CHAPTER 116

EFFECTS OF WAVE GROUPS ON THE STABILITY OF
RUBBLE MOUND BREAKWATERS
by
Josep R. Medina1, Claudio Fassardi2,
and Robert T. Hudspeth3
ABSTRACT
The stability of the armor layer of rubble mound breakwaters has been
shown to be highly influenced by some wave grouping characteristics. The
measured damage functions are dependent on the Envelope Exceedance Coefficient,
a, and also on the Groupiness Factor defined as: GF = ff[H2(t)]/8mo.
INTRODUCTION
Wave groups have been identified as playing an important role in a variety
of coastal problems. Medina and Hudspeth (1990) reviewed most of the
parameters and methodologies commonly used, as well as the engineering problems
associated with wave groupiness. Although the effects of wave groups on the
stability of the armor layer of mound breakwaters have been considered by many,
a rational method for incorporating wave groups into the design of mound
breakwaters has yet to be developed.
Current design methods for armor layers follow the design methodology
proposed by the Shore Protection Manual (SPM, 1984) which relates the design of
the armor layer to a single representative wave height, H10, which corresponds to
a design sea state. The SPM methodology does not incorporate the effects of
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storm duration, wave period or wave groupiness from the design sea state.
Bruun (1985) reviewed the design of mound breakwaters and emphasized that the
stability of these structures is sensitive to wave groups; and, therefore, wave
grouping characteristics should be incorporated into their design. On the contrary,
Van der Meer (1988) proposed new formulae which considered the influence of
duration and wave periods; however, he concluded that wave grouping
characteristics and spectral shape have only a minor influence on the stability.
Recently, Medina and McDougal (1990) reanalyzed the experimental data from
Van der Meer and Pilarczyk (1988); and found that rubble mound breakwaters
were more stable against sea states with long wave groups, which appears to be
contrary to intuition.
As noted above, there is an apparent contradiction regarding the effects of
wave grouping on the stability of rubble mound breakwaters. In order to evaluate
the influence of wave grouping on the stability of rubble mound breakwaters and
revetments, a series of large scale experiments were conducted at the O.H.
Hindsdale Wave Research Facility (OHH-WRF) at Oregon State University. The
main goal of these experiments was to resolve the controversy regarding the
dependence of damage on the spectral shape and/or the characteristics of wave
groups.
ENVELOPE AND WAVE HEIGHT FUNCTIONS
Rye (1982) reviewed the methods for analyzing wave groups and concluded
that wave groups measured from field data compared quite well with those obtained
from numerical simulations using linear algorithms. The validity of the linear
hypothesis was also obtained by Goda (1983) and by Battjes and Vledder (1984)
for wave groups in non-shallow waters.
In his classic treatise on random noise, Rice (1954) developed an extensive
theory that may also be applied to linear surface gravity waves where the envelope
theory appears to be appropriate for analyzing wave groups. Medina and Hudspeth
(1987) and Hudspeth and Medina (1988) used the envelope theory of Rice and
focused their attention on only some of the more important aspects for analyzing
wave groups. The envelope theory, originally applied to 1-D wave analyses, may
also be extended rather easily to 2-D and 3-D waves and to wave groups.
Assuming that the sea surface elevation at a point is an ergodic Gaussian
stochastic process having a variance spectrum S,(f), a realization may be
approximated by
M

n(t) = £ R^ose^t+ej

(i)

m=l

where M = the total number of wave components in the realization; R„„ fm, and
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6m = the amplitude, the frequency, and a random phase angle, respectively, of the
m* wave component. The random phase angle is uniformly distributed in the
interval U[0,27r]. The Hilbert transform, j)(t), of 77(f) is given by
M

m = £ Rmsin(2*fmt+em)

(2)

m=l

and the analytical function, AF(t), by
AF(t)= T,(t)+jrj(t)= A(f)exp(j[9(t)+<|>])

(3)

where j = V- 1; A(t) = the envelope function; and [0(f) + <|> ] = the instantaneous phase angle defined by
A(t) = vV(t)+ri2(f)
0(t) + * = ARCTAN

n (0

(4)

(5)

.•n(t).
In the complex plane, Hudspeth and Medina (1988) identified AF(t) as an
orbital movement consisting of a vertical displacement of a point floating in the sea
surface ri(f) and a horizontal displacement r)(t). An instantaneous wave height, H(t)
= 2A(t), and a local radian frequency, 0(t) = d0(f)/dt, were defined. The statistical properties of these two functions were evaluated and related to the
characteristics of wave groups.
The envelope theory may be extended to 2-D experiments in wave flumes
using space (x) and time (t) as the independent variables. The water surface
elevation in a wave flume may be expressed as

n(x,t)= £ Rmcos[27t(Xmx-fmt)+(t)ffi]

(6)

where <f>m is a random phase uniformly distributed in the interval U[0, 2x]; and X,,,
is the inverse of the m"1 wave length computed from by
f

m = (^nmtanh(27amh)

(7)

where h is the water depth, and g is the acceleration due to gravity. The Hilbert
transform of »)(x,t) in the space and time domains may be defined as
n(x,t) = £ R^siiipntt^-^O+dg

(8)

where x and t are considered to be space and time parameters for time and space
domain calculations, respectively. The envelope and wave height functions in the
wave flume are given by
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(9)
H(x,t) = 2 A(x,t) = 2 vV(x,t)+n2(x,t)
The variance spectrum in the space domain, S,(X), may be related to the
variance spectrum in the time domain, S„(f), according to the linear dispersion
relationship and
S^(f)df = Sri(X)dX

(10)

The properties of waves and envelopes in the time domain may be projected
to the space domain to obtain
4 SA(X) = SH(X) - (S^TOm^a)

(Ha)

,
Srfft) - 64m£rn(X)

(lib)

n > = 4/o"Sn(x+X)Sn(x)dx

(12)

r (X

where SH2(X) and SH(X) are the variance spectra of H^x,!) and H(x,t) in the space
domain (t fixed); and I\(X) is the corresponding spectral density function (unit
variance). The envelope spectral density functions in space and time are not related
by the linear dispersion relationship.
The spectral density functions for waves and envelopes in space and time
may be used to estimate the mean wave velocity and mean group celerity for
irregular waves. The flux of energy in a wave flume is approximately proportional
to CgH2(x,t), where Cg is the mean group celerity. Therefore, it is reasonable to
test if H2(t) at the toe of a rubble mound breakwater affects stability.
Realizations of different discrete waves with the same flux of energy and
local wave height and period characteristics may be expressed by
M

nv(x,t) = £ Rmcos[2Tc(Xmx-fmt)+(c|>m-i|r)];0^2n

d3)

m=l

where \[/ is a constant phase shift given to each component. Digital-to-analog
simulations make it possible to simulate a desired wave train at the toe of the
structure.
DESCRIPTION OF EXPERIMENTS
The effects of wave groupiness on the stability of the armor layer of rubble
mound breakwaters do not appear to have been treated in a consistent maner in
previous studies. The published results of these experiments do not always give a
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precise indication of the wave grouping characteristic that significantly affected the
stability. Johnson et al.(1978) indicated that wave trains with long wave runs and
high GF are more damaging. However, Burchart (1979) suggested that sea states
with short wave runs are the most damaging. Finally, Van der Meer(1988) could
not identify any significant differences between wave trains with high GF, long
wave runs and narrow spectra and wave trains with low GF, short wave runs and
broad spectra.
The apparent contradiction from these published experimental results may
possibly be resolved by the wave grouping characterization model proposed by
Mase and IwagaM (1986). They considered two independent characteristics: a) a
wave groupiness factor and b) a run length. Our experiments exploit the model of
Mase and Iwagaki (1986) using linear wave theory. Our final results will
demonstrate those wave grouping characteristics that significantly influence the
stability of the armor layer of rubble mound breakwaters.
In order to analyze the influence of wave groups on the stability of the
armor layer, two different design methodologies were considered as being
representative of the state-of-the-art methods for design: 1) the S.P.M. method
(1984); and 2) the highly elaborated Van der Meer method (1988). In both of these
two methods, the stability of the armor layer is controlled mainly by
I

TT3

PrH*

W

-

w
,Pw

fl

(14)

where Ns is a stability number; Hs is the significant wave height; W is the median
value of the mass distribution of rocks in the armor; and pr and pw are the mass
densities of the rocks and water, respectively.
The following secondary factors also affect the stability (or damage
function): slope, thickness of armor layer, permeability of the structure, number
of waves in a run, surf similarity parameter or mean period, roughness and
placement of the armor rocks, and wave groupiness. In our experiments, most of
these secondary factors were held constant in order to compare the stability number
and the wave grouping characteristics of wave runs with damage (or erosion of the
armor layer). The 3.7 m. wide wave channel was divided into two equal halves in
order to test simultaneously the same rubble mound breakwater profile but with
two different armor layer rock sizes (viz., WL=13 kg. and Ws = 10 kg.).
Consequently, each run provided two different surf similarity parameters in order
to evaluate the influence of wave period on stability.
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Fig. 1. Schematic of Wave Channel Used for Experiments.
Profiles of the armor layer were recorded after each run in order to
measure damage (erosion). A surveying rod with an articulated foot (1 ft.
diameter) was used to measure the armor layer profile at every foot. Two
hydrophones and nine pressure transducers were placed inside the structure in
order to detect rock movement and to measure pressures in the secondary layer.
Two fundamental wave grouping characteristics were considered: 1) the
spectral shape related to the mean run length and 2) the energy flux exceedance
pattern related to the groupiness factor. The spectral shape and mean run lengths
were evaluated using random waves simulated from a Goda-JONSWAP spectra
having the same Hs and T01 parameters but different peak enhancement factors;
viz., 7 = 1 and 7 = 10. Because breakwaters are subject to damage only from wave
heights above a certain threshold level, our experiments were designed to attack
the breakwater structure with energy levels above a specified threshold level.
Irregular wave trains with envelopes having different energy flux exceedance
parameters (related to the groupiness factor) were selected from Monte Carlo
realizations of random waves.
Two different realizations of H2(x,f) were selected for each spectral shape
(viz., 7=1 & =10). These two realizations had relatively high and low envelope
exceedance coefficients, a, computed from
1

a=
E[a']

N

-E

H(nAt)-H1(
H 10

8(n)

(15)

where S(n) = l, if H(nAt)>H10 and 5(n)=0, if H(nAt)<H10; N is the number of
data points in the time series; At is the discretization time interval; H(t) is the wave
height function measured at the toe of the structure; and H10=1.27 Hm0. The low
and high values for a were selected from one-hundred DSA random wave
realizations simulated from two Goda-JONSWAP spectra (7=1 & =10), with
T01=3.0 sec., ^=0.7 fp, and fmax=2.5 fp. Four simulations with the maximum
and minimum values of a for each spectral shape were selected for the experiment.
Initially, a threshold level of Hi0 was used in Eq. 15; however, changing H10 to Hs
did not change the statistics of a significantly.
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For each of the four envelopes, the constant phase shift used in Eq. 13 was
^=0, 2x/3, 4-71-/3, and 2ir. Because wave trains having \j/=Q & =2x are identical,
the differences in the measured damage for ^=2TT/3 & for ^=4x/3 means that
only the wave height and wave period functions are controlling the stability.
Therefore, sixteen wave trains (unit variance) of 650 waves were simulated
corresponding to: 1) two spectral shapes (7=1 & =10); 2) two envelope
exceedance coefficients (high and low a); and 3) four phase shifts (viz., ^=0,
2x/3, 4x/3, and 2x). The levels of energy in the physical simulations were
increased in discrete increments in order to make the stability numbers for the
small and large rocks equal in consecutive runs. Seven runs of sixteen wave trains
were simulated with significant wave heights determined from
H (k) = 0.43

W,\ k-1

ws

;k=l,2,...,7

(16)

where Hs(k) is the significant wave height in meters corresponding to the k* run.
Three ultrasonic wave gauges were placed 10 m. from the toe of the
structure in order to obtain two records of the incident and reflected wave trains
(vide Fig. 1). The wave board did not have direct-digital-control in order to cancel
the waves reflected from the structure. Consequently, the measured incident wave
trains contained some multi-reflected waves. The method used to separate the
incident and reflected wave trains is a modification of the method proposed by
Goda and Suzuki (1976).
EXPERIMENTAL OBSERVATIONS
Rock profiles, wave records, video records of run-up, and visual
observations of rock movements were recorded during the experiments. The rock
profiles were used to calculate the damage defined as the normalized erosion of the
armor. The wave records obtained from the three ultrasonic wave gauges located
10 m. in front of the structure were used to measure the waves incident on the
structure.
The armor damage was calculated from the eroded area of the mean
measured profiles corrected for small errors in measurements and for settlement.
Distances along the profiles were normalized by the equivalent cube size (Iribarren)
or nominal diameter (Van der Meer), Dn=(W/pr)"3. The Eroded Volume Function
(EVF) is defined as the corrected cumulative sum of the differences between the
eroded profiles and the original profile. The damage is defined as the maximum
value of the EVF.
Two spectral shapes (7 = 1 & =10); two envelope exceedance coefficients
(high & low a); four phase shifts (i/'=0, 2TT/3, 4x/3, & 2T); two rock sizes
(WL=13 kg. and Ws=10 kg.); and seven wave runs of increasing energy (Eq. 16)
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gave a total number of 512 rock profiles and 224 values of damage. Damage
observations from runs \p~0 & =2ir were used as replicates in order to estimate
the statistical variability of the experiments. A comparison between the results
obtained from \p=2ir/3 & =4?r/3 demonstrated that no significant difference was
observed by changing the phase shift, \p. Therefore, the experiments contain four
replicates for each of the seven runs with the values of the parameters y, a, & W
held constant.
Measurements of damage at different levels of wave energy were recorded.
In order to compare with the definition of damage in the S.P.M. (1984), the
breakwater crest elevation was assumed to be equal to the design wave height. The
active zone of damage for the experiment (KD=4, cotan 0=2, and p/pw=2.74)
was about 31Dn2. The data for damage given in the S.P.M. (1984) may then be
reasonably approximated by
H„

Ns=1.15[cotp]3V5

(1?)

D.
Pw

where D is the damage or normalized eroded armor; j8 is the slope; Ns is the
stability number; and Dn=(W/pr)"3 is the nominal diameter. We note that Van der
Meer and Pilarczyk (1987) have proposed a different equation.
It would be possible to compare the damage function proposed by Van der
Meer (1988) using values for P=0.2 (low permeability), £z=2.2, and M=1100
waves with the damage function estimated from Eq. 17. However, the Van der
Meer formulae (1988) were not used for comparisons because they depend
critically on the value of the permeability parameter which is too difficult to
estimate for design. Van der Meer and Pilarczyk (1987) suggest typical values for
P for typical cross sections. However, the two cross sections used in our
experiments have values for 0.1 < P < 0.4. Consequently, estimates of damage
may vary by as much as 50% about the average value of P=0.2. Because the
selection of the parameter P is too subjective to use for design, we have not
included the Van der Meer formulae in our comparisons.
Both Eq. 17 and the Van der Meer formulae (1988) suggest a fifth power
relationship between damage and the significant wave height. Figure 2 compares
the following experimental data for the small size rock: a) envelopes El (7 = 10,
ot = 1.8) and E3 (7=10, a=0.5); b) envelopes E2 (7=1, a = 1.6) and E4 (7 = 1,
a=0.5); c) envelopes El and E2; and d) envelopes E3 and E4. The damage
function estimated by Eq. 17 and 95% confidence intervals for the experimental
data are also included in Fig. 2. Comparisons for the large size rock were similar.
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Figure 2 demonstrates that damage produced by envelopes El and E2 were
similar and clearly higher than damages produced by envelopes E3 and E4. This
implies that the mean run length and spectral shape are not relevant for estimating
armor stability. On the contrary, the envelope exceedance pattern significantly
affects the stability. In addition, the surf similarity parameter significantly affected
the stability because all of the damage functions for small size rocks gave
systematically higher values than those for large size rocks (with a £z 4.5% lower).
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Fig. 2. Comparison of Damage to Small Rocks: a) Narrow & b) Broad Spectra;
c) High & d) Low a.
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In the past, characteristics of wave groups have only been correlated with
spectral peakedness, with mean run lengths, or with other related groupiness
parameters. These groupiness parameters have not proven to be completely
satisfactory for determining the stability of the armor layers. However, our
experimental data demonstrate that wave envelopes may be correlated with
stability. Two wave trains incident at the toe of a structure, having exactly the
same spectral shape and Rice groupiness parameter, may have significantly
different wave envelope functions. By analyzing the wave envelope function as a
measure of wave groupiness, it is possible to determine the one that will cause the
more damage.
The envelope exceedance coefficient, a, may be related to a groupiness
factor, not as defined by Rice, but by GF = <r[H2(t)]/8m0. This definition may not
be calculated by the SIWEH as proposed by Funke and Mansard (1979). If the GF
were calculated by the SIWEH, it would be biased and would depend on the
spectral shape in a way similar to the Rice definition. Our definition for a GF was
found to be highly correlated with the envelope exceedance coefficient a computed
from analyses of 1000 DSA random simulations for the two spectral shapes used
in the experiments (viz., 7=1 & =10). For both of these values of 7, a linear
relationship given by GF=(9+a)/10 was found to correlate with the simulated data
at the 90% confidence level. The mean value of a is E[a] = 1 by definition and the
standard deviation depends on the spectral shape; e.g., a[a]=0.45 if 7=10 &
ff[a]*0.30if 7 = 1.
CONCLUSIONS
The envelope exceedance coefficient, a, defined by Eq. 15 and correlated
with the groupiness factor, GF=a[H2(t)], is a groupiness parameter which controls
the stability. Random wave trains in wave flumes may have exactly the same
spectral shape, but cause different levels of damage to the armor. The groupiness
parameters a or GF may be able to resolve as much as 50% of the variability of
the mean damage for a given design sea state and storm duration.
The spectral shape and the number of waves alone are not sufficient to
describe the characteristics of wave groups and amount of armor erosion. Wave
groups are more appropriately described by the parameters given for the envelope
exceedance coefficient, a, or for the groupiness factor defined by
GF = cr[H2(t)]/8m0. The spectral peakedness parameter and the mean run lengths are
incomplete parameters for analyzing armor stability.
The influence of wave groupiness on armor stability may be of the same
order of magnitude as the storm duration. The statistical variability of the
observations, and the limited number of cases analyzed in these experiments do not
permit a more precise description of the effects of wave groups on the stability of
rubble mound breakwaters. However, for a preliminary design, it appears to be
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reasonable to modify existing formulae for damage functions by a factor of (a)"2.
The envelope exceedance coefficient, a, in random seas demonstrated a log-normal
distribution having E[a] = l and a[a] ranging from [0.30<a<0.45] depending on
the spectral shape.
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