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The effects of climate change on coastal areas are expected to significantly
influence the risk for port operations. In the present work, a novel methodology
for the quantitative assessment of the performances of upgraded rubble-
mound breakwaters under a changing climate is proposed. For each
considered upgrading option, the failure probability related to a certain limit
state is calculated through the implementation of Monte Carlo (MQC)
simulations, using the factor of change (FoC) method to include the
projected future climate. Three indexes are defined for the immediate and
intuitive interpretation of the results: i) the ratio between the calculated and the
maximum acceptable failure probability during lifetime (r); ii) the rate of the
growth of the failure probability during lifetime (s); iii) the coefficient of variation
of the failure probability due to both the intrinsic uncertainty of the MC
simulation and the variability of future climate (v). The methodology was
applied to the case study of the Catania harbor breakwater, considering the
failure of different upgrading solutions due to the collapse of the outer armor
layer and to excessive mean overtopping discharge. The results revealed the
acceptability of the structural and hydraulic performances of all the tested
configurations, under both present and future climate. Moreover, a high
climate-related variability of the future failure probability was found. The
usefulness of the proposed indexes for designer and decision-makers was
also demonstrated. In particular, r gives direct information about the
acceptability of the structure performances, enabling the immediate
comparison between different configurations and climate scenarios. The
index s is fundamental to calculate the appropriate times to implement repair
interventions during the structure lifetime. Finally, v allows the identification of
those situations which requires the design of highly flexible maintenance plans,
able to adapt to a very variable climate avoiding excessive costs.
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1 Introduction

Climate change is affecting worldwide coastal areas,
generally enhancing erosion and flooding phenomena, which
threat the existence of marine ecosystems as well as the
development of economic activities linked to seaside tourism
or port trade (Foti et al.,, 2020). The hydraulic performances of
coastal and harbor defense structures are directly influenced by
the effects of global warming, and in particular by mean sea level
rise (Church et al., 2013; Galassi and Spada, 2014), increase of
extreme storm surge height and frequency of occurrence (Lowe
and Gregory, 2005; Vousdoukas et al,, 2016), inter-annual
variability of wave characteristics (Hemer et al., 2013; Camus
et al., 2017; Morim et al., 2019), and reduction of extreme sea
levels return period (Vousdoukas et al., 2018). Future increased
wave run-up heights and overtopping rates are expected (Chini
and Stansby, 2012; Isobe, 2013; Arns et al., 2017), with
consequent alteration of port operability (Sanchez-Arcilla et
al,, 2016; Camus et al.,, 2019; Izaguirre et al., 2021). The risk of
climate change in port operations and breakwater integrity is
even more high when harbor breakwaters are aging and
deteriorated. Indeed, structural degradation may reduce the
safety and serviceability of structures (Li et al., 2015).
Therefore, the design of upgrading solutions for existing
harbor breakwaters in the face of climate change represents a
challenge (Burcharth et al., 2014; Hughes, 2014), because of the
intrinsic uncertainty of climate projections (Morim et al., 2018),
and the impossibility to apply the assumption of stationary
forcing (Chini and Stansby, 2012; Davies et al., 2017) typical
of the traditional deterministic or semi-probabilistic design (i.e.
level 0 and level I) methodologies.

Reliability-based design methods, which use the failure
probability as a measure of the performance of the structure,
should be employed for the assessment of the response of
existing and upgraded breakwaters under a changing climate.
Indeed, probabilistic approaches enable the inclusion of the
uncertainty of the design variables, namely external forcing,
coefficients of empirical design formulas, parameters describing
geometry and material of the structure, in a more or less
sophisticated way (Burcharth, 1987; Burcharth, 1993).
Moreover, the concept of return period typical of traditional
level 0 and I design methods, e.g. the ones proposed by
Tomasicchio et al. (1996) and Burcharth and Serensen (1999),
is overcome. Even if the theoretical basis of the probabilistic
design of harbor breakwaters date back to second half of the
twentieth century (CIAD project group, 1985; van der Meer,
1988b; Burcharth, 1993), only recently it has been included in
national codes and guidelines (US Army Corps of Engineers,
2002; Ports and Harbours Bureau et al., 2009; ROM 1.0-09,
2010). Several studies have been conducted for the definition of
methodologies for the assessment of the failure probability of
vertical or rubble-mound breakwaters, usually based on level IIT
calculation methods, such as the Monte Carlo (MC) simulation
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technique (Castillo et al., 2004; Kim and Suh, 2010; Macifeira et
al,, 2017; Lara et al,, 2019).

However, there are few investigations which consider the
influence of the effects of global warming on the structure
response. Takagi et al. (2011) presented a methodology to
evaluate the potential failure risk due to the sliding of vertical
breakwaters in a future storm event using a MC simulation.
Future wave climate was generated by imposing a 10% increase
of the future wind speed of tropical cyclones in the Asia-Pacific
Region, to be used as input of the spectral wave model SWAN.
Also Suh et al. (2012) and Kim and Suh (2014) investigated the
influence of future mean sea level and wave climate on the time-
dependent risk of caisson sliding during the service life of the
breakwater, using existing projection data-set as input of the MC
simulations. Uncertainties in design variables (i.e. design wave
height, horizontal and vertical wave force, friction coefficient)
were modeled by the calculation of the corresponding mean and
standard deviation as a function of their characteristic value, bias
and coefficient of variation, which have been deduced from
existing literature. Moreover, severe storm waves comparable
with the design waves were assumed to occur approximately
once a year, and to be composed by 1000 waves. Galiatsatou et al.
(2018) proposed a reliability-based approach coupled with
economic optimization techniques for the assessment of the
performances and of the costs of differently upgraded rubble-
mound breakwaters. Future climate conditions were defined
based on state of art estimations of the 100-year extreme
significant wave height and mean sea level rise increase,
neglecting variations of storm surge height. The probability of
port downtime was calculated using both level II and level III
methods, with reference to the ultimate limit state (ULS) due to
armor layer instability, excessive overtopping or toe scouring,
and the serviceability limit state (SLS) due to wave transmission
or wave diffraction.

The actual state of art of the probabilistic assessment of the
performances of rubble-mound structures under the effects of
climate change presents two main gaps. First, the expected future
sea level and wave climate are included in a rough way. Indeed,
projected mean sea level rise and variations of the significant
wave height are used to adjust the present wave climate
conditions, ignoring possible modifications of storm surge
height, and with a simplified estimation of the frequency of
occurrence and duration of extreme wave storms. The second
research gap refers to the lack of indexes to quantitatively
compare present and future performances of different
configurations of the structure. In this context, the present
work proposes a probabilistic methodology for the quantitative
assessment of the influence of the effects of climate change on
the response of upgraded rubble-mound harbor breakwaters,
with reference to ULS or SLS due to independent failure modes.
The factor of change method (Kilsby et al., 2007; Fatichi et al,
2011; Peres and Cancelliere, 2018) is employed to include the
effects of climate change on wave climate, and the MC technique
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is used to estimate the failure probability of the structure. Easy-
to-calculate indexes are defined to allow the comparison between
the present and future responses of the tested configurations. In
this way, the results of the application of the proposed
methodology can guide both the design of upgrading solutions
and maintenance plans for existing breakwaters and the related
decision-making processes, minimizing the risk of over or
under-design and providing useful inputs for the cost-
benefit analysis.

The paper is organized as follows. Section 2 describes the
proposed probabilistic methodology and presents the data used
for its application to the emblematic case study of the Catania
harbor breakwater (Italy) under present, RCP4.5 and RCP8.5
climate scenarios. The obtained results on marine climate and
failure probability are compared and discussed in section 3.
Finally, section 4 summarizes the main conclusions of the work
and suggests possible future developments.

2 Methods and materials

2.1 Characterization of local extreme
wave climate

The probabilistic assessment of the performances of
upgraded rubble-mound breakwaters requires the statistical
characterization of local extreme wave climate, considering
both present and future scenarios. To this aim, time series of
wave climate descriptors are needed, which can be derived from
buoy measurements or reanalysis models for the present climate,
and from climate projection models for the future scenarios. In
particular, the following wave climate variables are here
considered: i) significant wave height; ii) mean wave period;
iii) sea storm duration. Moreover, the storm surge phenomenon
is studied, focusing on its correlation with extreme significant
wave height.

For the present climate, the directional extreme value
analysis of the offshore significant wave height (H) is
performed, by applying the peak over threshold (POT)
method to detect the extreme events and evaluate the mean
number of storms per year (A). In the present work, peaks with
Hyo higher than 1.50 m are considered, assuming a minimum
temporal distance equal to 12 hours between independent events
(Boccotti, 2004). The adaptation of extreme value distributions
(e.g. Generalized Extreme Value, Weibull, Generalized Pareto)
to the obtained samples of extreme events is performed through
the method of moments estimation (MME). Such a method
allows the calculation of the scale, shape and location parameters
of the selected probability distribution functions by replacing the
theoretical mean, standard deviation, skewness and kurtosis for
the specified distribution by the corresponding sample
moments. The scale parameter (¢.) provides indications about
the scale on the horizontal axis of the probability density
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function (PDF) plot. The shape parameter (k) affects the
general shape of the PDF. Finally, the location parameter ()
gives information about where the probability distribution is
centered in the horizontal axis of the PDF plot. The best fitting
distribution is identified through the visual comparison between
the sample data and the PDF, as well as through the
Kolmogorov-Smirnov goodness-of-fit test, which determines
whether a sample comes from a specific distribution.

The effects of climate change on extreme wave climate are
introduced by modifying the scale, shape and location
parameters of the distribution fitted to the present directional
extreme Hy, based on factors of change (FoC) derived from the
comparison of the projected future scenarios and the baseline
climate provided by the same projection model (Kilsby et al,
2007; Fatichi et al., 2011; Peres and Cancelliere, 2018). The FoC
method consists in the evaluation of the difference between
statistics (e.g. mean, standard deviation, skewness, kurtosis) of a
climate variable computed for the future scenario and for the
present control period provided by the projection model, by
applying the following formula:

M,
FoC=—_"L

m,c

(1)

where M,, 5 and M,, . are the generic statistical moments
evaluated for the modeled future and control periods,
respectively. Once the FoC is calculated, the future value of the
considered statistical moment (My) is evaluated by
multiplication to the observed moment in the control period
(Mops,):

M; = FoC x M

obs,c

)

The FoC method is here applied considering the samples of
extreme Hy, derived from the application of the POT method, with
threshold equal to 1.50 m and minimum distance between
independent events equal to 12 hours, to the time series of the
observed control period, the modeled control period and the future
period. The future period is divided into sub-periods, using a yearly
moving time window covering the same number of years of the
control period. For each future sub-period, the MME method is
employed to estimate o, Ky, and . of the extreme value
distributions of Hy, which take into account the effects of climate
change, using as input data mean, standard deviation, skewness and
kurtosis of extreme Hy, calculated through equations 1 and 2.

The statistical characterization of mean wave period, sea
storm duration and storm surge height is performed by
modeling their correlation to Hy. When dealing with coastal
structure design, both copula functions (Muhaisen et al., 2010;
Mercelis et al., 2014; Salvadori et al., 2015; Malliouri et al., 2021;
Radfar et al, 2022) and site-specific empirical relationships
(Takagi et al., 2011; Suh et al., 2013; Mercelis et al., 2014;
Macifeira et al., 2017; Tabarestani et al., 2020) are widely
employed to model the correlation between dependent climate
variables. In the present work, the definition of empirical
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relationships between Hy, and the offshore mean wave period
(T,0), the sea storm duration (d;) and the storm surge height
(hgs) is proposed, because of their greater ease of use. The site-
specific coefficients of such empirical relationships, whose
mathematical form is considered not to change in time, are
calculated through the application of the least squares method to
both the measured (or reanalysis) and projected data-sets, thus
obtaining different values for present and future climate
scenarios. The latter are analyzed using the same yearly
moving time window defined for the application of the
FoC method.

Once the offshore wave climate has been characterized, the
wave propagation towards the breakwater needs to be
performed. Wave propagation is usually simulated by means
of numerical models, which take into account shoaling,
refraction and breaking processes.

2.2 Calculation of the failure probability
during lifetime

Once the most suitable upgrading concepts for the considered
rubble-mound breakwater have been identified (Burcharth et al.,
2014) and designed applying traditional (i.e. level 0 or II) methods,
their performances during lifetime can be assessed in terms of
failure probability, and then compared to the design requirements.
The useful life of harbor breakwaters is long enough to experience
the effects of climate change (Hallegatte, 2009), because its
minimum length ranges between 25 and 50 years, depending on
the economic repercussions due to partial or total loss of
functionality (Tomasicchio et al, 1996; ROM 1.0-09 (2010)).
Therefore, future scenarios accounting for the effects of climate
change must be considered for the probabilistic calculations.

Here, a methodology for the assessment of the failure
probability of upgraded harbor rubble-mound breakwaters
during lifetime under the effects of climate change is proposed.
First, a failure tree is defined. Then, the main failure modes
referred to ULS or SLS are selected, assuming that they are
related according to a series system. The series system, which
implies that the failure of the structure occurs if at least one of
the considered failure modes takes place, is typically employed
for coastal structures (US Army Corps of Engineers, 2002). The
governing equation of the selected failure mode (e.g. stability of
the armor layer, mean overtopping discharge, toe berm stability,
etc) is derived from state of art or site-specific experimental or
numerical equations, and re-written as a reliability function (US
Army Corps of Engineers, 2002; Jonkman et al,, 2015):

Z=R-S§ (3)

where R is the resistance of the structure to the external
solicitations S, being both R and S stochastic variables. R is
usually linked to the geometry of the structure and to the
characteristics of the component materials, whereas S sually
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contains the water density and the hydrodynamic parameters. If
Z<0 (ie. R<S), the selected limit state is overcome by the
structure and the failure occurs. When the failure probability
(i.e. Pr= P(Z<0)) is greater or smaller than the acceptance limit,
the structure is under-designed or over-designed, and needs to
be modified to improve its performances or reduce the
construction costs, respectively. The modified structure is the
new object of the probabilistic calculations, and the optimization
process goes on in an iterative way until the design requirements
are reached (Kim and Suh, 2006; Malliouri et al., 2021).

Figure 1 summarizes the proposed procedure to be applied
for the calculation of the probability that the structure reaches a
certain limit state, described by a reliability function Z. A level III
method is employed, which is based on the implementation of
probabilistic simulations through the MC technique. Such a
method overcomes the concept of design return period, which is
typical of level 0 or level I design approaches, and uses the whole
probability distributions of the variables involved in the design
process, also modeling their reciprocal correlations. According
to the indications of ROM 1.0-09 (2010), each realization of the
MC simulation is a life cycle of the structure, which consists of a
known number of meteorological years. For a certain climate
scenario, during each meteorological year, a certain number of
sea storms is randomly generated from the probability
distribution functions of the wave climate parameters for the
considered site, which have been previously defined following
the procedure described in section 2.1. Such sea storms may
cause or not the achievement of the considered limit state.
Therefore, the failure probability during lifetime is defined as
the probability that the structure reaches at least once the
considered limit state during its life cycle. The failure
probability during a t-years life cycle and its standard
deviation are calculated as follows (Lara et al., 2019):

N(0, ¢
Py, = Pp(0,1) = f](\[ ) (4)
P(0, t 1 - Ps(0,¢t
opf,r:crpxo,t):\/f( )XZ(V 00

Where NAO, f) is the number of t-years life cycles with at
least one failure (i.e. Z<0) and N, is the total number of
simulated life cycles (i.e. realizations of the MC simulation).
The given definition of P, implies that the following relationship
is valid:

t
Pf,t = Pf(O, t) = lef(l— 1,t) (6)
The length of the structure life cycle ¢ is set equal to the structure
lifetime (L) suggested by codes and guidelines which include the use
oflevel III design methods, e.g. ROM 1.0-09 (2010). Therefore, in the

following the failure probability Py; is considered. The maximum
acceptable failure probability during lifetime (Pr;,qx), whose value
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FIGURE 1

Block diagram of the proposed methodology for assessment of the failure probability of upgraded harbor rubble-mound breakwaters.

depends on the design requirements, is also fixed according to the
above mentioned codes and guidelines. The most appropriate
number of realizations of the MC simulation is selected through a
preliminary analysis of the stabilization process of Py and of its
coefficient of variation (CV=0p s 1/Pg ) by varying N,. The aim of such
an analysis is the identification of the value of N, able to provide a
compromise between accuracy of the simulation results and
calculation times. In the present work, a maximum acceptable CV
equal to 0.35 is considered. It should be noted that the required
number of realizations to obtain a certain CV increases for lower Py;.

The N, life cycles are randomly simulated using as input data
the probability distributions of the involved stochastic variables,
which are: i) descriptors of the structure geometry and materials
(e.g. density of water and of blocks, slope of the armor layer,
height of the wave wall); ii) empirical coefficients of the reliability
function; iii) descriptors of sea level and wave climate. The first
two groups of variables are described using normal distributions,
whose mean and standard deviation are deduced from existing
literature or available data-sets (van der Meer, 1988b; Burcharth,
1992; Lara et al.,, 2019). The corresponding random values are
generated for each simulated life cycle, under the hypothesis of
no changes of the structure composition, geometry and behavior
during lifetime, and imposing truncation limits to the normal
distributions to avoid unrealistic values. Instead, the random
generation of sea levels and sea storms occurring during the
structure useful life is performed by a marine climate emulator,
whose detailed description is presented in section 2.3. The
number of sea storms (n,) to generate for each life cycle is
evaluated as follows:

ng=LxA (7)
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where A is the mean annual frequency of sea storms derived
from the POT analysis of the Hy, time series corresponding to
the selected climate scenario (see section 2.1). Therefore, for
each simulation a total of n, x N, different sea storms are
simulated. Finally, physical constants (e.g. g) and limits values of
parameters used to quantify the structure performances (e.g.
limit damage conditions or mean overtopping discharges) are
considered as deterministic variables.

In order to enable the immediate and quantitative
comparison between the failure probabilities during lifetime
calculated for different structure configurations under both
present and future climate, easy-to-calculate indexes are here
proposed. The first index (r), which is defined to quantify the
safety level ensured by the structure, is calculated according to
the following formula:

Pry
r=o? 8)
f.Lmax

If r is greater than one, the failure probability is not

acceptable, otherwise the performances of the structure are
sufficient to satisfy the design requirements. Besides the value
of Py, also the rate of the growth of the failure probability
during lifetime provides useful information about the
performances of the structure and indications to plan possible
structural interventions. Such a rate can be calculated as the
slope s of the linear regression model which describes the
variation of Py, from the null value of the year zero to the final
value corresponding to the year L (see equation 6). If the effects
of possible maintenance interventions are not included, s is
always greater than or equal to zero, meaning that Py, can only
increase or remain constant during the period between the years
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zero and L. Finally, since the time series of climate data under a
certain scenario are elaborated using a yearly-moving time
window of fixed length (see section 2.1), the enhancement of
the MC outputs uncertainty due to the variability of the input
climate among the defined sub-periods can be quantified using
the following coefficient of variation:

&)

where G, and |1, are the standard deviation and the mean of
Pg;, calculated with reference to the above-mentioned sub-
periods of the considered future scenario. If the coefficient of
variation is greater than or equal to one, Pg; shows high
variability as the future time window changes.

2.3 Marine climate emulator

A marine climate emulator has been designed to generate
random sea storms and sea levels, also considering the effects of
climate change, to be used for the performance of the MC
simulations described in section 2.2. The required input data are
the extreme value distributions of Hy, and the site-specific
empirical relationships between Hy and T, ds and h,, which
are defined for the present and future scenarios following the
procedure described in section 2.1. The mean water depth at the
breakwater site (h) is assumed independent from the other
climate descriptors and normally distributed, with standard
deviation calculated according to the following formula
(Castillo et al., 2006):

o= Ut ha) = (= hy)

) (10)

where h,, is the astronomical tide characteristic of the
studied site.

For each climate scenario, and for each defined sub-period, a
random offshore sea storm is generated according to the
following procedure:

1. an initial random Hy, is drawn from the central fit of the
extreme value distribution of offshore significant wave
height;

2. a final random Hg, is drawn from the normal
distribution having mean equal to Hy, previously
generated from the central fit, and standard deviation
corresponding to the width of the 95% confidence
bounds (CB) of the extreme value distribution of the
offshore significant wave height;

3. an initial random value of each Hy-dependent variable
(i.e. Tyno» ds and hy) is generated form the central fit of
the corresponding site-specific empirical relationships,
using as input the last drawn H;
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4. afinal random value of each Hyy-dependent variable is
generated form the normal distribution having mean
equal to the value previously generated from the
central fit of the site-specific empirical law and
standard deviation corresponding to the width of its
95% CB.

The above described procedure is repeated ng x N, times, in
order to obtain the required number of offshore sea storms for
the performance of the MC simulation (see section 2.2).

The offshore wave conditions need to be propagated towards
the coast. As stated in section 2.1, wave propagation is usually
simulated by means of numerical models. However, the
numerical propagation of each randomly generated wave
condition towards the breakwater site would significantly
increase the calculation time required for the performance of
MC simulations. Therefore, the possibility to define more or less
complex site-specific formulations calibrated on a data-set made
up of measured or reanalysis extreme offshore wave conditions
and corresponding numerically propagated ones should be
considered, in order to avoid the performance of a numerical
simulation for each sea storm to generate. Such site-specific
formulations include the propagation processes simulated with
the numerical model in a simplified manner, thus taking into
account both shoaling and refraction, as well as wave breaking.
Wave breaking is further checked at the breakwater site using the
breaking criteria for the identification of depth limited or
steepness limited waves. The application of such criteria
requires the knowledge of the water depth at the breakwater
site for each simulated sea storm, which is calculated as the sum
between the corresponding h,, and a random value of h drawn
from its normal distribution.

2.4 Case study

2.4.1 The Catania harbor breakwater

The Catania harbor breakwater was selected for the
application of the proposed methodology for the quantitative
assessment of the performances of upgraded rubble-mound
breakwaters under a changing climate. The Port of Catania,
which is located on the Eastcoast of Sicily, is one of the Italian
commercial ports of national interest, thanks to its barycentric
position with respect to the Suez Channel, the Strait of
Gibraltar, the European ports and the North-African ports
(see Figure 2A). The “Levante” breakwater represents the main
protection of the harbor basin from the offshore waves (see
Figure 2B). The wave rose and the plot of extreme H,, against
mean wave direction showed in Figure 2C indicate that the
most energetic sea states come from the angular sector centered
in the 90°N direction. The Catania harbor breakwater was born
in the XVIII century as a composite structure, and then
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converted into the present 2.25 km long rubble-mound
breakwater (Franco, 1994; Oumeraci, 1994; Takahashi, 2002).
The actual armor layer appears severely damaged, and its mean
sea side slope significantly reduced, because of the oft-shore
slip of the 62 t cubic concrete blocks. The deteriorated
structure, which lost the original geometrical and structural
homogeneity, may not be able to withstand the increasingly
frequent extreme marine events and properly limit the
consequent overtopping discharges. Such a condition would
correspond to limitations to the harbor activities, which must
be overcome to ensure the satisfaction of the actual and
projected future demand of port services. Therefore, the local
Port Authority decided to perform a restoration and
upgrading intervention.

Following the suggestions of Burcharth et al. (2014),
upgrading solutions which consist in the heightening of the
existing wave wall and/or the addition of extra armor blocks
were considered. The extra armor units can be placed according
to a regular design slope or following the irregularities of the
existing structure through the construction of a single or double
layer, with a toe berm to ensure their stability. In particular, the
following six configurations have been verified through the
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performance of physical and numerical tests (Stagnitti et al,
2020; Stagnitti et al., 2022):

1. configuration E, which is the existing structure whose
wave wall height is +8.50 m above mean sea level (see
Figure 3A);

2. configuration EM, which consists in the simple
heightening of the wave wall up to +9.50 m above
mean sea level (see Figure 3B);

3. configuration AS, which consists in the armor layer
restoration with 30 t Antifer according to the design
slope of 1:2 (see Figure 3C);

4. configuration AD, which consists in the addition of a
double layer of 30 t Antifer smaller than the existing
ones, following the irregularities of the present armor
layer (see Figure 3D);

5. configuration CM, which involves the addition of a
single layer of 62 t cubes equal to the existing ones,
following the irregularities of the present armor layer
(see Figure 3E);

6. configuration CS, which consists in the raising of the wave
wall up to +9.50 m above mean sea level and the addition

\
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4
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| Sectionn. 40
|
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FIGURE 2

(A) Location of Catania. (B) Layout of the port of Catania, and indication of the outer breakwater representative cross-sections (satellite view
from Google Earth 2020). (C) Wave rose and plot of the offshore significant wave heights greater than 1.50 m against mean wave direction (the
shaded area represents the 45°-wide sector centered in the 90°N direction).
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of a single layer of 62 t cubes equal to the existing ones
according to the design slope of 1:2, after the regularization
of the present armor layer (see Figure 3F).

It should be noted that the non-homogeneity of the existing
armor layer has strong consequences on the design of the quarry
stone berm to be constructed at the toe of the additional blocks.
Indeed, if the toe berm is designed with a constant shape for the
whole breakwater, without including the reshaping of the
existing armor layer, at some cross-section the additional
blocks may not be directly in contact with the internal slope of
the berm.

2.4.2 Composite modelling

The definition of the reliability functions to be used for
the assessment of the failure probability of existing and
upgraded breakwaters requires the identification of formulas
for the description of damage dynamics and overtopping
phenomenon valid for the considered structures. Because of
the non-conventional nature of the existing and upgraded
Catania harbor breakwater, the response of the existing
and upgraded structure to increasing wave load was assessed
through the combination of experimental and numerical
results on damage dynamics and overtopping phenomena,
i.e. by performing the composite or hybrid modeling
(Oumeraci, 1999; Guanche et al., 2015; Di Lauro et al., 2019;

10.3389/fmars.2022.986993

Kamphuis, 2020). In this way, the performances of existing
design formulas in representing damage progression and
overtopping phenomenon were assessed, and new site-specific
relationships were defined. In particular, the experimental
results were employed to investigate damage dynamics of the
outer armor layer and acquire data for the calibration of the
numerical model, whose outputs were used for the analysis of the
overtopping phenomenon.

The experimental campaign was carried out at the Hydraulic
Laboratory of the University of Catania (Stagnitti et al., 2020;
Stagnitti et al., 2022). A total of 192 two-dimensional physical
model tests were performed at 1:70 scale inside a flume 18.00 m
long, 1.20 m high and 2.40 m wide, built within a tank equipped
with a flap-type wavemaker for the generation of random waves
using JONSWAP spectra. The six configurations described in
section 2.4.1 were studied considering two representative cross-
sections of the breakwater, namely sections no. 10 and no. 40
(see Figure 2B), in order to assess how the lack of uniformity
along the existing armor layer may influence the design of
upgrading solutions. Configurations AS, AD and CM at
section no. 10 are characterized by the lack of direct contact
between the additional armor blocks and the toe berm (e.g.
Figures 3C-E), contrary to configuration CS at section no. 10
and AS, AD, CM and CS at section no. 40 (e.g. Figure 3F). For
each tested configuration, five different sea states of 4500 waves,
divided into three equal intervals, were generated. The

[ Core Filter layer  [_| Existing armor layer (62 t cubes) [ ] Additional armor layer
[7] Toe berm Reshaping of the existing armor layer
A B Raised wave wall
+8.50
4
\ - -
30 t Antifer followi P
ntifer following +8.50 )
the design slope = Double layer of 30 t Antifer

Single layer of 62 t cubes

Raised wave wall

F | +9.50 / 62 t cubes following the design
-
. .

L]

slope over a regularized surface

FIGURE 3

Configurations of the Catania harbor breakwater: (A) existing structure; (B) existing structure with heightened wave wall; (C) upgraded structure
with additional 30 t Antifer units placed according to a 2:1 slope; (D) upgraded structure with additional double layer of 30 t Antifer units; (E)
upgraded structure with one additional layer of 62 t cubes; (F) upgraded structure with additional 62 t cubes placed according to a 2:1 slope

over the reshaped existing armor layer, and with heightened wave wall.
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reproduced waves were perpendicular to the structure, since the
most energetic sea storms reaching the Catania harbor
breakwater come from 90°N (see Figure 2C). The first four sea
states correspond to wave conditions having return period equal
to 5, 10, 50 and 100 years, respectively. Instead, the fifth sea state
is characterized by significant wave height equal to 120% of the
100-years return period one. Experimental data regarding wave
characteristics, reflection phenomenon, damage dynamics and
mean overtopping discharge were acquired. In particular, the
incident and reflected wave motion was measured through the
four-gauge method of Faraci et al. (2015). Damage progression
of the outer armor layer was investigated through the analysis of
the traditional damage parameter N, and of novel descriptors of
the armor surface roughness. Finally, a specially designed
measuring system was employed for the acquisition of the
overtopping volumes. o mean sea level) in the range 0.88+2.13
and Iribarren number in the range 2.15+2.76.

The stability of the upgrading solutions with additional
armor layer (i.e. configurations AS, AD, CM and CS) was
examined in depth. To the authors’ knowledge, no damage
progression formulas exist for rubble-mound structures with
more than two layers of cube-shaped units placed according a
slope of 1:2. Therefore, the experimental N,; measured at the
end of each sea state were compared to the traditional formula of
van der Meer (1988a), hereinafter vdM formula, which is valid
for double layers of cubes laid on a slope of 1:1.5 with a notional

270H,\ !
+1 ] x ) (11)
8lm

where N,, is the number of incident waves, A = pa/pw — 1 and

permeability equal to 0.4:

0.4

H, NY
=fo % (6.7 -

ADnSO

D5 are respectively the relative density and the median nominal
diameter of the armor blocks, Hs the incident significant wave
height, T,, is the mean wave period, g is the gravity acceleration
and f; is an empirical coefficient equal to 1.00 with a standard
deviation (o) equal to 0.10. As expected, the vdM formula does
not provide a good approximation of the experimental damage,
since the tested structures differ from the traditional structure type
for which the vdM formula was calibrated, in terms of geometry,
layering and porosity. In particular, the vdM formula
overestimates the measured N,; which is accordance with the
fact that the tested sections are characterized by a slope flatter than
1:1.5. The adaptation of the vdM formula to the experimental data
was performed through the calibration of the empirical coefficient
fo using the least squares method. The physical model results
reveal the existence of two different responses of the structure in
the case of direct or not direct contact between the additional
armor units and the toe berm, hereinafter indicated as SS and NSS
configurations. For this reason, two different f. were calculated,
distinguishing between SS and NSS configurations. Figures 4A, B
shows the experimental N,; as a function of the stability
parameter Hs/AD,,s, together with the fitted equation 11 and its
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95% CB. As reported in Table 1, the experimental f; is equal to
1.72 (6 = 0.29) and 1.35 (o= 0.20) for SS and NSS
configurations, respectively.

The experimental results on overtopping and reflection
phenomena were employed for the calibration of the
numerical model of the Catania harbor breakwater, which
allowed the construction of larger data-set for the investigation
of the overtopping phenomenon. The extensively validated
IH2VOF numerical model (Lara et al., 2008; Guanche et al.,
2009; Di Lauro et al., 2019), was employed, which is able to solve
the 2D Volume-Averaged Reynolds averaged Navier-Stokes
(VARANS) equations (Lara et al., 2011). Section n. 40 of the
Catania harbor breakwater was studied (see Figure 2B),
considering configurations E and CS, which according to the
experimental results are the less and most performing solutions,
respectively. The 2D simulations were performed inside a
numerical flume 4.50 m wide and 0.65 m high, meshed using
a uniform grid with Ax equal to 0.020 m and Ay equal to 0.010 m.
The porosity parameters characteristic of each layer of the
structure, namely o, f3, c4 and n Lara et al, 2011), were
calibrated on the basis of the state of art suggestions and the
experimental reflection coefficient and mean overtopping
discharge. In particular, according to Lara et al. (2008), for all
the porous media o and c, were set equal to 200 and 0.34,
respectively. Instead, n and 3 have been calibrated against
experimental results, thus obtaining: i) #=0.32 and f=1.20 for
the core; ii) n=0.35 and =2.00 for the filter layer; iii) n=0.30 and
PB=1.50 for the existing armor layer; iv) n=0.25 and f=5.00 for
the additional armor layer; v) n=0.35 and 3=3.00 for berm at the
toe of the additional armor layer. The hydraulic response of the
two considered configurations was investigated by simulating
five sea states of 1500 waves, each of which was repeated six
times in order to take into account the effect of wave sequence on
overtopping phenomena. Therefore, a total of 60 numerical
simulations were performed. The good correspondence
between the experimental and numerical results is showed in
Figures 4C, D, where the non-dimensional mean overtopping
discharge q* is expressed as a function of the non-dimensional
structure free-board R /H,, being R, the maximum value between
the crest level and the wave wall height referred to mean
sea level.

The numerical g* was compared to the prediction of the
traditional formula proposed by (EurOtop, 2018), hereinafter

R 1.3
: 12
) | w

where Y is the roughness factor (equal to 0.47 for double layer

EurOtop formula:

* q
=———=qgp xexp|—| bg X
q e E P{ (E

of artificial cubes), and ay and by are empirical parameters equal to
0.09 (o = 0.0135) and 1.50 (o = 0.1500), respectively. Despite the
predictions of the EurOtop formula are quite good, two site-specific
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FIGURE 4

Site-specific experimental formulas for the variation of the damage parameter Noq as a function of the stability number for: (A) SS
configurations; (B) NSS configurations. Comparison between experimental and numerical data and site-specific numerical formulas for the
variation of the non-dimensional mean overtopping discharge as a function of the non-dimensional structure free-board: (C) configuration E;

(D) configuration CS "g*" is the name of the plotted variable.

formulas were fitted to the numerical data acquired for
configurations E and CS at section no. 40, using the least squares
method. Figures 4C, D shows equation 12 adapted to the numerical
data and the 95% CB of the fitting. As reported in Table 1, the
experimental a and by are equal to 0.30 (6 = 0.14) and 1.50 (o =
0.01) for configuration E, and to 0.06 (¢ = 0.05) and 1.50 (¢ = 0.15)
for configuration CS. It should be noted that the site-specific ag and
bg are quite similar to the EurOtop ones. However, the fitted
empirical coefficients improve the performances of equation 12 in
reproducing g* higher than 10~ for configuration E, and g* lower
than 5x10° for configuration CS.

2.4.3 Climate data

The evaluation of the performances of the upgraded Catania
harbor breakwater requires wave climate and sea level data for
the studied site, to be used as input for the MC simulations. As
regards the present climate, the freely available measured wave
data of the Italian National Sea Wave Measurement Network
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(RON) were employed (Piscopia et al., 2004), which consists of
time series of offshore significant wave height (Hy,), peak wave
period (T}), mean wave period (7,,0) and mean wave direction
(D) for the period 1989-2014. From 1989 to 2001 the wave
measurements were taken every three hours, whereas from 2002
to 2014 the acquisition interval was thirty minutes. The present
mean sea level was deduced from the design data provided by the
local Port Authority, and it is equal to 16.50 m and 19.00 m for
sections n. 10 and 40, respectively. The second value was selected
as the mean of the normal distribution of h, whose standard
deviation was calculated through equation 10, assuming that h,,
is equal to 0.20 m (see Table 1). The storm surge was introduced
using the ERAS reanalysis data (Hersbach et al., 2019), which are
available for the period 1989-2017, with a time step of
10 minutes.

For the future climate, the ocean surface wave projections
and the water level change time series for the European coast
provided by the Copernicus Climate Change Service were
employed (Caires and Yan, 2020; Yan et al., 2020). Such data
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TABLE 1 Mean (m) and standard deviation (o) of the normally distributed variables used to perform the Monte Carlo simulations, and parameter k
for the calculation of the lower (l) and upper (u) limits of the truncated distributions (f. coefficient of the ULS reliability function, ar and bg
coefficients of the SLS reliability function, h mean water depth, D,,s5o mean nominal diameter, A relative density, h,,,; height of the wave wall

measured with respect to the toe of the structure).

Variable Formulation m

fe -] vand der Meer (1988) 1.00
Experimental SS 1.72
Experimental NSS 1.35

ag [-] EurOtop Manual (2018) 0.09
Numerical E 0.30
Numerical CS 0.06

bg [-] EurOtop Manual (2018) 1.50
Numerical E 1.50
Numerical CS 1.50

h [m] present 19.00
RCP4.5 19.36 + 19.42
RCP8.5 19.24 + 19.33

Dn50 [m] 30 t Antifer 2.35
62 t Cubes 3.00

A - 123

hyyan [m] Configuration E 27.5
Configuration CS 285

0.10 - - -
0.29 - - -
0.20 - - -
0.01 - - -
0.14 - - -
0.05 - - -
0.15 - - -
0.10 - - -
0.15 - - -
0.10 - - -
0.10 - - -
0.10 - - -
0.03 3.00

2.25 2.45

0.03 3.00 2.90 3.10

0.05 4.00 1.04 1.42

0.03 4.00 27.38 27.62

0.03 4.00 28.38 28.62

were generated by the ECMWEF’s Wave Model (SAW) and the
Deltares Global Tide and Surge Model (GTSM) version 3.0,
respectively, forced by surface wind from a member of the
EURO-CORDEX climate model ensemble (i.e. the HIRHAMS5
regional climate model downscaled from the global climate
model EC-EARTH). The wave data-set is made of hourly time
series of Hyo, Tpo» Timo D and wave spectral directional width for
the European coastline along the 20 m bathymetric contour with
30 km spatial resolution. The sea level data-set consists of time
series of mean sea level, storm surge residual, tidal elevation and
total water level, with a time step of 10 minutes. The wave and
sea level time series are available for the following climate
scenarios: i) the baseline climate (HIST), which refers to the
period 1976-2005; ii) the future climate RCP4.5, which
corresponds to an optimistic emission scenario where
emissions start declining beyond 2040; iii) the future climate
RCP8.5, where emissions continue to rise throughout the
century (i.e. business-as-usual scenario). It should be noted
that the future wave data refers to the period 2041-2100 for
both RCP4.5 and RCP8.5. On the contrary, the future water level
time series covers the years 2071-2100 for RCP4.5, and the years
2041-2070 for RCP8.5. For this reason, in the present work only
the periods 2071-2100 under RCP4.5 scenario and 2041-2070
under RCP8.5 scenario were considered. For the future
scenarios, the mean of the normal distribution of present h
was corrected by adding the projected mean sea level rise (SLR),
which according to the employed data-set ranges between 0.36 +
0.42 m and 0.24 + 0.33 m for RCP4.5 and RCP8.5, respectively
(see Table 1).
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The statistical characterization of the extreme local wave
climate was performed according to the procedure described in
section 2.1. As discussed in section 2.4.1, under the present
climate the most energetic sea storms come from the 90°N
direction (see Figure 2C). Therefore, extreme events, whose
rounded frequency of occurrence (A) is equal to 13 events/
year, were considered to come from such direction. Moreover,
only the years 1989-2005 of the measured time series of Hy, were
used for the analysis of present extreme wave climate, in order to
ensure a statistically significant comparison with the baseline
HIST scenario. The visual comparison between different extreme
value PDF and the sample of extreme Hy, and the results of the
Kolmogorov-Smirnov test with statistical significance level equal
to 5% revealed that the best fitting distribution for present
extreme Hy, is the Weibull distribution with a,=1.14, k,=1.30
and (.=1.56. According to the climate projection model, no
significant variations of extreme wave direction are expected for
the future scenarios. Therefore, the effects of climate change on
the present Weibull distribution have been introduced by
modifying its a., &, and ., using the FoC method. The FoC
method has been applied using a 17-years moving window for
the analysis of the future time series, in order to analyze sub-
periods having the same length of the considered present period.
In this way, 14 sub-periods have been obtained for each future
scenario. The ranges of the calculated a,, Ky, and ) are
summarized in Figure 5A. Depending on the considered sub-
period, A ranges between 12+13 events/year and 13+14 events/
year under RCP4.5 and RCP8.5, respectively (see Figure 5B).
Figure 6 shows the plots of some of the fitted Weibull
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distributions in terms of Hy, expressed as a function of the return
period (T,), which refer to the present climate and the sub-
periods 2084-2100 under RCP4.5 scenario and 2053-2069 under
RCP8.5 scenario.

The correlations between extreme Hy, and T,,o, ds and h
were modeled through the definition of site-specific empirical
formulas, whose coefficients were calculated considering the
present and the future scenarios (see section 2.1). The offshore
mean wave period was calculated by adapting the formula
proposed by Boccotti (2004):

H:O (13)

T =0b
m0 TmTC 4g

where br, is the empirical non-dimensional coefficient
evaluated through the least squares method, and Hy, and T,
are measured in m and s, respectively. The estimate of the wave
storms duration (measured in hours) was performed using the
following linear relationship, which is similar to the one
proposed by Laface and Arena (2016) for the equivalent
exponential storm model:

ds = deHSO (14)

where b, (hours/m) is an empirical coefficient dependent on
the site characteristics, evaluated through the least squares
method. Finally, the storm surge height (hy, measured in
meters) was using the following linear relationship, which is

10.3389/fmars.2022.986993

similar to the one proposed by Salmun et al. (2011):
hss = bgsHy (15)

where by, is an empirical non-dimensional coefficient
depending on the site characteristics, evaluated through the
least squares method. Figures 5C-E shows the ranges of the
fitted site-specific empirical coefficients.

According to the procedure for the generation of random sea
storms described in section 2.3, the definition of a site-specific
formulation for wave propagation towards the breakwater site is
required. A previously generated data-set of deep-water and
corresponding shallow water wave conditions was available for
the studied site. In particular, the offshore significant wave
height and mean wave period time series for the years 2006-
2019 provided by Korres et al. (2019) were propagated towards
the the breakwater site using the spectral wave model SWAN
(Booij et al., 1999). The analysis of the correlation between
extreme Hy, and corresponding propagated H; revealed that the
following linear relationship provides a quite reliable description
of the propagation process for the site of interest:

Hs = CHSHSO (16)

where cp, is the empirical coefficient estimated through the
application of the least squares method, which is equal to 0.70,
with lower and upper 95% CB equal to 0.69 and 0.72, respectively.
The coefficient of determination of the fitted formula is R* = 0.87.
As regards the mean wave period, it was found that T,, at the
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FIGURE 5

Present RCP4.5 RCP8.5
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Characterization of the local extreme wave climate under present and future scenarios: (A) scale (asc), shape (ksn) and location ({.) parameters
of the Weibull distribution of extreme Ho. (B) mean number of sea storms per year; (C) coefficient of the site-specific empirical relationship
between significant wave height and mean wave period; (D) coefficient of the site-specific empirical relationship between significant wave
height and sea storm duration; (E) coefficient of the site-specific empirical parameter of the relationship between significant wave height and
storm surge height. The mean (bar value) and standard deviation (vertical error bars) were calculated with reference to the 14 future sub-periods

of each future scenario.
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FIGURE 6

Central fit and 95% confidence bounds of the Weibull distribution of extreme offshore significant wave height for the site of Catania: (A) present
(1989-2005); (B) sub-period 2084-2100 under RCP4.5 scenario; (C) sub-period 2053-2069 under RCP8.5 scenario.

breakwater site can be assumed equal to T, with R? of the fitted
regression model equal to 0.98. The above-described simplified
formulation for wave propagation is justified by the very mild
slope of the bathymetry of the site of interest, and also by the quite
high depth at the toe of the structure (i.e. between 16.50 and 19.00
m under MSL, with 100-year return period dispersion parameter
ksh between 0.50 and 0.60). Under the hypothesis of no
modification of the local bathymetry, the site-specific wave
propagation relationships were employed for both present and
future scenarios. The breaking conditions were checked at the
breakwater site through the application of criteria proposed by
Kamphuis (1991) and Goda (2009).

More details about the extreme value distributions of Hy,
and the fitted site-specific empirical relationships between
climate variables are provided in the Supplementary Material.

2.4.4 Monte Carlo simulations

The simplified fault tree represented in Figure 7 was
considered. For ULS, the collapse of the armor layer was
analyzed, considering the case of addition of an extra armor
layer over the existing one (i.e. configurations AS, AD, CM and
CS). Instead, for SLS, the excessive mean overtopping discharge
was studied for the existing structure (i.e. configuration E) and
the solution with both raise of the wave wall and addition of
extra armor unit (i.e. configuration CS). The proposed
methodology for the calculation of the failure probability (see
section 2.2) was applied to section n. 40 of the Catania harbor
breakwater, which is the most exposed one to the wave motion
(see Figure 2B).
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For each considered limit state, MC simulations were
performed to assess the failure probability during lifetime,
considering the present climate (1989-2005) and the future
scenarios RCP4.5 (2071-2100) and RCP8.5 (2041-2070). Both
the state of art formulas and the ones adapted to the
experimental and numerical data were considered (see section
2.4.2), in order to compare the results and assess the effect of
using specific design formulations. For the ULS, the following
reliability function was derived by writing equation 11 in
accordance with the format of equation 3:

NOA 27TH 0.1
NLO%-”) X AD, 5o — H, X (gTzs) (17)
w m

Zy =f. % (6.7

where the number of incident waves N,, is calculated as the
ratio between the sea storm duration expressed in seconds and
the mean wave period, i.e. (3600 d;)/T,,. The coefficient f,, D, 50
and A are assumed to follow a normal distribution (van der
Meer, 1988b; Burcharth, 1992), whose mean (m) and standard
deviation (o) are reported in Table 1. The normal distributions
of D,s50 and A ere truncated, in order to avoid the unrealistic
values during the random generation process. Therefore, such
distributions were characterized also through the parameter
kwhich allows the calculation of the lower (/) and upper (u)
truncation limits:

l=m-ko
(18)
u=m+ko

The damage parameter N, as set equal to 2.00, which is the
damage limit correspondent to the collapse of the outer armor
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layer (CIRIA et al., 2007). For the SLS, the following reliability
function was derived by writing equation 12 in accordance with
the format of equation 3:

13
R

Z,=q-\/gH? b x =< 1

=9 gsxaExexP|:<E><H$%[) } (19)

where R, = h,,q - (h+h). The parameter h,,,; which is
the height of the wave wall measured with respect to the toe of
the structure, follows a normal distribution (Lara et al., 2019)
that was truncated to avoid the random generation of
unrealistic values. The coefficients ap and by are assumed
normally distributed. Table 1 reports the characteristics of the
above mentioned normal distributions. The limit g was set
equal to 5x10° m*/s m, which is the the acceptable mean
overtopping discharge to ensure safety for larger yachts
(EurOtop, 2018).

According the indications of ROM 1.0-09 (2010), the
structure useful life was set equal to 50 years, and Py for
both ULS and SLS was assumed equal to 10", The number of
generated life cycles (N,) for each MC simulation, which was
defined through the analysis of the convergence of Py was
2.25x10%, and the obtained CV were in the range 0.02+0.35 (see
Supplementary Material for more details). Since the rounded A is
equal to 13 events/year for the present climate (see section 2.4.3),
according to equation 7, 650 random sea storms were generated
for each of the 50 simulated life cycles under present climate,
thus obtaining a total of 1.46x10” sea storms. As regards the
future sub-periods, A ranges between 12+14 events/year (see
section 2.4.3), and hence 600+700 random Hy, were generated
for each of the 50 simulated life cycles. Therefore, for each future
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sub-period a total of 1.35+1.58x10” sea storms were generated.
For instance, Figure 6 shows the point clouds of the simulated
Hy as a function of the return period, considering the present
climate and two representative future sub-periods under RCP4.5
and RCP8.5 scenarios, together with the corresponding Weibull
distributions used for the random generation.

3 Results and discussion
3.1 Marine climate

The extreme wave climate and sea levels characteristic of the
site of Catania under present and future climate (see section 2.4.3)
were analyzed and compared, in order to acquire preliminary
information useful for the interpretation of the final outcomes
obtained through the application of the proposed methodology for
the quantitative assessment of the performances of upgraded
rubble-mound breakwaters under a changing climate.

As regards the extreme significant wave height, Figure 5A
shows that the Weibull distributions of extreme Hy, calculated
for the future sub-periods are characterized by higher a,. and x,
than the present ones, but lower .. As a consequence, future
extreme H, lower than the present ones are expected for the site
of interest, in agreement with the findings of both global (Hemer
et al., 2013; Camus et al., 2017; IPCC, 2019; Morim et al., 2019)
and regional (Lionello et al., 2008) existing studies. Instead, the
frequency of occurrence of extreme events is not expected to
suffer significant modifications in the future. Indeed, the data
reported in Figure 5B shows that the maximum variations of A
are equal to + 1 event/year.
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The expected future decrease of extreme Hy, involves that
also T,,0, d; and h, are likely to decrease under the RCP4.5 and
RCP8.5 scenarios. Indeed, according to equations 13-15, such
variables are directly correlated to Hy. Moreover, as showed in
Figure 5C, the empirical coefficient of the site-specific
relationship between Hyy and T,,0, namely br,,, assumes values
slightly lower than the present one, by 0.09 times on average,
thus increasing the reduction of the future T,,, due to the
expected lower Hy,. Figure 5E reveals also that the future
values of coefficient of the site-specific relationship between
Hy and h, namely by, are lower then the present one, by 1.09
times on average. Therefore, future h is expected to be lower
than the present one not only because of the decrease of Hy, but
also because of the lower projected by, As regards the coefficient
of the site-specific relationship between Hy, and d,, namely b,
no significant differences between present and future were
found. Indeed, the future values vary within the 95% CB if the
present estimate of by, (see Figure 5D).

Besides the variations of extreme wave climate, also mean
sea level rise, which for the site of Catania is expected to reach
values up to 0.42 m (see section 2.4.3), significantly affects the
hydraulic performances of rubble-mound breakwaters,
especially in the presence of depth-limited wave conditions.
For the present case study, the failure probability due to the
collapse of the outer armor layer (ULS) is influenced only by the
projected reduction of extreme sea storm energy (see equation
17), whereas the failure probability due to excessive mean
overtopping discharge depends on the combined effect of the
expected less energetic wave climate and increased mean sea
level (see equation 19).

3.2 Collapase of the outer armor
layer (ULS)

The acceptability of the stability performances of the
additional armor layer of the upgraded Catania harbor
breakwater during lifetime is evaluated using the index r (see
equation 8). Figure 8A shows the calculated  for each upgrading
solution, considering both the traditional and site-specific
reliability functions (i.e. vdM, SS and NSS). The displayed
results refer to the present climate and to the sub-period with
the highest Prp of each future scenario, namely 2084-2100 under
RCP4.5 and 2053-2069 under RCP8.5. The standard deviation of
r, calculated by dividing Gpgr, by Pgpmax is represented by the
vertical error bars and ranges between 0.001+0.025, being
directly proportional to Pg(see equation 5) and r.

The index r calculated with the traditional and site-specific
reliability functions is always smaller than one, which means that
despite of the weight of the additional armor units (i.e. 62 t cubes
or 30 t Antifer), all the upgraded configurations satisfy the
design requirements, under both present and future climate.
The results reveal that the future r is in general lower than the
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present one, for both the considered scenarios. In particular, the
lowest values of r were found for the end of century under
RCP4.5 scenario. Figure 9A shows that the percentage difference
between future and present r (i.e. 100 (i 7pres)/Tpres) Tanges
between -72% and -6%. The quantitative comparison between
present and future r demonstrates that all the considered
upgrading options, which ensure acceptable performances
under the present climate, are adequate also in the presence of
the effects of climate change. Therefore, the cost-benefit analysis
for the choice of the optimal solution will not be affected by the
expected impacts of global warming on the considered structure.
Such findings are consistent with the outcomes presented in
section 3.1, and in particular with the fact that for the future
lower. H, are expected for the site of Catania. Indeed, the analysis
of Z;, expressed as a function of the only H; by using equations
13-14, revealed that its first-order derivative with respect to H; is
always negative, thus implying that to lower values of Hj
correspond higher Z; Anyway, the differences between present
and future r are quite contained, and the order of magnitude of r
does not change.

Figure 8A also shows that the values of evaluated for the
upgrading solutions which consist in the addition of 30 t Antifer
blocks, are higher than the ones calculated for the upgrading
options which consist in the addition of 62 t cubic units, by 16 +
24 times on average times when using the vdM formula, and by 3
+ 11 and 14 + 22 for the SS and NSS formulas, respectively.
Therefore, as expected, the doubling of the weight of the extra
armor blocks involves a significant reduction of the probability
of collapse of the outer armor layer. The use of the traditional or
site-specific reliability functions produces substantial differences
between the resulting r. Indeed, the vdM formula is far more
conservative, giving r greater than the ones calculated with the
SS and NSS formulations, by 34 and 8 times on average,
respectively. Such a result indicates that the use of the
traditional vdM formula would lead to a solution with a larger
safety margin. Reasonably, r calculated for the case of additional
armor blocks in direct contact with the toe berm (i.e. SS) is
always smaller than the one evaluated in the case of absence of
such direct contact (i.e. NSS), by a factor of 62% on average.

The rate of the growth of the failure probability during
lifetime is displayed in Figure 8B, with reference to the present
climate and the future sub-periods 2084-2100 under RCP4.5 and
2053-2069 under RCP8.5. The index s behaves similarly to r.
Indeed, as showed in Figure 9B, the future s values are always
lower than the corresponding present ones, and the percentage
difference between future and present s (i..100 (Sg~Tpres)/Tpres)
ranges between -63% and -8%. Figure 8B also shows that the
upgrading solutions with additional 30 t Antifer units are
characterized by higher s than the ones calculated for the
solutions with extra 62 t cubes, by a factor of 19+32, 4+8 and
16+17 when using the vdM, SS and NSS formulas, respectively.
Moreover, the application of the vdM formula gives s greater by
49 and 9 times on average than the SS and NSS formulations,
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the acceptance limit (the vertical error bars represent the MC standard deviation); (B) rate of the growth of the failure probability during lifetime.

respectively. The best performances of the the additional armor
layer in direct contact with the toe berm are confirmed. Indeed, s
calculated with the SS formulation is on average 61% lower than
s calculated with the NSS equation. The assessment of s of
various upgrading options under different climate scenarios is
fundamental for the design of maintenance plan able to ensure
sufficient stability of the structure during lifetime. Indeed, if limit
values of Py, are fixed and s is known, the appropriate times to
implement repair interventions can be calculated.

The variability of P;; due to the use of a moving time
window for the analysis of the future periods (i.e. 2071-2100
under RCP4.5 scenario and 2041-2070 under RCP8.5 scenario)
is quantified by the coefficient of variation v (see equation 9).
Figure 10 reveals that for both future scenarios, the highest
values of v correspond to configurations characterized by the
lowest 7, namely the upgrading solutions with additional armor
layer made up by 62 t cubes. Such a result is in accordance with
the fact that in such cases v is most affected by the uncertainty of
the MC simulations, which corresponds to higher OpfiLs and
hence greater CV. When considering the end of the century
under RCP4.5 scenario, v assumes values between 0.38 and 0.88,
thus indicating a low variability condition. Instead, the values of
v calculated for the mid of the century under RCP8.5 range
between 0.84 and 2.27, being always greater than the
corresponding values for the end of the century under RCP4.5
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scenario. When v is higher than one, which indicates the high
variability of Pg;, special attention should be paid to the
flexibility of maintenance interventions during the planning
processes. Indeed, design strategies that are reversible and
flexible must be selected to keep the cost of being wrong about
future climate change as low as possible (Hallegatte, 2009).

3.3 Excessive mean overtopping
discharge (SLS)

The acceptability of the hydraulic performances of the
existing and upgraded Catania harbor breakwater was also
assessed, considering the SLS due to excessive mean
overtopping discharge. Figure 11A shows the index r (see
equation 8), which was calculated for the existing structure
(i.e. configuration E) and for the upgrading solution with
additional 62 t cubes over the regularized armor layer and
further raised wave wall (i.e. configuration CS), considering
both the traditional and site-specific formulas (i.e. EurOtop
and empirical-numerical formulas). As for the failure
probability due to the collapse of the outer armor layer (see
section 5.2), the displayed values of r refer to the present climate
and to the sub-period with the highest P;; of each future
scenario, namely 2084-2100 under RCP4.5 and 2053-2069
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under RCP8.5. The standard deviation of r derived from Gp;
(see equation 5), which is indicated by the vertical error bars,
varies in the range 0.004+0.019.

The calculated r is always smaller than one, despite of the
considered structure configuration (i.e. E or CS) and reliability
function, under both present and future climate. Therefore, since
the SLS is never reached and the design requirements are always
satisfied, the upgrade could be not necessary when considering
only the response of the breakwater in terms of mean
overtopping discharge. However, configuration E ensures r
very close to failure threshold, being r in the range 0.20+0.94
depending on the employed formulation. The upgrading
solution CS produces the reduction of r by about 0.77 and
0.94 times, employing the traditional and site-specific reliability
function, respectively. As expected, the addition of extra units
over the existing armor layer and the heightening of the wave
wall involve a significant reduction of the probability of
occurrence of excessive mean overtopping rates. The
comparison between the obtained results for the present,
RCP4.5 and RCP8.5 scenarios displayed in Figure 11A reveals
that the future r is in general lower than the present one. As
showed in Figure 12A, the percentage difference between future
and present r ranges between -50% and -14%, with the highest
reduction of r corresponding to the end of the century under
RCP4.5 scenario. Therefore, both the existing and upgraded
structure provide sufficient performances in the presence of the
effects of climate change.

Such an outcome is consistent with the fact that lower H, and
hg are expected for the site of Catania (see section 3.1), but it
may appear in contrast with the projected SLR without a
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thorough analysis of the influence of each climate variable of
equation 19. Figure 13 shows the comparison between 0Z,/0H;
and 0Z,/0H,, evaluated for a set of possible H; and R.. 0Z,/0H; is
negative, and its absolute value is higher than the positive 0Z,/
0H,, for each considered couple H-R.. Therefore, the increase of
Z, due to decreasing H; occurs at a greater rate than the decrease
of Z, due to decreasing R, and vice versa. In order to make clear
such a finding, in Figure 13 the case of H, equal to 6.00 m and R,
equal to 8.50 m above mean sea level is highlighted. Following
the above explanation, the fact that future r is lower than the
present one is reasonable. Indeed, the reliability function Z,
suffers most the effect of slightly lower H; than the influence of
higher R, caused by SLR. Anyway, the differences between
present and future probability of failure are modest. Indeed,
the order of magnitude of r does not change.

The use of the EurOtop formula or of its adaptation to the
numerical data produces differences between the resulting r.
Indeed, the empirical-numerical formula is more conservative
for configuration E, giving r greater by about 0.66 times than the
traditional one. On the contrary, the empirical-numerical
formula is less conservative for configuration CS, giving
smaller r by about 0.36 times than the traditional one. Hence,
in the latter case the lack of specific formulation does not imply
the design of a not sufficiently performing structure. However,
the differences between r evaluated through the traditional and
adapted formula for mean overtopping discharge are modest
with respect to the discrepancies observed for the armor layer
stability, by two orders of magnitude (see section 3.2).

Figure 11B shows the growth of the failure probability
during the structure lifetime, calculated for the present climate
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and the future sub-periods 2084-2100 under RCP4.5 and 2053-
2069 under RCP8.5. As already observed for the ULS related to
the collapse of the outer armor layer, the index s behaves
similarly to r. Indeed, as showed in Figure 12B, the percentage
difference between future and present s ranges between -49%
and -11%. Configuration CS is characterized by lower s than the
ones calculated for configuration E, on average by a factor of 0.77
and 0.94 when using the traditional and site-specific reliability
function, respectively. Furthermore, for configuration E the
empirical-numerical formula provides s higher than the
EurOtop one, by about 0.66 times. On the contrary, for
configuration CS the site-specific formula gives s lower than
the traditional one, by about 0.39 times. The knowledge of s
corresponding to the considered upgrading options under
different climate scenarios allows the definition of
maintenance plan able to ensure adequate hydraulic
performances during the whole structure lifetime.

As for the ULS due to the collapase of the outer armor layer,
the variability of future Py, during the periods 2071-2100 under
RCP4.5 scenario and 2041-2070 under RCP8.5 scenario is
quantified using the coefficient of variation v (see equation 9).
In accordance with the findings discussed in section 3.2, Figure
14 shows that for both future scenarios the highest values of v
correspond to the upgraded configuration CS, which is
characterized by the lowest r. The values of coefficient of
variation calculated for the mid of the century under RCP8.5
scenario are greater than the corresponding values for the end of
the century under RCP4.5 scenario. In particular, v of RCP4.5
scenario assumes values in the range 0.57+1.00. Therefore, Py is
characterized by low variability for all the tested cases under
RCP4.5 scenario. On the contrary, v of RCP8.5 scenario ranges
between 2.03 and 2.36, thus indicating the high variability of Py,
and hence the necessity to design reversible and flexible
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maintenance plan to ensure the best compromise between
performances and costs.

4 Conclusion

The effects of climate change on coastal areas produce the
increase of risk for port integrity, thus implying the need for
upgrade exiting harbor breakwater. In this context, the present
work proposes a methodology for the assessment of the impact
of climate change on the performances of upgraded rubble-
mound structures, based on the calculation of the failure
probability during lifetime due to independent failure modes.
The limits of existing design methodologies are overcome, which
are mainly linked to the rough inclusion of expected future
climate variations and to the lack of quantitative indexes for the
comparison between the results.

The probability that the structure reaches a certain ULS or
SLS during the lifetime is calculated through the MC simulation
technique. After simulating a certain number of structure
random life cycles, the failure probability during lifetime is
defined as the ratio between the number of life cycles with at
least one failure and the total number of realizations of the MC
simulation. The failure occurs when the reliability function
describing the failure mode assumes negative values. Such a
function is derived from traditional or site-specific empirical
relationships between hydrodynamic, geometry and material
variables, which are all described by probability density
functions derived from state of art or from adaptation to the
available data. The probability distribution of extreme significant
wave height identified through the POT method is calculated
using the MME adaptation method, whose combination with the
FoC method allows the inclusion of the effects of projected
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Comparison between the first-order partial derivatives of the reliability function Z, for excessive wave overtopping discharge, evaluated
considering ar and bg suggested by (EurOtop, 2018) and a set of Hs and R.. The circle and the square indicate the first-order partial derivatives

of Z> in the case of Hs = 6.00 m and R. = 8.50 m.

climate change (Kilsby et al., 2007; Fatichi et al., 2011; Peres and
Cancelliere, 2018). Moreover, the correlations between wave
climate descriptors are modeled by site-specific empirical
relationships, calibrated for both the present and future
scenarios. Once the failure probabilities have been assessed,
the following three index are calculated to enable the
quantitative comparison between present and future climate
scenarios, and also between different configurations of the
structure: i) r is the ratio between the calculated and the
maximum acceptable failure probability during lifetime, which
assumes values greater (smaller) than one if the failure occurs
(does not occur); ii) s, whose unit of measure is 1/year,
represents the rate of the growth of the failure probability
along the lifetime; iii) v is a measure of the dispersion of the
obtained failure probabilities due to the combination of the
uncertainty due to MC convergence and the variability of
future climate.

The proposed methodology was applied considering the
failure probability due to the collapse of the outer armor layer
(ULS) or to excessive mean overtopping discharge (SLS) during
lifetime of different upgraded configurations of the Catania
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harbor breakwater (Italy). The index r calculated with the
traditional and site-specific reliability functions under present
climate is always smaller than one, thus indicating acceptable
structural and hydraulic performances for all the tested
configurations. In accordance with the climate projections for
the site of interest (Caires and Yan, 2020; Yan et al., 2020), lower
r and s were calculated for both ULS and SLS under RCP4.5
and RCP8.5 scenarios, although their order of magnitude does
not change. The variation of Py; due to future climate variability
was quantitatively assessed through the index v, which
assumes values equal or greater than one for highly dispersed
data. The maximum values of v were found under RCP8.5
scenarios, for those configurations characterized by the lowest
failure probabilities.

The obtained results demonstrate that the proposed
methodology is able to give useful quantitative information to
optimize both design and decision-making processes of upgrading
solutions for harbor breakwater under the effects of climate change.
Indeed, the index r is measure of the adequacy of upgrading options
to withstand future external forcing. Moreover, the knowledge of s
for different climate scenarios gives useful information for the
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design of maintenance plan based on the calculation of the
appropriate times to implement repair interventions during the
structure lifetime. Finally, the outcomes of the analysis of the index
v allow the identification of the upgrading options whose Py
presents high variability under the considered future scenarios. In
such cases, highly flexible maintenance plan should be designed, in
order to reach an optimal compromise between structure
performances and costs. Future research should focus on the
inclusion of the structural modifications of the breakwater due to
deterioration processes and/or maintenance interventions, which
clearly influence the growth of the failure probability
during lifetime.
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