach is easily extended to include
more sophisticated wave models or overcoming the limitations in the
wave parameters and oyster reefs characteristics (shape and porosity).

Future improvement of the present study will involve laboratory
experiments with the aim to further confirm the numerical results
and, possibly extend the wave parameters up to breaking conditions.
More complex modeling approaches could be used with the aim to
include other important processes, such as sediment transport and
biological processes typical of living shoreline (e.g. growth of new
oyster communities on the artificial reefs).

5. Conclusions

In the present study we conducted an extensive numerical simula-
tion analysis of the effect of submerged reefs on wave transmission,
taking advantage of the computational efficiency of the High-order
Spectral (HOS) models, validated against experimental data.

We accounted for a large set of controlling parameters (seven vari-
ables), the combination of which has been optimized using D-optimal
strategy. The use of D-optimal represented an important novelty of
the proposes approach leading to an important reduction in terms
of number of necessary simulations. The large dataset of results in
terms of transmission coefficient has been analyzed implementing a
weighted K-means clustering algorithm. The application of the K-means
successfully lead to the identification of a relatively small number of
clusters, well separated in the physical parameter space and with a
small SSE. The results suggested that three dimensionless variables,
namely, height of oyster reef relative to water depth (d/h), length of
oyster reef relative to wavelength (kL/(2x)), number of oyster reefs (N),
mainly control the wave attenuation process compared to the other
variables investigated. The statistical analysis of each cluster allowed
for the identification of the optimal combination of the controlling
variables. A range of values has finally been suggested to guide the
design of new oyster reef or restoration projects.
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