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Abstract:

Sea level rise due to climate change, as well as social pressure to decrease the visual impact of
coastal structures, have led to reduced crest freeboards, and this increases the overtopping hazard.
In previous studies, pedestrian safety during overtopping events was assessed considering the
overtopping layer thickness (OLT) and the overtopping flow velocity (OFV). This study analyzed the
statistics of OLT and OFV on mound breakwaters without crown walls during severe wave storms.
Small-scale 2D physical tests were conducted on mound breakwaters with dimensionless crest
freeboards between 0.29 and 1.77, testing three armor layers (single-layer Cubipod®, and double-layer
cubes and rocks) in depth-limited breaking wave conditions and with two bottom slopes. Neural
Networks were used to develop new estimators for the OLT and OFV exceeded by 2% of the
incoming waves with a high coefficient of determination (0.866 < R? < 0.876). The best number of
significant figures in the empirical coefficients of the new estimators was determined according to
their variability. The 1-parameter Exponential and Rayleigh distribution functions were proposed to
estimate the extreme values of OLT and OFV with 0.803 < R? < 0.812, respectively.

Keywords: mound breakwater; wave overtopping; overtopping layer thickness; overtopping
flow velocity; depth-limited breaking wave conditions; Cubipod®

1. Introduction

Coastal hazards are increasing due to the sea level rise and stronger wave storms caused by
climate change (Camus et al., 2019). In addition, new social concerns demand decreasing visual and
environmental impacts of infrastructures. The consequences of climate change and the satisfaction of
new social demands influence coastal structure design; reduced design dimensionless crest
freeboards and higher overtopping rates must be considered. Higher extreme overtopping events
and overtopping risks are expected, leading to the need for new tools to better consider the current
design conditions. In addition, most mound breakwaters are built in the surf zone in depth-limited
breaking wave conditions.

During extreme wave overtopping events, overtopping water flows over the breakwater crest.
The characteristics of such flow, overtopping layer thickness (OLT) and overtopping flow velocity
(OFV), are directly related to the hydraulic stability of the breakwater crest and rear side (Argente et
al., 2018), but also to pedestrian safety on the breakwater crest (Bae et al., 2016). Pedestrian safety
becomes relevant as recreational activities such as fishing, walking or taking pictures often take place
on the breakwater (see Figure 1).
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(a) (b)

Fig. 1. Pedestrians on mound breakwaters: (a) fishing in Scheveningen (the Netherlands) and (b) taking photos in Altea,
(Spain).

There is extensive literature on the tolerable limits of water depth and flow velocity for
pedestrian safety under constant flow conditions (Abt et al., 1989; Endoh and Takahashi, 1995). Recently,
Bae et al. (2016) and Sandoval and Bruce (2017) analyzed the stability of human bodies under
overtopping flow conditions based on physical experiments with dummies and video images,
respectively. Bae et al. (2016) also proposed tolerable limits for OLT and OFV for pedestrian accidents
under overtopping flow conditions. Several predictors exist for OLT and OFV on dike crests
(Schiittrumpf and Van Gent, 2003; van Bergeijk et al., 2019). However, few studies are focused on OLT
and OFV on mound breakwater crests (Mares-Nasarre et al., 2020a, 2019). Mares-Nasarre et al. (2020a)
demonstrated that the bottom slope (i) is a significant variable for estimating OLT and OFV, but m
is not considered as an explanatory variable in the estimators found in the literature. Thus, methods
given in the literature should be reviewed since none of the studies considered the bottom slope as
an explanatory variable to estimate OLT and OFV.

This study examines the statistics of OLT and OFV on overtopped mound breakwaters (armor
slope H/V = 3/2) without crown walls during extreme overtopping events under depth-limited
breaking wave conditions and proposes new simple empirical formulas to estimate OLT and OFV
exceeded by 2% of the incoming waves in the middle of the breakwater crest. In Section 2, the
literature on OLT and OFV is analyzed, focusing on studies conducted on mound breakwaters. In
Section 3, the experimental setup and data analysis are described; tests reported in Mares-Nasarre et
al. (2020a) are used to fit the proposed empirical formulas and distribution functions. Small-scale
models of mound breakwaters with single-layer randomly-placed Cubipod® (Cubipod®-1L), double-
layer randomly-placed cube (cube-2L) and double-layer randomly-placed rock (rock-2L) armors
were tested in the wave flume of the Universitat Politécnica de Valéncia (Spain) with two bottom slope
configurations (m = 2% and 4%). Section 4 describes the Neural Network (NN) methodology used in
this study to build up the empirical formulas with five explanatory variables for OLT and OFV. New
estimators for OLT exceeded by 2% of the incoming waves as well as the statistical distribution
function for the highest OLT (with exceedance probabilities under 2%) are described in Section 5. In
Section 6, new estimators for OFV exceeded by 2% of the incoming waves and a statistical distribution
function for OFV (with exceedance probabilities under 2%) are proposed. Finally, conclusions are
drawn in Section 7.

2. Literature review on overtopping flow on mound breakwaters without crown wall

Few studies (Mares-Nasarre et al., 2019, 2020a) can be found in the literature focused on OLT and
OFV on mound breakwater crests. Thus, studies performed on sloping structures such as dikes are
also reviewed in this section. It should be noted that dikes are sloping impermeable structures with
smooth gentle slopes (seaward slope H/V > 3), whereas mound breakwaters are permeable structures
(where infiltration occurs) with steeper slopes (seaward slope H/V < 2).
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Schiittrumpf et al. (2002) and Van Gent (2002) conducted the first studies analyzing OLT and OFV
on dikes mainly in non-breaking conditions. Schiittrumpf and Van Gent (2003) combined their previous
results and described the overtopping flow on a dike using two variables: (1) the OLT exceeded by
2% of the incoming waves (he%) and (2) the OFV exceeded by 2% of the incoming waves (uc2%).
Schiittrumpf and Van Gent (2003) also proposed an empirical method to estimate /2% and uc2% based
on the wave run-up height exceeded by 2% of the incoming waves (Ru2%) calculated using the
formulas in Van Gent (2001). Van Gent (2001) considered Ruz% to be a function of the surf similarity
parameter or Iribarren number (Irn-10) calculated with the significant wave height (Hs = Hi3) and the
spectral wave period T-1,0 = m-1/mo, where miis the i-th spectral moment m; = [ Ow S(f)ftdf, being the
wave spectrum S(f). The main variables considered by Schiittrumpf and Van Gent (2003) are specified
in Figure 2.

P _ he(x-=BJ/2)
h =R )=hlx:=0) &~
A(Z4=Rc)=hc(Xc )\ uc(_i(f)
Ux(Za)
ha(z4=0) Rc
MWL _____izA__,___sL_
} B

Fig. 2. Definition of the variables considered by Schiittrumpf and Van Gent (2003) on a dike cross-section.

According to Schiittrumpf and Van Gent (2003), OLT and OFV exceeded by 2% of the incoming
waves at the seaward edge of the crest of the dike, ha2%(z4= Rc) and uazu(za= Rc), are estimated as

Ra2y,(24) _ (Ruz% - ZA) ()
H, Ah H,
Uage(2a) |, |Rugy, — 24 2)

(—g Hs - CA,u Hs

where ca1* and ca.” are the empirical coefficients given in Table 1 and za is the elevation over the
mean water level (0 < za <Rc). Once haz%(za= Rc) and ua2%(za= Rc) are estimated using Egs. (1) and (2),
hev% and uey can be calculated using Egs. (3) and (4).

hcz%(xc) Xc

— = exp|—c},— 3

Ry =~ P (~inp) ¢
ucz%(xc) = exp (—C* Xc U ) (4)
U0, (Rc) o heaos(x0)

where c.»* and c.«* are the empirical coefficients given in Table 1, xc is the distance from the seaward
side edge, B is the crest width and u is the bottom friction coefficient. Schiittrumpf et al. (2003)
proposed values of 1 between 0.0058 and 0.02 for smooth slopes.

Van Gent (2002)  Schiittrumpf et al. (2002)

Re/Hmo 0.7-22 00-44

Humolhs 02-14 01-03
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Seaward slope

(tana=V/H) 1/4 1/3,1/4,1/6
can® 0.15 0.33
cane 1.30 1.37
Cal™ 0.40 0.89
Cou 0.50 0.50

Table 1. Experimental ranges and empirical coefficients for Egs. (1) to (4).

Therefore, he% and ucs estimated using the methods described in Schiittrumpf and Van Gent (2003)
depend on Hs and Tw-10 as well as the seaward slope, tang, the crest freeboard, R., and the crest width
of the dike, B.

Van der Meer et al. (2010) considered the same variables as Schiittrumpf and Van Gent (2003) to
explain hez% when analyzing new tests in the overtopping simulator. Regarding uc%, Van der Meer et
al. (2010) included Lu-10, the wavelength based on Tw-10. Lorke et al. (2012) and Formentin et al. (2019)
proposed new formulas to estimate h2% and uc2% on dikes with no additional explanatory variables.

Mares-Nasarre et al. (2019) was the first study focusing on OLT and OFV on overtopped mound
breakwaters (armor slope H/V = 3/2); the experimental range of the dimensionless crest freeboard
was 0.34 < R/Hwmo < 1.75, where Hmo = 4(mo)°3 is the spectral significant wave height, and three armor
layers (Cubipod®-1L, cube-2L and rock-2L) were tested under depth-limited breaking wave
conditions (0.20 < Hmo/hs < 0.73, where & is the water depth at the toe of the structure). Mares-Nasarre
et al. (2019) performed tests with a bottom slope m = 2% and measured OLT and OFV in the middle
of the breakwater crest. These researchers adapted Egs. (1) and (3) proposed by Schiittrumpf and Van
Gent (2003) to estimate hev in the middle of the breakwater crest, h2%(B/2). Since the formulas given
by Schiittrumpf and Van Gent (2003) are based on Ruzx, Mares-Nasarre et al. (2019) recommended Eq.
(5) given by EurOtop (2018) to estimate Ruz%.

Ry,
Tz = 165V Vg Vb IMm-10 (5a)
S
with a maximum value of
Ru,y, 1.5
TS = 1.00 Yf.surgingVp Vb 4.0 — \/TT,O (Sb)

where yis the roughness coefficient depending on the type of armor, yzis the factor which takes into
account the effect of oblique wave attack, » is the influence factor for berms and psurging [-] is the
roughness coefficient that increases linearly up to 1.0 following

1 143

Yfsurging = Yr + (Irm—l,O - 18) 82 (5C)

The maximum Ru2%/Hsis 2.0 for permeable core. In Mares-Nasarre et al. (2019), yg =y, = 1.

Mares-Nasarre et al. (2019) calibrated cax* ccn* and y following the recommendations by Molines
and Medina (2015) and proposed car* = 0.52, ccr* = 0.89 and = 0.33, 0.35 and 0.48 for Cubipod®-1L,
cube-2L and rock-2L, respectively, in Egs. (1) and (3). Mares-Nasarre et al. (2019) calculated uc% in the
middle of the breakwater crest, u«2«(B/2), as function of the squared root of haw(B/2); uzw(B/2) = Kz
(ghe2%(B/2))°5, where K2 was calibrated for each armor layer. K2=0.57, 0.60 and 0.47 were proposed for

4
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Cubipod®-1L, cube-2L and rock-2L, respectively. These authors also described the highest values of
OLT and OFV in the middle of the breakwater crest using the 1-parameter Exponential and Rayleigh
distributions.

Mares-Nasarre et al. (2020a) recently expanded the database used in Mares-Nasarre et al. (2019)
conducting 2D physical tests with m = 4%. Similar to Mares-Nasarre et al. (2019), overtopped mound
breakwaters were tested with the same three armor layers (Cubipod®-1L, cube-2L and rock-2L) under
depth-limited breaking wave conditions (0.20 < Hmo/hs < 0.90). As pointed out by Herrera et al. (2017),
in depth-limited breaking wave conditions, the optimum point to estimate the incident wave
characteristics is relevant. Thus, Mares-Nasarre et al. (2020a) analyzed the optimum point to estimate
wave characteristics in order to calculate he2%(B/2) and uc%(B/2); the optimum point was found at a
distance of 3hs from the toe of the structure. This distance was also recommended by Herrera et al.
(2017) and approximately corresponds to 5Hs suggested by Goda (1985) and Melby (1999). It was found
that hew(B/2) decreased while u«v%(B/2) slightly increased for increasing values of m; therefore, m is a
significant variable to consider when estimating he%(B/2) and u«%(B/2) on mound breakwater crests.

3. Experimental methodology

3.1. Experimental setup

Mares-Nasarre et al. (2019 and 2020a) carried out 2D physical tests in the wave flume (30 m x 1.2
m x 1.2 m) of the Laboratory of Ports and Coasts at the Universitat Politécnica de Valencia (LPC-UPV),
with two mild bottom slope configurations. The first configuration was composed of two ramps: one
6.25 m-long m = 4% bottom slope, and another 9.0 m-long m = 2% bottom slope. The second
configuration consisted of a continuous ramp of m = 4% all along the wave flume. Figure 3 shows the
longitudinal cross-sections of the LPC-UPV wave flume for the two configurations with the locations
of the wave gauges.

Model .
Passive
Piston-type $1-85 $6-S9 S10 S11 wave
wavemaker | | ” l | ” | | attenuator
T % { H % [T IE ||||||||||||||||||||
— T Al
m=4%|
5.46 15.27
Model i
Passive
Piston-type $1-85 S$6-S9 S10 S11 wave
wavemaker | | ” I H” | I attenuator
I ] 1l
| L 777 27 7277 777 77 777 777 777
| m=4% m=2%|
5.46 6.25 f 9.02
20.73
30.00 {

Fig. 3. Longitudinal cross-sections of the LPC-UPV wave flume.

11 capacitive wave gauges were placed along the flume to measure the water surface elevation.
Wave gauges S1 to S5 were installed in the wave generation zone following the recommendations by
Mansard and Funke (1980) in order to separate incident and reflected waves in the wave generation
zone. Wave gauges S6 to S9 were located close to the model. Note that close to the model, depth-
limited wave breaking occurs, and the existing methods to separate incident and reflected waves are
not reliable. The distances from S6, S7, S8 and S9 to the model toe were 5hs, 4hs, 3hs and 2hs,
respectively. Wave gauge 510 was placed in the middle of the breakwater crest in order to analyze
OLT, while S11 was installed behind the model to detect possible phenomena of water piling-up.

Irregular wave tests with 1,000 waves were generated following a JONSWAP spectrum (y= 3.3).
The AWACS wave absorption system was activated during the tests to avoid multireflections.
Neither low-frequency oscillations nor piling-up (S11) were significant during the tests. Piling-up is

5
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an undesirable phenomenon which consists of an increase in the water depth behind the model due
to the accumulation of water caused by high overtopping rates and other effects. The LPC-UPV wave
flume prevents piling-up by allowing the water to recirculate through a double floor.

The tested cross-section depicted in Figure 4 corresponds to a mound breakwater with armor
slope H/V = 3/2 and rock toe berms. Three armor layers were tested: single-layer Cubipod®
(Cubipod®-1L with nominal median diameter or equivalent cube size Dnso= 3.79 cm), double-layer
randomly-placed cube (cube-2L with Dnso = 3.97 cm) and double-layer randomly-placed rock (rock-
2L with Dnso = 3.18 cm) armors. Tests conducted with m = 2% were performed with a medium-sized
rock toe berm (Dnso = 2.6 cm) while tests carried out with m = 4% were conducted with a larger rock
toe berm (Dnso = 3.9 cm) in order to guarantee the toe berm hydraulic stability during the tests.

S10

B

Dnso0 or 2Dnso

Hmos Tor  +0.05
~
0.00
4Dns0

hsr_’

2Dns0

Fig. 4. Cross-section of the models tested in the LPC-UPV wave flume. Dimensions in m.

Each breakwater model was built on bottom flume configurations m = 2% and 4% and two water
depths (hs) at the toe of the structure were considered. /s = 20 cm and 25 cm were tested for all the
cases except the test series corresponding to cube-2L with m = 2%; in these specific case test series, hs
=25 cm and 30 cm were tested. For each water depth (hs), Hmo and peak period (T,) were calculated at
the wave generation zone, in order to keep the wave steepness (sop = Hwo/Loy = 2mtHmo/(3T}?))
approximately constant through each test series (so» = 0.02 and 0.05). For each so,, Hmo at the wave
generation zone (Hmog) was increased in steps of 1 cm from no damage to initiation of damage of the
armor layer or wave breaking at the wave generation zone. Table 2 shows the range of the main
variables considered during the tests. Note that wave characteristics (Hmo and Tw-10) are provided at
a distance of 3hs from the toe of the structure following recommendations by Mares-Nasarre et al.
(2020a).

m Armor B [m] #tests hs [m] | Re[m] Hmo [m] Tm-1,0 [8]
25 0.20 0.12 0.08-0.15 | 1.04-1.98
Cubipod®- 1L 0.24
28 0.25 0.07 0.07-0.17 | 0.93-2.04
26 0.25 0.11 0.07-0.16 | 0.95-2.05
1/50 cube — 2L 0.27
23 0.30 0.06 0.07-0.18 | 0.89-1.89
8 0.20 0.15 0.09-0.13 | 1.12-1.70
rock — 2L 0.26
13 0.25 0.10 0.07-0.13 | 0.89-1.73
21 0.20 0.12 0.09-0.17 | 1.04-1.88
Cubipod®- 1L 0.24
1/25 28 0.25 0.07 0.07-0.18 | 0.94-2.15
cube - 2L 0.27 21 0.20 0.11 0.10-0.17 | 1.14-1.87
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23 0.25 0.06 0.09-0.18 | 1.06-2.15

8 0.20 0.15 0.10-0.14 | 1.25-1.89

rock — 2L 0.26
11 0.25 0.10 0.09-0.14 | 1.08-1.91

Table 2. Structural and wave characteristics of the 2D tests corresponding to single (1L) and double-layer (2L) armors.

Three cameras were also installed in order to analyze the armor damage in the frontal slope,
crest and rear side of the armor using the Virtual Net Method (Gémez-Martin and Medina, 2014).
Overtopping discharges were collected using a chute and a weighing system placed in a collection
tank behind the model (Mares-Nasarre et al., 2020b).

3.2. Wave analysis

Waves in the wave generation zone were separated using the measurements taken by wave
gauges S1 to S5 and the LASA-V method (Figueres and Medina, 2005). The LASA-V method is
applicable to nonstationary and nonlinear irregular waves. However, the existing methods given in
the literature are not valid for breaking waves. Thus, to estimate incident waves in the model zone,
where wave breaking occurs, the SwanOne propagation model (Verhagen et al., 2008) was used. The
SwanOne model fits a JONSWAP spectrum (y=3.3) based on the input incident wave conditions in
the wave generation zone. This spectrum is propagated along the bathymetry of the wave flume and
the Composite Weibull distribution recommended by Battjes and Groenendijk (2000) is applied to
describe the wave height distribution in shallow foreshores. Note that the SwanOne model analyzes
frequencies within the range 0.03 — 0.8 Hz, since it is prepared for prototype scale wave conditions;
in this study, a reference scale 1/30 was assumed.

Herrera and Medina (2015) validated the SwanOne model using tests without a structure. In the
present study, a similar validation was conducted; tests without a structure were performed using
an efficient passive wave absorption system at the end of the flume (Kr = Hmor/Hmoi < 0.25). The
measurements of the tests without a structure (total waves) were compared with the SwanOne model
simulations at both the wave generation zone (Figure 5a and 5c) and the model zone (Figure 5b and
5d). Note that SwanOne simulations at the wave generation zone represent the fitting to the input
incident waves obtained after separating incident and reflected waves using measurements taken by
wave gauges S1 to S5.
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Fig. 5. Comparison between the measured wave characteristics in the tests without a structure and the estimations for

incident waves given by the SwanOne model for: (a) significant wave height in the generation zone, (b) significant wave

height in the model zone, (c) spectral period Twm.1 in the generation zone and (d) spectral period Tm.1 in the model zone.

Correlation coefficient (r), coefficient of determination (R?) and relative bias (bias) were
considered to quantify the goodness of fit in this study. 0 < r <1 assesses the correlation, 0 < R2<'1
estimates the proportion of variance explained by the model and -1 < bias <1 provides a dimensionless
quantification of the bias. Thus, the higher the #, the higher the R? and the closer the bias to 0, the

better.
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where Nw is the number of observations, oi and e are the observed and estimated values, and 6 is the
average observed value. As shown in Figure 5, agreement was reasonable for the fitted conditions in
the wave generation zone (R?> 0.882). Regarding the model zone, good agreement was observed for
Humo (R2=0.966) while poor results were obtained for Tw-10 (R2= 0.415). As reported in Mares-Nasarre et
al. (2020b), decreasing values of bias were observed for Hwo in the model zone for increasing values of
hs.

During the design phase of a mound breakwater, the design wave conditions (Hw and Tw-1,0)
must be estimated at the location where the mound breakwater will be built; thus, both Hmo and Tw-
10 estimated by SwanOne are applied in this study.

3.3. Overtopping layer thickness (OLT) and Overtopping flow velocity (OFV) measurement

OLT was recorded in 57 physical tests, while OLT and OFV were measured in an additional 178
physical tests. OLT was measured using a capacitive wave gauge (S10) located in the middle of the
breakwater crest (see Figures 3 and 4). S10 was inserted into a hollow cylinder filled with water in
order to keep the sensor partially submerged. A lid with a slot was installed in the upper part of the
cylinder to prevent water loss and to maintain the daily-calibrated reference level. The cylinder was
12 ¢m in length and 8.5 cm in diameter. Visual inspection of the OLT during overtopping events
showed a clear water surface (see Figure 6). Thus, aeration was considered negligible. Little variation
in the reference level was seen and little noise was measured, as shown in Figure 7.

! b N A
H e

J

o s
1 ~y
4

Fig. 6. Visual inspection of the overtopping layer thickness (OLT) during the physical tests.
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Fig. 7. Example of a raw record taken by wave gauge S10.
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The OFV was measured at a frequency of 20 Hz using three miniature propellers installed along
the crest: (1) on the seaward edge of the model crest, (2) in the middle of the model crest, and (3) on
the leeward edge of the model crest. In this study, the measurements taken in the middle of the
breakwater crest were used. The operational range of these miniature propellers was 0.15 < u(m/s) <
3.00. Thus, OFV values below 0.15 m/s were disregarded. Figure 8 displays an example of a record
from a miniature propeller.
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20.0 H

10.0

Overtopping flow velocity (u.(B/2)) (cm/s)

o
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[

800 825 850 875 900 925
Time (s)

Fig. 8. Example of a raw record of a miniature propeller.

4. Methodology of analysis using Neural Networks (NNs)

Feedforward Neural Network (NN) models are commonly used in the artificial intelligence field
to model nonlinear relationships between explanatory variables (input) and response variables
(output). During the last two decades, NN models have been applied successfully by researchers and
practitioners to estimate wave overtopping, wave reflection or wave forces on coastal structures. NN
models have also been used in practical applications with a large database of wave overtopping tests
(van Gent et al., 2007; Formentin et al., 2017) and with smaller datasets to identify the most relevant
variables to estimate wave forces on crown walls (Molines et al., 2018), or to define explicit wave
overtopping formulae (Molines and Medina, 2016). In this research, Multi-layer feedforward NN
models were used to analyze the influence of a set of explanatory variables on he2%(B/2) and uc2%(B/2).

4.1. Explanatory variables affecting hew(B/2) and ucwn(B/2)

Based on the literature, the explanatory variables which might influence hc%(B/2) and uc2%(B/2)
are m, Re, Hmo, Tw-1,0 and hs (with Hmwo and Tw-10located at a distance of 3ks from the toe of the structure).
These explanatory variables consider the wave conditions at the toe of the structure and the crest
freeboard. In order to ensure a NN model is not affected by the model scale, the aforementioned
explanatory variables were made dimensionless as:

- RdHmo, is the dimensionless crest freeboard and is the most common and widely accepted
dimensionless variable that governs the mean wave overtopping discharge.

- Irmye=tana/(Hmo/Lmn10)°3, is the Iribarren number or breaker parameter calculated using Hmo
and Tw-10at a distance of 34 from the toe of the structure. Ir-n1,0 considers the influence of the
wave steepness and armor slope and determines the type of wave breaking on the slope. In
this study, only tana=2/3 was tested; however, Irn-10was selected instead of wave steepness,
since Schiittrumpf and Van Gent (2003) reported Irm-1,0as significant. The influence of Ir-ni,00n
wave overtopping was also reported in studies such as Molines and Medina (2016).
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- m, is the bottom slope, which determines the type of wave breaking on the toe of the
structure. Mares-Nasarre et al. (2020a) determined that m plays a significant role in the
estimation of OLT and OFV.

- hs/Hmo, is the dimensionless water depth using the water depth at the toe of the structure and
Hwo at a distance of 3hs from the toe of the structure. hs/Hmo is commonly used as a breaking
index to indicate if waves are depth-limited or not (Nergaard et al., 2014; van Gent, 1999).

Both hew(B/2) and ua2w(B/2) were also analyzed as dimensionless variables: he2%(B/2)/Hmo and
McZ%(B/Z)/(HmO/Tm-LO).

4.2. General outline

For each type of armor (Cubipod®-1L, cube-2L and rock-2L), a NN model was trained to estimate
hew(B/2) and u«2%(B/2) independently. Thus, six NN models were developed (3 types of armors x 2
output variables).

For each NN model, the dataset (N cases) was randomly divided in two parts: TR=75%xN to
develop the NN model and T=25%xN for a final blind test (T-BLIND) in which the NN model
performance was evaluated with data not used to develop the NN model. The NN models connected
neurons using a hyperbolic tangent sigmoid transfer function; the NN models presented an input
layer with 4 neurons (Ni), a hidden layer with 3 neurons (N») and an output layer with 1 neuron (No),
see Figure 9. Thus, the number of free parameters in the NN model is given by P = No + Ni (Ni + No +
1)=19.

In this study, P/TR <0.63 and the Early Stopping Criterion were applied to prevent overlearning
(see The MathWorks Inc., 2019). The Early Stopping Criterion randomly divides the dataset TR in three
categories: (1) training of the NN (70% x TR=TRAIN), (2) validation (15% x TR=VAL) and (3) testing
(15% x TR=TEST). Data in the training subset were used to update the biases and weights of the NN.
Data in the validation subset were used to monitor the error after each training step and to stop the
training process once the error in this validation subset started growing (indicating possible
overlearning). Data in the testing subset were used as cross validation to compare different models,
since they were not included in the training process.

hea9,(B/2)
Hmo

[> or

ucz%(B/z)
(HmO/Tm—l,O)

Fig. 9. Architecture of the Neural Network models used in this study.

4.3. NN model results

Figures 10a and 10b illustrate the performance of the NN models for howu(B/2)/Hm and
uc2%(B/2)/(Hmo/ Tm-1,0) using the training (TRAIN), validation (VAL) and testing (TEST) subset. A good
performance was observed in the testing subset with R? = 0.903 and 0.789 for he%(B/2)/Hmo and
uc2%(B/2)/(Hmo/ Tm-10), respectively. Figures 10c and 10d compare the measured and estimated
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he2(B/2)/Hmo and uc2%(B/2)/(Hmo/ Tin-10) using the NN models on the 25% experimental data reserved
for the final blind test (T-BLIND). A good agreement was found with R? = 0.913 for he%(B/2)/Hmo and
R2=0.918 for ucu(B/2)/(Hmo/ Ti-10). Note that R? = 0.164 was obtained when assessing the goodness-of-
fit of the NN developed for uc%(B/2)/(Hmo/T-10) on Cubipod®-1L using the TEST subset due to the low
variance of the randomly selected testing subset (variance of the TEST subset was 0.15 while the
variance of the whole TR dataset was 0.90).
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Fig. 10. Comparison between measured and estimated OLT and OFV with the NN models: (a) heyv(B/2)/Hmo on the

testing subset (TEST), (b) Uc29%(B/2)/(Hmo/Tm-1,0) on the testing subset (TEST), (c) heos(B/2)/Hmo on the final blind test
subset (T-BLIND) and (d) 0c29(B/2)/(Hmo/Tm-1,0) on the final blind test subset (T-BLIND).

4.4. Influence of the explanatory variables on he2w%(B/2)/Hmo and ucs%(B/2)/(Hmo/Tm-1,0)

NN models trained in Sections 4.1 to 4.3 were used here to analyze the influence of the four
explanatory dimensionless variables (m, Rcd/Hwo, Irmio and hs/Hmo) on hew(B/2)/[Hw and
uc2%(B/2)/(Hmo/Tm1,0). To this end, simulations were performed with variations in only one input
variable while keeping the value of the other input variables constant. Figure 11 illustrates the
influence of Re/Hmoon he%(B/2)/Hmo. Figure 11a shows the simulations performed using the NN model
for Cubipod®-1L armor corresponding to the inputs m = 4%, Irm-10= 3.5, 4.0 and 4.5, and hs/Hmo = 2.0.
Figure 11b shows the differences between NN simulations corresponding to Cubipod®-1L, cube-2L
and rock-2L armors for m = 4%, Irm-10 = 4.0 and hs/Hmo = 2.0. Figure 11 shows that a linear model is
suitable to describe the influence of Re/Hmoon he(B/2)/Hmo. Similar figures were obtained to describe
the influence of m, R/Hmo and hs/Hmo on he2%(B/2)/Hmo; thus, a linear model was found to be suitable to
describe the influence of the four dimensionless input variables on h%(B/2)/Hmo. Note that only linear
relationships between m and the studied variables, namely he%(B/2)/Hmo and uc%(B/2)/(Hmo/ Ti-10),
were reasonable, since only two values of m were tested in this study, and the model is only valid in
the range 2% <m < 4%.
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Fig. 11. Influence of Re/Hmo on heroy(B/2)/Hmo with m=4%, hy/Hmo=2.0 and constant Ity .

Figure 12a shows the NN simulations conducted for cube-2L with m =2%, R/Hmo = 0.5, 1.0 and
1.5 and hs/Hmo = 2.5. Figure 12b illustrates the differences between NN simulations corresponding to
Cubipod®-1L, cube-2L and rock-2L armors for m = 2%, R/Hmo = 1.5 and hs/Hmo = 2.5. Figure 12
illustrates that the influence of Iru-10 on uc%(B/2)/(Hmo/ T-10) followed a quadratic relationship. On the
other hand, a linear relationship was observed between m, R/Hmo and hs/Hmwo and uc2%(B/2)/(Hmo/ Tin-1,0).

7
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Fig. 12. Influence of Ttm-1,0 on uce4(B/2)/ (Hmo/ Tim-1,0) with m=2%, hy/H0=2.5 and constant Re/Hmo.

5. Estimating overtopping layer thickness (OLT) on mound breakwaters

5.1. Overtopping layer thickness (OLT) exceeded by 2% of the incoming waves

In Section 4.4, the simulations conducted with NN models were used to analyze the influence of
the explanatory variables on he%(B/2)/Hmo. Since linear influence was observed in most cases, Eq. (9)
is proposed to estimate hc2%(B/2)/Humo.

he2s(B/2)
HmO

hs
- 1) + C4 Iy o+ C5

mo

R

=0

=Cl+C2m+C3( )

mo
where C1, C2, C3, C4 and C5 are coefficients to be fitted for each armor layer (Cubipod®-1L, cube-2L
and rock-2L). Eq. (9) is not a fully linear model, since negative values are not allowed, so conventional
linear regression techniques are not adequate to determine the coefficients C1 to C5 in Eq. (9). In order
to estimate C1 to C5 in Eq. (9), a nonlinear multivariable optimization algorithm without restrictions

13



351
352
353
354

355
356
357
358

359
360
361
362
363
364
365

366
367
368
369
370
371
372
373
374
375

376
377
378
379
380
381
382

(see The MathWorks Inc., 2019) was used. Since this algorithm requires an initial solution to start the
iterative optimization process, conventional linear regression was performed first to provide the
initial solution. The final nonlinear fitting of coefficients CI1 to C5 in Eq. (9) were calibrated by
minimizing the Mean Squared Error (MSE), calculated as

No

1

MSE = Z(oi — ¢;)? (10
Noy i=1

where N is the number of observations and oi and e: are the observed and estimated values. The
sensitivity of the nonlinear multivariable optimization algorithm without restrictions to the initial
solution was assessed. A low sensitivity of the optimization algorithm to the initial solution was
observed.

Similarly to van Gent et al. (2007) and Molines et al. (2018), the bootstrapping technique was
applied together with the aforementioned nonlinear optimization algorithm to characterize the
variability of the coefficients in Eq. (9). The bootstrap resample technique consists in the random
selection of N data from a dataset with N data, so each datum has a probability of 1/ N to be selected
each time. Hence, some data are not selected while other data may be selected once or more than once
in each resample. Using this technique, 5%, 50% and 95% percentiles were obtained for the fitted
coefficients (C1 to C5) and the MSE.

The explanatory variables were introduced one by one in the model following the structure in
Eq. (11) in order to assess their significance. First, four models composed of the constant term (CI)
and each one of the four explanatory variables were optimized. Thus, the percentage of variance
explained by each model could be calculated. After that, the process was repeated keeping the
explanatory variable which explained the highest percentage of the variance in the previous step and
adding one of the three missing explanatory variables. This procedure was repeated until the four
explanatory variables were included in the model. Once the hierarchy of the influence of each
explanatory variable was obtained, the influence of the constant term (C1) in the explained variance
was evaluated. The adjusted coefficient of determination (R« defined by Theil (1961) was calculated
in every step to decide if an additional explanatory variable improved the prediction model.

N-1

thldj =1- (I_RZ)WP—I

(11)
where N is the number of data available and Nr is the number of explanatory variables. R2uj considers
not only the goodness of fit but also the number of data used to fit the model. In this study, the model
with the highest R2uj was selected for every armor layer; the five fitting coefficients will not always
be included in the model. Figures 13 to 15 show the evolution of the median value and 90% confidence
band of the R%s depending on the number of explanatory variables considered in Eq. (9) for every
armor layer model. The explanatory variable which maximized R2s in every step, is indicated and
the final number of selected explanatory variables to be included in Eq. (9) is highlighted in red.

14



Cubipod®-1L

1.0
= =
0.8 x
3 0.6 = Irma,0
P A
0.4 -
02 | R/MHmo1
0.0
1 2 3 4
383 N
384 Fig. 13. Influence of the number of explanatory variables (N,) on R?.q; for Cubipod®-1L to estimate hey,(B/2)/Humo.
cube-2L
1.0
0.8 S © 2
_ ho/H o
m
'.E O- 6 <> Irm'llo
& =
04 R(/Hmo'l
0.2
0.0
1 2 3 4
385 No
386 Fig. 14. Influence of the number of explanatory variables (N,) on R.q; for cube-2L to estimate hev,(B/2)/Hu.
rock-2L
1.0
] .
0.8 — —
L Irm_l’o hs/Hm0
% 04 — m
[ ]
0.2
0.0
1 2 3 4
387 N

388 Fig. 15. Influence of the number of explanatory variables (N,) on R4 for rock=-2L to estimate herv,(B/2)/Hmo.
r i



389 As shown in Figures 13 to 15, Re/Hmo explained the highest percentage of the variance for the
390  three armor layers. The four selected explanatory variables were significant and were included in the
391  model. Finally, the significance of the constant term (CI) was assessed by repeating the optimization
392 procedure with C1=0. C1 =0 was proposed for Cubipod®-1L and cube-2L armors, while C1 # 0 was
393 proposed for rock-2L armor.

394 The number of significant figures or significant numbers of the coefficients in the final empirical
395  formula depended on the variability in the fitted coefficients from the bootstrapping resamples. Only
396  one significant figure or number was reasonable for C1, C2 and C5 (coefficient of variation in the
397  range: 7% < CV < 45%) while a maximum of two significant figures or numbers were recommended
398  for C3 and C4 (4% < CV < 13%). Table 3 presents the coefficients C1 to C5 with the correct number of
399  significant figures or numbers, as well as the goodness-of-fit metrics for Eq. (9) corresponding to
400  Cubipod®-1L, cube-2L and rock-2L armors.

401 Figure 16 compares the measured and estimated he%(B/2)/Hmo using Eq. (9) and the coefficients
402  given in Table 3. The 90% error band is also shown in Figure 16. Good agreement is observed (R? =

403 0.876).

Armor layer  C1 C2 a3 4 C5 r R bias
Cubipod®-1L 0 -4 -1/3 0.095 -0.03 0957 0914 0.030
cube-2L 0 2 -0.3 0.085 -0.02 0909 0.814 0.011
rock-2L 1/3 -10 -0.45 0.08 -0.03 0951 0.903 0.072
404 Table 3. Coefficients and goodness-of-fit metrics for Eq. (9).
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406 Fig. 16. Comparison between measured and estimated dimensionless heyv(B/2) using Eq. (9) and Table 3.
407 Assuming a Gaussian error distribution, the 90% error band can be estimated as
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5.2. Distribution function for extreme values of overtopping layer thickness (OLT)

As much the assessment of pedestrians’ safety on mound breakwater crests as the hydraulic
stability of the armor layer of mound breakwater crests require a detailed description of extreme
overtopping events. Thus, the OLT distribution in the most severe wave storms must be known for
the breakwater design. Hughes et al. (2012) pointed out that the extreme tail of a distribution is best
described when only considering the low probability exceedance events. Hence, the distribution
function of h(B/2) with exceedance probabilities below 2% is studied here.

As reported in Mares-Nasarre et al. (2019), the best results when describing the distribution
function of h«(B/2) with exceedance probabilities below 2% were obtained with a 1-parameter
Exponential distribution,

B\ ([ h(B/2)
F (hcz%(B/2)>‘1 ex”( Chhcz%(B/2)> 13)

where h(B/2) is the OLT value with exceedance probabilities under 2% and Ci is an empirical
coefficient to be calibrated. Mares-Nasarre et al. (2019) proposed Ci = 4.2 when m = 2%. Cr was
calibrated for each physical test using the 20 (1,000 waves x 2%) highest OLT measured values.
heaw(B/2) estimated with Eq. (9) and coefficients in Table 3 was used in this study. The exceedance
probability assigned to each OLT measured value was calculated as Nu/(Nw+1), where Num is the rank
of the OLT measured value and Nw is the number of waves. The initial calibrated coefficients were Cx
=4.04 for m = 2% and Ci = 3.91 for m = 4%. The non-parametric Mood Median Test was conducted to
determine if the difference between these median values of Ci was significant; the null hypothesis
(Ho) corresponded to both medians being equal. Since Ho was not rejected with a significance level o
= 0.05, the final value Ci =4 was proposed for both bottom slopes. The bottom slope does not have an
influence on Cr but it does influence the estimation of he%(B/2). Figure 17 compares measured and
estimated h«(B/2) using Eq. (13) with Ci =4. The 90% error band is also presented. Each alignment in
Figure 17 corresponds to the data for one test. A good agreement (R2 = 0.803) was obtained.
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Fig. 17. Comparison between measured and estimated dimensionless ho(B/2) using Eq. (13) with Cy = 4.

Assuming a Gaussian error distribution, the 90% error band can be estimated as
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Figure 18 illustrates the fitting of two sample datasets to the proposed 1-parameter Exponential
distribution in an exponential plot.

8 ==Exponential
7 distribution
A m=2%: Nt =30 A, A
6 Cubipod®-1L
A m=4%: Nt =30
5 Cubipod®-1L

(-In[1-F(x)])
N

3
Ch=4
2
1
0
0 0.5 1 1.5 2
hc(B/z)/hcz%(B/z)

Fig. 18. Example of cumulative distribution function of h«(B/2) in equivalent probability plot.

6. Estimating overtopping flow velocity (OFV) on mound breakwaters

6.1. Overtopping flow velocity (OFV) exceeded by 2% of incoming waves

In Section 2, methods found in the literature to estimate OFV exceeded by 2% of the incoming
waves, u2u(B/2), were described. Most of them (Mares-Nasarre et al., 2019; Schiittrumpf and Van Gent,
2003) were based on the correlation between the statistics of OLT and OFV. This means that hc%(B/2)
needs to be estimated first with the subsequent accumulated errors later. In this study, a new formula
was developed using the experimental database and considering the four input dimensionless
explanatory variables described in Section 4 (1, Re/Hmo, Irm-1,0 and hs/Hmo).

Based on the trends observed in the simulations conducted with the NN models in Section 4.4,
the following 5-parameter formula is proposed to estimate uc2%(B/2)/(Hmo/ Ti-1,0)

hs

Uczy(B/2)
(r.2)
Tm—l,O
where D1, D2, D3, D4 and D5 are coefficients to be calibrated. The procedure described in Section 5.1
is performed in order to assess the significance of the four explanatory variables. Figures 19 to 21
show the evolution of the median value and 90% confidence band of the R depending on the
number of explanatory variables considered in Eq. (15) for each armor layer model. The explanatory

variable which maximized RZj in each step is indicated and the final number of selected explanatory
variables to be included in Eq. (15) is highlighted in red.

=0

R
= D1+D2m+D3 (H—“— 1) + D4 1Irpy_10° + D5

mo

(15)

mo
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Fig. 19. Influence of the number of explanatory (Np) variables on R2%qj for Cubipod®-1L to
estimate Lch%(B/Z)/(HmO/Tm-I/O)
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Fig. 20. Influence of the number of explanatory (Np) variables on R%4j for cube-2L to estimate
McZ%(B/Z)/(HmO/Tm-I/O)
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Fig. 21. Influence of the number of explanatory (Np) variables on R%dj for rock-2L to estimate
McZ%(B/Z)/(HmO/Tm-I/O)
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The explanatory variable Irm10 explained the highest percentage of the variance. All the
explanatory variables were significant and were included in the model. Finally, the significance of
the constant term (D1) was assessed; D1 # 0 was proposed for the three armor layers.

The number of significant figures in the empirical coefficients in the fitted model is based on
their variability from the bootstrapping resamples. One significant figure was proposed for D1, D2,
D3 and D5 (9% < CV < 40%) whereas a maximum of two significant figures were recommended for
D4 (5% < CV <9%). Table 4 lists the final coefficients as well as the goodness-of-fit metrics for Eq. (15)
corresponding to the three armor layers.

Armor layer D1 D2 D3 D4 D5 r R bias

Cubipod®-1L. 2 20 2 0.20 -1 0.920 0.832 -0.014
cube-2L 4 -30 -2 0.20 -1 0917 0.845 0.011
rock-2L 2 -30 -3 0.25 -0.5 0972 0934 -0.023

Table 4. Coefficients and goodness-of-fit metrics for Eq. (15).

The measured and estimated uw%(B/2)/(Huwo/Tn1,0) with Eq. (15) using the coefficients given in
Table 4 in shown in Figure 22. The 90% error band is also indicated. The agreement was good (R2 =
0.866).

R? = 0.866

()]

v

H

w

e - ? r R2 __ bias

® | A cCubipod®-1L | 0.920 0.832 -0.014

estimated u,;5(B/2)/(H o/ T 1,

1
o cube-2L 0.917 0.845 0.011
@ rock-2L 0.972 0.934 -0.023
0

measured u ;5,(B/2)/(H,o/ Tpn.1.0)

Fig. 22. Comparison between measured and estimated dimensionless uc20(B/2) using Eq. (15) and Table 4.

Assuming a Gaussian error distribution, the 90% error band can be estimated as

Uas(B/2) 7" ey (B/2
cz/o( /) — CZ/o( /) i0-744' (16)
(HmO/Tm—l,O) 5% (HmO/Tm—l,O)

6.2. Distribution function for extreme values of overtopping flow velocity (OFV)

Similar to Section 5.2, the OFV events during the most severe wave storms are characterized
here. Thus, the distribution function of u.(B/2) with exceedance probabilities below 2% was studied
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in this section. Mares-Nasarre et al. (2019) recommended the Rayleigh distribution to describe the
distribution function of u.(B/2) with exceedance probabilities below 2%. Here, best results were also
obtained with the Rayleigh distribution given as

w2\ w0 (B/2)
F (ucz%(B/2)>‘1 ( A ey ) 17)

where Cu is an empirical coefficient to be calibrated. Mares-Nasarre et al. (2019) proposed Cu =3.6 when
m = 2%. The calibration procedure described in Section 5.2 is also applied here. Note that uc%(B/2)
estimated with Eq. (15) together coefficients in Table 4 were used to simulate the design phase
conditions. The initial calibrated coefficients were Cu = 3.62 for m = 2% and C. = 3.46 for m = 4%. Since
Cuvalues were similar for both bottom slopes, the non-parametric Mood Median Test was performed
to determine if the difference between the median values of C. was significant. The null hypothesis
(Ho) corresponded to both medians being equal; Ho was not rejected with a significance level a=0.05.
Hence, the final value Cu = 3.5 was proposed for the two bottom slopes. The bottom slope does not
influence Cu but it does influence the estimation of u«%(B/2). Comparison between measured and
estimated u.(B/2) using Eq. (17) with Cu = 3.5 is shown in Figure 23. The 90% error band is also
indicated. A good agreement (R? = 0.812) was obtained.

11

r=0.908 95%
10 | R2=0.812 4
bias =-0.013 7/

9

estimated u, (B/2)/ (Hmo/Ti-1,0)

1 7 uc(B/2) uc(B/2) 1
(ucz%wm) exp [ucz%(B/Z)

0 1 2 3 4 5 6 7 8 9 10 11
measured u. (B/2)/ (Hmo/Tr-1,0)

Fig. 23. Comparison between measured and estimated dimensionless u«(B/2) using Eq. (19) with C, = 3.5.

It was observed that MSE rose for larger values of uc(B/2)/(Hmo/Tw-10). Thus, the methodology
proposed by Herrera and Medina (2015) was used here to estimate the 90% error band. Assuming a
Gaussian error (&) distribution with 0 mean and variance calculated as

uc(B/2)

&) = 08 )

(18)

The 90% error band is obtained as

u.(B/2) |

" u(B/2) u.(B/2)
= . _— 19
Fno/ Ty, o/ Tz =00 / Fmo/Tr-10) 1
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Figure 24 illustrates the fitting of two sample datasets in a Rayleigh probabilistic plot.
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Fig. 24. Example of the cumulative distribution function of u.(B/2) in a Rayleigh probability plot.

7. Evaluation of the influence of the explanatory variables

As shown in Sections 5 and 6, the four selected explanatory variables (11, Re/Hmo, Irm-1,0 and hs/Hmo)
were found to be significant when estimating hc%(B/2) and uc%(B/2). Nevertheless, the influence of
hs/Hmo on he%(B/2) and m on uc%(B/2) was low. In this section, the performance of Eq. (9) and (15) is
assessed when hs/Hmo in Eq. (9) and m in Eq. (15) are disregarded. Table 5 presents the calibrated
coefficients as well as the goodness-of-fit metrics for Eq. (9) when hs/Huo is not included in the model
(C5 =0) for the three armor layers.

Armor layer  CI C2 a3 Cc4 (6] r R bias

Cubipod®-1L 0 -4 -1/3 0.085 0 0.949 0.900  0.008
cube-2L 0 2 -0.3 0.075 0 0.902 0.804 0.067
rock-2L 0.3 -10 -0.45  0.075 0 0.947 0.875 0.194

Table 5. Sensitivity of the coefficients and goodness-of-fit metrics for OLT-Eq. (11) when hy/Hn is disregarded

When comparing Tables 3 and 5, the relative variation (A%) of the coefficients are: CI1 (0 < A% <
11%), C2 (A%=0), C3 (A%=0) and C4 (6% < A% < 12%). Most of the coefficients gave the same values.
Regarding the goodness of fit, R? decreased around 2% when C5 = 0.

Table 6 lists the calibrated coefficients as well as the goodness-of-fit metrics for Eq. (15) when m
is not included in the model (D2 = 0) for the three armor layers.

Armor layer D1 D2 D3 D4 D5 r R bias

Cubipod®-1L. 3 0 -2 0.2 -1 0.909 0.785  0.068
cube-2L 2 0 -2 0.2 -0.5 0901 0.796 -0.018
rock-2L 1 0 -3 0.2 -02 0943 0872 -0.039

Table 6. Sensitivity of the coefficients and goodness-of-fit metrics for OFV-Eq. (17) when m is disregarded

When comparing Tables 4 and 6, the relative variation (A%) of the coefficients are: D1 (A% =50%),
D3 (A%=0), D4 (0 £ A% < 20%) and D5 (0 £ A% < 50%). R? decreased around 6% when D2 = (0. Note
that the influence of m is also included in the model by the wave conditions, Hwo. Thus, m is still
relevant even if it is not an explicit explanatory variable in the model.
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From the results in Tables 5 and 6, it can be concluded that the performance of Eq. (9) and (15)
is still satisfactory when removing hs/Hmo and m, respectively. However, it should be noted that such
explanatory variables were statistically significant as described in Sections 5 and 6.

8. Conclusions

Mound breakwater design is evolving due to the social concerns about the impact of coastal
structures and the rising sea levels as well as stronger wave conditions caused by climate change.
These drivers of change have led to reduced design crest freeboards and increased overtopping risks.
In this context, the OLT and OFV on the breakwater crest has become relevant to assess the hydraulic
stability of the armored crest and the pedestrian safety on the breakwater crest.

In this study, 235 physical tests reported in Mares-Nasarre et al. (2019 and 2020a) were used to
propose empirical models to estimate OLT and OFV. The 2D tests measured OLT and OFV on
overtopped mound breakwaters with three armor layers (Cubipod®-1L, cube-2L and rock-2L) in
depth-limited breaking wave conditions with two bottom slopes (m = 2% and m = 4%) and armor
slope tana=2/3.

Sea bottom slope, dimensionless crest freeboard, Iribarren number related to wave steepness
and dimensionless water depth (1, Re/Hmo, Irm-10 and hs/Hmo) were the selected explanatory variables
to estimate OLT and OFV exceeded by 2% of the incoming waves in the middle of the breakwater
crest, how(B/2) and wucew(B/2). Egs. (11) and (17) with five coefficients are proposed to estimate
dimensionless OLT (he%(B/2)/Hmo) and OFV (uc2%(B/2)/(Hmo/Tn-10), respectively, using the four
dimensionless explanatory variables. The coefficients to be used in Egs. (9) and (15), as well as the
goodness-of-fit metrics for Cubipod®-1L, cube-2L and rock-2L armors, are given in Tables 3 and 4,
respectively; the agreement between measured and estimated hw%(B/2) and u««(B/2) was good (0.866
<R2<0.876)

Dimensionless crest freeboard, R/Hmo, was the most significant explanatory variable to describe
OLT whereas the Iribarren number related to wave steepness, Irn-1,0, was the most significant variable
to describe OFV; the bottom slope (1) had a significant influence on he(B/2) and u.(B/2).

In order to better describe the OLT and OFV during the most severe wave storms, the 1-
parameter Exponential and Rayleigh distribution functions were used to estimate OLT and OFV
values, respectively, with exceedance probabilities below 2%, h(B/2) and u.(B/2). The recommended
coefficients for the 1-parameter Exponential distribution and the Rayleigh distributions were Ci = 4
for Eq. (13) and C.=3.5 for Eq. (17), respectively; the agreement was good (0.803 < R? < 0.812) between
the measured and estimated h.(B/2) and u.(B/2) given by Egs. (13) and (17) when using Ci =4 and Cu
= 3.5, respectively.
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Appendix A. Data used in this study: he2%(B/2) and uc2%(B/2)

This appendix provides the test matrix used in this study as well as the observed OLT and OFV
exceeded by 2% of the incoming waves in the middle of the breakwater crest (h2%(B/2) and uc2%(B/2),
respectively). Wave runs of Nw = 1,000 waves were generated following a JONSWAP spectrum (y =
3.3). m represents the bottom slope, Hno and Tw-10 are the incident spectral significant wave height
and the spectral period at a distance of 3 times the water depth from the toe of the structure, Rcis the
crest freeboard and s is the water depth at the toe of the structure. Tables 7 to 9 present the data from

the tests performed with the models with Cubipod®-1L, cube-2L and rock-2L, respectively.
Test # m (%) Hmo (mm) Twm-1,0(s) Rc(mm) hs (mm) he2%(B/2) (mm) uc2%(B/2)
1 2 93 1.04 120 200 b -
2 2 101 112 121 200 8 -
3 2 107 113 121 200 1 -
4 2 112 112 121 200 13 -
5 2 119 1.19 121 200 16 -
6 2 125 122 122 200 18 -
7 2 129 1.25 122 200 19 -
8 2 133 1.30 122 200 21 -
9 2 135 1.31 122 200 24 -
10 2 136 1.28 122 200 25 -
1 2 142 1.41 122 200 27 -
12 2 142 1.40 120 200 29 -
13 2 143 142 120 200 30 -
14 2 76 142 120 200 12 -
15 2 102 1.59 120 200 18 -
16 2 111 1.59 120 200 23 -
17 2 118 1.63 121 200 28 -
18 2 125 1.64 121 200 33 -
19 2 133 1.73 121 200 33 -
20 2 136 1.85 122 200 39 -
21 2 140 1.86 123 200 37 -
22 2 142 1.88 120 200 40 -
23 2 145 1.88 121 200 39 -
24 2 147 1.87 122 200 40 -
25 2 149 1.98 123 200 43 -
26 2 75 0.93 70 250 8 -
27 2 84 1.03 70 250 13 -
28 2 91 1.04 70 250 17 230
29 2 102 1.10 70 250 23 255
30 2 110 1.08 71 250 26 279
31 2 117 1.11 71 250 29 279
32 2 124 1.16 71 250 33 279
33 2 133 1.23 71 250 38 327
34 2 138 1.26 72 250 42 352
35 2 145 1.33 73 250 44 352
36 2 152 1.38 74 250 47 352
37 2 157 1.40 75 250 51 425
38 2 162 1.46 77 250 52 425
39 2 164 1.45 78 250 53 425
40 2 167 147 80 250 54 449
41 2 76 142 71 250 15 -
42 2 88 1.52 72 250 24 -
43 2 99 1.62 70 250 35 -
44 2 109 1.62 70 250 42 -
45 2 118 1.68 71 250 48 -
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46 2 128 1.72 72 250 59 -

47 2 137 1.84 70 250 54 -

48 2 145 1.92 72 250 66 -

49 2 149 1.83 74 250 71 -

50 2 155 1.90 70 250 81 -

51 2 160 1.97 70 250 80 -

52 2 164 1.94 71 250 79 -

53 2 167 2.04 71 250 73 -

54 4 100 1.04 120 200 -

55 4 109 1.12 120 200 -

56 4 116 1.18 120 200 182
57 4 123 1.19 120 200 10 230
58 4 129 1.24 120 200 12 255
59 4 139 1.32 120 200 12 303
60 4 142 1.33 120 200 16 352
61 4 147 1.34 120 200 20 400
62 4 155 141 121 200 21 449
63 4 156 1.40 121 200 25 473
64 4 160 141 122 200 28 473
65 4 165 1.48 122 200 28 498
66 4 91 1.60 120 200 8 206
67 4 103 1.64 120 200 18 255
68 4 113 1.76 120 200 21 303
69 4 121 1.74 121 200 25 327
70 4 130 1.87 120 200 29 400
71 4 136 1.88 121 200 29 400
72 4 142 1.77 122 200 33 425
73 4 151 1.74 120 200 35 449
74 4 158 1.71 122 200 35 473
75 4 79 0.94 70 250 1 -

76 4 85 1.18 70 250 6 157
77 4 89 1.03 70 250 11 206
78 4 98 1.08 70 250 16 279
79 4 108 1.10 70 250 19 303
80 4 116 1.15 70 250 21 352
81 4 124 1.17 70 250 23 376
82 4 130 1.26 71 250 25 425
83 4 136 1.24 70 250 32 425
84 4 146 1.33 71 250 34 425
85 4 154 1.39 72 250 36 473
86 4 161 1.39 73 250 39 498
87 4 168 1.43 75 250 40 522
88 4 175 1.48 77 250 40 498
89 4 180 1.48 80 250 46 498
90 4 69 1.42 70 250 5 -

91 4 80 1.53 70 250 18 230
92 4 89 1.60 70 250 22 255
93 4 101 1.73 70 250 28 303
94 4 111 1.72 70 250 35 327
95 4 119 1.76 71 250 40 352
96 4 132 1.90 70 250 45 352
97 4 138 1.84 70 250 46 352
98 4 150 2.06 72 250 50 376
99 4 157 1.98 74 250 50 376
100 4 166 2.04 77 250 54 425
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101 4 174 2.15 81 250 52 522

102 4 180 2.14 86 250 55 498
574 Table 7. Data from the tests conducted with the Cubipod®-1L armored model.
575
Test # m (%) Hyyo (mm) Tn-1.0(8) R.(mm) hs (mm) he2os(B/2) (mm) ue205(B/2) (mm/s)
1 2 67 0.95 112 250 3 -
2 2 75 0.99 112 250 6 -
3 2 85 1.05 112 250 12 157
4 2 85 1.05 112 250 12 206
5 2 101 1.08 112 250 16 230
6 2 108 1.10 111 250 20 279
7 2 117 1.17 111 250 21 279
8 2 127 1.26 112 250 22 327
9 2 134 1.25 112 250 24 352
10 2 142 1.34 112 250 25 376
11 2 147 1.38 112 250 29 425
12 2 153 1.38 113 250 28 425
13 2 157 1.40 111 250 25 376
14 2 160 1.45 112 250 31 425
15 2 69 1.43 111 250 3 -
16 2 81 1.57 112 250 15 -
17 2 94 1.58 112 250 25 230
18 2 104 1.63 112 250 28 279
19 2 113 1.79 111 250 33 327
20 2 122 1.72 111 250 39 327
21 2 132 1.87 112 250 45 376
22 2 140 1.90 112 250 49 449
23 2 144 1.90 113 250 41 449
24 2 150 1.91 115 250 59 522
25 2 157 2.04 116 250 58 643
26 2 163 2.05 111 250 69 522
27 2 67 0.89 61 300 6 -
28 2 75 0.94 61 300 12 -
29 2 83 0.99 61 300 19 -
30 2 92 1.02 61 300 25 206
31 2 100 1.07 62 300 31 255
32 2 109 1.12 62 300 33 303
33 2 115 1.03 62 300 36 327
34 2 124 1.17 62 300 40 376
35 2 129 1.22 62 300 42 376
36 2 139 1.28 63 300 48 376
37 2 145 1.27 63 300 51 400
38 2 153 1.34 64 300 53 352
39 2 162 1.43 61 300 57 400
40 2 166 1.42 63 300 57 425
41 2 172 1.43 64 300 62 449
42 2 178 1.50 66 300 64 522
43 2 69 1.42 68 300 18 -
44 2 80 1.52 61 300 28 -
45 2 92 1.63 61 300 36 279
46 2 101 1.63 61 300 43 352
47 2 112 1.78 62 300 50 376
48 2 119 1.75 63 300 55 376
49 2 130 1.89 61 300 64 400
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50 4 106 1.14 161 200 4 182

51 4 114 1.18 161 200 8 182

52 4 120 1.18 161 200 11 182

53 4 125 1.27 161 200 13 206

54 4 132 1.27 161 200 16 230

55 4 139 1.33 161 200 19 279

56 4 144 1.34 161 200 23 303

57 4 151 1.39 161 200 25 327

58 4 154 1.40 161 200 27 352

59 4 158 1.41 161 200 29 352

60 4 162 1.47 161 200 29 376

61 4 102 1.63 161 200 9 -

62 4 112 1.70 161 200 15 230

63 4 120 1.74 161 200 22 279

64 4 131 1.87 161 200 26 352

65 4 136 1.80 162 200 28 352

66 4 146 1.76 162 200 30 376

67 4 152 1.72 162 200 36 400

68 4 158 1.73 161 200 33 425

69 4 163 1.70 162 200 36 449

70 4 166 1.76 163 200 42 522

71 4 97 1.06 111 250 5 157

72 4 106 1.10 111 250 7 206

73 4 115 1.17 111 250 10 255

74 4 123 1.24 111 250 15 303

75 4 130 1.30 111 250 24 327

76 4 136 1.24 111 250 26 327

77 4 146 1.33 111 250 30 400

78 4 154 1.39 112 250 33 376

79 4 161 1.39 112 250 33 425

80 4 168 1.43 112 250 40 400

81 4 175 1.48 113 250 41 425

82 4 180 1.48 114 250 41 425

83 4 89 1.60 111 250 3 -

84 4 101 1.73 111 250 9 182

85 4 111 1.72 111 250 17 230

86 4 119 1.76 111 250 27 303

87 4 132 1.90 111 250 34 327

88 4 138 1.84 112 250 39 352

89 4 150 2.06 111 250 43 376

90 4 157 1.98 112 250 41 425

91 4 166 2.04 114 250 43 425

92 4 174 2.15 117 250 56 449

93 4 180 2.14 111 250 61 473

576 Table 8. Data from the tests conducted with the cube-2L armored model.
577
Test # m (%) Hmo (mm) Tw-10(s) Re(mm) hs (mm) he2%(B/2) (mm) uc2%(B/2) (mm/s)

1 2 105 1.13 151 200 6 -
2 2 110 1.12 152 200 8 133
3 2 117 1.17 151 200 11 182
4 2 86 1.50 151 200 8 -
5 2 98 1.59 151 200 18 182
6 2 108 1.58 151 200 23 206
7 2 117 1.70 152 200 28 279
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2 122 1.67 152 200 33 279

2 72 0.89 102 250 3 -
10 2 81 0.99 101 250 14 -
11 2 89 1.01 102 250 19 -
12 2 98 1.06 101 250 32 206
13 2 108 1.12 101 250 39 255
14 2 114 1.11 101 250 47 303
15 2 121 1.17 102 250 52 327
16 2 74 1.42 101 250 17 -
17 2 85 1.52 101 250 28 206
18 2 98 1.62 101 250 36 303
19 2 108 1.62 101 250 45 303
20 2 116 1.73 101 250 49 352
21 2 126 1.72 101 250 54 352
22 4 123 1.25 151 200 3 157
23 4 130 1.26 151 200 5 206
24 4 137 1.31 151 200 15 230
25 4 143 1.34 151 200 15 255
26 4 102 1.69 151 200 5 157
27 4 112 1.73 151 200 7 206
28 4 120 1.74 151 200 23 255
29 4 130 1.89 151 200 23 327
30 4 91 1.08 101 250 3 182
31 4 100 1.08 101 250 8 182
32 4 109 1.18 101 250 10 182
33 4 116 1.15 101 250 17 206
34 4 126 1.26 101 250 19 255
35 4 89 1.53 101 250 9 -
36 4 101 1.70 101 250 16 255
37 4 111 1.72 101 250 20 279
38 4 124 1.91 101 250 34 327
39 4 129 1.86 101 250 41 352
40 4 138 1.90 102 250 43 352

578

Table 9. Data of the tests conducted with the rock-2L armored model.

579  Notation

580 Acronyms:
AWACS = Active Wave Absorption System
bias = Relative bias
LASA-V (Figu::;;;:zld?é)e};i:’irznoag;n using Simulated Annealing
LPC-UPV = Laboratory of Ports and Coasts (UPV)
MSE = Mean squared error
MWL = Mean water level
NN = Neural Network
OLT = Overtopping layer thickness
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OFV = Overtopping flow velocity

r = Correlation coefficient

R2 = Coefficient of determination

R2aj = Adjusted coefficient of determination

UPV = Universitat Politecnica de Valencia (ES)
581
582 Symbols:

B = crest width

cotar [-] = armor slope

Dn50 [m] or [cm] = (Wso/p)13, nominal diameter

ei = estimated values

e = average of the estimated values

g [m/s?] = gravitational acceleration

hs [m] or [cm] = water depth

haza(z4) [m] or [cm] Wave=srun—up layer thickness exceeded by 2% of the incoming

= overtopping layer thickness with exceedance

hi(xe) [m] or [em] probabilities below 2%

= overtopping layer thickness exceeded by 2% of the
hezn(x:) [m] or [em] incoming wasgs o g

Humo [m] or [cm] =4(mo)°3, spectral wave height

Hmog [m] or [cm] = spectral wave height in the wave generation zone
Hmoi [m] or [cm] = incident spectral wave height

Huwom [m] or [cm] = measured spectral wave height

Huor [m] or [cm] = reflected spectral wave height

= significant wave height or average wave height of the

H: [m] or [cm] highest one-third waves, His

= &.10 = tana/(Hmo/Lmn-1,0)°3, Iribarren number or surf

I m-1, - . . . :
Sy similarity parameter calculated with Hwo and Tw-1,0

K [-] = Hwos/ Hmo,, reflection coefficient
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Lm-1,0 [m] or [cm]

Loy [m] or [cm]

m -]

Nob [-]
Oi
P[]

Re [m] or [em]

Ruzo [m] or [cm]

sop [-]

s
t[s]

TpO [S]

T-BLIND [-]

TEST [-]

TR []

TRAIN [-]

VAL[-]

= ¢Tm1,0/271, deep water wave length based on the spectral

period, Tw-10

= ¢Ty?/2m, deep water wave length based on the peak
period, Ty

= bottom slope

= i-th spectral moment

=number of neurons in the hidden layer of NNs
=number of neurons in the input layer of NNs
=number of neurons in the output layer of NNs
=number of observations

= observed values

=number of free parameters in NNs

= crest freeboard

= wave run-up height exceeded by 2% of the incoming
waves

=H:o/Lop, deep water wave steepness based on the peak
period, Tro

= wave spectrum
= time

= m-1/mo, spectral wave period based on the spectral
moment, m-1

= peak wave period
= deep waters peak wave period
= subset used for blind testing

=15%TR, subset used for cross validation of the trained
NNss as part of the Early Stopping Criterion

= subset used for training NNs

=70%TR, subset used for the formal training of NNs as
part of the Early Stopping Criterion

=15%TR, subset used for validation during the training of

NNss as part of the Early Stopping Criterion
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us%(za) [m/s] or [cm/s] = run-up velocity

(o) [m/s] or [emys] = overtopping velocity with exceedance probabilities
below 2%
ea(xe) [m/s] or [cm/s] = overtopping velocity exceeded by 2% of the incoming
waves
= horizontal coordinate along the crest from the seaward
Xc [m] or [cm] edge

Xe = estimated value given by the linear regression
za [m] or [cm] = elevation on the MWL

[ = error, difference between the estimated and the
el-

measured value

a [?] or [rad] = angle of the slope
A% = relative variation of the empirical coefficients
v [-] = parameter of the JONSWAP spectrum
Vo [-] =berm factor
vl = roughness factor
vel-] = obliquity factor
= friction factor of dike crests according to Schiittrumpf et
wl al. (2002)
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