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Abstract

The application of artificial intelligence (AI) models in maritime and coastal engineering
has gained increasing relevance, demonstrating performance comparable to traditional
approaches in wave climate analysis and propagation. However, their use in climate
change impact and adaptation studies remains limited, particularly for the design and
upgrading of coastal protection structures. To address this gap, this study focuses on
the development of an Al-based framework to support the adaptation of breakwaters
to future climate conditions. A hybrid approach combining artificial neural networks
(ANNSs) and genetic algorithms (GAs) was implemented, with two feedforward neural
networks-based models developed and applied to different sections of the north breakwater
of the Port of Valencia, specifically a vertical section and a compound breakwater. The
results indicate that, under future climate scenarios (2050), increases of up to 1.2 m in crest
elevation, together with reinforcement of the armor layer, are required to ensure adequate
structural performance. The analysis also highlights the critical role of extreme events, as
approximately 60% of the model errors were concentrated in the upper 90th percentile
of wave conditions. Overall, the proposed hybrid ANN-GA framework demonstrated
very strong performance, achieving computational efficiencies 30 to 40 times greater than
ANN-only models in terms of computational time. These findings underscore the necessity
of adapting coastal structures to climate change and confirm the potential of Al-based
models as effective tools for climate-resilient coastal engineering, while emphasizing the
importance of accurately representing extreme wave conditions.

Keywords: data-driven models; climate change; structural adaptation; genetic algorithms;
artificial neural networks; probabilistic approach

1. Introduction

The coastal ecosystems and structures are one of the systems most threatened by
climate change. Climate change is already provoking damages to properties and structures
that protect the coastline, and it is expected that in the upcoming years, extreme events and
flooding will become even more frequent and intense [1]. In this context of uncertainty,
researchers are putting so much effort into studying how climate change is going to affect
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coastal ecosystems in the future. Most of the literature focuses on the effect of climate
change on shoreline evolution. However, research on ports and their adaptation to climate
change is much less abundant [2].

Within the research domain of climate change and ports, various sub-themes emerge,
including assessments of flooding risks, evaluations of port operability, strategic ap-
proaches, and studies on coastal structures. Flood studies mostly evaluate the impact
of SLR [3-6] and wave overtopping [7-10]. Operability studies assess harbor agitation and
siltation, applying Boussinesq-type models [11,12], mild-slope equations models [13,14],
and hydrodynamic models [15-17]. Some research papers with a more strategic and politi-
cal approach can also be found in the study of ports adaptation to climate change [18-22].

Finally, a thematic block concerning the adaptation of coastal structures can be distin-
guished. Despite being one of the most pressing issues, it remains one of the least discussed
topics within the scientific community. Within adaptation of coastal structures to climate
change, there are mainly two types of studies: those that assess the performance of different
alternatives and those that evaluate the performance of these structures under the context
of climate change. The assessment of different alternatives has been carried out by different
authors [23-260]. However, referring to the structural and hydraulic adaptation of coastal
structures to climate change, there is still much knowledge uncertainty, and the amount of
research conducted is scarce compared to the other subfields.

Takagi et al. [27] were some of the first authors to assess the performance of coastal
structures under new wave conditions; they applied probability functions to assess the
sliding stability of breakwaters. Suh et al. [28] presented a new methodology to incorporate
the effect of climate change into the design of breakwaters. Mase et al. [29] applied a proba-
bilistic approach to evaluate the stability of a compound breakwater. Sekimoto et al. [30]
were also some of the first researchers to apply a probabilistic methodology to assess the
performance of coastal structures under climate change scenarios, and Lee et al. [31] studied
the armor stability of inclined coastal structures under SLR. Finally, Sergent et al. [32] also
studied the adaptation of coastal structures to climate change, more specifically to sea
level rise.

In the last years, some studies have been remarkable. Formentin et al. [33] as-
sessed the hydraulic and structural performance of including crown walls on top of
dykes. Allsop, W. [34] presented the cases of the adaptation of two breakwaters in the
UK. Radfar, S. and Galiatsatou, P. [35] combined a nonstationary extreme value analysis
(NEVA) with a probabilistic approach to carry out a reliability analysis of coastal struc-
tures. In the last year, Baldoni et al. [36] studied the adaptation of coastal structures in the
Adriatic Sea.

Most of these studies that assess coastal structures adaptation involve the use of
complex numerical models [1,37-39]. Although these numerical models are the most
advanced and sophisticated tools currently in the field, the associated computational cost
is huge, which limits their application.

In the last years, Al models have irrupted in the scientific realm. Data-driven ap-
proaches are gaining visibility, and they have shown the ability to outperform traditional
methodologies in ocean engineering [40]. However, compared to other fields, the level of
Al development in this discipline remains less developed. Primarily, Al technologies have
been applied in the prediction and characterization of maritime weather, yielding highly
encouraging results [40,41]. However, the presence of Al technologies in coastal structures
adaptation studies is almost negligible.

The objective of this paper is to address the gap in applying Al-based methodologies to
the adaptation of coastal structures under future climate scenarios, an area that has received
limited attention in the literature. This study introduces a novel hybrid framework that
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combines level III reliability analysis (Monte Carlo simulations) with ANNs. The approach
combines the complementary strengths of both techniques: Monte Carlo simulations
generate large, physically consistent datasets of breakwater configurations and wave
conditions, while ANNS efficiently learn and generalize from these data.

The ultimate goal is to provide a practical and computationally efficient methodology
to support the adaptation of coastal structures to climate change, significantly reducing the
cost and time compared to full numerical models. The proposed framework is intended as
a preliminary decision-support tool, suitable for exploratory analyses, sensitivity studies,
and comparison of adaptation strategies across a wide range of future wave climates.
Its application with experimental and in situ field data represents a necessary next step
for further validation and refinement; however, such data were not available for the
considered structures and climate scenarios at the time of this study. This limitation is
explicitly acknowledged, and future work is recommended to address it in order to enhance
confidence in design applications.

The proposed framework provides added value by efficiently generalizing established
design knowledge across a high-dimensional parameter space. This enables a rapid and
systematic exploration of breakwater adaptation strategies under a wide range of future
wave climates, something that is difficult to achieve using conventional approaches alone.

The proposed model was tested in Port of Valencia using two sections of the north
breakwater. These years were chosen because they represent mid-term planning horizons
commonly used in climate change adaptation studies, allowing assessment under plausible
near-future scenarios. Longer-term horizons, such as 2100, were not considered, as doing
so would reduce reliability and could be overly optimistic given the uncertainties involved.
Since this is a novel approach applying Monte Carlo simulations to structural adaptation,
focusing on 2035 and 2050 provides a more robust and conservative assessment.

2. Materials and Methods

This section is divided into three subsections. Section 2.1. focuses on the characteriza-
tion of wave climate. Section 2.2. explains the characterization of coastal structures. Finally,
Section 2.3. presents the Al model, a hybrid AI model that applies genetic algorithms (GAs)
and artificial neural networks (ANNSs). Figure 1 shows the workflow of the methodology.
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Figure 1. Methodology.

The first step of the study involved conducting a statistical and correlation analysis
to fully characterize the wave climate in Valencia. Secondly, data on all the breakwaters
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along the Spanish Mediterranean Sea was collected. With the wave climate propagated to
the toe of the structure and the breakwater characterized structurally, geometrically, and
hydraulically, both databases were combined. Finally, the safety coefficient and the adap-
tation measures required of the breakwater sections for each of the cases were calculated.
After completing these calculations, all the requisite sets of inputs and outputs to construct
and train the Al model were obtained.

2.1. Study Area and Data

The area of study is the port of Valencia, Spain, which is in the Western Mediter-
ranean (Figure 2). The orography of this area makes the Western Mediterranean subject to
local meteorological processes with wave and wind patterns that are difficult to characterize
in global models. It is also one of the areas that is most affected by climate change and
where it is expected to have the greatest impact at a social and economic level. Despite its
vulnerability, the area remains underrepresented in climatological studies. Remarkably,
neighboring regions have garnered more significant attention, overshadowing the need for
focused investigations in Valencia [42].

Figure 2. Area of study—Valencia.

For this study, the data of the Spanish authority in charge of wave climate and the
management of ports were used [43]. Hourly significant wave height (Hs), peak period (Tp)
and Direction (Dir) records from the Valencia buoy and the coastal Valencia buoy were
taken. Detailed information regarding the study area, buoy locations, and wave databases is
provided in our previous publication [40], including coordinates and full references, and is
therefore not repeated here to avoid redundancy. Wave propagation from deep water to the
breakwater toe was performed using both numerical simulations with SWAN and Al-based
models (ANNS), as described in [40], with both approaches producing comparable results.

Once the data were collected, a thorough study and evaluation of the trends in wave
climate was conducted. The parameters of the wave distributions and their evolution over
the historical series were analyzed. This analysis is presented in Figure 3, which illustrates
the historical evolution and distribution of the records. Additionally, the scatter diagrams
of Hs and Tp, were examined, which are depicted in joint plots alongside the histograms for
Valencia (Figure 4).
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Figure 3. Histogram and distribution of wave data records in Valencia.
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Figure 4. Joint plots of Valencia.

Finally, a thorough seasonal analysis was performed to identify and understand the
variations in wave patterns across different times of the year. Additionally, an outliers
analysis was conducted to detect and examine any anomalies in the wave data (Figure 5).
In the figure, it can be appreciated how most of the outliers are concentrated in winter.
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Figure 5. Seasonal and outliers” analysis.

2.2. Coastal Structure Characterization

After propagating the wave climate to the breakwater toe, the coastal structures were
characterized. For this purpose, information from all the breakwaters along the Spanish
Mediterranean coast was compiled. A total of 18 breakwaters, which are the total of
breakwaters that are located in the Levantine area, were studied [44].

As the model was applied to the specific case of the north breakwater of the Valencia
port, whose two most critical sections are a compound breakwater (end of the trunk)
and a vertical breakwater (head of the breakwater), only data on vertical and compound
breakwaters were collected (Tables 1 and 2).

Table 1. Statistical study of the values of the main variables of compound breakwaters in the Spanish

Mediterranean Sea.

Variable [Min, Max] [u, ol

h [13.75, 45] [30.15, 12.48]
d [0, 26.4] [9.64, 11.22]
W [5.5, 28] [15.5,9.01]
h, [1,3] [2.00, 0.58]
R, [1.75, 13] [7.75, 3.99]
A [6,24.1] [16.7,8.27]

Wy, (t) [9990, 72,829] [43,196, 25,984]

Wi (t) [0.50, 70] [15.2, 30.64]
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Table 2. Statistical study of the distribution of the main variables of vertical breakwaters in the
Spanish Mediterranean Sea.

Variable [Min, Max] [u, ol
h [12, 48] [21.72,10.42]
d [8.4,26.4] [14.1, 5.06]
n [10, 28] [16.03, 4.99]
he [1,3] [2.00, 0.58]
R, [5.7,13] [9.9, 2.45]
W () [5116, 139,200] [50,063, 36,226]
A* [6.89, 67.6] [30.85,19.3]

* The width of double caissons was also considered.

Once all the coastal structures’ characteristics were defined, a probabilistic character-
ization of the breakwaters using Monte Carlo simulations was conducted, following the
same approach that was applied in the wave climate characterization. In order to carry
out the Monte Carlo simulations, a uniform distribution for each of the main variables of
each section was defined, with values between the maximum and minimum values of the
breakwaters in the Spanish Mediterranean area (Tables 1 and 2).

For the compound breakwater (Table 1), the main variables selected were the design
water depth (h), the distance from the berm to the Mean Sea Level (MSL) (d), the distance
from the bedding layer to the MSL (/’), the distance between the monolith crest elevation
and the MSL (), the freeboard (R, ), the specific weight of the blocks (), the weight of
the breakwater (W), the width of the monolith (A), the weight of the monolith (W,,),
and the maximum admissible overtopping (ax)-

For the vertical breakwater (Table 2), the main variables selected were the design
water depth (h), the distance from the berm to the Mean Sea Level (MSL) (d), the distance
from the bedding layer to the MSL (1), the distance between the monolith crest elevation
and the MSL (h,), the freeboard (R.), the weight of the breakwater (W), the width of the
monolith (A), and the maximum admissible overtopping (§max)-

Before conducting the Monte Carlo simulations, an in-depth statistical analysis of the
existing correlations among the key variables was undertaken (Figures 6 and 7); d, h’/, and
h were highly correlated. Therefore, only the variable h was used to feed the ANN model.

1.0
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-0.4

0.2
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0.0

h h' d he Rc w A gmax

Figure 6. Correlation heatmap for the vertical breakwater.
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Figure 7. Correlation heatmap for the compound breakwater.

A total of 1000 simulations were executed, each representing diverse breakwater
arrangements and configurations. It is important to emphasize that all the simulations were
filtered, eliminating configurations of breakwaters that lacked coherence or practicality.
This approach aimed to generate a statistically representative sample encompassing various
scenarios across the Spanish Mediterranean. The filtering of the breakwater configurations
was based on physical parameters, doing the following checks: (1) h > h'; (2) h > d;
(3) W > 600A; (4) W < 2100A. These constraints implicitly preserved the physical correlation
between parameters such as h, d, and I/, as all variables were sampled within bounded
ranges derived from conventional design practice and subsequently validated through the
same set of coupled conditions.

After filtering, the resulting set of structurally consistent breakwater configurations
was combined with the maritime climate conditions obtained from the wave climate
database described in Section 2.1. Each valid structural configuration was paired with all
relevant wave climate scenarios, assuming independence between structural geometry
and external forcing, which is appropriate for adaptation analysis under future climate
projections. The integration of both datasets was performed using a dedicated Python 3.12
routine that systematically merged all compatible combinations, leading to a final dataset
of 2 x 10° different cases.

Equations for Evaluating Structural Performance

Once all the scenarios for various breakwater configurations and wave conditions
were defined, the structural performance of the breakwater was assessed across these
different cases.

In the case of the compound breakwater, the Sliding Safety Coefficient of the monolith
(S5D), the block damage (N,4), and the overtopping (7) were computed. In the case of the
vertical breakwater, the SSD and the g were obtained.

The design wave height was defined following Goda formulae (Equations (1)~(3)) [27,45,46]

Hp = min(Hb, Hmux) (1)

Hypax = Hi 250 = 1.8H, @)
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mth

H, = 0.17L0{1 —exp {—1.5
Lo

(1 4 15tan 6/ 3)] } ?3)

where L is the wavelength in deep water and tan 6 the slope of the ground.
For the calculation of the block damage N,;, the Van der Meer formula was used
(Equations (4)—(6)) [47]

H; N O[i4 —0.1
=672 1 : 4
27tH
Sm - 2 2 (5)
ng,O

(2

where 7 is the specific weight of the blocks, v is the specific weight of water, N is
1000 waves for the Mediterranean Sea, and Ty, o is the mean zero-crossing wave period.

To calculate the sliding safety coefficient of the monolith, the Goda-Takashi wave load
formula was applied [48]. The wave height used to calculate the sliding safety coefficient
was the transmitted wave height (H;) through the armor (Equations (7) and (8)) [49]

R
c; = 0.46 — 0.3# (7)

S
H; = c;H; (8)

Finally, for the overtopping, the EurOtop manual [50] and Franco et al. [51] formula
were used (Equation (9)).

1 —§x10 %xp (3.10 (W» )
gHs3 Hs
where Ruéa/" is defined as a function of the number of Iribarren 3 [52] (Equations (10) and (11)).
Ruy = azif 3 <15 (10)
Ruy = b3 if 3> 15 (11)

For the vertical breakwater, the following formulas and equations were used.

The design wave height was defined following Goda formulae (Equations (1)
and (2)) [27,45,46].

The Goda—-Takashi wave load formula [48] was used to compute the loads on the
vertical breakwater (Equations (16)—(19)).

To calculate the pressure, first, the auxiliar parameters a1, x>, and a3 must be de-
fined (Equations (12)—(14))

[ 4 72
. (hy—d(Hp\* 2d
062—1’1’111'1< 3hb (d) ,H7D (13)
n 1
a3=1——[1——— 14
> h< cosh271fh> 14)

Once a1, a7 and a3 were defined, the pressure on the breakwater was calculated
(Equations (16)—(19)).
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Where f is the incident wave direction, py, is the water density, g is the gravity, and # is the
wave run-up (Equation (15)).

7 = 0.75(1 4 cos B)Hp (15)
1 2
p = 5(1 + cos ) (zx1 + apcos B )pngD (16)
Py
P, = 17
2 ch2n% 17)
P3 = w3008 Hp (18)
p =1 ;hc P, (19)

Figure 8 shows the diagram of the pressures, P;, P> P3, and P4. For the forces, the
pressure area was integrated.

/"'
P4
| / //
| / / /
|/ P /
p1 £ s 4
\ 7 LA
\ e
\ s
\ S S
\ P 7
\ S s
P3
\\ 7

P2 — N
QYA QNN

Figure 8. Pressure diagram on a vertical breakwater taken from [53].

To calculate the safety coefficient for sliding, the Goda equation was also used [54]
(Equation (20)).
CSD _ ZéFv _ 0.6(W50 - pu)
Y Fu LFu

where p, is the uplifting pressure, Csp is the sliding safety coefficient, W is the average

(20)

weight, and Fp are the horizontal forces.
To calculate the overtopping, and the maximum admissible overtopping, the EurOtop
manual [50] and Franco et al. [51] formula were used (Equation (21)).

1 —0.082exp (—3?) 21)
3 s
gHs

Finally, to define the adaptation measures for both the vertical and the compound
breakwater, the required crest height increase needed to meet the prescribed safety coeffi-
cients, and limit overtopping was determined. Once these calculations were completed,
all the necessary input and output sets for building the Al-based model were available.
Table 3 shows the inputs and the outputs parameters for the vertical and compound break-
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water, where CB means Compound breakwater and they are parameters that were added
in the CB model.

Table 3. Inputs and outputs of the Al model.

In/Out Parameters and Definition

Inputs
1. H;—Wave height 7. A—width of the monolith
2. T,—Peak period 8. W/Wsp—weight
3. Dir—Wave direction 9. g—overtopping
4.  h—design water depth 10.  gmax—max overtopping
5.  h.—distance to MSL 11. W,,—monolith weight (CB)
6. R;—freeboard

Outputs
1. SSC—Sliding Safety Coefficient
2. AHeight

3.  AWeight (CB)

2.3. AI-Based Model

Artificial neural networks (ANNSs) are data-driven models that try to mimic the
human brain and are made of different layers that pass the information from the first
(input) layer to the last (output) layer [55]. They are particularly recommended when the
relationship between input—output pairs is known and intricate, as is the case with the
problem presented [40].

The original dataset was pre-processed [56]. The number of positive cases (study
cases in which structural adaptation was needed) was much lower than the number of
negative cases (study cases in which structural adaptation was not needed). Given the very
large number of cases (approximately 2 million per breakwater section), the dataset was
adjusted using an undersampling approach. Cases in which no structural adaptation was
required were selectively filtered out until a balanced dataset was achieved, with equal
representation of breakwaters requiring adaptation and those that did not, resulting in a
50-50 proportion. This threshold was chosen to prevent model bias toward the majority
class and to ensure that the ANN could learn to reliably distinguish between adapted and
non-adapted cases. In the end of the preprocessing, a dataset with 141,660 different cases
for the vertical breakwater and 221,257 cases for the compound breakwater models were
obtained, which is well above the minimum required to train ANNSs [41].

A feedforward neural network (FFNN) was applied, as they are the ANNSs that have
shown the best performance in modelling ocean engineering problems [41]. A shallow
FFNN with one hidden layer was chosen to avoid a high computational cost and
the overfitting of the model. The transfer functions were the hyperbolic tangent sig-
moid (Equation (22)) for the first layer and the linear transfer function for the last
layer (Equation (23)).

X —e "

Fo) = o=
F(x)=x (23)

(22)

The algorithm used was the Levenberg-Marquardt (LM) as it is usually the most
efficient algorithm to model ocean and coastal engineering problems [40,41].

The number of hidden neurons was optimized using a Matlab code (R2025b) [57].
Different architectures were tested, using the Relative Mean Square Error (RMSE) as the
loss function (Equation (24)). For the optimization of the architecture, a maximum RMSE
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value of 0.6 was required for the SSC, 0.3 m for the height increase, and 0.6 t for the weight
increase. As a loop termination criterion, it was established that the error would increase
for more than 3 iterations in a row, which in turn exceeded the maximum local error of
previously tested networks.

RMSE = \/ %Zle(oi —u;)? (24)

Finally, 50 different architectures were tested for the vertical breakwater, finding the
optimum value at 47 hidden neurons, and 48 architectures were tested for the compound
breakwater, finding the optimum value at 39 hidden neurons.

Once the architecture of the model was defined, the weights of the ANN model were
optimized using genetic algorithms (GAs). The concept of GAs was firstly introduced by
Holland, J.H. [58], and it is based on the nature theory of Darwin. This translated into
GA theory means that the characteristics that better fit to the fitness functions are the ones
that prevail. In this algorithm, there are three main elements; the parameters of the model
(chromosomes); the fitness function, and the biological-inspired operators [59].

The fitness function is the function that evaluates the quality of the parameters. For
the process of selecting the best parameters of the model, three main operators are used;
crossover, which combines different sets of data creating a new generation of data; mutation,
which produces a random change in the data, and selection, which evaluates the best dataset
and selects the ones with the highest scores [60,61].

For the GA, a population size of 200 was chosen, with a maximum number of iterations
of 100, a crossover percentage of 80%, and a mutation percentage of 20%, and the selection
function employed was the roulette wheel selection (Equation (25)).

fi
P = (25)
§ Zjl\il fi

where p; is the probability of choosing a chromosome i for the next generation, f; is the
fitness of i, and N is the size of the current generation.

With these sets of values, both ANNs were optimized. The final training and validation
errors (RMSE) and correlation coefficients (r) are presented in Table 4.

Table 4. Errors of the ANN-GA models.

Vertical Breakwater Model Compound Breakwater Model
SSC AHeight SSC AHeight AWeight
r 0.986 0.874
RMSE training 0.45 0.19m 0.53 0.15m 052t
RMSE validation 0.44 0.19m 0.53 0.15m 0.551t
3. Results

The main characteristics of the models are presented in Table 5. Once the ANN-GA
models had been designed and optimized, they were applied to the case of the north
breakwater in the Port of Valencia, assessing several wave scenarios projected for 2035 and
2050. The two most critical sections of this structure were chosen for the analysis: the end
of the trunk, known as stretch 4, and the head of the breakwater.
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Table 5. Model characteristics.

Model Characteristics

Vertical Breakwater

Compound Breakwater

ANN
Architecture [10-47-2] [11-39-3]
Algorithm Levenberg-Marquardt Levenberg-Marquardt
Transfer functions Sigmoidal and linear Sigmoidal and linear
N° epochs 100 100
Learning rate 0.001 0.001
Regularization Early Stopping Early Stopping
Data partitioning Random 70-15-15 Random 70-15-15
Loss function RMSE and MSE RMSE and MSE

Output

Validation strategy

NP° of iterations
Population size
Crossover percentage
Mutation percentage
Selection function

Normalization of the data

SSC, Increment of height

SSC, Increment of height,
Increment of weight

Hold-out Hold-out
GA
100 100
200 200
80% 80%
20% 20%
Roulette wheel Roulette wheel
Yes Yes

The two main sections were tested in the two main modes of failure, sliding, and
overtopping, and in the case of the compound breakwater, the block damage (N,;) was

also computed.

Finally, for the definition of the adaptation measures, the needed increase of height
and weight to meet the safety coefficients and to limit the overtopping of the breakwater to
the maximum allowable overtopping in the port of Valencia were calculated.

The sections examined appear in Figure 9, which shows the compound breakwater at
the end of the trunk, and in Figure 10, which shows the vertical breakwater at the head. In
both figures “seccién tipo” means section type.

SECCION TIPO

Figure 9. Trunk section. Taken from [44].
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SECCION TIPO
L-22.1.6.MV

0.50 2.00 137
1948 350, /, 4.13 2931 4.75

Figure 10. Head section of the north breakwater. Taken from [44].

3.1. Case Study of Valencia Port

As in the whole paper, a probabilistic approach was adopted, subjecting the model
to diverse wave conditions encompassing varying wave heights, periods, and directions
projected for 2035 and 2050.

The design conditions of the north breakwater for both sections were Hg = 6.84 m and
Tp =7.44 s [44] for a return period of 475 years. A range of wave states corresponding to
a return period of 475 years within the timeframes of 2035 and 2050 were systematically
analyzed and applied to the ANN-GA model to obtain the adaptation measures needed of
the head and fourth stretch-trunk section of the north breakwater in Valencia Port.

When evaluating the safety factors for sliding, both sections met the criteria with
a significant margin of safety. Therefore, in this section, only the other two variables
(the required increase in height and the weight increment of the slope in the case of the
compound breakwater) will be analyzed.

Figure 11 shows the increase in vertical breakwater height required to meet the design
conditions, expressed as a function of projected wave height and period. This increase
ranges from 0 m under the initial design conditions to 1.2 m in scenarios with higher waves
and longer periods. The figure highlights the strong sensitivity of vertical breakwaters
to wave period. Pressures, forces, transmission, and other phenomena that govern their
behavior depend heavily on this parameter. Even when wave heights are moderate,
relatively long periods can demand substantial rises in seawall crest height.

18 Increment of height (m)

12.8
1.5
12.6
12.4
1
~ 122
&,
2
12
0.5
11.8
11.6
0
1.4
11.2 . : 5
6.8 7 7.2 7.4 7.6 7.8

Hs(m)

Figure 11. Increment of height for the vertical breakwater for 2035 and 2050.
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Figure 12 illustrates the analogous scenario for the compound breakwater. In this
instance, the transmitted wave height of the breakwater is depicted on the x-axis. Per
the figure, increase of height of the compound breakwater varies much less with wave
conditions maintaining a consistently lower value (approximately 0.4 m in all cases).
Similar to the vertical breakwater, the wave period plays a pivotal role in shaping the
design of a compound breakwater. Careful consideration of wave period is imperative
for their adaptation too, particularly when dealing with longer periods coupled with
medium waves.

Increment of height (m)

13 05
12.8 1 0.48
1261 0.46

0.44
124+
0.42
122}
(2]
a 0.4
F o2t
0.38
1.8}
0.36
1.6 0.34
11.41 0.32
11.2 . . » . - g 0.3
2.05 21 215 2.2 2.25 2.3 2.35

Hs(m)

Figure 12. Increment of height for the compound breakwater for 2035 and 2050.

In Figure 13, the incremental weight required to meet safety standards is depicted,
determined through the computation of the variable block damage N,;. Depending on
the prevailing wave conditions, adjustments to the compound breakwater may necessitate
weight increases of up to 1 t. Again, especially critical are large wave heights and high
periods, as illustrated by the yellow area in the upper right corner of the figure.

3. Increment of weight (t) ”
12.8} 09
126 0.8
0.7

124
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0.4
0.3
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2.3 235
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12
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2.05 21 215 22 225

Hs(m)

0

Figure 13. Increment of weight for the compound breakwater for 2035 and 2050.
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The outcomes derived from the application of the two models to the Port of Valen-
cia underscore the need for developing adaptation plans of coastal structures to climate
changes. They can serve as preliminary design recommendations, which can then be
refined and verified using established engineering formulas, codes, and safety criteria.
Noteworthy events such as Storm Emma in 2018, Gloria in 2020, and Filomena in 2021
emphasize the critical importance of aligning our structures with evolving climate condi-
tions. With extreme storms growing in frequency and intensity annually, the associated
economic and social repercussions are escalating. To avert more severe consequences, it
is essential to conduct complete studies of structures situated along the Mediterranean
coast. This study reveals the need to increase the crown height by up to 1.2 m in the north
breakwater (head section) of the Port of Valencia and augment the weight of the compound
section. Implementing these adaptation measures requires an examination of various
options, necessitating a detailed study of the Valencia area. The different alternatives span
from increasing the breakwater’s crown height and adding more blocks to the armor to
constructing a reef-breakwater or exploring nature-based solutions such as the utilization
of seagrass meadows, which yield equivalent effects. Future research lines should focus
on scrutinizing these diverse alternatives, discerning the optimal one within the design
constraints of the Valencia Port.

3.2. Al Models Insights and Guidelines

Data-driven models and Al techniques remain notably limited in coastal and ocean
engineering studies, particularly in the realm of coastal adaptation research. While Al
methodologies are more commonly employed for predicting wave climate, their application
in the context of structural adaptation is sparse. After developing two new models, valuable
insights can be drawn.

Both models have demonstrated commendable performance, showing low error rates
and high correlation coefficients. This is particularly noteworthy as it significantly reduces
the computational cost compared to the established numerical models used for coastal
structures studies. Nonetheless, certain considerations warrant attention.

Above all, the need for broader and higher-quality datasets grows as the complexity
of the modelled process increases. Predicting or propagating maritime climate conditions
is relatively simple, since it involves few variables and allows efficient and accurate models
to be built with modest datasets. The situation changes when addressing more complex
tasks such as structural studies. These models depend on many variables, which makes the
process harder to capture and reduces accuracy, even when advanced Al methods are used.
A comparative analysis between the current study and the previous investigation focused
on maritime climate propagation in the same area [40] reveals two primary observations: a
significant escalation in the computational cost (around 100 times more) and a marginal
decrease in accuracy (loss of correlation coefficients around 0.1).

Similar contrasts emerge when comparing the models developed for the vertical break-
water and the compound breakwater. Notably, the compound breakwater model exhibits
inferior results (r of 0.87 compared to 0.98 for the vertical breakwater) despite utilizing
a larger dataset (221,257 data samples compared to 141,660 for the vertical breakwater).
Furthermore, the compound breakwater model necessitated more time for training, valida-
tion, and testing. This also may be due to the complexity of the modelled process, because
the structural and hydraulic behavior of a compound breakwater is usually more complex
than that of a vertical breakwater and, consequently, extracting the relationships between
the variables that are used as input and the final output of the ANN is more difficult and
requires more information and data to arrive at a consistent model.
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The computational cost of the model concerning the quantity of input parameters
employed was also studied. The increase of computational cost of the ANN with the rising
complexity of the modelled process and the associated variables involved highlights the
importance of correctly selecting only the essential input variables. It was shown that
incorporating only one input more can lead to a substantial increase in computational
time, ranging from 15% to 50%, contingent on factors such as the number of epochs and
the specific characteristics of the ANN (Figure 14). Therefore, to mitigate unnecessary
computational expenses, it is imperative to conduct a sensitivity and correlation analysis
before developing any ANN model to discern which variables are necessary to model the
process and which can be ignored.

100 — * - Time (min)
Increment of time(%)
'
90 — S
80 —
70 —
Q
£ 60
S *
c
i) L
5 50
3 *
é 40 — *
o
*
304
20
10 —
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0 0.5 1 1.5 2 25 3 35 4

Increment of input variables

Figure 14. Increment of computational time with the increment of inputs (100 epochs).

Referring to the use of hybrid-Al models, incorporating Al techniques and optimiza-
tion algorithms, such as GAs, is highly advantageous for minimizing computational time
and improving model performance. The implementation of a hybrid model resulted in
a remarkable reduction in computational time up to 3040 times, contingent upon the
number of iterations, compared to the conventional trial-and-error approach.

Analysis of model errors shows that most inaccuracies occur under extreme wave
conditions. For instance, in the compound breakwater, nearly 60% of the accumulated
RMSE is concentrated in the 90th percentile (Figure 15). This pattern is common in data-
driven models, which struggle to extrapolate to underrepresented extreme cases. From a
design perspective, this limitation means that the model may overestimate or underesti-
mate the adaptation measures needed for rare but critical events. While the framework
reliably guides adaptation under typical and moderate conditions, caution is required for
extreme scenarios, which are most relevant to structural safety. Future research should
focus on improving predictions for these extremes, through enhanced data representation,
preprocessing, or integration with experimental and field observations.

Regarding the applicability of the Al-based framework beyond the Port of Valencia,
the proposed methodology is broadly transferable to other ports and coastal structures.
The core framework, combining Monte Carlo simulations with ANNSs, can be applied to
any breakwater system to explore structural adaptation under future climate scenarios.
However, the model must be carefully calibrated and fine-tuned for each specific site
to accurately capture local conditions, including wave climate, bathymetry, breakwater
geometry, and structural characteristics. Site-specific adjustments are essential to ensure
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Figure 15. Distribution of the errors of the ANN-GA model.

Lastly, it is crucial to underscore the significance of adopting a probabilistic approach
in climate change studies and incorporating the peak period consideration when assessing
the safety of structures. In certain cases, the sea state associated with the highest wave
height may not necessarily be the most destructive. The peak period assumes a pivotal role
in the design of vertical and compound breakwaters, exerting considerable influence on
their safety. Consequently, these variables demand important attention. Therefore, when
scrutinizing the adaptation of such structures, it is imperative to embrace a probabilistic and
non-deterministic approach, evaluating the impact of various sea states on the structure,
with particular emphasis on diverse peak periods.

Regarding the limitations of the study, the ANN models were trained using outputs de-
rived from established empirical formulations due to the lack of sufficiently extensive field
measurements and laboratory experiments for the considered breakwater typologies and
future climate scenarios. The use of full physics-based numerical models was not a viable
alternative, as such models require very large amounts of input data, high computational
effort, and are typically designed to resolve specific processes or structural components
rather than the integrated response of an entire breakwater system. Implementing a fully
coupled numerical model for the complete structure would therefore entail an impractical
computational cost for the scope of this study. As a result, empirical equations constituted
the only feasible and consistent basis to generate a sufficiently large and diverse dataset for
Al training. An additional important limitation concerns the treatment of extreme events
and outliers, as previously discussed. Improving Al performance for rare and extreme
wave conditions requires dedicated methodological developments and extended datasets,
which are beyond the scope of the present work.

4. Conclusions

Artificial intelligence is one of the leading technologies of our time, and across many
scientific fields, Al-based and other data-driven models are emerging as strong alternatives
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to traditional approaches. Although these methods have advanced rapidly in numerous
areas, marine and coastal engineering has progressed more slowly. The potential of Al-
driven models is considerable, offering gains in computational efficiency, accuracy, and
overall performance. To avoid falling behind, the discipline must incorporate these tools
and take advantage of their ability to improve modelling capabilities. This paper introduces
an initial exploration of a novel Al-based methodology utilizing ANNs and GAs to tailor
coastal structures for adaptation to climate change.

Numerous breakthroughs mark the evolution of this novel model. Foremost among
these is the efficacy demonstrated by hybrid models employing a combination of diverse Al
techniques and optimization algorithms. Traditionally, optimizing neural network models
involved a resource-intensive trial-and-error methodology. However, the integration of
optimization algorithms, such as GAs, has proven to result in a model development
30—40 times more efficient.

In the realm of coastal structure adaptation, models grow more intricate, involving a
multitude of variables beyond the scope of predicting or propagating wave climate. This
complexity significantly amplifies computational demands, underscoring the heightened
importance of optimizing the parameters of these models. While ANNSs already offer a
computational advantage compared to numerical models, achieving an optimized model
becomes paramount. A sensitivity analysis is essential to identify the variables that most
effectively define the modelling process. The number of inputs must be minimized, as
each additional input can escalate computational time by 15% to 50%, which means that
in a model requiring a day for training, adding only one more input could translate to an
additional half-day of computational effort.

Referring to the analysis of the errors of the model, it is important to notice that up
to 60% of the total errors are concentrated in the 90th percentile of the distribution of
the cases analyzed. The model performs less reliably at the extremes, so those situations
deserve more careful review. The authors propose a critical examination of the modelling of
extreme cases and emphasize the importance of meticulous data preprocessing to enhance
the accuracy of predicting these outliers. Adequate inclusion of extreme data cases becomes
imperative to mitigate significant errors and guarantee the precision of the model.

Future research should focus on improving data preprocessing strategies for training,
validation, and testing in order to enhance ANN performance, particularly for extreme
wave conditions. In addition, future studies should apply the proposed models using
experimental and field data to further assess their robustness and capability to capture real
wave-structure interaction processes.

In the specific context of the Valencia port study, it is recommended to raise the crown
height by up to 1.2 m in the head section (vertical breakwater) and approximately 0.4 m in
the stretch four of the trunk section (compound breakwater) to align both sections with the
demands of climate change. In addition, a strengthening of the armor layer in the case of
the compound breakwater would also be needed.
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