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A B S T R A C T   

The objective of this research was to develop a new methodology to assess the progression of damage to sloped 
coastal structures such as revetments, dikes, and mound breakwaters by applying dimensional analysis. The 
adequacy of the derived functional relationship was verified with the same experimental data (rock layer over 
impermeable dikes under irregular waves and four dike slopes) originally used to obtain the Van de Meer sta
bility formula. The method addresses the epistemic uncertainty of the damage evolution model and its depen
dence on the experimental design and technique, the non-dimensional incident sea-state characteristics at the 
foot of the slope, relative water depth, relative wave height, wave steepness, sea-state persistence, and number of 
waves. It is specific to each dike slope. Specifically, the scarcity of experimental data in shallow water conditions 
are considered. Accordingly, the sigmoid function is proposed as an alternate model to quantify the progression. 
In the current state of knowledge, it is uncertain how the formulas based on lab-experiments perform for real- 
world design conditions. More research in the form of further test series is thus necessary to explore this new 
approach in greater depth.   

1. Introduction 

Forty per cent of the world’s population lives near the coast and 
many of the world’s major cities are directly located on the seashore. 
Spain alone, has a coastline of over 8000 km, roughly half of which is 
occupied by human activities. Global warming and one of its main ef
fects, rising sea levels, call this territorial model into question. In the last 
several years, various alternatives for coastal protection, adaptation, 
and mitigation have been proposed. The challenge of protecting the 
coast from the effects of global warming necessarily involves quanti
fying the resilience of structures as well as their intrinsic and epistemic 
uncertainty. These new demands ask for new coastal and ocean engi
neering philosophy regarding the socioeconomic and environmental 
impact of human interventions (Baquerizo and Losada, 2008; Losada 
et al., 2009). 

Revetments, dikes, and mound breakwaters are the most common 
type of sloped coastal structures because of their ability to break and/or 
dissipate wave energy. They can also be constructed with different 
materials, and their armor units can be of different shapes and sizes. 
Their design, construction and management are a major investment, 
which extends over successive phases throughout their life cycle since 

during their useful life, their state and conditions may change. 
The effects of the intrinsic uncertainty (e.g., due to wave climate 

variability) were significant when computing the damage level in the 
middle of the 20th century. Nowadays, the quantification of epistemic 
uncertainty (Kroon et al., 2020), namely, the uncertainty introduced by 
the model of damage progression, Sd, of the principal failure modes, 
whether correlated or independent, is a major knowledge deficit in the 
optimization of coastal structures (Lira-Loarca et al., 2019; ROM 1.1, 
2018). To effectively determine uncertainty and thus estimate the total 
investment cost (ROM 1.1, 2018), it is necessary to have predictive 
models of the hydrodynamic and structural behavior of the works over 
the useful life of the project. 

In practical coastal engineering, the stability of the slope of rock- 
armored mound breakwaters is usually verified by applying 
laboratory-based empirical formulas. The earliest formula by Iribarren 
and Nogales (1949) and the reductionist/simplified version of Hudson 
(1959) were modified after the publication of Battjes (1974) on the surf 
similarity parameter. 

Currently, most of the formulas used to verify the stability of the 
armor units of the main layer are formally like the Van der Meer (1988) 
formula, which is based on a significant number of experiments in a 
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wave flume with different typologies. Van der Meer concluded that the 
stability of rubble mound revetments and breakwaters can be described 

by the following dimensionless variables, 
(

Hs
Dn50Δs

, ξm, cot α, Sd̅̅̅̅̅
Nw

√ , P,) and 

proposed a formula for plunging waves and another for surging waves. 
In consonance with the state of the art, the formula did not include the 
relative water depth, h/L. Ns =

Hs
Dn50Δs 

is the stability number (Hudson, 
1959); α, is the slope angle; and ξm, o Ir, Ir = tan α̅̅̅

Hs
L

√ is the Iribarren number 

(Iribarren and Nogales, 1949). Dn50 is the nominal diameter of the rock 
layer, defined by Dn50 = (M50/ρs)

1
3 , where M50 is the average stone 

mass, which is 50% of the value on the mass distribution curve; Δs =

ρs/ρw − 1, is the relative mass density; and ρs, ρw are the mass density of 
the rock and water, respectively. 

According to Van der Meer (1987), Sd = Ae
D2

n50
is the dimensionless 

damage, and Ae is the eroded cross-sectional area of the profile. A 
physical description of Sd is the number of cubic stones with a side of 
Dn50, eroded within a width of one Dn50. Hs and L are the incident sig
nificant wave height and wavelength, respectively, at the toe of the 
slope; Nw is the number of waves in the sea state; and P is a notional 
permeability parameter (Van der Meer 1988). It can be applied not only 
to calculate the stability number, Ns, based on the damage level, Sd, but 
also to calculate Sd based on Ns. 

Despite its widespread use, the Van der Meer formula is subject to a 
permanent process of experimental revision. Most of these revisions are 
only refinements of the statistical wave descriptors used. Recently, 
Etemad-Shahidi et al. (2020) eliminated P and included a permeability 
coefficient Cp. Basically all of the revised formulas have the same formal 
structure and almost the same non-dimensional variables. 

It is surprising that in the last 40 years few researchers have 
considered the effect of the relative water depth at the toe of the slope on 
the progression of damage under non-breaking conditions before the 
waves reached the structure. Melby and Hughes (2004) derived a sta
bility formula based on the maximum wave momentum flux (Hughes 
2004), and concluded that when the water depth was incorporated, a 
better description of stability (surging and plunging breaker types) was 
obtained. 

Furthermore, as noted by Ahrens et al. (1993), and recovering the 
concerns of Hughes (2004), “there are few laboratory data for shallow 
water conditions of near depth-limited breaking relative to water depth 
at the structure toe”. So, it can be concluded that there is no certainty 
about the performance of laboratory-based wave stability formulas for 
what may be the design condition for coastal protection under global 
warming. 

The objective of this research was to develop a new methodology to 
assess the progression (or spatio-temporal evolution) of the damage to 
sloped coastal structures such as revetments, dikes, and mound break
waters. This method was applied to a two-diameter-thick rock layer 
placed on an impermeable core and four dike slopes and verified with 
the same experimental data originally used to obtain the Van de Meer 
stability formula. 

This method addresses some open questions related to the design of 
coastal protection with laboratory-based formulas that have an impact 
on uncertainty and total cost investment in regard to the following: (1) 
the role of the relative water depth h/L on the damage evolution, Sd and 
its interplay with the slope m and wave steepness HI/L; (2) the depen
dence of the damage evolution, Sd, including the initiation of damage 
and destruction, on the experimental design and technique; (3) the 
performance of laboratory-based wave stability formulas for what may 
be the design condition. 

The rest of this paper is organized as follows. In Section 2, the 
generalized Buckingham’s π theorem (Sonin, 2001) is applied to obtain a 
function that relates the damage level and its spatiotemporal evolution 
to the characteristics of the wave train. Section 3 explores the form of the 
function and verifies it against the experimental data of Van der Meer 

(1988). Section 4 analyzes the interplay of the slope and the charac
teristics of the incident wave train on the progression of damage, 
including the generated value of the relative wave height, HI/h. In sec
tion 5 the sources of epistemic uncertainty are discussed. Section 6 
proposes, as an alternate model, the sigmoid function. This is followed in 
Section 7 by a brief discussion of the challenges of maritime engineering 
and physical experiments. The paper ends with a summary of the most 
important conclusions that can be derived from this research. The two 
appendixes show the fit and correlation coefficients, specific for each 
tested slope, 1:2, 1:3, 1:4 and 1:6, which were obtained for the linear 
relationship, eq. (10). Also included is the sigmoid function, eq. (12). 

2. Reformulation of the spatiotemporal evolution of the damage 
to a sloping coastal structure 

The structure used to test the methodology presented in this study is 
a sloping non-overtopped dike, composed of an impermeable core and a 
main layer of rock rubble. In this dike, α is the angle of the seaward 
slope. The independent variables governing the evolution of the main 
layer are the following (Losada and Giménez-Curto, 1979).  

(a) environment: sea bottom slope βb; depth at the toe of the slope, h; 
density ρw and dynamic viscosity of the water, μ; and gravity 
acceleration, g;  

(b) incident waves: descriptors of the characteristic wave height and 
period, HI and Tm; wavelength, L; energy spectrum, and incidence 
angle, θ;  

(c) breakwater typology: main layer composed of rock rubble with a 
nominal diameter, Dn50; armor unit density, ρs; number of sub
layers, nc; sublayer thickness e; slope of the dike, m = tan α;  

(d) time from the beginning of the experiment, t. 

To form this complete set of independent variables, it was necessary 
to adopt certain simplifications, which did not alter the generality of the 
results obtained: horizontal bottom, βb = 0; normal incidence, θ = 0; 
and single-peak wave spectrum. Since the slope of the dike, m, is 
dimensionless, it is not included in the complete set of independent 
variables but is regarded as a previously specified geometric charac
teristic of the structure such as the type and shape of the armor unit. 

The temporal evolution of the main armor layer is quantified by Ae, 
the eroded cross-sectional area of the profile. It is determined by the 
values of the following n = 11 independent quantities: 

Ae = f (h, ρw, μ, g,HI , L, Dn50, ρs, e, t, Tm) (1) 

The persistence of the sea state can be unambiguously separated 
from the complete set of independent quantities to form the dimen

sionless variable 
(

t− t0
Tm

)

. Time t0 is included to account for the state of the 

breakwater at instant t0 and to satisfy the compatibility condition: 
“changes in the origin of times should not alter the accumulated damage 
value” (Castillo et al., 2012; Melby and Kobayashi, 1998, 1999). Then, 

Ae = f1(h, ρw, μ, g,HI , L, Dn50, ρs, e)*f2

(
t − t0

Tm

)

(2) 

The function f1 depends on the rest of the complete set (n = 9). 
Among others, there are nF = 4 variables that define the characteristics 
of the rubble mound layer and its thickness and the fluid dynamic vis
cosity {Dn50, ρs, μ, e}, whose value remains constant throughout the 
experiment. Once a dimensionally independent subset is chosen, kF = 3, 
{Dn50, ρs, μ}, f1 depends on a set of n-nF+ kF = 8 independent variables. 
Then, when a reduced set is selected from an independent subset of k 
variables, {ρw, g, L}, the non-dimensional eroded cross-sectional area of 
the profile should depend on a set of N = (n - k) - (nF - kF) = 5 dimen

sionless variables and on the value of f2 at the dimensionless time 
(

t− t0
Tm

)

, 
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Sd =
Ae

D2
n50

= f1

⎛

⎜
⎝

h
L
,
HI

L
,

ρs

ρw
,
Dn50

̅̅̅̅̅̅̅̅̅̅̅
gDn50

√

μw
ρw

,
e

Dn50

⎞

⎟
⎠ *f2

(
t − t0

Tm

)

(3)  

where Sd represents the dimensionless output, or the progression of the 

damage or cumulative damage at 
(

t− t0
Tm

)

, of the experiment. The third 

and fourth monomial in eq. (3) can be combined to define a single non- 
dimensional quantity, D*, 

D* =
Dn50

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
gΔsDn50

√

ν (4a)  

ν= μw

ρw
(4b)  

where, D* is the particle parameter, first defined by Madsen and Grant 
(1976), who related it to the Shields parameter in conditions of incipient 
sediment transport. In the context of sloping breakwaters, it is a suitable 
armor unit parameter that can be used to analyze the scale effects 
(similar to a Reynolds number), and to compare the flow and stability of 
different types of units tested in the same conditions. Furthermore, by 
dimensionalizing the thickness of the main layer with the diameter of 
the armor unit, the functional relationship, eq (3) can be written as 
follows: 

Sd =
Ae

D2
n50

= f1

(
h
L
,
HI

L
,D*, e*

)

*f2

(
t − t0

Tm

)

(5) 

As can be observed, the thickness of the main armor layer, e, is 
determined based on the nominal size of unit, Dn50, and on the shape 
factor of unit, Kp and the number of layers, nc (Gómez-Martín and 
Medina, 2014), 

e = ncKpDn50 (6a)  

e* =
e

Dn50
= ncKp (6b) 

In the practical example (see Fig. 1), a sloping non-overtopped dike, 
composed of an impermeable core and a main layer of rock rubble, the 
nondimensional quantities e*, D*, Δs, and their corresponding dimen
sional quantities, nc, Kp, Dn50, have a constant value in all the experi
ments. Under such conditions, the functional relationship between the 
dimensionless quantities, cumulative damage, incident wave charac
teristics, and persistence of the sea state is the following: 

Sd =
Ae

D2
n50

= f1

(
h
L
,
HI

L

)

*f2

(
t − t0

Tm

)

(7) 

Eq. (7) is the formal structure of the equation for the cumulative 
damage in a sea state and a storm (sequence of sea states). In addition, 
Bridgman’s principle of absolute significance holds for the cumulative 
damage, Sd, (a physical quantity). It thus has a monomial formula 

(functional relationship) if it is in the form of a specific power-law. 
Díaz-Carrasco et al. (2020), Clavero et al. (2020) and Moragues and 
Losada (2021) showed that the product of the relative water depth and 
wave steepness at the toe of the dike, χ = h

L
HI
L , is an alternative simi

larity parameter to the Iribarren number and can be used to quantify the 
wave breaker type, flow characteristics, and wave energy trans
formation on the slope. For this reason, a monomial formula with the 
same power-law form obtained was chosen to describe the cumulative 
damage of the rock layer over impermeable dikes, 

Sd =
Ae

D2
n50

= f1(χ)* f2

(
t − t0

Tm

)

(8) 

This signifies that the results are dimensionally homogeneous and 
intuitively interpretable. The π− theorem does not provide the form of 
the functional relationship. This form can only be obtained by physical 
or numerical experimentation or by theoretically solving the problem 
(Sonin, 2001). In this study the choice of functions f1,2 is based on data 
(Shen et al., 2014), which depend on the experimental design and 
technique. More specifically, these are the following: (i) slope of the 
dike; (ii) sample space defining sequences of subsequent sea state pairs 
(h/L, HI/L) and their persistence or number of waves, Nw; and (iii) the 
criteria determining the sounding strategy of the cumulative damage 
once the test is finished, and the section is rebuilt. Accordingly, f1,2 were 
then selected to model Van der Meer’s experimental output. 

2.1. Graphical representation of the experimental design and sample 
space 

The sample space (Fig. 2) is the geometric locus of the experimental 
points defined by their coordinates, wave steepness and relative water 
depth. From a geometric perspective, the limit values of h/L and HI/L in 
the wave flume are determined by the water depth at the toe of the dike, 
h, and slope, m, and, if applicable, the characteristics of the mantle and 
core, which are the sides of the quadrilateral. 

The log transformation of the relative water depth, h/L, and wave 
steepness, HI/L, was applied. For the sake of completeness, the figure 
includes the maximum wave steepness of a regular progressive wave 
train propagating in a constant water depth as calculated with Miche’s 
(1944) equation. 

Each line χ = (HI/L)(h/L) is the geometric location of wave trains of 
the same breaker type (Moragues and Losada, 2021). Their location 
depends on and is specific to the slope gradient and the characteristics of 
the dike. Moreover, each line γ = (HI/L)/(h/L) = HI/h is the geometric 
location of wave trains with the same relative wave height at the toe of 
the slope. Their location depends on the characteristics of the wave 
flume and its generation system. 

The sample space helps to identify and select the values of the main 
parameters, (h/L, HI/L) as a function of the slope m, generation system, 
breaker type (χ), and the relative wave height (γ). In contrast to Battjes 

Fig. 1. Tested structure with a double armor layer and an impermeable core (Van der Meer, 1988).  
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(1974), the dependence of the relative water depth cannot be ignored 
since for each value of the depth and slope, different sequences of 
breaker types and relative wave height are obtained. In addition, they 
depend specifically, among others, on the slope m. As can be observed, 
the sample space is a continuum, and real values of h/L and HI/L depend 
on the generation system as well as the experimental design and 
technique. 

3. Fitting the function to the experimental data of Van der Meer 
(1988) 

This section analyzes the damage observed during wave flume ex
periments on the rock layer over impermeable dikes by Van der Meer 
(1988). In the experimental set, the dike was constructed using the same 
rock type, nominal diameter, and relative density, and nc = 2. Since a 
water depth of h = 0.80 m was applied in all the tests, h, D*, and e* 
remained constant. Four slopes were tested (1:2, 1:3, 1:4, and 1:6), 
which meant that there were four different datasets to fit to the corre
sponding function. Fig. 2 shows Van der Meer’s (1988) sample space for 
the four slopes. The majority of the experimental points are located in
side a hexagon with parallel sides, two by two. The red straight dashed 
lines represent the constant value of χ = h

L
HI
L . The green straight dashed 

lines represent the constant value of γ = HI
h . 

Van der Meer (1988) carried out the experiments (experimental 
technique) in Test Series (TS). Generally, a TS consisted of five complete 
tests (CTs) with the same average wave period, (constant h/L) but with 
increasing incident significant wave heights, HI. The output of a test 
series (TS) generally consisted of two sets of data (Nw = 1000 and 3000) 
of five pairs of values of Sd, (corresponding to a given h/L and five 
increasing values of HI/L). It consisted of a pre-test sounding, a test of 
1000 waves, an intermediate sounding, a test of 2000 more waves, and a 
final sounding. After each complete test the armor layer was removed 

and rebuilt. Because of the experimental technique for each CT, t0 = 0, 
and t/Tm = Nw were the average number of waves in the test, and f2(Nw). 

Therefore, based on the method of dimensional analysis (DA), for 
each slope m, and for number of waves, Nw, there is a functional rela
tionship between the output, Sd, and the alternate slope similarity 
parameter, 

Sd =
Ae

D2
n50

= f1(χ) (9) 

When Sd ∼ χ is selected and the log is taken on both sides, eq. (9) 
produces a ‘linear model’, 

log(Sd) = Amlog(χ) + Bm χmin ≤ χ ≤ χmax (10) 

Am and Bm are the fit coefficients of the straight line which are spe
cific to each of the slopes (1:2, 1:3, 1:4, and 1:6) and number of waves, 
Nw = 1000 and 3000. Table 1 shows the fit parameters and correlation 
coefficients for slope 1:3, Nw = 1000 and 3000 waves, and relative water 
depth, h/L. R2 is the linear regression coefficient. In Appendix Ia, 
Table A-I gives the parameters of the straight line for the other three 
slopes 1:2, 1:4, and 1:6. Van der Meer (1988) noticed the existence of a 
linear relation for Nw = 0–1000 waves. By using a log-transform of the 
sample space, it is possible to anticipate the experimental results of each 
CT (wave steepness) of a TS (relative depth). As can be observed, χmin 
and χmax in eq. (10) define the interval of application of the equation (i. 
e., the experimental interval). 

Fig. 3 shows the experimental values and the best-fit lines of log (Sd), 
based on log (χ), for a slope of 1:3 and seven relative water depths, after 
being impinged by Nw = 1000 and 3000 waves. For each relative depth, 
h/L, log (Sd), and log (χ) have an approximately linear relation. The data 
corresponding to low values of h/L (shallow water) are located to the left 
of the graph, where the most probable breaker types are surging or 
collapsing breakers. The data for intermediate and deep water are 
located to the right of the graph, where the most probable breaker types 
are collapsing or plunging breakers. In all cases, the damage level be
comes greater as HI

L increases, in other words, as the wave height in
creases (and Ns). 

The fit lines of the two sets of number of waves slightly converge as 
the damage level decreases (start of damage) and they slightly diverge as 
the damage level increases (destruction). As can be observed, practically 
all of the five tests with Nw = 1000 end with a damage level lower than 
that observed with Nw = 3000. Limits χmin and χmax in eq. (10) corre
spond to the start of damage Sd,0 and a representative value of 
destruction, Sd,max, respectively, as discussed in section 5. Indeed, Van 
der Meer (1988, Table, 3.2) indicates that Sd,0 = 2, log (2) ≈ 0.70, and Sd, 

max = 12, log (12) ≈ 2.5 should be considered for start of damage and 
destruction, respectively when a static stable structure of rock is 
designed with slope 1:3. 

Fig. 2. Sample space of Van der Meers, (1988) experiments for a dike with a 
double armor layer and an impermeable core. Four slopes were tested. The red 
straight dashed lines represent the constant value of χ = h

L
HI
L . The green 

straight dashed lines represent the constant value of γ = HI
h . Wave-breaking 

criterion by Miche (1944) is also shown. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the Web version of 
this article.) 

Table 1 
Parameters of the straight line, eq. (10), for slope m = 1:3, Nw = 1000 and 3000 
waves, and relative water depth h/L. R2 is the linear regression coefficient.  

Slope 1:3  

Sd Nw = 1000 Sd Nw = 3000 

h/L Am Bm R2 Am Bm R2 

0.30949 3.4497 15.930 0.98554 4.4798 20.698 0.94498 
0.29342 4.1001 18.853 1 5.2731 24.100 1 
0.19491 4.1007 23.166 0.98125 4.2227 24.296 0.99445 
0.18397 4.9895 28.353 0.88521 5.2536 30.467 0.99941 
0.18173 4.4276 25.518 0.95502 4.9084 28.536 0.97837 
0.14652 5.0081 30.973 0.97488 4.4410 28.227 0.92096 
0.11634 8.4794 55.485 0.98106 8.9923 59.262 0.96935 
0.10156 5.8899 40.460 0.97210 5.6138 39.109 0.94567 
0.09656 3.8557 27.696 0.44339 4.5784 33.080 0.49069  
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4. The interplay of the non-dimensional independent quantities 
in the evolution of damage 

For a given number of waves, the interplay of the three quantities, h/
L and HI/L, and slope, m, is most usefully and accurately represented by 
graphical representations in a 2D system in terms of pairs of values, 
while the other quantity remains constant. Accordingly, there are three 
possibilities: (i) to combine values of h/L, and HI/L while m remains 
constant (Fig. 3); (ii) to combine values of m and HI/ L while h/ L re
mains constant (Fig. 4); or (iii) to combine values of m and h/ L while HI/

L remains constant. 
Fig. 4 shows the log-transform of the cumulative damage, Sd, against 

the log-transform of the slope m = 1:2, 1:3, 1:4, 1:6, for three relative 
water depths, (a) h/L ≈ 0.1863, (b) h/L ≈ 0.1496, and (c) h/L ≈ 0.0970, 
several values of χ = h

L
HI
L , and Nw = 1000 waves. The values of log (Sd) 

were calculated by applying the linear relationship, eq. (12). Its co
efficients, Am, Bm, depend on the relative water depth and the slope, and 
are given in Table 1 for slope m = 1:3, as well as in Appendix I (see 
Table I-A for the other three tested slopes m = 1:2, 1:4, 1:6). 

For the set of milder slopes, (1:6 and 1:4), as the slope steepens, the 
damage grows with increasing wave steepness and decreasing water 

depths, except for large values of h/L and small values of HI/L. For the 
set steep slopes (1:3 and 1:2), the growth rate of the damage depends on 
the relative values of slope, m, h/L, and HI/L. However, the highest 
damage levels are produced with small values of h/L, large values of 
wave steepness, and slope m = 1:3. For h/L = 0.1496 the worst damage 
always occurs with m = 1:2. For h/L = 0.097 the worst damage depends 
on the wave steepness. 

Except for low wave steepness, the damage generally increases as the 
slope and wave steepness increases. The growth rate depends on the 
relative water depth. For the same wave steepness, the damage is greater 
as h/L decreases. Although there is no information pertaining to m = 2:3 
and h/L <0.095, based on other experimental data (Iribarren, 1965; 
Losada and Giménez-Curto, 1979; Losada et al., 1986), it can be 
generally assumed that for a given Nw, the growth rate of the cumulative 
damage is not a monotonic function of the slope, and depends on the 
relative values of h/L and HI/L. The effects are concomitant as described 
by the alternate similarity parameter, χ = (h /L)(HI /L) as shown in the 
following sections. The singular behavior of the slope is relevant to the 
analysis of the performance of sloped coastal structures under oblique 
wave attack (Losada and Giménez-Curto, 1982). 

As can be observed, the persistence of the sea states is different 
although the average number of waves is the same, t = Nw*Tm. The sea 
states with a larger average wave period are of longer duration. Losada 
and Giménez-Curto (1981) obtained the relation between the failure 
probability when the persistence of the sea state is t hours and the failure 
probability when the persistence of the sea state is 1 h. These results 
highlight the importance of sea state persistence in relation to failure 
probability. 

4.1. Interplay of h/L and HI/L for a fixed damage level (Nw = 1000 and 
slope 1:3) 

Fig. 5 shows the sample space (log-transform of HI/L and h/L) of Van 
der Meer’s (1988) experiments for a dike with a double armor layer and 
an impermeable core and slope, m = 1:3. The points identify the pairs of 
values of wave steepness and relative water depth for fixed damage 
levels Sd = 1, 2.7, 7.4, 20.1, 24, after impinging Nw = 1000 waves. Fit 
curves are drawn for each set of five values. The values of Sd are 
calculated by applying eq. (10). Coefficients Am, Bm are given in Table 1 
(and also in Table I-A of Appendix I for slopes 1:2, 1:4, and 1:6). For a 
given value of Sd, and once chosen the slope m, water depth, h, and 
average wave period Tm, then eq. (11) can be used to obtain the 
log-transform value of the wave steepness, log (HI/L), (x-axis, Fig. 5). 

The colour bands in Fig. 5 are separated by lines of constant χ and 
determine the transition of the breaker types on the slope. For slope 1:3, 
an estimate of the domains where each breaker type prevails is the 
following: surging, χ ≤ 0.0008; weak bore, 0.0008 < χ ≤ 0.0012; strong 
bore, 0.0012 < χ ≤ 0.002, and strong plunging 0.002 < χ ≤ 0.01. Their 
position and value are approximate and are based on Galvin’s classifi
cation as extended by Moragues and Losada (2021) and on Van der Meer 
(1988). 

Fig. 3. Fit of eq. (11) to experimental data for a slope of 1:3 and different 
values of the relative water depth after Nw = 1000 and 3000 waves. Each test 
series (TS) was performed with a constant value of the relative depth, h/L and 
consisted of a variable number of complete tests (CT). Each CT was performed 
with a constant value of HI/L, which was increased in the following CT. 

Fig. 4. Variation of the cumulative damage 
with the slope of the dike for Nw = 1000 
waves. The three subfigures correspond to 
three relative water depths: (a) h/L ≈

0.1863; (b) h/L ≈ 0.1496 and (c) h/L ≈
0.0970. The sequence of increasing wave 
steepness is different for each relative water 
depth. The numbers in Fig. 4(b) are 
measured values of Sd in a slope 1:3, h/L ≈
0.1496 and Nw = 1000 by Van der Meer 
(1988). The color matches the value of the 
constant wave steepness line. (For interpre
tation of the references to colour in this 
figure legend, the reader is referred to the 
Web version of this article.)   
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4.2. The limited generated relative wave height, HI/h 

It should be highlighted that the form of the cumulative damage 
curves changes significantly for relative shallow water depth, (Figs. 5 
and 6). Unfortunately, Van der Meer tested all the slopes with h/ 
L>0.090 and γ = HI

h in the interval [0.05 < HI/h < 0.37] (Fig. 2). 
However, for the shallow-water test series, h/L ≈ 0.095, the interval was 
even narrower, [0.10 < HI/h < 0.20] (Fig. 5). 

This is a standard limitation of the wave flumes that needs to be 
considered and standardized. So, according to Hughes (2004), it is un
certain how the derived formulas based on lab-experiments perform for 
what may be the design conditions. 

4.3. Potential design curves in function of the stability number and h/L for 
selected damage levels 

Fig. 6 shows potential design curves (Ns =
HI

ΔsDn50 
versus the log- 

transform of h/L) derived from Van der Meers, (1988) experiments for 
a dike with a double armor layer and an impermeable core and slope, m 
= 1:3. The curves provide the value of the stability number for fixed 
values of the damage level Sd = 1.0, 2.7, 7.4, 20.1, 24.0, after impinging 
Nw = 1000 waves. The input data are the incident significant wave 
height, HI, and mean wave period, Tm, the water depth at the toe of the 
structure, the relative density of the rock, and the damage level, Sd. For a 
specific value of h/L (water depth and mean wave period), the curves 
provide the values of Ns (and thus of Hs) to determine the evolution of 
the damage level from Sd = 1.0, up to a value of 24.0, after impinging Nw 
= 1000 waves (see Fig. 5). It should be underlined that the calculated 
incident significant wave heights are linked to the selected mean wave 
period Tm, in other words, the chosen value of h/L. Therefore, the po
tential design curves provide a simple method of assessing the depen
dence of the damage level, Sd, on the wave period. The stretches of each 
dashed line have different slope because they were obtained from 
experimental data for discrete h/L values. 

4.4. Dependence of damage evolution on experimental design and 
technique 

The experimental design and technique specify the way the Test 
Series are carried out: (a) the relationship between h/L and HI/L; (b) 
number of waves; and (c) when the section is rebuilt. This relationship is 
generally one of the following (see Fig. 5): constant h/L (horizontal 
trend), constant HI/L or Ir (vertical trend) and a linear relationship be
tween log(h/L) and log (HI/L) (oblique trend), as represented in the 
equation,  

Y = aX + b                                                                                  (11) 

where, Y = log (h/L), X = log (HI/L), and a and b are the slope and the 
independent parameter of the straight line. 

As reflected in Fig. 5, the Test Series (TS) of the Van der Meer (1988) 
experiments follow lines of constant h/L, or to be more precise, of 
constant period. In addition, the damage evolution in each Complete 
Test (CT) was observed after impinging Nw = 1000 and 2000 more 
waves with constant HI/L. Once the CT finished, the section was 
reconstructed. 

Vidal et al. (2006) studied a breakwater with slope 1:2 and per
formed TS, where the value of the Iribarren number, Ir (i.e., wave 

Fig. 5. Concomitant values of h/L and HI/L which cause the same damage level, Sd, in a dike with a double armor layer and an impermeable core and slope 1:3 after 
impinging Nw = 1000 waves. Each curve corresponds to a fixed damage level in the interval Sd,0 ≤ Sd ≤ Sd,max. The numbers are measured values of Sd by Van der 
Meer (1988). Estimated types of wave breakers and the input data for the example, section 5.2, are shown. 

Fig. 6. Values of the stability number, Ns, in function of the relative water 
depth which cause the same damage level, Sd, in a dike with a double armor 
layer and an impermeable core and slope 1:3 after impinging Nw = 1000 
waves. Each curve corresponds to a fixed damage level in the interval Sd,0 ≤ Sd 
≤ Sd,max, as shown in Fig. 5. 
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steepness) remained constant, and Nw = 500 for regular waves and Nw =

1000 for irregular waves. Then, without rebuilding the section, they 
gradually increased the significant wave height and wave period, while 
Ir remained constant (by increasing both HI and T and maintaining the 
water depth constant). As a result, each subsequent TS had a lower 
relative water depth. Fig. 7a and b shows the damage evolution 
compared to log (h/L*HI/L) under irregular and regular waves, respec
tively. As can be observed, the damage grows as log (χ) decreases, in 
other words, with a constant wave steepness (larger wave height and 
wave period) and a shallow water depth (constant water depth and 
larger wave period). 

In the context of a different experimental design and technique, the 
damage evolution curves of the same breakwater typology could be 
different. Van der Meer rebuilt the section after CT and Nw = 3000 waves 
with h/L constant. Vidal et al. (2006) rebuilt the section after reaching 
the destruction of the slope with (HI/L constant). The link between 
experimental design and technique, data analysis, and the evolution of 
damage depends on the interplay of the slope, wave steepness, relative 
water depth and the persistence of the sea state. Consequently, the 
datasets of Van der Meer (1988) and of Vidal et al. (2006) are not 
homogeneous. 

5. Sources of epistemic uncertainty of the lab-based stability 
formulas 

The prediction of the damage evolution of sloped structures for 
coastal and harbor protection is at the core of their design and estimate 
of their total investment cost (ROM 1.1, 2018). These predictions and 
their impact on the surrounding coastline are influenced by many un
certainties. A distinction is generally made between intrinsic and 
epistemic uncertainty (Van Gelder, 2000). Epistemic uncertainty is 
related to current knowledge regarding processes, models, observations, 
and methods. This section examines the epistemic uncertainty in the 
lab-based stability formulas developed following the Van der Meer 
(1988) methodology. The sources of uncertainty considered are the 
following: (1) exclusion of the non-dimensional parameter relative 
water depth, h/L; (2) scarcity of experimental data due to the limitation 
of the relative wave height; and (3) mixing of non-homogeneous lab data 
to develop a new formula. 

5.1. Exclusion of the relative water depth h/L 

The first and most important step in dimensional analysis is to 
identify a complete set of independent quantities that determine the 
value of the dependent variable (damage, Sd). However, if, the analysis 

is based on a set that omits even one independent quantity that affects 
the value, the dimensional analysis will give erroneous results (Sonin, 
2001). 

Van der Meer (1988) based the selection of non-dimensional vari
ables on empirical grounds and other formulas rather than on dimen
sional analysis. The set of variables selected by Van der Meer (1988), 
namely, the slope, Iribarren number, Ir, stability number, Ns, number of 
waves, Nw, and the notional permeability parameter, P, cannot be 
deduced with dimensional analysis. At that time, following Battjes 
(1974), the formula did not include the relative water depth. 

Fig. 8 shows the damage level measured in the laboratory as 
compared to the damage level calculated with the formula (Eqs. 3.23, 
3.24, and 3.25 in Van der Meer (1988), with Nw = 3000 waves, of the 
rock layer over an impermeable slope 1:3. The relative water depth 
values are identified. The formula does not account for the scatter that 
can be observed in the results, which increases as the damage level 
grows. This scatter depends on the interplay of relative water depth, the 
wave steepness and slope, and on the small values of the relative water 
depth. 

In Van der Meer’s experiments, the majority of the trials pertain to 
Iribarren damage. There are only a few data regarding the start of 
damage and destruction. Table, 3.2 of Van der Meer (1988) shows that it 
would be wise to consider Sd,0 = 2 and Sd,max = 12 in the design of a 
statically stable rock structure with a slope 1:3. This information makes 
it possible to design and calculate a rock layer over an impermeable dike 
with a slope, m, so that it can withstand a given sea state and undergo 
damage within the interval Sd,0 < Sd < Sd,max. 

5.2. Scarcity of experimental data in shallow water with large values of 
HI/h and possible consequences 

This prudent interval of application is further motivated because of 
the experimental limitations of the wave flumes to generate non- 
breaking shallow-water wave trains arriving at the toe of the slope 
with HI/h > 0.14. The following example should clarify the problem. 

The objective was to calculate the damage to an impermeable rock 
slope, Dn50 = 0.6 m, Δs = 1.63, with a slope angle 1:3, and water depth 
at the toe h = 6 m for a sea state with incident significant wave height HI 
= 2 m, and wave period Tm = 8.3 s, at the toe of the slope and Nw = 1000 
waves impinging on the structure. The dimensionless parameters of the 
design are, h/L = 0.1001; HI/L = 0.0333; χ = 0.0033; and γ = 0.3333. 
As can be observed, [Fig. 2, log (h/L) = − 2.3 and log (HI/L = − 3.4], this 
sea state was not tested by Van der Meer (1988). 

The available experimental data are in the interval shown in Fig. 3 
and eq. (10), (0.0010 ≤ χ ≤ 0.0015). Applying eq. (10) for (χinf, χsup) =

Fig. 7. Evolution of cumulative damage Sd of the rock armor layer of a permeable breakwater observed by Vidal et al., (2006), (a) under irregular wave trains (TMA 
spectrum) and Nw = 1000 waves per CT, and (b) under regular wave trains and Nw = 500 waves per CT. The section was rebuilt after reaching the level of 
destruction. 
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(0.0010, 0.0016); (Hinf, Hsup) = (0.60, 0.96); (Ns,inf, Ns,sup) = (0.62, 0.98); 
the following damage interval (Sd,inf, Sd,sup) = (1.4, 13.3) is obtained. 
These values are very close to the experimental values. The expected 
wave breaker types are weak and strong bore. Mantle destruction, Sd,max 
≈ 24, would have occurred with χ ≈ 0.0018 and γ ≈ 0.18, (HI,d = 1.08; 
Ns,d = 1.10), under strong bore wave breakers. The example h/L =
0.1001, χ = 0.0033, and γ = 0.3333, is evidently outside the application 
range of the model and in the domain of strong plunging breakers. Under 
such conditions, eq. (10) is not valid and without experimental infor
mation the prediction of the damage level would be very uncertain. 

On the other hand, according to Van der Meer’s (1987) formula, his 
eq. (11), for m = 1:3, ξz = 2.44 (his eq. (4) and plunging breakers and a 
= 4.1), and Ns = 2.08, Nw = 1000, then Sd ≈ 10 ∕= 24, (see his Fig. 3). The 
formula is unable to accurately predict the damage to the structure. 

5.3. Mixing data from different experimental designs and techniques to 
develop a new formula 

Fig. 9 shows the same dataset for the damage level measured in the 
laboratory, as compared to the damage level calculated with the revised 
formula of Etemad-Shahidi et al. (2020), with Nw = 3000 waves 
impinging on the rock layer of an impermeable slope 1:3. The new 
formula is based on a large number of non-homogeneous experimental 
datasets, (among others, data from Van der Meer, 1988 and Vidal et al., 
2006). The scatter is much larger than the original Van der Meer 
formula. 

6. An alternate prediction method: the sigmoid function 

Following Iribarren (1965), Losada and Giménez-Curto (1979) and 
Vidal et al. (2006), the damage level can be organized in three regions: 
(i) start of damage Sd,0; (ii) developing damage, or Iribarren damage, Sd; 
(iii) destruction, Sd,max. As representative values of the two regions, start 
of damage, Sd,0, and destruction, Sd,max, comply with the following 
inequality, 0 < Sd,0 < Sd < Sd,max. (See Herrera et al., 2017 for further 
details). 

Therefore, start of damage, Sd,0, and destruction, Sd,max, are specific 
to the response of a certain dike/breakwater typology and should 
depend on the nature of the dike (ROM 0.0, 2002). Furthermore, they 
should play an important role in the optimization of dike design and 

total cost during the dike’s useful life (PIANC, 2016; ROM 1.1, 2018). 
There are two reasons for this. The first reason is that the dike’s design 
should consider the shape of the transitions between the three regions 
and the subsequent influence of the change of wave breaker type. The 
second reason is that the scope of the dike/breakwater design should be 
widened so that it includes the role that such transitions play in the 
organization of the total project in its useful life. This pertains to the 
processes, resources, repair strategies, elaboration of decision trees, and 
finally the analysis of the profitability and risk level of the investment. 
This knowledge is essential to optimize (economically and environ
mentally) the design of the coastal structure in view of the predicted sea 
level rise in the present and in future years. 

Accordingly, this study proposes, as a first stage, the sigmoid func
tion, which incorporates representative values of the start of damage 
and destruction regions, (Sd,0, Sd,max). The application of the sigmoid 
function to model the evolution of damage in a slope has a theoretical 
justification (Churchill and Usagi, 1972). This function has often been 
used in other engineering fields and has been successfully applied to 
quantify the hydrodynamic performance of sloped impermeable struc
tures and mound breakwaters (Vílchez et al., 2016; Díaz-Carrasco et al., 
2020; Moragues et al., 2020). It should be useful in their experimental 
design and also improve the experimental technique and tools used. 

In this research, the function was slightly modified to model Sd/Sd, 

max, the ratio between the observed damage and the representative 
damage of the destruction region, 

Sd

Sd,max
=

1
[

1 +

(
log(χ)

aχ

)γχ
] 0≤

Sd,0

Sd,max
≤

Sd

Sd,max
≤ 1 (12)  

where γχ is a blending coefficient that describes a uniform transition 
between the limit values of the maximum and minimum level of damage 
(Sd,0, Sd,max); and aχ is the inflection point of the sigmoid curve, which is 
specific to each slope angle, m, and relative water depth, h/L. Conse
quently, the sigmoid curve determines the interval of log (χ) (i.e: HI/L) 
in which the damage level evolves from the start of damage, Sd,0 to 
destruction Sd,max. The parameters of the sigmoid in eq. (12), (γχ , aχ),for 
slope 1:3 with 95% confidence bounds for Nw = 1000 and 3000 waves 
are given in Appendix Ib. 

Start of damage, Sd,0, is characterized by the random behavior of its 
values between zero damage and an upper bound. On average, Sd,0 

Fig. 8. Damage levels measured in the laboratory as compared to the damage level calculated with the formula (Eqs. 3.23, 3.24 and 3.25) of Van der Meer (1988), 
with Nw = 3000 waves. 

Fig. 9. Damage levels measured in the laboratory by Van der Meer (1988) as compared to the damage level calculated with the formula (Eqs. 17a, 17b) of Ete
mad-Shahidi et al. (2020) with Nw = 3000 waves. 
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slowly evolves with log (χ) in the start-of-damage region until a 
threshold is reached after which the evolution rapidly increases for 
moderate increases of log (χ), (i.e., increases of HI or Ns). The threshold 
value for each slope more or less corresponds to the value given in Table, 
3.2 in Van der Meer (1988). The advantage of this definition of damage 
is that it does not depend on the length of the slope (Van der Meer, 
1987). It is then shown that the wave steepness values, HI/L (HI or Ns) 
that are required to reach this threshold also depend on the relative 
water depth, h/L. 

A representative value of the destruction region depends on the 
availability of materials to develop an S-profile and on the type of wave 
breaking. This influences the evolution of damage in the destruction 
region as described and analyzed by Iribarren (1965), Ahrens (1989), 
Torum (1998), Losada et al. (1986), Melby and Kobayashi (1999), 
Kobayashi et al. (2010) and Kobayashi et al. (2013). 

Fig. 10 represents the quotient Sd/Sd,max, which varies in the interval 
[0,1], depending on log (χ): (a) Nw = 1000 waves; (b) Nw = 3000 waves, 
and slope 1:3. Sd/Sd,max represents the damage rate that is exceeded 
when log (χ) is greater than a certain value. In addition, this quotient 
quantifies the proportion of the number of stones displaced in relation to 
those displaced in the destruction of the breakwater. Once the relative 
depth is selected, the graph could represent the proportion of the 
destruction of the main layer, depending on HI or the stability number. 

The sigmoid function replicates the output results of each TS (h/L 
constant), measured in a slope m impinged by an average number of 
waves, Nw. However, to capture the damage evolution of both the upper 
and lower tails of the sigmoid function based on lab-experiments, the 
experimental design and technique must be significantly improved. This 
is a major challenge for maritime engineering. 

7. The challenge of maritime engineering 

As previously mentioned, the objective of this paper was to stimulate 
innovative research to improve the design tools based on knowledge of 
the performance of coastal structures under wind-wave and long-wave 
actions. The overall performance of revetments, dikes, and mound 
breakwaters depends on the kinematic and dynamic regimes as well as 
on the incident wave transformation when the wave train interacts with 
the structure. Its quantification should thus take into account the 
following three laws: (1) the energy conservation law used to estimate 
the energy transformation in the wave-structure interaction; (2) the 
mass conservation law, applicable to the calculation of run-up, run- 
down, and overtopping; and (3) the momentum conservation law, used 
to calculate the forces and momentums on the armor units of the 
maritime structure (ROM 0.0, 2002; ROM 1.1, 2018). 

In his seminal paper, Battjes (1974) proposed using the Iribarren 
number to characterize a number of surf variables, namely breaker type, 
wave energy transformation, and flow characteristics. Ahrens and 
McCartney (1975) and Bruun and Günbak (1977) added the KD factor of 
armor stability to this list. Furthermore, Benedicto et al. (2004) exper
imentally showed the connection between damage progression and the 
evolution of the wave energy transformation on the slope. Vilchez et al. 
(2017) experimentally showed that for narrow-banded incident wave 
trains, the probability density function of the total wave height on a 
sloping structure evolves from a Rayleigh distribution to a Weibull 
bi-parametric distribution, depending on the energy dissipation by wave 
breaking and friction in the porous medium. 

These references are among those in consonance with Battjes’s pro
posal, but which are applied to sloping structures that spatiotemporally 
evolve, depending on wave-structure interaction. The connection be
tween the performance of the three sets of variables (describing the 
three laws) still hold but now include the dependence on relative water 
depth, as shown by Moragues et al. (2020) for breaker types, Día
z-Carrasco et al. (2020) for wave energy transformation, and this 
research for damage progression. 

On the other hand, and in line with the major recommendations and 
technical criteria used throughout the world, the project design of a 
coastal structure should address the verification of the different failure 
modes that can affect its stability. Nowadays, this verification is usually 
performed under the assumption that failure modes are independent. 
Folgueras et al. (2018) showed the design limitations imposed by this 
hypothesis. ROM 1.1 (2018) describes a project design methodology 
based on the progression of damage and concomitant failure modes that 
could trigger other failure modes. It is also based on the decision 
regarding when to repair the structure to avoid its collapse. A new 
challenge for maritime and coastal engineering is to improve the current 
state of the art and to develop new design tools based on the knowledge 
of the integrated performance of coastal structures, which would lead to 
a more integral and unified methodology. 

From this perspective, physical experiments on coastal structures 
should provide a multivariate response. Even though some of them are 
not functions of the same set of dimensionless factors, all of them are 
correlated. This research shows the power of the method of Dimensional 
Analysis (DA) whose validity was established by the Buckingham 
π-theorem for univariate responses in the early 20th century. Eck et al. 
(2020) extended the theorem to the multivariate case, and developed 
basic criteria for the multivariate design of DA. 

Nevertheless, to prevent the failure of the DA model, (e.g., the 
omission of a key explanatory variable), certain precautions should be 
taken, such as the robust-DA design approach, (Albrecht et al., 2013). 
Moreover, the statistical analysis of the data should be strengthened by 
the previous formalization of the DA in the form of regression analysis, 
latent errors in covariates and robustness (Shen et al., 2014) and the 
verification of the homogeneity of the data set. Moreover, the statistical 
invariance principle recognizes that the outcome of a physical experi
ment should be the same if the measurement scale were transformed. 

Fig. 10. Damage rate Sd/Sd,max depending on log(χ). A sigmoid curve is fitted 
for each relative water depth to the experimental data for slope of 1:3. (a) Sd,0 
≥ 0 and Sd,max = 24 and Nw = 1000. (b) Sd,0 ≥ 0 and Sd,max = 35 and Nw =

3000. χ = h
L

HI
L . Sd,0 = 2.0 and Sd,max = 12.0 are the recommended values when a 

statically stable structure of rock with a slope 1:3 is designed (Van der 
Meer 1988). 
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Thus, the potential relationship between the π-theorem and statistical 
invariance put the theorem in a stochastic framework to quantify un
certainties in deterministic physical models (Lee and Zidek, 2020). 

8. Conclusions 

Revetments, dikes, and mound breakwaters are three of the most 
common coastal and harbor structures because of their ability to break 
and/or dissipate wave energy, and also because a wide variety of ma
terials and armor unit sizes can be used in their construction. Their 
hydrodynamic performance and damage evolution depend on the ki
nematic and dynamic incident wave transformation regimes, which 
occur when the waves interact with the structure. For many years now, a 
wide variety of alternatives for the protection, adaptation, and mitiga
tion of the coastline in the face of global warming have been formulated. 
This challenge necessarily involves quantifying the resilience of struc
tures along with their intrinsic and epistemic uncertainty. 

In practical coastal engineering, the design and stability of rock- 
armored dikes and breakwaters are verified by applying empirical for
mulas. Currently, most of these stability formulas have the formal 
structure of the Van der Meer formula. 

The objective of this research was to develop a new methodology to 
assess the damage evolution of sloped coastal structures by applying 
dimensional analysis (DA) to evaluate its dependence on the experi
mental design and technique. As an example, this analysis focused on a 
dike with a two-diameter-thick rock layer over an impermeable core 
under non-breaking conditions before the waves reached the structure. 
The adequacy of the derived functional relationship was verified with 
the same experimental data (rock layer over impermeable dikes under 
irregular waves) originally used to obtain the Van de Meer stability 
formula. The main conclusions derived from this research are the 
following:  

(1) The re-analysis of Van der Meer’s experimental data reveals that 
the interplay of m, h/L, and HI/L is a complex process. The effects 
of relative water depth and wave steepness on the evolution of 
damage are concomitant and complementary and should not be 
analyzed separately.  

(2) For each of the four dike slopes tested by Van der Meer (1988), 
there is a functional relationship between the output (damage) Sd 
and the input determined by an alternate slope similarity 
parameter and the number of incident waves Nw. This relation
ship is specific for each slope, and furthermore depends on the 
experimental design and technique.  

(3) For the shallow-water test series, h/L ≈ 0.095, the tested interval 
by Van der Meer was [0.10 < HI/h < 0.20]. The progression of 
damage might change significantly for relative shallow water 

depth and large values of the relative wave height at the toe of the 
slope.  

(4) The sigmoid function is proposed as an alternate prediction 
method. To capture the damage evolution of both the lower tail 
(initiation of damage) and upper tail (destruction) of the func
tion, the experimental design and technique must be significantly 
improved.  

(5) Given the current state of knowledge, it is uncertain how stability 
formulas derived from lab-experiments perform for what may be 
the design condition. This is a major challenge for maritime 
engineering 

One of the main aims of this study was to stimulate innovative 
research that would ultimately improve and enhance the knowledge and 
design of tools for revetments, dikes, and breakwaters. However, to 
advance further in this direction and extend this new model to perme
able core typologies, new tests series are necessary. Evidently, the 
research presented in this paper does not have sufficient scope to replace 
Van der Meer type formulas. Nonetheless, one of its evident merits is 
that it reveals an innovative paradigm for the experimental and tech
nical design of coastal structures, which could be further discussed at the 
Coastlab, International Coastal Engineering, or Coastal Structures Con
ferences with a view to coordinating and furthering scientific and 
technical advancement. Only in this way can the major challenges to 
modern coastal engineering today be satisfactorily addressed. 
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List of symbols 

Ae Cross-sectional eroded area 
Cp Permeability coefficient 
D* Armor unit parameter 
Dn50 Nominal diameter of the main armor layer 
Dnc Nominal diameter of the core 
e Layer thickness 
f Functional 
g Gravity acceleration 
h Water depth 
H Wave height 
HI Incident (significant) wave height 
Hs Significant wave height 
Ir Iribarren number 
KD Hudson coefficient 
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Kp Shape factor of the unit piece 
L Wavelength 
Np Number of displaced armor units 
Ns Stability Number 
Nw Average number of waves 
nc Number of layers 
np Core porosity 
P Notional Permeability number 
Sd Dimensionless level of damage 
T Wave period 
Tm Average wave period 
t Time 
t0 Time to the origin of time 
wt Width of section measured 
Δs Relative rock density 
α Seawards slope angle 
β Leeward slope angle 
βb Sea bottom slope 
μw Dynamic water viscosity 
ρw Water density 
ρs Unit piece density 
ν Kinematic viscosity 
ξm, ξz Surf similarity parameter 
χ Alternative similarity parameter 

Appendix Ia. Fit parameters of the straight lines (eq. (10)) for the four slopes  

Table A1 
Parameters of the straight line for the four slopes 1:2, 1:3, 1:4 and 1:6, Nw = 1000 and 3000 waves and relative water depth h/L. R2 is the linear regression coefficient.  

Slope 1:2  

Sd Nw = 1000 Sd Nw = 3000 

h/L Am Bm R2 Am Bm R2 

0.18306 3.8245 22.698 0.84920 3.9579 24.148 0.85295 
0.14706 4.7330 30.153 0.93598 5.7433 36.857 0.93406 
0.11490 6.7271 45.999 0.72755 6.4715 44.495 0.71348 
0.09716 15.760 110.100 0.95053 12.813 90.073 0.97699 

Slope 1:3  
Sd Nw = 1000 Sd Nw = 3000 

h/L Am Bm R2 Am Bm R2 

0.30949 3.4497 15.930 0.98554 4.4798 20.698 0.94498 
0.29342 4.1001 18.853 1 5.2731 24.100 1 
0.19491 4.1007 23.166 0.98125 4.2227 24.296 0.99445 
0.18397 4.9895 28.353 0.88521 5.2536 30.467 0.99941 
0.18173 4.4276 25.518 0.95502 4.9084 28.536 0.97837 
0.14652 5.0081 30.973 0.97488 4.441 28.227 0.92096 
0.11634 8.4794 55.485 0.98106 8.9923 59.262 0.96935 
0.10156 5.8899 40.460 0.97210 5.6138 39.109 0.94567 
0.09656 3.8557 27.696 0.44339 4.5784 33.080 0.49069 

Slope 1:4  
Sd Nw = 1000 Sd Nw = 1000 

h/L Am Bm R2 Am Bm R2 

0.28941 4.0277 17.961 0.68625 3.4462 16.022 0.64391 
0.22213 2.1461 11.916 1 3.5339 18.627 1 
0.19523 2.7083 15.097 0.63272 2.4231 14.096 0.54866 
0.14709 3.6958 22.889 0.98258 3.0782 19.903 0.94890 
0.11490 4.2362 28.804 0.98655 4.8536 33.170 0.97162 
0.10106 4.2575 29.707 0.94323 5.3807 37.586 0.93961 
0.09270 4.3532 31.275 0.99970 5.3108 38.335 1 

Slope 1:6  
Sd Nw = 1000 Sd Nw = 3000 

h/L Am Bm R2 Am Bm R2 

0.28132 7.4092 31.185 1 12.105 50.799 1 
0.22320 – – – – – – 
0.18630 2.3128 13.046 0.99959 3.1904 17.682 0.98776 
0.14964 3.4407 19.739 0.99566 2.4766 15.267 0.91916 
0.11777 3.1186 20.415 0.97297 3.0712 20.493 0.988 
0.09600 2.3868 17.590 0.94383 2.2305 16.852 0.93363  
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Appendix Ib. Fit parameters of the sigmoid function (eq. (12)) for slope 1:3 

Sd

Sd,max
=

1
[

1 +

(
log(χ)

aχ

)γχ
]

Sd,0

Sd,max
≤

Sd

Sd,max
≤ 1   

Table A2 
Parameters of the sigmoid eq. (12), Nw = 1000 and 3000, slope 1:3 and relative water depth, 
h/L.  

Slope 1:3, Nw = 1000, Sd,0 = 0, Sd,max = 24 

Coefficients of the best fit (with 95% confidence bounds) 

h/L aχ  γχ  

0.30306 ¡3.980 (− 4.048, − 3.912) 27.25 (40.92, 13.58) 
0.19491 ¡5.004 (− 5.053, − 4.955) 25.11 (31.73, 18.5) 
0.18263 ¡5.166 (− 5.275, − 5.056) 28.30 (47.45, 9.141) 
0.14652 ¡5.693 (− 5.723, − 5.663) 44.92 (56.16, 33.67) 
0.11634 ¡6.253 (− 6.275, − 6.232) 69.03 (83.51, 54.54) 
0.09934 ¡6.441 (− 6.554, − 6.329) 43.62 (76.45, 10.78)  

Slope 1:3, Nw = 3000, Sd,0 = 0, Sd,max = 35 

Coefficients of the best fit (with 95% confidence bounds) 

h/L aχ  γχ  

0.30306 ¡4.017 (− 4.076, − 3.958) 31.91 (50.08, 13.73) 
0.19491 ¡5.074 (− 5.092, − 5.055) 31.88 (36.27, 27.49) 
0.18397 ¡5.225 (− 5.239, − 5.211) 34.27 (37.51, 31.03) 
0.18173 ¡5.206 (− 5.360, − 5.052) 30.44 (70.56, 9.69) 
0.14652 ¡5.702 (− 5.792, − 5.613) 33.42 (52.94, 13.89) 
0.11634 ¡6.309 (− 6.333, − 6.286) 106,00 (131.90, 80.03) 
0.09934 ¡6.476 (− 6.597, − 6.355) 45.57 (89.54, 1.59)  
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