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A B S T R A C T   

Armor erosion due to wave attack has been studied intensively since it is considered the main failure mode of 
mound breakwaters. Cube-armored mound breakwaters in depth-limited breaking wave conditions are common 
in practice but have received limited attention in the literature. In this study, 2D physical tests were performed 
on non-overtopped double-layer randomly-placed cube-armored mound breakwater models with armor slope 
cotα = 1.5 and bottom slope m = 2% in breaking wave conditions. Using the experimental results, a new hy-
draulic stability formula was derived with a coefficient of determination R2 

= 0.85 based on a power relationship 
between the armor damage and the stability number and the dimensionless water depth. A lower hydraulic 
stability was found for the front slope of non-overtopped cube-armored structures in breaking wave conditions 
when compared to formulas given in the literature.   

1. Introduction 

Rubble mound breakwaters built with natural rocks have been used 
to protect port areas for centuries. Over time, the continuous growth of 
ports led to breakwaters which had to face more severe wave storms as 
they were built in deeper waters and outside the naturally protected 
areas. Since available quarries were not able to provide rocks of the 
needed size, parallelepiped blocks and cubes made of concrete were 
included as artificial armor units in the nineteenth century. During the 
twentieth century, different concrete armor units (Tetrapod, Dolos, etc.) 
were developed and implemented to optimize the design of the armor 
layer of mound breakwaters. Nevertheless, the cube is still the most 
widely used concrete armor unit due to its simplicity and robustness (e. 
g., Spanish breakwaters described by MOPU, 1988 and MFOM, 2012). 

Armor erosion due to wave attack is considered one of the main 
failure modes when designing mound breakwaters. Consequently, the 
hydraulic stability of the armor layer has been the focus of numerous 
studies (e.g., Hudson, 1959 and Van der Meer, 1988a). The majority of 
these studies were based on physical model tests performed with rock 
armors in non-breaking wave conditions. However, most mound 
breakwaters are built in the surf zone where a percentage of the waves 
which reach the structure have previously broken; thus, the formulas 

derived in non-breaking wave conditions are not fully valid (Herrera 
et al., 2017). The few studies conducted in breaking wave conditions 
only considered rock-armored breakwaters (e.g., Van Gent et al., 2004; 
and Herrera et al., 2017) or structures with a relevant overtopping (e.g., 
Mares-Nasarre et al., 2021a). Therefore, to better design 
non-overtopped cube-armored mound breakwaters in depth-limited 
breaking wave conditions, a new method is required to reliably esti-
mate the armor damage to this kind of structure in these specific 
conditions. 

This study focuses on the hydraulic stability of non-overtopped 
double-layer randomly-placed cube armors in depth-limited breaking 
wave conditions. 2D physical model tests were conducted in the wave 
flume of the Laboratory of Ports and Coasts at the Universitat Politècnica 
de València (LPC-UPV); models were placed on a m = 2% bottom slope 
with armor slope cotα = 1.5. Based on the results of these physical model 
tests, a new hydraulic stability formula was derived. 

This paper is organized as follows. In Section 2, a brief review of the 
literature related to the armor damage to mound breakwaters in 
breaking wave conditions is provided. In Section 3, the experimental set 
up is described. In Section 4, experimental data are analyzed. In Section 
5, a new hydraulic stability formula valid for cube-armored breakwaters 
in depth-limited breaking wave conditions is derived. In Section 6, the 
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new formula is compared to other formulas given in the literature. 
Finally, in Section 7, conclusions are drawn. 

2. Literature review 

As mentioned, studies in the literature related to the armor damage 
to mound breakwaters were performed mainly in non-breaking condi-
tions. Here, a brief review on the hydraulic stability of mound break-
waters is presented, paying special attention to mound breakwaters built 
in the surf zone. 

2.1. Armor damage measurement 

Armor damage is normally evaluated using both qualitative criteria 
and quantitative techniques. Qualitative criteria are applied to describe 
the subjective severity of the damage while quantitative measurements 
provide an objective value of the damage. In this section, both qualita-
tive criteria and quantitative techniques are summarized. 

Four qualitative levels of armor damage were proposed in Losada 
et al. (1986) and Vidal et al. (1991) for conventional double-layer 
armors:  

1. Initiation of Damage (IDa): some armor units are lost from the upper 
armor and holes whose size is close to the armor unit are clearly 
visible;  

2. Initiation of Iribarren’s Damage (IIDa): units from the bottom armor 
layer may be extracted, since a large area of the upper armor is 
eroded;  

3. Initiation of Destruction (IDe): at least one element from the bottom 
armor layer is extracted, so the filter is clearly visible;  

4. Destruction (De): elements from the filter layer are removed. 

Later, Gómez-Martín (2015) modified these damage levels in order 
to extend them to conventional mound breakwaters with single-layer 
armors. 

The quantitative measurement of armor damage to mound break-
waters is a complex problem, since it needs to be standardized consid-
ering different armor slopes, armor units and number of layers. Three 
definitions for quantitative armor damage are given in the literature: (1) 
the relative damage number, Nod, (2) the percentage of displaced units, 
D%, and (3) the dimensionless armor damage parameter, S. Nod and D% 
are calculated by counting the displaced units (e.g., USACE, 1975; 1984; 
Van der Meer, 1999) while S is originally calculated by measuring armor 
profiles. In this study, an equivalent dimensionless armor damage 
parameter, Se is calculated counting the displaced units (see 
Gómez-Martín and Medina, 2006). 

The relative damage number was proposed by Van der Meer (1988b) 
as Nod = Ne/(d/Dn), where Ne is the number of displaced units from a 
reference band of the armor of width d, and Dn = M/ρ is the nominal 
diameter or equivalent cube size, where M is the mass of the unit, and ρ 
is the mass density of the unit. Thus, Nod represents the number of units 
extracted from the armor in a band with a width of one Dn. 

The percentage of displaced units is defined as D% = Nd/NT, where 
Nd is the number of extracted or displaced units and NT is the total 
number of units within a reference area. This reference area can be the 
whole armor or an area of the armor between two reference levels (e.g., 
Van der Kreek, 1969, or USACE, 1984). 

The dimensionless armor damage parameter proposed by Broderick 
(1983) is defined as S = Ae/Dn

2, where Ae is the average eroded 
cross-section area. Ae can be calculated using the visual counting 
method proposed by Vidal et al. (2006) or using mechanical or laser 
profilers. These methods assume a constant armor porosity during the 
erosive process, so the Heterogeneous Packing (HeP) failure mode 
defined by Gómez-Martín and Medina (2014) is not considered. HeP 
failure mode refers to the armor damage caused by a reduction in the 
local packing density of the armor layer near the still water level and an 

increase in the local packing density of the armor layer near the toe 
berm. HeP is especially important in cube armor layers because of their 
undesired tendency to face-to-face arrangements after the attack of 
several wave storms. In the previous definition, the packing density 
refers to the dimensionless concrete consumption for the armor layer, 
which was pointed out by Medina et al. (2014) as a key parameter in the 
cube armor stability under non-breaking wave conditions. Thus, neither 
visual counting nor armor profiling are adequate to analyze damage 
progression of armors composed of armor units with significant HeP, 
such as parallelepiped blocks and cubes. Fig. 1 represents the HeP failure 
mode in a cube armor. 

The Virtual Net method was proposed by Gómez-Martín and Medina 
(2006) in order to consider the armor erosion caused by changes in the 
armor porosity and, thus, involves both armor unit extraction and the 
HeP. The Virtual Net method consists of dividing the upper layer of the 
armor in strips of constant width (w = aDn) and length (l = bDn). The 
dimensionless damage is calculated independently in each strip (Si) 
based on the porosity evolution in time and space. In case of an element 
divided between two strips, it is assigned to the strip where the element 
presents the highest percentage of its area. In case of several elements 
divided between two strips, they are distributed so the number of units 
in each strip is balanced according to the percentage of the areas in each 
strip. The equivalent dimensionless armor damage parameter (Se) is 
determined by integrating Si over the slope, as shown in Eq. (1). 

Se =
∑I

i=1
Si =

∑I

i=1
a
(

1 −
1 − pi

1 − pi0

)

=
∑I

i=1
a
(

1 −
φi

φi0

)

(1)  

where a is the number of rows in the strip, I is the number of strips, pi =

1-(NiDn
2/(wl)) is the armor porosity of the strip i after the wave attack, 

being Ni the number of armor units in the strip i, p0i is the initial armor 
porosity of the strip i, Φi = n(1-pi) is the packing density of the strip i 
after the wave attack, being n the number of armor layers, and Φ0i is the 
initial packing density of the strip i. Fig. 2 presents an application of the 
Virtual Net method. 

Since the focus of this study is the hydraulic stability of cube- 
armored structures, the Virtual Net method is applied to account for 
both armor unit extraction and HeP. Regarding the qualitative analysis 
of the armor damage, IDa and IDe as defined by Losada et al. (1986) and 
Vidal et al. (1991) are considered. 

2.2. Hydraulic stability of mound breakwaters in breaking wave 
conditions 

The most popular independent variable to analyze the hydraulic 
stability of armor layers is the stability number, Ns = H/ΔDn, where H is 
a characteristic wave height, Δ = (ρ-ρw)/ρw is the relative submerged 
mass density of armor units, ρ is the mass density of the armor units, and 
ρw is the mass density of the sea water. The stability number was used in 
Eq. (2), the generalized stability formula given by Hudson (1959), which 
was based on small-scale physical tests of non-overtopped mound 
breakwaters under regular waves in non-breaking wave conditions. In 
this formula, KD is the stability coefficient, which depends on the 
number of armor layers, the armor unit and the section of the break-
water (trunk or head), and cotα is the armor slope. 

H
ΔDn

= (KD cot α)1/3 (2) 

USACE (1975 and 1984) recommended modifying the value of KD in 
Eq. (2) to account for depth-limited breaking wave conditions. USACE 
(1975 and 1984) reduced the value of KD for the same armor layer in 
breaking compared to non-breaking wave conditions; e.g., KD = 7.5 for a 
trunk section with a double-layer randomly-placed modified cube armor 
in non-breaking wave conditions and KD = 6.5 for the same trunk section 
armor layer in breaking wave conditions. USACE (1984) recommended 
KD = 2.0 and 6.5 for double-layer rock- and cube-armored breakwaters 
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in breaking wave conditions for trunk cross-sections, respectively. 
Regarding the characteristic wave height in Eq. (2), USACE (1984) 

recommended using H=H1/10 (average of the one-tenth highest waves), 
while USACE (1975) recommended H=H1/3 (average of the one-third 
highest waves). The change in the criterion between USACE (1975) 
and USACE (1984) was relevant for non-breaking wave conditions 
(applying H1/10 = 1.27H1/3, valid for a storm of 1,000 waves which 
follows a Rayleigh distribution, leads to approximately double the 
weight of the required armor element, 1.273 = 2.05). However in 
breaking wave conditions, this change has less influence; the more 
relevant the wave breaking, the lower the influence of this change 
(applying the Composite Weibull distribution by Battjes and Groe-
nendijk (2000) together with a spectral significant wave height Hm0 = 4 
(m0)0.5 = 0.16m, bottom slope m = 2% and water depth hs = 0.25m, 
H1/10 = 1.15H1/3, which leads to 1.153 = 1.52). USACE (1984) also 
proposed estimating the design wave height at the breaking point, so the 
wave height at a certain distance from the toe of the model was 
considered. It should be noted that structures in depth-limited breaking 
wave conditions have to face the design waves more frequently than 
structures built in non-breaking conditions. 

Van der Meer (1988a) conducted physical tests mainly in 
non-breaking wave conditions to analyze the stability of rock armors 
under wave attack within the ranges 1≤Hs/ΔDn50≤4 and 1.5≤cotα≤6.0. 
Van der Meer (1988a) derived Eq. (3) based on these experimental tests. 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Hs

ΔDn50
= 6.2S1/5P0.18Nz

− 0.1ξm
− 0.5 for ξm <ξmc (Plungingwaves)

Hs

ΔDn50
= 1.0S1/5P− 0.13Nz

− 0.1 cotα0.5ξmP for ξm >ξmc (Surgingwaves)
(3)  

where ξmc=(6.2P0.31tanα0.5)1/(P+0.5) is the critical breaker parameter, 
0.1 ≤ P ≤ 0.6 is the permeability coefficient which accounts for the 
permeability of the structure, Dn50 is the equivalent cube size of a stone 
whose mass does not exceed the 50% percentile, Nz is the number of 
waves and ξm = tanα/(2πHs/[gTm

2 ])0.5 is the surf similarity parameter or 
Iribarren number calculated using the mean period, Tm, and significant 
wave height, Hs. 

Van der Meer (1988a) also performed 16 physical tests with a 
permeable rock-armored slope with cotα = 2.0 in breaking wave con-
ditions on a bottom slope m = 1/30 and 3.3≤hs/ΔDn50≤6.5, where hs is 
the water depth at the toe of the structure. In order to account for wave 
breaking, Van der Meer (1988a) recommended replacing Hs in Eq. (3) 
with H2%/1.4, where H2% is wave height exceeded by 2% of the waves. 
Note that H2%/Hs ≈ 1.4 for a Rayleigh distribution. 

Van Gent et al. (2004) conducted physical tests in both breaking and 
non-breaking wave conditions using rock slopes with permeable and 
impermeable cores. Two bottom slopes, m = 1/30 and 1/100, two armor 
slopes, cotα = 2.0 and 4.0, and two nominal diameters, Dn50 = 2.2 and 
3.5 cm, were considered. Van Gent et al. (2004) combined their results 
with those reported by Smith et al. (2003) and developed Eq. (4), which 
is valid within the experimental ranges 0.5≤Hs/(ΔDn50)≤4.5 and 
1.5≤hs/(ΔDn50)≤11. 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

H2%

ΔDn50
= 8.4S1/5P0.18Nz

− 0.1ξs− 1
− 0.5 for ξs− 1<ξmc (Plungingwaves)

H2%

ΔDn50
= 1.3S1/5P− 0.13Nz

− 0.1 cotα0.5ξs− 1P for ξs− 1>ξmc (Surgingwaves)
(4)  

where ξs-1 = tanα/(2πHs/[gTm-1,0
2 ])0.5 is the surf similarity parameter 

obtained with the spectral period Tm-1,0 = m-1/m0, in which mi is the i-th 
spectral moment. 

Van Gent et al. (2004) also proposed Eq. (5) to include the influence 
of the relative size of the rocks in the core (Dn50core) compared to the 
rocks in the armor (Dn50). Note that the wave period is not considered 
here. 

Hs

ΔDn50
= 1.75

(

1+
Dn50core

Dn50

)(
S
̅̅̅̅̅
Nz

√

)1/5

cot α0.5 (5) 

Herrera et al. (2017) conducted physical tests with rock armored 
mound breakwaters with cotα = 1.5 in depth-limited breaking wave 
conditions; these tests were carried out on a bottom slope m = 2% and 
experimental ranges 1.0≤ Hm0/(ΔDn50)≤2.5 and 3.8≤hs/(ΔDn50)≤7.5, 
where hs is the water depth at the toe of the structure. Herrera et al. 
(2017) indicated that the optimum point (minimum error in subsequent 
estimations) to measure wave characteristics is relevant in breaking 
wave conditions and recommended using Hm0 at a distance of 3 times hs 
from the toe of the structure as design wave height. Herrera et al. (2017) 
also proposed Eq. (6) as the damage function; water depth at the toe (hs) 
and wave steepness (sm = Hm0/Lm, where Lm is the mean wave length 
close to the model) were discarded as significant variables to estimate 

Fig. 1. Cube armor failure: (a) initial arrangement, and (b) heterogenous packing (HeP) failure mode.  

Fig. 2. Example of application of the Virtual Net method on the tested double- 
layer cube-armored model. 
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armor damage. 

Se = 0.066
(

Hm0

ΔDn50

)6

(6) 

Gómez-Martín et al. (2018) performed physical tests with regular 
waves on double-layer and single-layer Cubipod®-armored breakwaters 
in depth-limited breaking wave conditions; non-overtopped structures 
with cotα = 1.5 on a horizontal foreshore (m = 0%) were analyzed. 
Gómez-Martín et al. (2018) proposed new equations to design mound 
breakwaters for any deep-water wave conditions regardless of the wave 
height at the toe of the structure; the water depth at a distance of three 
times the wave depth from the toe, h = hs(1 + 3m), was used as the 
design parameter (see Eq. (7)). This approximation is reasonable for 
gentle bottom slopes (m ≤ 2%). 

Dn >

(
h

7Δ

)

for double − layer Cubipod® armors (7a)  

Dn >

(
h

6.2Δ

)

for single − layer Cubipod® armors (7b) 

Etemad-Shahidi et al. (2020) combined physical test results given by 
Thompson and Shuttler (1975), Van der Meer (1988a), Van Gent et al. 
(2004), and Vidal et al. (2006) for non-overtopped rubble mound 
breakwaters in breaking and non-breaking wave conditions. New for-
mulas were derived, these being valid within the ranges 
1.0≤Hs/(ΔDn50)≤4.3 and 1.35≤hs/Hs≤ 19.68 for both breaking and 
non-breaking wave conditions. 
⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

Hs

ΔDn50
=4.5CpNz

− 0.1S1/6ξs− 1
− 7/12(1 − 3m) for ξs− 1 <1.8(plungingwaves)

Hs

ΔDn50
=3.9CpNz

− 0.1S1/6ξs− 1
− 1/3(1 − 3m) for ξs− 1 ≥1.8(surgingwaves)

(8)  

where Cp=(1+[Dn50core/Dn50]3/10)3/5 is the coefficient of permeability. 
Note the 6-power relationship between the stability number and 
dimensionless armor damage in Eqs. (6) and (8). 

Recently, Mares-Nasarre et al. (2021a) re-analyzed the tests reported 
by Argente (2019) with overtopped mound breakwaters in 
depth-limited breaking wave conditions. These tests considered mound 
breakwaters with cotα = 1.5 and three armor layers: double-layer ran-
domly-placed rock, double-layer randomly-placed cube, and 
single-layer randomly-placed Cubipod® armors. New formulas similar 
to Eq. (6) were fitted for the front slope, crest and rear side; the front 
slope of overtopped structures was more stable than that of 
non-overtopped structures. Eq. (9) presents the formula derived for the 
front slope of the cube-armored model. 

Se = 0.05
(

Hm0

ΔDn

)3

(9) 

In this section, formulas in the literature to describe the hydraulic 
stability of mound breakwaters in breaking wave conditions have been 
summarized; no specific study focuses on the armor damage to non- 
overtopped cube-armored breakwaters in breaking wave conditions. 
The formulas given in the literature for cube-armored structures in 
breaking wave conditions were conducted on overtopped structures. 
Thus, further research is needed to better design non-overtopped cube- 
armored mound breakwaters in depth-limited breaking wave 
conditions. 

3. Experimental methodology 

Two-dimensional physical model tests were conducted in the LPC- 
UPV wave flume (30 m × 1.2 m × 1.2 m). The wave flume had a 
6.25 m-long m = 4% ramp followed by a 9.00 m-long m = 2% ramp, as 

shown in Fig. 3. 
Surface elevation was measured using 13 capacitive wave gauges 

placed along the wave flume as indicated in Fig. 3. In the wave gener-
ation zone, four wave gauges (S1 to S4) were located in order to separate 
incident and reflected waves. Eight wave gauges (S5 to S12) were placed 
along the flume and close to the model, and an additional wave gauge 
(S13) was installed behind the model to monitor the water level at the 
end of the flume. Since the model was built in the surf zone, where 
depth-limited wave breaking occurs, methods given in the literature are 
not reliable to separate incident and reflected waves. 

Double-layer randomly-placed cube-armored breakwater models 
were tested with Dn = 3.97 cm, armor slope cotα = 1.5, rock toe berms 
(Dn50 = 2.47 cm), a filter layer with Dn50 = 1.78 cm and a core with Dn50 
= 0.68 cm. The initial packing density of the cube armors was Φ0 = 2(1- 
p) = 1.18, where p is the armor porosity (Medina et al., 2014). The 
cross-section is depicted in Fig. 4 while Table 1 describes the charac-
teristics of the materials used during the tests. 

Random runs of 1,000 irregular waves were generated using a 
piston-type wave maker following a JONSWAP spectrum (γ = 3.3). The 
active wave absorption system (AWACS) was used to prevent multi- 
reflections in the wave flume. Low-frequency oscillations and changes 
in the still water level (e.g.: set-up) were prevented by allowing the 
water to recirculate through a double floor. 

Three water depths at the toe of the structure were considered, hs(m) 
= 0.20, 0.30 and 0.40. The test series for each water depth were con-
ducted with a constant wave steepness (s0p = Hm0/L0p = 2πHm0/(gTp

2), 
where L0p is the deep-water wave length calculated using the peak 
period, Tp). For hs(m) = 0.20, s0p = 0.02 and 0.05 were tested, and for 
hs(m) = 0.30, s0p = 0.02, 0.03 and 0.05 were considered. Only s0p = 0.05 
was tested for hs(m) = 0.40, in order to prevent overtopping. In each test 
series, Hm0 at the wave generation zone was increased in steps of 1 cm 
from no damage to initiation of destruction of the cube armor or wave 
breaking observed at the wave generation zone. Experimental ranges of 
the main variables in the tests are shown in Table 2; incident wave 
characteristics (Hm0 and Tp) are given at a distance of 3hs from the toe of 
the model following recommendations by Herrera et al. (2017). 

4. Data analysis 

The data analysis is described in this section including the method-
ology to determine the incident wave characteristics in the model zone 
as well as the equivalent dimensionless armor damage (Se) after each 
test. 

4.1. Wave analysis 

As explained in Section 3, wave gauges in the wave generation zone 
(S1 to S4) were used to separate incident and reflected waves using the 
LASA-V method (Figueres and Medina, 2005). Although this method can 
be applied to non-stationary and non-linear irregular waves, it is not 
reliable for breaking waves, similar to other methods given in the 
literature. Thus, the SwanOne model (Verhagen et al., 2008) was used 
here to estimate incident wave characteristics close to the model where 
depth-induced wave breaking occurs. The SwanOne model fits a 
JONSWAP spectrum (γ = 3.3) to the given incident wave conditions in 
the wave generation zone. This spectrum is propagated along an input 
bathymetry, and the Composite Weibull distribution proposed by Battjes 
and Groenendijk (2000) is assumed to describe the wave height distri-
bution in shallow foreshores. A reference scale 1/30 was used in the 
propagation, since the SwanOne model considers frequencies within a 
range typical for prototype scale (0.03–0.8 Hz). 

Following recommendations by Herrera et al. (2017), the results 
provided by the SwanOne model were validated using tests without a 
structure. Those tests were performed with an efficient passive wave 
absorption system at the end of the flume (Kr= Hm0,r/Hm0,i < 0.25, where 
Hm0,r is the reflected Hm0, and Hm0,i is the incident Hm0). In order to 

P. Mares-Nasarre et al.                                                                                                                                                                                                                        



Ocean Engineering 259 (2022) 111845

5

validate the results of the SwanOne model, the incident wave conditions 
were compared to the measurements during the tests without a structure 
(total waves) at both the wave generation zone and the model zone. 
Thus, the capability of the SwanOne model to fit the JONSWAP spec-
trum with the given incident wave conditions was also assessed. It 
should be noted that the average wave characteristics measured during 
the tests without structure in S1 to S4 and S9 to S12 were considered for 
comparison in the wave generation and model zone, respectively. 

In order to evaluate the performance of SwanOne model, two sta-
tistical criteria were applied: (1) the correlation coefficient (r), and (2) 
the coefficient of determination (R2). 0 ≤ r ≤ 1 evaluates the correlation 
and 0 ≤ R2 ≤ 1 estimates the proportion of variance explained by the 
model. Thus, the higher the r and the higher the R2, the better. 

r =
∑No

i=1(oi − o)(ei − e)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑No

i=1(oi − o)2∑No
i=1(ei − e)2

√ (10)  

R2 = 1 −

1
No

∑No
i=1(oi − ei)

2

1
No

∑No
i=1(oi − o)2 (11)  

where No is the number of observations, oi and ei are the observations 
and estimations, and o is the average of the observations. 

First, Hm0 given by the SwanOne model is compared to the measured 
Hm0 during tests without a structure, as shown in Fig. 5. A good per-
formance of the SwanOne model can be observed both in the wave 
generation zone (R2 = 1.00) and the model zone (R2 = 0.94). 

Three characteristic wave periods were estimated: (1) the peak 
period, Tp, (2) the mean spectral period, T01 = m0/m1, where mi is the i- 
th spectral moment, and (3) the spectral period, Tm-1,0 = m-1/m0. The 
best estimations by SwanOne were provided for Tp (R2>0.94), as shown 
in Fig. 6. 

Figs. 7 and 8 compare the measured T01 and Tm-1,0 with the esti-
mations by the SwanOne model. In both cases, results were poor in the 
model zone, as previously reported by Mares-Nasarre et al. (2020b, 
2021b); measured T01 and Tm-1,0 were between 5% to 10% and 10%– 
40%, respectively, higher than estimations given by SwanOne. 
Measured low-frequency wave components were more energetic than 
those predicted by SwanOne. 

In the present study, wave characteristics provided by the SwanOne 
model are used, since the design wave conditions at the construction site 
need to be estimated during the design phase. In the following sections, 
Tp is used as the representative wave period since it was accurately 
estimated by the SwanOne model. In this study, a one-peak wave 
spectrum (JONSWAP) is considered, so the different wave periods are 
correlated, making this decision non-critical. However, it would be 
necessary to assess the most appropriate wave period if wave conditions 
with multiple-peak spectrums were analyzed. 

4.2. Armor damage analysis 

As mentioned in Section 2.1, the Virtual Net method proposed by 
Gómez-Martín and Medina (2006) is applied to quantify armor damage 
due to the HeP failure mode. To this end, a camera was installed 
perpendicular to the slope, and pictures were taken before starting the 
tests and after each test, so damage evolution could be studied over time. 

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

Fig. 4. Cross-section of the tested cube-armored breakwater model. Dimensions in cm.  

Table 1 
Characteristics of the materials used during the physical tests.  

Material M or M50 (g) ρ or ρr (g/cm3) Dn or Dn50 (cm) 

Cube 141.51 2.27 3.97 
Rock (filter) 15.40 2.73 1.78 
Rock (core) 0.86 2.72 0.68 
Toe berm 40.0 2.64 2.47  

Table 2 
Incident wave characteristics in the physical tests.  

#tests hs [m] s0p [-] Hm0 [m] Tp [s] 

14 0.20 0.02 0.08–0.13 1.6–2.5 
16 0.20 0.05 0.05–0.13 1.0–1.6 
14 0.30 0.02 0.07–0.19 1.6–2.8 
17 0.30 0.03 0.06–0.19 1.3–2.6 
16 0.30 0.05 0.05–0.18 1.0–1.8 
16 0.40 0.05 0.05–0.19 1.0–1.6  
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Fig. 5. The measured spectral wave height in tests without a structure (total waves) compared to the incident spectral wave height estimated with the SwanOne 
model: (a) in the wave generation zone, and (b) in the model zone. 

Fig. 6. The measured peak period Tp in tests without a structure compared to the peak period estimated with the SwanOne model: (a) wave generation zone, and (b) 
model zone. 

Fig. 7. The measured mean spectral period T01 in tests without a structure compared to the mean spectral period estimated with the SwanOne model: (a) wave 
generation zone, and (b) model zone. 
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The slope was divided in 6 strips of 4Dn and only the central part of the 
slope was considered in order to avoid interference caused by the 
boundaries of the flume. As shown in Fig. 2, the two upper and two 
lower rows of the front slope were also discarded from the analysis to 
prevent interferences with the crest and the toe berm. Following Eq. (1), 
Si was obtained for each strip after each test and it was integrated to 
determine Se. Fig. 2 shows an example of the application of the Virtual 
Net method. A summary of the experimental data reported in this study 
is provided in Appendix A. 

The qualitative armor damage assessment was conducted consid-
ering IDa and IDe levels following the recommendations given by Losada 
et al. (1986) and Vidal et al. (1991) recommendations (see Section 2.1). 
IDa and IDe levels were determined at Se(IDa)≈0.6 and Se(IDe)≈5, 
which approximately correspond to Ns(IDa)≈2.3 and Ns(IDe)≈3.5. It 
should be noted that IDe was not observed during tests with hs(m) =
0.20 due to wave breaking before wave trains reached the structure. 
Fig. 9 presents an overview of the experimental data, as well as the IDa 
and IDe levels in this study. 

5. A new hydraulic stability formula 

In this section, the observed armor damage is described, and a new 
hydraulic stability formula valid for cube armors in depth-limited 
breaking wave conditions is derived. 

5.1. Explanatory variables 

Four dimensionless variables were first considered as possible 
explanatory variables to estimate the armor damage to cube-armored 
mound breakwaters in depth-limited breaking wave conditions:  

- Ns = H/(ΔDn) is the stability number, a widely used explanatory 
variable to estimate armor damage (e.g., Eqs. (2)–(6)). 

- hs/(ΔDn) is the dimensionless water depth (e.g., Eq. (7)). This vari-
able represents the degree to which the mound breakwater is under 
depth-limited breaking wave conditions. When the structure is 
located in shallow waters, ΔDn is close to hs, while in deep waters, 
ΔDn is much smaller than hs. 

- H/Lp, is the wave steepness calculated using Tp. This variable de-
termines the type of wave breaking on the slope and it can be found 
in formulas in the literature to describe armor damage (e.g., Eqs. (3), 
(4) and (8)).  

- hs/Lp, is the dimensionless water depth using hs at the toe of the 
structure and the wave length calculated as Lp = gTp

2/(2π), where g is 
the gravity acceleration. This variable was recommended by Día-
z-Carrasco et al. (2020) together with H/Lp to describe wave char-
acteristics and wave breaking in permeable and impermeable slopes. 
The aforementioned authors also stated that this variable influences 
the amount of wave energy which is dissipated, transmitted and re-
flected by mound breakwaters. 

Different characteristic wave heights (H) are recommended for the 
formulas given in the literature. For instance, Van Gent et al. (2004) 
considered H2% at the toe of the structure whereas Herrera et al. (2017) 
proposed using Hm0 measured at a distance of 3hs from the toe of the 
structure. In this study, Hm0, H2% and the average wave height of the 
one-tenth highest waves, H1/10, are considered for further analysis. In 
depth-limited breaking wave conditions, Herrera et al. (2017) pointed 
out that it is crucial to select the appropriate point to estimate wave 
characteristics. Thus, wave characteristics at different locations were 
considered in this study; wave characteristics at the toe, at a distance of 
hs from the toe of the model, 2hs, 3hs, and so on until 6hs from the toe of 
the structure were measured. 

Fig. 8. The measured spectral period Tm-1,0 in tests without a structure compared to the spectral period Tm-1,0 estimated with the SwanOne model: (a) wave gen-
eration zone, and (b) model zone. 

Fig. 9. Experimental armor damage data and Initiation of Damage (IDa) and 
Initiation of Destruction (IDe) levels. 
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5.2. General outline 

Based on the literature review, Eq. (12) was assumed as a potential 
model for the new hydraulic stability formula, 

Se = k1

(
H

ΔDn

)k2
(

hs

ΔDn

)k3
(

H
Lp

)k4
(

hs

Lp

)k5

(12)  

where k1, k2, k3, k4 and k5 are parameters and H=Hm0, H=H2% or H=H1/ 

10. 
Calculating logarithms on both sides of the equation, Eq. (12) is 

linearized, and a forward stepwise linear regression is applied to 
determine which variables are significant to describe cube armor dam-
age. First, four models considering only one of the explanatory variables 
are calibrated and their significance is evaluated using t-student test (5% 
significance level). Second, three models are created considering the 
most significant variable from the previous step and each one of the 
remaining explanatory variables. This step-by-step methodology is used 
to create a model with the most significant variables; the methodology 
ends when all the significant explanatory variables are included or the 
remaining explanatory variables are not significant. Tests with Se < 0.2 
were removed from the analysis. 

The process described above was repeated considering H=Hm0, 
H=H2% and H=H1/10, measured at distances of x times hs from the toe, 
where x = 0 to 6 with Δx = 1. Therefore, 21 (3 characteristic wave 
heights ⨯ 7 measurement locations) models were analyzed; the 
goodness-of-fit of these 21 models were assessed using R2. The best re-
sults were obtained using H=Hm0, as in Herrera et al. (2017). Regarding 
the optimum point to estimate wave characteristics, similar results were 
observed independently of the x. Thus, Hm0 measured at a distance of 3hs 
from the toe of the structure was used in this study, following recom-
mendations by Herrera et al. (2017) and Mares-Nasarre et al. (2020a). 

The most significant explanatory variable was always the stability 
number, Ns = H/(ΔDn). In 14 of the 21 cases, hs/(ΔDn) was a significant 
secondary explanatory variable. H/Lp and hs/Lp were not found to be 
significant in any case (5% significance level). 

5.3. A new hydraulic stability formula for cube armors 

After analyzing the results described in the previous section, Eq. (12) 
was proposed to describe cube-armor damage in depth-limited breaking 
wave conditions with k4 = k5 = 0 and H=Hm0 (measured at a distance of 
3hs from the toe of the structure). 

In order to fit k1 to k3 as well as to characterize their variability, the 
bootstrapping technique was applied following Mares-Nasarre et al. 
(2019 and 2021b). The bootstrap resample technique consists of 
selecting N data randomly from a dataset with N data. Hence, each 
datum presents a probability of 1/N to be selected each time; some data 
may not appear while others may appear more than once in each 
resample. Here, 1,000 resamples were performed and Eq. (12) was fitted 
for each resample, so 1,000 values were obtained for k1, k2 and k3 (k4 =

k5 = 0). The variability of the empirical coefficients was considered to 
determine the number of significant figures in the final coefficients. 

Se = 0.00015
(

Hm0

ΔDn

)6( hs

ΔDn

)1.5

(13)  

where Hm0 = 4m0
0.5 is the spectral significant wave height estimated at a 

distance of x = 3hs from the toe of the structure, Δ = (ρ-ρw)/ρw is the 
relative submerged mass density of armor units, ρ is the mass density of 
the armor units, ρw is the mass density of the sea water, Dn is the nominal 
diameter of the armor unit and hs is the water depth at the toe of the 
structure. 

The best fit was found for k1 = 1.5⋅10− 4, k2 = 6 and k3 = 1.5 with R2 

= 0.85. Note that the 6-power relationship was also found in Eqs. (6) and 
(8). Eq. (13) is valid within the ranges 1.4≤ Hm0/ΔDn ≤3.8 and 4.0≤ hs/ 

ΔDn ≤8.0. 
Fig. 10a shows the measured and estimated equivalent dimensionless 

armor damage Se as function of Ns for hs(m) = 0.3 and 0.4. Fig. 10b 
compares the measured equivalent dimensionless armor damage Se with 
the estimated Se using Eq. (13); the 90% confidence interval is also 
depicted. 

Since the Mean Squared Error was not constant for increasing values 
of Se, the methodology used by Molines and Medina (2016) was applied 
here to estimate the confidence intervals. After analyzing the data, a 
Gaussian error distribution was assumed with 0 mean and a variance 
estimated by 

σ2(ε)= 0.4Se (14) 

Thus, the 90% confidence interval is given by 

Se|
95%
5% = Se ± 1.64

̅̅̅̅̅̅̅̅̅̅̅
0.4Se

√
= Se ± 1.04

̅̅̅̅̅
Se

√
(15)  

6. Comparison with existing formulas given in the literature 

In the previous sections, data related to armor damage to non- 
overtopped randomly-placed cube-armors in depth-limited breaking 
wave conditions were analyzed and Eq. (13) was found. Here, the new 
formula proposed in this study is compared to those given in the liter-
ature for depth-limited breaking wave conditions. Eqs. (5), (6) and (9) 
given by Van Gent et al. (2004), Herrera et al. (2017) and Mares-Nasarre 
et al. (2021a), respectively, are compared to Eq. (13). It should be noted 
that Eqs. (5) and (6) by Van Gent et al. (2004) and Herrera et al. (2017) 
were developed for rock armors in different ranges of applicability, 
while Eq. (9) by Mares-Nasarre et al. (2021a) considered only over-
topped structures. If the conditions of this study are applied, Eq. (5) by 
Van Gent et al. (2004) can be rewritten as 

Hs

ΔDn50
= 1.75

(

1+
0.68
3.97

)(
S
̅̅̅̅̅̅̅̅̅̅
1000

√

)0.2

1.50.5 = 1.26S0.2 → S= 0.317Ns
5 (16) 

Fig. 11 compares Eq. (13) with Eq. (16) derived from Eq. (5) pro-
posed by Van Gent et al. (2004), Eq. (6) by Herrera et al. (2017) and Eq. 
(9) by Mares-Nasarre et al. (2021a). Note that the HeP is not dominant in 
rock armors, so S ≈ Se (see Herrera et al., 2017). 

In breaking wave conditions and trunk cross-sections, USACE (1984) 
recommended KD = 6.5 and 2.0 for modified cube- and double-layer 
rock-armored breakwaters, respectively; thus, stability numbers for 
cube armors should be around 50% higher (1.5≈(6.5/2.0)1/3) than rock 
armors. Fig. 11 shows a higher hydraulic stability for non-overtopped 
cube-armors compared to rock-armors in depth-limited breaking wave 
conditions; the observed stability numbers for cubes are slightly higher 
than 50% above those corresponding to the rock armors. 

Observed armor damage is higher for non-overtopped compared to 
overtopped cube-armored breakwaters; the front slope of overtopped 
structures is more stable than that of non-overtopped structures, as re-
ported by Mares-Nasarre et al. (2021a). However, damage starts earlier 
in overtopped structures. If the same wave height is considered attack-
ing an overtopped and a non-overtopped structure, a higher proportion 
of the front armor is affected by the incident wave trains in the over-
topped breakwater. Thus, this may be the reason why damage is higher 
in overtopped structures when considering low stability numbers. 

Finally, results given with Eq. (13) are compared to those obtained 
following recommendations by USACE (1984). USACE (1984) recom-
mended Eq. (2) by Hudson (1959), where H=H1/10 and KD = 6.5 for 
modified cube-armored trunk sections. Assuming Hm0 = 0.16m, bottom 
slope m = 2% and water depth hs = 0.25m and using the Composite 
Weibull distribution by Battjes and Groenendijk (2000), H1/10 = 0.18m. 
Therefore, considering cotα = 1.5, Dn = 6.8 cm is required according to 
USACE (1984). If Eq. (13) is considered instead, Dn = 4.6 cm is obtained 
for IDa level. Thus, it can be concluded that recommendations in USACE 
(1984) are on the safety side. 
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7. Conclusions 

Two-dimensional physical tests were performed in this research to 
better describe the armor damage to non-overtopped double-layer 
randomly-placed cube-armored breakwaters in depth-limited breaking 
wave conditions with cotα = 1.5 and bottom slope m = 2%. Based on 
the new experimental database, quantitative armor damage was 
analyzed and qualitative IDa and IDe levels were considered. 

Four potential explanatory variables were selected from the litera-
ture to describe the hydraulic stability of cube-armors in depth-limited 
breaking wave conditions: (1) the stability number, Ns = H/(ΔDn), (2) 
the dimensionless water depth with the nominal diameter, hs/(ΔDn), 
(3) the wave steepness, H/Lp, and (4) the dimensionless water depth 
with the wave length, hs/Lp. Only Ns = H/(ΔDn) and hs//(ΔDn) were 
significant variables, being principal and secondary explanatory 
variables, respectively. A new hydraulic stability formula, Eq. (13), 
based on a power relationship between the armor damage and the two 
significant explanatory variables was found with the coefficient of 

determination R2 = 0.85. 
The new hydraulic stability formula was compared to those given in 

the literature for mound breakwaters in depth-limited breaking wave 
conditions. The tested cube-armored breakwater models were found to 
have a much higher hydraulic stability than the double-layer rock ar-
mors in depth-limited breaking wave conditions described in the 
literature. On the other hand, the non-overtopped cube-armored 
models tested in this study showed less hydraulic stability than the 
frontal slope of overtopped cube armors described in the literature. 
Since part of the wave energy is dissipated through the armored crest 
and rear side in overtopped structures, the frontal slope of overtopped 
armors showed less armor damage for high stability numbers. 

Eq. (13) is reliable and can be used within the prescribed ranges of 
application to design non-overtopped cube-armored breakwaters in 
depth-limited breaking wave conditions. Previous formulas given in the 
literature are not adequate to design this type of structure in these 
conditions. Thus, further research is required to better describe armor 
damage of mound breakwaters in depth-limited breaking wave 

Fig. 10. Performance of Eq. (13). Comparison of (a) estimated versus measured Se as function of Ns, and (b) estimated versus measured dimensionless armor 
damage, Se. 

Fig. 11. Comparison between Eq. (13) and Eqs. (5), (6) and (9).  
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conditions, considering different armor elements and different armor 
slopes. 
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Notation 

Acronyms 
AWACS Active Wave Absorption System 
De Qualitative damage level of destruction defined in Losada et al. (1986) and Vidal et al. (1991) for conventional double-layer armors 
HeP Heterogeneous packing defined in Gómez-Martín and Medina (2014). 
IDa Qualitative damage level of initiation of damage defined in Losada et al. (1986) and Vidal et al. (1991) for conventional double-layer armors 
IDe Qualitative damage level of initiation of destruction defined in Losada et al. (1986) and Vidal et al. (1991) for conventional double-layer 

armors 
IIDa Qualitative damage level of initiation of Irribarren damage defined in Losada et al. (1986) and Vidal et al. (1991) for conventional 

double-layer armors 
LASA-V Local Approximation using Simulated Annealing (Figueres and Medina, 2005) 
LPC-UPV Laboratory of Ports and Coasts (UPV) 
r Pearson correlation coefficient 
R2 Coefficient of determination 
UPV Universitat Politècnica de València  

Symbols 
Δ = (ρ-ρw)/ρw (− ) Relative submerged mass density of armor units 
ξm = tanα/(2πHs/[gTm

2 ])0.5 Surf similarity parameter or Iribarren number calculated using Tm and Hs 
ξm0 = tanα/(2πHs/[gTm-1,0

2 ])0.5 Surf similarity parameter obtained with the spectral period Tm-1,0 
ρ (g/cm3) Mass density of armor unit 
ρw (g/cm3) Mass density of sea water 
Φ0i = n(1-p0i) (− ) Initial packing density of the strip i 
Φi = n(1-pi) (− ) Packing density of the strip i after the wave attack 
a (− ) Number of rows in the strip 
Ae (cm2) Average eroded cross-section area 
cotα (− ) Armor slope 
Cp = (1 + [Dn50core/Dn50]3/10)3/5 (− ) Permeability coefficient in Etemad-Shahidi et al. (2020). 
d (cm) With of armor band 
D% = Nd/NT The percentage of displaced units in a reference area 
Dn = (W/ρ)1/3 (cm) Nominal diameter 
Dn50=(W50/ρ)1/3 (cm) Rock nominal diameter 
Dn50core=(W50/ρ)1/3 (cm) Nominal diameter of rocks in the core 
ei Estimated values 
e Average of estimated values 
g (m/s2) Gravity acceleration 
h = hs(1 + 3m) (cm) or (m) Design water depth defined in Gómez-Martín et al. (2018) 
hs (cm) or (m) Water depth 
H (cm) or (m) Characteristic wave height 
H1/10 (cm) or (m) Average of the one-tenth highest waves 
H1/3 = Hs (cm) or (m) Average of the one-third highest waves or significant wave height 
H2% (cm) or (m) Wave height exceeded by 2% of the waves 
Hm0 = 4(m0)0.5 (cm) or (m) Spectral significant wave height 
I (− ) Number of strips 
KD (− ) Stability coefficient defined in Hudson (1959) 
Kr = Hm0,r/Hm0,i (− ) Reflection coefficient, calculated with the reflected Hm0, Hm0,r, and the incident Hm0, Hm0,i 
l = bDn (cm) Band length for Virtual Net method in Gómez-Martín and Medina (2006) 
Lm (cm) or (m) Mean wave length close to the model 
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L0p (cm) or (m) Local wave length calculated with Tp and Hm0 
Lp = gTp

2/(2π) (cm) or (m) Deep-water wave length 
m (%) Bottom slope 
mi (− ) i-th spectral moment 
n (− ) Number of armor layers 
Nd (− ) Number of extracted units in a reference area 
Ne (− ) Number of displaced units from a reference band of the armor of width d 
Ni (− ) Number of armor units in the strip i 
Nod = Ne/(d/Dn) (− ) Relative damage number defined in Van der Meer (1988b) 
Ns = H/ΔDn Stability number 
NT (− ) Number of units in a reference area 
P (− ) Structure permeability defined in Van der Meer (1988b) 
p0i (− ) Initial armor porosity of the strip i 
pi = 1-(NiDn

2/(wl)) (− ) Armor porosity of the strip i after the wave attack 
sm = Hm0/Lm (− ) Mean wave steepness 
s0p = Hm0/L0p = 2πHm0/(gTp

2) (− ) Peak wave steepness 
S = Ae/Dn

2 (− ) Dimensionless armor damage parameter defined in Broderick (1983) 
Se (− ) Equivalent dimensionless armor damage defined in Gómez-Martín and Medina (2006) 
Tm (s) Mean temporal wave period 
T01 = m0/m1 (s) Mean spectral period 
Tm-1,0 = m-1/m0 (s) Spectral wave period 
Tp (s) Wave peak period 
w = aDn (cm) Band width for Virtual Net method in Gómez-Martín and Medina (2006) 

Appendix A. Experimental data in this study 

In this section, the experimental data used in this study is summarized. Table 3 shows the equivalent armor damage (Se), the water depth at the toe 
of the structure (hs), and the spectral wave height (Hm0) and the peak period (Tp) at a distance of 3hs from the toe of the structure estimated with the 
SwanOne model.  

Table 3 
Summary of the experimental data used in this study.  

Test ID Armor damage (Se) hs (cm) Hm0 (cm) Tp (s) 

1 0.26 20.00 7.00 1.18 
2 0.26 20.00 8.72 1.18 
3 0.35 20.00 9.88 1.31 
4 0.35 20.00 10.62 1.31 
5 0.35 20.00 11.21 1.31 
6 0.35 20.00 11.62 1.47 
7 0.54 20.00 12.01 1.47 
8 0.54 20.00 12.19 1.47 
9 0.62 20.00 12.35 1.64 
10 0.71 20.00 12.48 1.64 
11 0.71 20.00 12.33 1.47 
12 0.71 20.00 12.53 1.64 
13 0.79 20.00 12.54 1.64 
14 0.27 20.00 8.85 1.83 
15 0.36 20.00 10.00 1.83 
16 0.36 20.00 10.82 2.04 
17 0.44 20.00 11.44 2.04 
18 0.53 20.00 11.89 2.04 
19 0.62 20.00 12.39 2.27 
20 0.79 20.00 12.74 2.27 
21 0.89 20.00 12.86 2.27 
22 0.97 20.00 13.12 2.54 
23 1.06 20.00 13.17 2.54 
24 1.06 20.00 13.19 2.54 
25 0.97 20.00 13.24 2.54 

26 0.28 30.00 7.23 1.18 
27 0.37 30.00 8.17 1.18 
28 0.45 30.00 9.24 1.31 
29 0.45 30.00 10.14 1.31 
30 0.63 30.00 11.18 1.31 
31 0.81 30.00 12.06 1.47 
32 0.81 30.00 12.80 1.47 
33 0.90 30.00 13.84 1.47 
34 1.17 30.00 14.73 1.47 
35 1.45 30.00 15.56 1.64 
36 1.81 30.00 16.24 1.64 
37 2.00 30.00 16.95 1.64 

(continued on next page) 
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Table 3 (continued ) 

Test ID Armor damage (Se) hs (cm) Hm0 (cm) Tp (s) 

38 2.46 30.00 17.44 1.64 
39 2.56 30.00 17.84 1.83 
40 0.26 30.00 9.75 1.64 
41 0.60 30.00 10.70 1.64 
42 0.69 30.00 12.01 1.83 
43 0.69 30.00 13.01 1.83 
44 0.69 30.00 14.36 1.83 
45 0.95 30.00 15.18 1.83 
46 1.56 30.00 15.86 2.04 
47 1.55 30.00 16.55 2.04 
48 1.82 30.00 16.92 2.04 
49 1.99 30.00 17.49 2.27 
50 2.17 30.00 17.76 2.27 
51 3.04 30.00 18.03 2.27 
52 3.57 30.00 17.15 2.54 
53 4.62 30.00 18.51 2.27 
54 0.26 30.00 8.73 1.83 
55 0.44 30.00 9.82 1.83 
56 0.53 30.00 11.08 2.04 
57 0.63 30.00 12.24 2.04 
58 0.90 30.00 13.54 2.27 
59 0.81 30.00 14.54 2.27 
60 1.17 30.00 15.15 2.27 
61 1.82 30.00 16.20 2.54 
62 3.58 30.00 16.67 2.54 
63 4.23 30.00 17.21 2.54 
64 4.59 30.00 17.73 2.54 
65 6.38 30.00 18.07 2.54 
66 8.81 30.00 18.64 2.83 

67 0.27 40.00 6.98 1.18 
68 0.27 40.00 7.92 1.18 
69 0.26 40.00 8.87 1.18 
70 0.44 40.00 9.56 1.31 
71 0.53 40.00 10.69 1.31 
72 0.61 40.00 11.67 1.47 
73 0.61 40.00 12.64 1.47 
74 0.87 40.00 13.69 1.47 
75 1.94 40.00 14.65 1.47 
76 2.03 40.00 15.49 1.47 
77 3.43 40.00 16.53 1.64 
78 5.29 40.00 17.55 1.64 
79 7.65 40.00 18.37 1.64 
80 9.57 40.00 19.04 1.64  
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