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ABSTRACT

Armor layers of mound breakwaters are usually designed with empirical formulas based
on small-scale tests in non-breaking wave conditions. However, most rubble mound
breakwaters are constructed in the depth-induced breaking zone, where they must
withstand design storms having some percentage of large waves breaking before
reaching the structure; in these cases, the design formulas for non-breaking wave
conditions are not fully valid. To characterize double-layer rock armor damage in
breaking wave conditions, 2D physical model tests were carried out with a bottom slope
m=1/50. In order to develop a simple method to determine the wave parameters in the
depth-induced breaking zone, experimental wave measurements were compared to the
numerical estimations given by the SwanOne model. An analysis was conducted to
select the best characteristic wave height to estimate rock armor damage when dealing
with depth-induced breaking waves; the spectral significant wave height, Hmo, estimated

at a distance of 3hs seaward from the structure toe, was found to be the most adequate.
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A new hydraulic stability formula is proposed for double-layer rock armors in breaking
wave conditions, considering the observed potential 6-power relationship between the
equivalent dimensionless armor damage and the Hmo at 3hs seaward distance from the

structure toe.

Keywords: Rock armor; Hydraulic stability; Rubble mound breakwaters; Breaking

wave conditions; Shallow water.

Highlights:

a) Design formulas for rock armors are based mostly on physical tests in non-
breaking wave conditions.

b) In breaking wave conditions, most armor hydraulic stability formulas are not
fully valid.

c) Inbreaking wave conditions, armor damage shows a 6-power relationship with
Hmo at 3hs seaward distance from the structure toe.

d) The SwanOne numerical model is a suitable tool to estimate wave

characteristics in breaking wave conditions.

1. Introduction

Iribarren [1, 2], Hudson [3], USACE [4, 5], Van der Meer [6], Melby and Kobayashi [7],
Van Gent et al. [8] and others have reported different hydraulic stability formulas to
design rock armors. Most of these formulas are based on tests carried out in non-
breaking wave conditions. Some empirical modifications have been proposed to

estimate rock armor damage in breaking wave conditions in which the largest waves
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break before reaching the structure due to the depth effect; nevertheless, very few
physical model tests have been conducted to validate formulas in breaking wave

conditions.

Armor design in breaking wave conditions usually involves estimating an incident
characteristic wave height at the toe of the structure, typically the significant wave
height Hs=H1/3 (average of one-third highest waves) or a wave height with a prescribed
low exceedance probability (Hi%, H2%, etc.). When wave heights approximately follow
the Rayleigh distribution (deep water), Hi% and H»y% are highly correlated to Hs; however,
this does not occur when the wave height distribution is affected by wave breaking.
Numerous attempts have been made to find a distribution for wave heights in the depth-
induced wave breaking zone. Glukhovsky [9] proposed using a Weibull distribution;
Hughes and Borgman [10] proposed a Beta-Rayleigh distribution; Battjes and
Groenendijk [11] used a composite Weibull distribution (CWD); Méndez et al. [12]
proposed a modified Rayleigh distribution, while Méndez and Castanedo [13] and others
recommended a distribution for the maximum wave height. Nonetheless, the hydraulic
stability formulas found in the literature rarely take into consideration the relevant
change of wave height distribution in the depth-induced wave breaking zone.

This study focuses attention on the hydraulic stability of double-layer rock armors in
breaking wave conditions. To this end, new physical model tests were carried out at the
wave flume of the Laboratory of Ports and Coasts at the Universitat Politécnica de
Valéncia (LPC-UPV) with a m=1/50 bottom slope. Experimental wave measurements
were compared to the estimations provided by the SwanOne numerical model (see

Verhagen et al. [14]) in order to establish a rational procedure to determine the wave



characteristics in the depth-induced breaking zone. Using both experimental results and
SwanOne estimations, an analysis was conducted to identify which characteristic wave
height and distance from the toe structure best determine armor damage evolution in
breaking wave conditions. In this paper, existing formulas to design rock armor layers in
breaking wave conditions are first compared. Secondly, the experimental setup and
SwanOne simulations are described. Thirdly, results are analyzed. Fourthly, a new
hydraulic stability formula for rock armors in breaking wave conditions is given and a

comparison with existing formulas is provided. Finally, conclusions are drawn.

2. Hydraulic stability of rock armors in breaking wave conditions

This section describes the most commonly used hydraulic stability formulas to design
rock armors in breaking wave conditions. The stability number, Ns=H/(ADns0), is normally
used to characterize hydraulic stability, where Dpso=(Mso/p,)*/? is the nominal diameter
of the rocks in the armor, M5 is the median rock mass, pr is the mass density of the
rocks, A=(p—pw)/pw is the relative submerged mass density, pw is the mass density of

the sea water, and His a characteristic wave height.

Eqg. (1) is equivalent to Hudson’s [3] formula, which was popularized by USACE [4, 5] and
based on the pioneering work of Iribarren [1]. Eq. (1) was validated with regular wave
tests in non-breaking wave conditions. USACE [4, 5] recommended a change in the
stability coefficient (Kp) to use Eq. (1) in breaking wave conditions. Kp takes into account
the geometry of the armor unit, number of layers, breakwater section (trunk or head)
and an implicit safety factor for design; cota is the armor slope.

H

— (K, cota)'/3 (1)
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USACE [4] and USACE [5] proposed using H=Hs=H1/; and H=H1/10 at the toe of the
structure, respectively. According to USACE [4], using H=H;, the stability coefficient for
two-layer randomly-placed rough-angular rock armor was Kp=3.5 for breaking waves
and Kp=4.0 for non-breaking waves. According to USACE [5], using H=H1/10, the stability
coefficient for two-layer randomly-placed rough-angular rock armor was Kp=2.0 for
breaking waves (H1/10<1.27Hs) and Kp=4.0 for non-breaking waves (H1/10=1.27Hs).
Compared to USACE [4], USACE [5] significantly increased the implicit safety factor of

rock armors.

Feuillet et al. [15] suggested a method to use Eq. (1) in breaking wave conditions taking
into account the influence of shoaling and wave capping. This method provided the
design wave height, H, to be used in Eq. (1) for m=1/100, 1/20 and 1/10 bottom slopes,
as a function of the wave steepness, the water depth at the toe, and the offshore Hi/10.
Jensen et al. [16] recommended Hioto characterize the irregular waves attacking the

structure.

Eq. (1) refers to no-damage (0-5% of the volume of armor units displaced from the armor
active zone). To estimate higher damage levels, the armor damage results
corresponding to rough quarrystones provided by USACE [4] can be used. Using the
dimensionless armor damage parameter S=A./Dns¢®, suggested by Broderick [17] and
popularized by Van der Meer [18], where A. is the average eroded area in the
breakwater's section, Medina et al. [19] reported a 5-power relationship between H and
armor damage for non-breaking wave conditions. Appendix A adapts the methodology

given in Medina et al. [19] to be used in this study.



Van der Meer [6] proposed Eqs. (2a) and (2b) to predict rock hydraulic stability under
wave attack, based on irregular laboratory tests performed at Delft Hydraulics and the
previous work conducted by Thompson and Shuttler [20]. Most of the tests were carried
out in non-breaking wave conditions covering a wide range of armor slopes (cota=1.5,
2.0, 3.0, 4.0 and 6.0), stability numbers (1<H;/ADx50<4) and core permeability. Egs. (2a)
and (2b) are applicable to "plunging" and "surging" waves, which refer to the type of
wave breaking on the armor slope.

H

S =6.2502p018y O1g 0> for  Em<€mc (plunging waves)  (2a)
Dn50

H

DS =1.05°2P "N, O (cot2)?5E, P for  Em>Eme (surging waves)  (2b)
n50

in which &nc= 6.2P%3Y(tana)5)/(P+05) js the critical breaker parameter, 0.1<P<0.6 is a
parameter which considers the permeability of the structure, N, is the number of waves,
and ém=tana/(2ntHs/(gTm?))° is the surf similarity parameter based on the mean period,
Tm.

Additionally, Van der Meer [6] conducted 16 physical tests in breaking wave conditions
with a m=1/30 bottom slope and a permeable structure with nominal diameter of rocks
Dnso(cm)=3.6, armor slope cota=2.0, 1.6<Hs/AD;50<2.5 and 3.3<hs/ADps50<6.5. For
breaking wave conditions, Van der Meer [6] replaced Hs in Egs. (2a) and (2b) by H2%/1.4;
the factor 1.4 corresponds to the ratio H.s%/Hs in the Rayleigh distribution (deep water).
Lamberti et al. [21] analyzed how the water depth reshaped rubble mound breakwaters
in deep and shallow water conditions. They conducted physical model tests with an
initial horizontal bottom slope for deep water conditions, then with a m=1/20 bottom

slope for intermediate water depths, and a m=1/100 bottom slope to represent shallow



water conditions. These authors concluded that Hi/sp at the toe of the structure was a

good representative wave height to estimate armor damage.

Melby and Kobayashi [7] studied the progression and variability of armor damage on
rubble mound breakwaters with a bottom slope m=1/20 and water depths at the toe
hs(cm)=11.9 and 15.8. Damage to a double-layer rock armor with cota=2 and
Dnso(cm)=3.64 was measured after three test series of long duration using a profiler.
Melby [22] provided a method to compute damage using the empirical equation (Eq. 3)
proposed by Melby and Kobayashi [7] to consider cumulative damage for the wave

parameters varying in steps in the ranges 1.6<Hs/ADp50<2.5 and 2.0<hs/AD;50<2.6.

5(,025 ,0.25

H t —t

S(t)=S(t,)+ 0.025( s ] ( o ) for ta< t <tnu (3)
A n50 (Tm) .

where S(t) and S(t,) are the mean armor damage at times t and t,, respectively, with t>t,
(t=TmN;), Tm is the mean period and N; is the number of waves. Incident and reflected
waves were separated using three wave gauges placed close to the breakwater, and the
methodology described by Kobayashi et al. [23, 24]. Eq. (3) was calibrated with Hs
obtained at the wave gauge closest to the structure (0.91m from the toe), which

corresponded approximately to distances between 5.7hs and 7.6hs from the toe.

Van Gent et al. [8] modified Egs. (2a) and (2b) based on results from tests carried out by
Smith et al. [25] and new 2D physical tests in breaking and non-breaking wave
conditions. These new tests were conducted with two bottom slopes (m=1/30 and
1/100), two armor slopes (cota=2 and 4), three rock nominal diameters (Dnso(cm)=2.2,
2.6 and 3.5) with an aspect ratio L7=2.1 (see CIRIA/CUR/CETMEF [26]) and different
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breakwater geometries. Egs. (4a) and (4b) are the modified hydraulic stability formulas
proposed by Van Gent et al. [8] calibrated with tests in breaking and non-breaking wave
conditions in the ranges 0.5<H;/AD;50<4.5 and 1.5<hs/AD»50<11. Eqs. (4a) and (4b) are
similar to Egs. (2a) and (2b) but refer the surf similarity parameter to Tm-1,0 rather than

the mean period, Tm.

Haw _ 8_450-2p0-18/\/z*0-1§5_1*°-5 for &.1<€me (plunging waves) (4a)
DnSO
H,, _013  _ .
2% _1.3592p N, %L(cota)®® §S_1P for &.1>Emc (surging waves)  (4b)
n50

in which &.i=tana/(2ntHs/(gTm-10 2))*° is the surf similarity parameter based on the

m_1

, Where mijis the i-th spectral moment, m; :ofs(f)f"df, being
mg 0

spectral period 7, _, ; =

S(f) the wave spectrum. Incident wave parameters were obtained in the breaking zone
from physical tests conducted without a structure. H,y at the toe of the structure was
selected as the characteristic wave height.

Additionally, Van Gent et al. [8] proposed Eg. (5) taking into account the influence of the
nominal diameter of the core material, Dnso-core. Note that Eq. (5) does not depend on

the wave period.

H D S 0.2
S =1, 75(1 + ”50“”‘?}[} (cota)®? (5)
D50 Dys0 N,

In this case, Hs at the toe of the structure was selected as the characteristic wave height.
Hovestad [27] conducted specific physical tests in breaking wave conditions to
determine the effect of the bottom slope on armor stability. A homogeneous rock
armored breakwater with cota=2 and Dpsg(cm)=1.57 was tested with two different

bottom slopes: a gentle bottom slope m=1/30 and a steep bottom slope m=1/8. After
8



re-analyzing Hovestad’s data, Muttray and Reedijk [28] concluded that the most
significant increase in damage occurred with steep bottom slopes. Verhagen et al. [29]
and Herrera and Medina [30] also pointed out a significant increase in non-linear effects
and wave loads on the armor and the toe berm of mound breakwaters placed on steep
sea bottoms. CIRIA/CUR/CETMEF [26] proposed reducing by 10% the stability number
of single-layer armors when dealing with breaking waves and steep sea bottom:s.

Using experimental data given by Thompson and Shuttler [20] in non-breaking wave
conditions, Vidal et al. [31] demonstrated that the average wave height of the 50 highest
waves attacking the breakwater, Hsp, was the wave parameter that best represents the

armor damage evolution over time.

Prevot et al. [32] conducted specific physical model tests in breaking wave conditions
with a bottom slope m=1/30 to compare the damage measured in a double-layer rock
armor and the estimations given by Egs. (4a), (4b) and (5), and Eq. (1) when using the
method described by Feuillet et al. [15]. According to Prevot et al. [32], the best fit was

found for Egs. (4a) and (4b).

Although several hydraulic stability formulas for rock armors are used in breaking wave
conditions, most experimental validations are done in non-breaking wave conditions.
Only Melby and Kobayashi [7] and Van Gent et al. [8] obtained hydraulic stability
formulas based on specific laboratory tests in breaking wave conditions for a bottom
slope m=1/20 with armor slope cota=2, and bottom slopes m=1/30 and 1/100 with
cota=2 and 4, respectively. Furthermore, available formulas require knowing Hs or H,y%
at the toe of the structure; however, they were calibrated with waves measured at a

certain distance from the structure. Melby and Kobayashi [7] and Van Gent et al. [8] did
9



not recommend a specific method to estimate Hs and H,y4 in the depth-induced wave

breaking zone.

This study provides a methodology to analyze the hydraulic stability of double-layer

randomly-placed rock armors in breaking wave conditions with bottom slope m=1/50

and armor slope cota=1.5. The spectral significant wave height, Hnp, estimated at a

distance of 3hs seaward from the structure toe by the numerical model SwanOne, is

recommended to characterize the waves attacking the structure in breaking wave

conditions.

3. Methodology

3.1. Physical model tests

2D physical model tests were conducted in the wind and wave test facility (30 x 1.2 x1.2

m) of the LPC-UPV with a bottom slope m=1/50. Fig. 1 shows a longitudinal cross section

of the LPC-UPV wave flume, and Fig. 2 shows the cross section of the physical model.

Model
Wave location
paddle e Wave gauges P
l Gl G2G3 G4 G5 G6 G7G8G9G10G11 G12 l |613
1
= TRt
N === i lﬁk—\’qﬁ!‘!l fil 1l
T F3d—+3d42d [12d F3d— 2d | 7
2 s —H1.25d
m=0 d=040 m=1/25 m=1/50
550 6.30 8.50

30.00

Fig. 1. Longitudinal cross section of the LPC-UPV wave flume (dimensions in meters).
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The model cross section depicted in Fig. 2 is a non-overtopping rubble mound
breakwater without a toe berm; it is protected with a double-layer randomly-placed
rock armor with armor slope cota=1.5, nominal diameter Dns0(cm)=3.18 and mass
density pr(g/cm3)=2.677. The mean value of the measured packing density of the armor
layer was ¢=1.26 (value recommended by USACE [5]), which corresponds to an armor
porosity p=37% (see Medina et al. [33]). The shape of the rough angular rocks in the
armor was characterized using the aspect ratio (LT), and the Blockiness (BLc) described
by CIRIA/ CUR/ CETMEF [26]; the mean values of these two parameters were LT=1.8 and
BLc=42%. The rock armor was placed on a filter layer with Dpso(cm)=1.78 and
Dngs/Dn15=1.35. The characteristics of the core material were Dpso(cm)=0.68 and
Dnsgs/Dn15=1.64. Considering a reference scale 1/40, this structure corresponds to a
double-layer 5.5-tonne rock armor. Table 1 summarizes the characteristics of the

materials used in the physical model.

31.0
ARMOR e
1.5 s 7 . 1.5
12 N FILTER
\\%’ .‘??'.-? ; .:
_.L‘I‘__'Im=1/50
197.8
204.5
216.3

Fig. 2. Cross section of the rubble mound breakwater model (dimensions in

centimeters).
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Table 1. Characteristics of the materials used in the physical model.

Gravel Mso(g) Dnso(cm) pr(g/cm3) Diss/ Dnis
Armor 86.18 3.18 2.677 1.14
Filter 15.40 1.78 2.729 1.35
Core 0.86 0.68 2.722 1.64

Three water depths at the toe of the structure were tested (hs(cm)=20, 30 and 40). For
each water depth, tests were grouped in two series of constant surf similarity parameter
with the target values of &=tana/(2nHmo/(gTx?))°>=3.0 and 5.0, corresponding to wave
steepnesses of sgp=21tHmo/(gT,%)=0.049 and 0.018. For hs(cm)=40, tests conducted with
£=5.0 were eliminated because relevant overtopping was observed during the
experiments. For each series, spectral significant wave height, Hmo=4(mo)"/?, was
increased progressively in steps of 1 cm from zero-damage to initiation of destruction
or wave breaking at the wave generating zone. For each test, random wave runs of 1000
waves were generated following JONSWAP (y=3.3) spectra. The AWACS Active
Absorption System was activated to avoid multi-reflections in the wave flume. Table 2

summarizes the test characteristics considering waves in the wave generating zone.

Table 2. Test matrix.

Series hs(cm) & Sop Hmo(cm) To(s) Number of  Number of
test runs waves, N,

1 20 3.0 0.049 8.0-18.0 1.02-1.53 11 1000

2 20 5.0 0.018 8.0-15.0 1.70-2.32 8 1000

3 30 3.0 0.049 8.0-17.0 1.02-1.48 10 1000

4 30 5.0 0.018 8.0-14.0 1.70-2.25 7 1000

5 40 3.0 0.049 8.0-16.0 1.02-144 9 1000

12



Water surface elevation was measured using thirteen capacitive wave gauges. One
group of wave gauges (G1, G2, G3 and G4) was placed near the wavemaker, another
group of wave gauges along the wave flume and near the model (G5, G6, G7, G8, G9,
G10, G11 and G12), and one wave gauge (G13) was placed behind the model to monitor
the water level at the rear of the structure (see Fig. 1). The separation between wave

gauges was a multiple of d(cm)=40.

Armor damage was measured after each test run considering the cumulative number of
rocks displaced during the test series having constant hs and &. Comparing the
photographs taken perpendicularly to the armor slope before and after each test run,
the damage was characterized using the virtual net method developed by Gdmez-Martin
and Medina [34, 35] and the visual counting method described by Vidal et al. [31]. The
virtual net method considers the armor divided into individual strips of a constant width,
a=q Dnso, and length, b=k Dysp; it allows the dimensionless damage to be measured in
each strip, S;, considering porosity evolution in time and space. Integrating this
dimensionless armor damage over the slope, the equivalent dimensionless armor

damage parameter, Se, was obtained using Eq. (6).

! ! 1-p, / ,
Sezzs,:chl—ip’=zq1—ﬂ (6)
i=1 =1 1-p;p ) =1 Pio

in which g is the number of rows in each strip, pi=1-(N;Dn?/a b) and ¢i=n(1-p;) are the
armor porosity and packing density of the strip i, N; is the number of armor units whose
center of gravity is within each strip, poi and ¢io are the initial armor porosity and packing

density of the strip i, I is the number of strips, and n is the number of rock armor layers.
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The visual dimensionless armor damage parameter, S,, was estimated using the visual

counting method described by Vidal et al. [31].

_ A _NeDnSO

ev

D’., (1-p)b

1%

(7)

where A., is the average eroded area in the breakwater section, Ne is the number of
extracted units relocated above the upper layer, p is the initial porosity of the armor

layer and, b is the observed width of the tested section.

Note that the visual counting method assumes a constant armor porosity, so changes in
the porosity due to Heterogeneous Packing (HeP) are not considered. In contrast, the
virtual net method simultaneously takes into account armor unit extractions, sliding of

the armor layer as a whole, and HeP (see Gémez-Martin and Medina [35]).

O s D

Fig. 3. Frontal view of the breakwater model.
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When completed, the tests were repeated without a structure to more accurately
measure the incident wave heights close to the model. To reduce undesired reflection,

an energy absorber was placed at the end of the wave flume.

3.2. Numerical simulations

Numerical simulations were carried out using the SwanOne software. SwanOne
estimated wave propagation, simulating the depth-induced breaking phenomena. The
test program (see Table 2) was repeated with the same bottom profile and wave
characteristics as in the physical experiments. To analyze wave parameters, virtual wave
measurements were taken from the locations of the thirteen wave gauges (G1 to G13)
used in the physical tests. SwanOne provided the values of Hmo, Tp, Tm, Tm-1,0 at these
locations. The method proposed by Battjes and Groenendijk [11] was implemented to

estimate Hi/10 and Hyy in the depth-induced wave breaking zone.

4. Data analysis

4.1. Wave analysis

Wave height distributions and spectral moments were estimated from the measured
surface elevations with and without the breakwater model. For tests conducted with
the structure, incident and reflected waves were separated in the wave generating zone
(G1 to G4) using the LASA-V method developed by Figueres and Medina [36]. Existing
methods to separate incident and reflected waves are not reliable when applied near
the structure, in the depth-induced wave breaking zone. Incident waves were estimated

close to the model from the total wave gauge records (average of Hmo or Hz% measured
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at G11 and G12), considering the reflection coefficient (K=Hmo,r/Hmo,i <0.40) measured
at the wave generating zone (G1 to G4), where Hmo,r and Hmg, are the reflected and
incident spectral significant wave height, respectively. For tests conducted without the
structure, the measured waves directly corresponded to the incident waves because an
efficient wave absorption assembly was placed at the end of the wave flume. This
assembly, formed by five groups of three metal frames with openings of decreasing
porosity, reflected less than 4% of the energy of the incident waves (K;=Hmo,r/Hmo,i<0.20

measured at the wave generating zone).

Fig. 4a shows the incident Hmp and H,y4 estimated close to the model in the physical tests
conducted with the structure (assuming constant K=Hmo/Hmo,), compared to the
incident Hmo and Hz% measured in the physical tests without the structure at G11 and
G12 (average value). In order to measure the goodness of fit, the relative mean squared

error, rMSE, and the correlation coefficient, r, were calculated:

1N 2
— 3 (t;—e;)
rMSEzA‘jSE:NiiTVl - (8)
ar 1 N oy
N, El(tl t)
N, _ _
t. —t)e —
e o)
J”zf (6, —tP > (e, —e)
i=1 i=1

in which MSE is the mean squared error, N; is the number of observations, t;is the target
value, e;is the estimated value, Varis the variance of target values, and t and e are the
average of target and estimated values, respectively. 0< rMSE <1 estimates the

proportion of variance not explained by the model; the lower the rMSE, the better the

16



predictions. 0< r <1 measures the degree of correlation; the higher the r, the better the
predictions. When considering Hmo, rMSE=0.069 and r=0.989; when using Hyy,
rMSE=0.067 and r=0.986. As shown in Fig. 4a, there was a high correlation between the
mean values of the incident wave heights obtained with and without the structure in
gauges G11 and G12. Thus, the incident Hmo and Hzy4 obtained from the K- measured at
the wave generating zone are good estimators of the actual incident Hmo and Hax
attacking the breakwater when the reflection is not large (K,<0.4). However, as
measurements without a structure are more reliable to estimate actual incident waves,
only the values obtained in tests without the breakwater model were considered

hereafter when referring to incident wave measurements.

Experimental results were contrasted to numerical simulations. Fig. 4b shows the mean
value of Hmo and Hyy4 estimated by SwanOne at the position of the wave gauges G11 and
G12, compared to the mean value measured in the laboratory tests without the
breakwater model. When H=Hng, rMSE=0.058 and r=0.995; when H=H>%, rMSE=0.105
and r=0.952. There was also a high correlation between the measurements in laboratory
and the predictions given by SwanOne for both H=Hme and H=H,%. However, the errors

were lower when considering H=Hmo.
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Fig. 4. Comparison of experimental incident Hmo and Hzy without the structure and (a)
experimental measurements with the structure obtained using K, and (b) SwanOne

estimations.

Both experimental results and numerical simulations showed a variation in wave height
distributions along the wave flume. Hmo and Hzg4increased or dereased along the flume
due to shoaling and breaking processes, depending on test characteristics. In the wave
generating zone, waves were Rayleigh-distributed (H2%/Hmo=1.4). However, the ratio of
H2%/Hmo close to the breakwater model (G11 and G12) varied from 1.2 to 1.5 in physical
tests and numerical simulations. Figs. 5a and 5b show the values of Hmo and Hz%
introduced in SwanOne at the position of G1 (wave generating zone) and the average
estimated by SwanOne at the positions of G11 and G12 (model zone), as a function of
the water depth at the toe, hs, and the surf similarity parameter, &. Lower hsand &, led
to lower values of Hmo and Hy at the toe of the structure. Fig. 6 shows the average
estimations of Hme compared to those of H»%, given by SwanOne at the G11 and G12

positions; lower h;led to lower values of Hz%/Hmo at the toe of the structure.
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4.2. Armor Damage analysis
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As mentioned in Section 3.1, armor damage was characterized after each test using the
virtual net and visual counting methods. Cumulative rocks displaced from the armor
layer were counted after each test run to calculate the equivalent dimensionless
damage parameter, Se, and the visual dimensionless damage parameter, S,. Following
the criteria given by Losada et al. [37] and Vidal et al. [38], four qualitative armor-

damage levels were considered:

1. Initiation of Damage (IDa), when the upper armor layer has lost some units.

2. Initiation of Iribarren’s Damage (lIDa), when damage in the upper area has
spread over an area large enough to permit the extraction of units from the
bottom armor layer.

3. Initiation of Destruction (IDe), when at least one unit from the bottom armor
layer has been removed and the filter is clearly visible.

4. Destruction (De), when several units have been removed from the filter layer.
Figs. 7a and 7b provide the stability numbers, Ns=H/(ADxso), for Initiation of Damage and
Initiation of Destruction, respectively, obtained in the experiments when considering
H=Hmo and H=H.y4 close to the model (G11 and G12) for test measurements and
SwanOne estimations. The IDa and IDe limits for double-layer rock armors did not
depend on wave steepness at G11 and G12, sop,611-612=27THmao/gTp?. When using H=Hmo,

Ns(IDa)=1.38 and N; (IDe)=2.09; when using H=H4, Ns(IDa)=1.95 and N; (IDe)=2.89.
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Table 3 provides the S, obtained with the virtual net method and the S, obtained using
the visual counting method for the Initiation of Damage, Initiation of Iribarren Damage
and Initiation of Destruction limits after each test series. Fig. 8 shows the armor damage

measurements with both methods after each test run.

Table 3. Dimensionless armor damage measurements using the virtual net and visual

counting methods.

Armor damage measurements

Series Damage level
Virtual net (Se) Visual counting (Sv)
1 IDa 0.3 0.3
[IDa 2.7 2.7
IDe 6.4 6.5
2 IDa 0.6 0.6
[IDa 1.9 1.8
IDe 4.4 3.8
3 IDa 0.7 0.5
[IDa 13 1.3
IDe 7.0 7.1
4 IDa 0.5 0.5
[IDa 1.7 1.7
IDe 7.4 7.5
5 IDa 0.3 0.2
[IDa 1.5 15
IDe 6.0 6.0
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Fig. 8. Comparison of the equivalent dimensionless damage parameter, S, and the visual

dimensionless damage parameter, S,, measured after each test run.

The virtual net and visual counting methods gave similar results (Se=S,) as most armor
damage was caused by unit extractions only. Se was finally used in this study to
characterize armor damage. Fig. 9 shows the S. measured after each test run as a
function of the stability number, Ns=H/(ADns0), when considering H=Hmo and H=H>y for
test measurements (Figs. 9a and 9b) and SwanOne estimations (Figs. 9c and 9d). S.
showed a potential relationship with Ns. From a qualitative point of view, Fig. 9 shows
that Hmo is a better wave height descriptor than H,y for the armor failure function,
because it leads to lower estimation errors. Furthermore, the experimental wave
measurements showed slightly larger estimation errors than numerical simulations

using SwanOne.
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structure, (c) estimated H=Hmo by SwanOne, and (d) estimated H=H,% by SwanOne.

5. A new hydraulic stability formula

Based on the results described previously, a new formula was developed to include the
most relevant parameters affecting the hydraulic stability of rock armors in breaking
wave conditions, with m=1/50, cota=1.5, 0.018<s0,<0.049, 1.0<Hmo/ADns0<2.5 and

3.75<hs/ADn50<7.50. Three explicative variables for armor damage, S., were initially
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considered: (1) stability number, Ns=H/(ADnso), (2) local wave steepness based on the
mean wave length close to the model (G11 and G12), sm=Hmo/Lm, and (3) water depth at

the toe of the structure, hs. The initial model considered to estimate armor damage was:

k2
_ H k3 k4 10
Se kl(Aan] (Sm) (hs) ( )

in which ki, k2, k3 and ks were fitting parameters and H=Hmo or H=H>y.

A t-student test (5% level of significance) discarded s, and hs as significant explicative

variables. Thus, Eg. (10) was re-written as:

K
T L (11)
ADnSO

in which k; and k> were calibrated using wave measurements and SwanOne estimations
for H=Hmo and H=H>y%. The results were k;=0.083 and k>=6.0 for H=Hmo, and k; =0.012
and k»=6.0 for H=H>% when considering wave measurements without the structure. For
SwanOne estimations, the results were k;=0.066 and k>=6.0 for H=Hpmo, and k; =0.010
and k>=6.0 for H=H>%. The goodness of fit was very good in the four cases. However,
SwanOne estimations were finally recommended because they are easy to use and
showed a slightly better goodness of fit so as to obtain a new formula valid in the range

0.018<50p<0.049, 1.0<Hmo/ADs50<2.5 and 3.755hs/ADy50<7.50.

Fig. 10a shows the armor damage Se. measured in laboratory tests, compared to the
stability number for both H=Hpo (closed dots) and H=Hy4 (open dots) estimated by
SwanOne at the positions of G11 and G12 (average value). Fig. 10b compares the S.

measured in laboratory tests with the S, estimated by Eq. (11) when using H=Hmo (closed
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dots) and H=H,4. (open dots), estimated by SwanOne at the positions of G11 and G12

(average value). The agreement between measured and estimated S. was good for both

H=Hmoand H=Hy%; however, errors were lower for H=Hmo (rMSE=0.022 and r=0.989) than

H=Hz¢ (rMSE=0.151 and r=0.922).
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Fig. 10. (a) Measured armor damage, S., as a function of the stability number,

Ns=H/(ADnso), for H=Hmo and H=Hy estimated by SwanOne, and (b) measured S versus

estimated S by Eq.(11).

In order to analyze the variability of the errors when considering H=Hmo or H=H>4, a

bootstrap resample technique was used following the methodology described by Van

Gent et al. [40]. A bootstrapping resample is a random selection of N data taken from

the original N dataset, with the probability 1/N that a particular datum is selected each

time. In this study, 1000 resamples were considered with S. estimated by Eq. (11) with

H=Hmo and H=H%. Fig. 11 shows rMSE discrete frequency histograms of S, when using

Eqg. (11) with H=Hme and H=H,4%. The rMSE distributions followed a normal distribution
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when using both H=Hmo and H=Hz%. The errors were lower for H=Hmo than H=Hz%; Hmo

was finally selected in this study to describe the armor damage, S..
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Fig. 11. rMSE frequency histograms of estimated S. when using Eq. (11) with H=Hmo and
H=H>y.

The previous analysis was conducted with SwanOne estimations at the position of the
wave gauges G11 and G12, situated at a distance of 0.8m and 0.5m seaward from the
structure toe, respectively. In order to identify the optimum location to determine Hmo
to describe armor damage, this characteristic wave height was also estimated by the
SwanOne model at five points: just at the toe of the structure, and at a distance of hs,
2hs, 3hs and 4hs seaward from the structure toe. Table 4 shows the calibrated values of
ki and k2 in Eq. (11) when using Hmo estimated by SwanOne at the specified locations
(d*=0, d*=hs, d*=2hs, d*=3hs and d*=4h;), where d* is the distance from the structure
toe. The rMSE and the r values between measured and estimated armor damage Se using

Eqg. (11) are also given in Table 4.
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Table 4. Calibrated values of k; and k; in Eq. (11) for Hmo estimated by SwanOne at a
seaward distance from the toe of the structure, d*, and rMSE and r values for measured

and estimated S. using Eq. (11).

Seaward distance from

the structure toe, d* k(Eq. 11) k2(Eq.11) - rMSE r

0 (TOE) 0.071 6.0 0.031 0.984
hs 0.069 6.0 0.026 0.987
2hs 0.068 6.0 0.024 0.987
3hs 0.066 6.0 0.023 0.988
4hs 0.065 6.0 0.024 0.987

The best agreement was found for Hmo estimated at a distance of three times the water
depth at the toe (3hs) seaward from the toe of the structure (rMSE=0.023 and r=0.988).
This distance approximately corresponds to the distance of 5H; proposed by Goda [41]
and recommended by Melby [42] to determine wave parameters, when considering H;
in breaking wave conditions. Thus, Hnmp estimated at a distance of d*=3h; seaward from
the structure toe was finally proposed in this study to describe the armor damage, Se,

given by Eq. (11) with k; =0.066 and k,=6.0.

Note that for bottom slope m=1/50, the differences in the range 0< d*< 4h; are low.
However, with steeper bottom slopes, significant differences may be observed when
considering different points to estimate the design wave parameters in the wave
breaking zone. Furthermore, it is convenient to highlight that these results are strictly

valid in the prescribed range of applicability, with constant 2% sea bottom slope
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(m=1/50), constant water depth at the toe (hs) and unidirectional waves perpendicular
to the coast (2D tests). Practical applications usually involve directional waves (3D) and
tides, storm surges and other waves and processes which may induce relevant changes
in water levels and bottom profiles, and they must be taken into account when selecting

the design parameters.
5.1. Confidence intervals for the new hydraulic stability formula

Assuming a Gaussian error distribution, the 90% confidence interval for the armor
damage estimation given by Eq. (11) with H=Hme estimated at a distance of 3hs seaward

from the structure toe, k;=0.066 and k»=6.0 is:
Selo =S, £1.64-Var(s) (12)

where Scis given by Eqg. (11) and Var(e) is the variance of the estimation errors. Var(e)
was not considered as constant but rather as a linear function of Se. Se data were ordered
and grouped in nine data sets as shown in Fig. 12. The MSE was calculated for each data
set (closed squares in Fig. 12). As the MSE increases with increasing S, the variance of

the errors was estimated by:
Var(g)=0.1-5, (13)

where S. is given by Eq. (11) with H=Hmo, k;=0.066 and k»=6.0. The 90% confidence

interval is given by:

Se 2 =S, +164-./0.1-S,) =S, £0.52-./S, (14)
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Fig. 12. Squared armor damage errors as a function of the S, estimated by Eq. (11) with

H=Hpmo obtained at a distance of 3hs seaward from the structure toe, k;=0.066 and k>=6.0.

Fig. 13 compares measured S, and estimated S. given by Eq. (11) with H=Hp,, as well as
the 90% confidence interval given by Eq. (14). The rMSE and the r were used to
determine the goodness of fit between the values of Sc measured in tests and the S,
given by Eqg. (11). The rMSE=0.023 indicated the proportion of variance of S. not
explained by Eq. (11) and r=0.988, the degree of correlation between measured and

estimated values of Se.
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by Eq. (14).

5.2. Comparison of the experimental results and new formula with existing

formulas

As mentioned in Section 2, different formulas have been proposed to estimate armor
damage (Egs. (1) to (5)). Although some of them were developed for non-breaking wave
conditions, a comparison was made between the armor damage measured in this study
and the predictions given by Eqgs. (1) to (5), which can be re-written in terms of
dimensionless armor damage, S. To this end, the equivalent armor damage S.=S,,
measured in the laboratory tests, was related to the dimensionless armor damage S=S.

used in these equations.
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In this study, the model was attacked by successive wave runs having increasing Hnpand
Tp, and cumulative damage, Se, was measured. Note that Eq. (11) proposed in this study
implicitly considers the cumulative damage of minor storms attacking the breakwater in
breaking wave conditions for a given wave steepness and water depth. To compare
these results with those given by Egs. (2a), (2b), (4a), (4b) and (5), it was necessary to
apply a method to estimate the evolution of armor damage in a succession of sea states.
In this study, the method proposed by Van der Meer [43] was used, with a permeability

value of P=0.4 (permeable filter and core):

Step 1. For the first sea state composed of N; waves, Egs. (2a), (2b), (4a), (4b) and (5)
were directly used to estimate the dimensionless armor damage, S, using the wave

parameters estimated by the SwanOne model.

Step 2. For the next sea state, an equivalent number of waves, N;*, which produced the
damage estimated in the previous sea state was computed using Eqgs. (2a), (2b), (4a),
(4b) and (5) with the new sea state parameters. The equivalent number of waves, N,*,
was added to the number of waves in the present sea state to calculate the final damage

using Egs. (2a), (2b), (4a), (4b) and (5).

Step 3. If necessary, step 2 was repeated.

Eqg. (1), which is not dependent on storm duration, was applied as indicated in Appendix
A using the Kp value proposed by USACE [4] for breaking waves and double-layer
randomly-placed rough-angular rock armor (Kp=3.5) with H=H;, and also the Kp value

proposed by USACE [5] for breaking waves (Kp=2.0) with H=H1/10.
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Figs. 14a and 14b show the linearized measured armor damage, 5%, and the estimations
of §¥6given by Egs. (1), (5) and (11), which are not dependent on wave period (Fig. 14a),
and by Egs. (2a), (2b), (3), (4a) and (4b), which do depend on wave period (Fig. 14b). The
90% confidence interval of Eq. (11) proposed in this study, using H=Hmo estimated by
SwanOne at a distance of 3hs seaward from the structure toe, is also depicted in Figs.
14a and 14b. The significant wave height H;=H1/3used in Eqs. (3) and (5) and Eq. (1) when
considering H=Hs (USACE [4]), was obtained using the CWD method proposed by Battjes
and Groenendijk [11]. For Egs. (1) and (5), Hs was calculated at the toe of the structure;
for Eq. (3), Hs was calculated at distances of 5.7hs and 7.6hs seaward from the structure
toe as in the tests conducted by Melby and Kobayashi [7]. Hs was replaced by H24%/1.4 in
Egs. (2a) and (2b), as recommended by Van der Meer [6] for breaking wave conditions,
with Hzy obtained from Hmoestimated by SwanOne at the toe of the structure. Hz/z0used
in Eq. (1) by USACE [5] was also obtained at the toe of the structure from SwanOne

estimations (note that Hi/10=1.27H; is only valid when assuming a Rayleigh distribution).
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Fig. 14. Linearized measured armor damage, S¥®, versus estimations of §¥¢ given by

existing formulas and 90% confidence interval of Eq. (11).

Fig. 14a clearly differentiates predictions given by Eq. (1) when using USACE [4] and
USACE [5]. USACE [4] gave fair predictions for low levels of armor damage and slightly
underestimated high levels of armor damage. USACE [5] significantly overestimated
armor damage for all damage levels (implicit safety factor much higher than 1.0). Eq. (1)

was based on regular tests in non-breaking wave conditions.

Eqg. (5) given by Van Gent et al. [8] overestimated armor damage. Eq. (5) was developed
from irregular tests in breaking and non-breaking wave conditions with bottom slopes
m=1/30 and 1/100 and armor slopes cota=2 and 4, in which armor damage was
measured with a surface profiler. Gémez-Martin [39] pointed out that significant
differences may occur between armor damage measured with profiles and that
measured with the visual counting method. Additionally, the method used to estimate
cumulative damage in a succession of sea states, using a formula originally developed

for a single sea state, may influence the results.

Egs. (2a), (2b), (3), (4a) and (4b) gave higher armor damage estimations for £,=5.0 than
for £,=3.0. For &,=5.0, Eqgs. (2a) and (2b) and Egs. (4a) and (4b) overestimated armor
damage; for £,=3.0, Egs. (2a) and (2b) slightly underestimated armor damage for high
damage levels, and Egs. (4a) and (4b) slightly overestimated armor damage for low
damage levels. Egs. (2a) and (2b) were developed from irregular tests mostly in non-
breaking wave conditions and adapted to breaking wave conditions replacing Hs by

H2%/1.4, despite the ratio H2%/Hs=1.4 being valid for a Rayleigh distribution. Egs. (4a) and
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(4b) were obtained modifying Eqs. (2a) and (2b) based on tests from Van Gent et al. [8]
to take into account the influence of the spectral shape through the spectral wave

period Tm-1,0.

Eqg. (3) reported by Melby and Kobayashi [7] underestimated armor damage for high
damage levels. Eq. (3) is valid for a bottom slope m=1/20 (which is steeper than those
used to validate Eqs. (2a), (2b), (4a), (4b) and (11)), armor slope cota=2, stability number

1.6<Hs/ADn50<2.5, and relative water depth 2.0<hs/ADps50<2.6.

Physical tests in this study were conducted on a bottom slope m=1/50, with armor slope
cota=1.5, wave steepness sgp=0.018 and 0.049, stability number 1.0<Hmo/ADn50<2.5, and
relative water depth 3.75<hs/ADns50<7.50. The bottom slope m=1/50 is within the range
of Egs. (4a), (4b) and (5). However, the armor slope cota=1.5 is out of the range of
validity of existing formulas for breaking wave conditions. Note that a method to
estimate the equivalent numbers of waves was required to consider the cumulative
damage caused by a succession of sea states when applying Egs. (2a), (2b), (4a), (4b) and
(5). Eq. (3) was also based on a method proposed by Melby [22] to consider cumulative
damage; CIRIA/CUR/CETMEF [26] pointed out that this method gives lower damage

values than Van der Meer’s [43] approach.

When using Egs. (1) to (5), one should take into consideration that most of them require
knowing Hs or H,y at the toe of the structure; however, these equations were validated
with incident waves measured with gauges located at a certain distance from the toe.
Eq. (11) proposed in this study was validated with waves estimated at a distance of 3h;

seaward from the structure toe, as this distance seemed to be the optimum location to
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determine wave characteristics so as to estimate armor damage to rock armors in the

breaking zone with a bottom slope m=1/50.

6. Conclusions

Although rubble mound breakwaters are generally constructed in breaking wave
conditions, most hydraulic stability formulas are based on laboratory tests in non-
breaking wave conditions. Only Egs. (3) to (5) were based on specific tests carried out in
breaking wave conditions. However, they were validated with tests with armor slopes

cota>2.0 and bottom slopes m=1/20 (Eq. 3) and m=1/30 and 1/100 (Egs. 4a, 4b and 5).

This study analyzes the hydraulic stability of rock armors with low or zero overtopping,
slope cota=1.5, packing density ¢=1.26, and a bottom slope m=1/50, based on physical
tests conducted at the LPC-UPV wave flume. Within the ranges 0.018<s0,<0.049,
1.0€Hmo/ADns0<2.5 and 3.75<hs/ADns50<7.50, Egs. (11) and (14) are used to estimate
equivalent dimensionless armor damage, S., considering the observed 6-power
relationship between S. and the stability number, Ns=H/(ADnso). The local wave
steepness at the model zone, sm =Hmo/Lm, and the water depth at the toe of the
structure, hs, were discarded as significant explicative variables of S, with a level of
significance of 5%. Eq. (11) proposed in this study implicitly considers the cumulative
armor damage of minor storms attacking the breakwater in breaking wave conditions

for a given wave steepness and water depth.

Egs. (11) and (14) were calibrated for H=Hme and H=H,% obtained from laboratory
measurements and numerical simulations given by the wave transformation model

SwanOne; Hmo was a better wave descriptor for armor damage than H,%. In order to
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know the optimum location to characterize the design spectral wave height attacking
the structure, Hmo was estimated using SwanOne at different seaward distances from
the structure toe. The estimations of Hmogiven by SwanOne at a distance of 3hs seaward
from the structure toe were found to be the most adequate to characterize waves in the

depth-induced breaking zone when m=1/50.

The comparison between the armor damage measured in this study and the estimations
given by existing armor stability formulas revealed a high dispersion of results.
Compared to armor damage estimations given by Eq. (11), USACE [4] slightly
underestimated high levels of armor damage while USACE [5] clearly overestimated
armor damage. Eqgs. (2a), (2b), (3), (4a) and (4b) estimated higher armor damage for
£,=5.0 compared to £,=3.0. Egs. (2a) and (2b) overestimated armor damage with &,=5.0
and slightly underestimated armor damage with £,=3.0. Eq. (3) underestimated armor
damage while Egs. (4a) and (4b) overestimated armor damage. Egs. (2a), (2b), (4a), (4b)
and (5), originally developed for a single design storm, were applied using the method
proposed by Van der Meer [43] to estimate the cumulative armor damage in this study,
and Eqg. (3) was used considering the cumulative damage method developed by Melby
[22]. These equations require knowing the design wave height at the toe of the
structure, although waves were measured with gauges located at a certain distance
seaward from the toe. In this study, the distance of 3hs seaward from the structure toe
was found to be the most adequate location to determine the characteristic wave
height, Hmo, to estimate armor damage in Eq. (11). When dealing with breaking waves,
it is necessary to clearly specify the exact location to estimate design wave parameters,
especially for steep sea bottoms.
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Few hydraulic stability tests described in the literature have been carried out in breaking
wave conditions. Given the large number of relevant variables and parameters to be
taken into consideration, further research is required to fully characterize the hydraulic
stability of rock armors in breaking wave conditions. Different armors and bottom
slopes for a wider range of applicability should be tested. Wave gauges should be placed

at distances from the structure toe proportional to water depth (2 hs, 3 hs, 4 hs, etc.).

Acknowledgments

The authors acknowledge the financial support from the Spanish Ministry of Economy
and Competitiveness (grants BIA2012-33967 and BIA2015-70436-R). The first author
was financially supported through the FPU program (Formacion del Profesorado
Universitario) funded by the Spanish Ministry of Education (Ministerio de Educacion,
Cultura y Deporte) FPU13/01872. The authors thank Debra Westall for revising the

manuscript.

Appendix A. Rock armor damage function based on data from USACE [4,

5]

The methodology described in Medina et al. [19] has been followed in this study to
relate Eqg. (1) to different levels of dimensionless armor damage, S. To this end, the
armor damage in percentage, D, provided by USACE [4, 5] for rough quarrystones as a
function of H/Hp-p was used, where H is the wave height corresponding to damage D,
and Hp-o is the design wave height corresponding to D=0-5%. USACE [4] recommended

H=Hs and USACE [5] recommended H=H1/1o (different implicit safety factors).
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The armor damage, D, was defined as the percentage of the volume of rocks displaced
from the active zone of the armor. USACE [5: 7-211] defined the active zone as “the area
which extends from the middle of the breakwater crest down the seaward face to a
depth equivalent to Hp-p below the still water level”. Considering this definition, the
corresponding active zone for the tests conducted in this study was approximately
28Dnso®> when H=Hsand Kp=3.5 (USACE [4]). The armor damage, D, provided by USACE
[4] was related to the dimensionless armor damage, S, as noted in Table A.1. The active
zone was slightly smaller when H=Hi/0 and Kp=2.0 (USACE [5]). The damage data
presented in the USACE [4] was fitted by the empirical Eg. (A.1). Fig. A.1 shows a good

agreement between Eq. (A.1) and damage data provided by Table A.1.

H z(sjo‘z (A1)
Hpo \1.4

Table A.1. Dimensionless armor damage, S, for H=H; as a function of H/Hp-p and the

percent of damage, D.

Relative wave height, H/Hp-o
1.00 1.08 1.19 1.27 1.37 1.47 1.56
Percent Damage (D)
0-5 5-10 10-15 15-20 20-30 30-40 40-50

Dimensionless Damage 07 21 35 49 70 98 126
(5=0.28D)

H=Hs (USACE [4])
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Fig. A.1. Linearized damage function fitted to data provided by USACE [4].

Eg. (A.2) combines Egs. (1) and (A.1) to estimate the stability number as a function of

the dimensionless armor damage parameter, S.

0.2
H S
:(j (K, cota )3 (A.2)
AD., \14
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