CHAPTER 49

DESTRUCTION CRITERIA FOR RUBBLE-MOUND BREAKWATERS

By Adelkis J. Rogan, Docteur Ingénieur
Laboratoire National d'Hydraulinue, Chatou, FRANCE.

ABSTRACT

The general purpose of the author's research undertaken in the
"Laboratoire National d'Hydraulique" was to study wave action on
rubble-mound breakwaters with regular (periodic) waves on the one
hand and irregular (random) wind generated waves on the other, and
to compare the effects of these two types of waves by use of the
storm duration t. With a first series of periodic waves experiments
we have obtained the destruction of the breakwater's cover-layer for
different storm durations t, by varying H and T. The mass of armor
units remained constant. The angle of the slope, according to the
seaward equilibrium profile could be considered as constant.

For the destruction cases we obtained a risk criterion:
. A.log(na + B
T -
yT

which provides the storm duration t, knowing H, T and v.

Then for a second series of random wind generated waves experi-
ments we eliminated t and found that the constant periodic wave height
(Hd t) is equal to the "significant wave height" (H}/ ) for the ran-
dofi®Raves. This is an experimental demonstration o éhe justifiable
use of H as '"'project wave height".

1/3

1.  INTRODUCTION
1.1. Analysis of Classical stability formulas.

First of all an analysis of classical empirical and semi-empirical
stability formulas was necessary to show the importance of some variables
and the absence of others. Thus formulas of CASTRO, IRIBARREN, MATHEWS,
EPSTEIN and TYRELL, IRIBARREN and NOGALES, RODOLF, LARRAS, IRIBARREN
(modified by HUDSON), HEDAR, HENNES and LEONOFF, BEAUDEVIN, HUDSON (or
W.E.S. formula) have been analysed and were adapted to "L.N.H." commonly
used notation. Afterwards, they were transformed to show common para-
meters and to verify their dimensional homogeneity (1). Only two of
them are homogeneous: IRIBARREN's (modified by HUDSON) and HUDSOl's
formulas. Stability formulas have the following general aspect:

761



762 COASTAL ENGINEERING

M= HB.F

where F=k.f) (8). £, (%) ....

Two gf ther (the formulas cf MATHIWS and RODOLF) heve the aspect
M= .T.F, but they are not uced in practice.

The stochastic character of waves and the time of action, or
otherwise storm duration, do not aprrear in the vrevious formulas.
On the other hand, enjineers use more and more the "significant wave
heicht" Fl/} ag "project wave heisht" for maritire structures.

1.2. M2in surnose.

The main purpose was to introduce the "tire of action' t (or
storm duration) into the c-nciderstion of rubble-mound breakwater's
stebility and to verify experimertally the empirical and theoretical (2,3)
assumption that H1 is really the regresentative and afterwards destruct-
ive mear wave helgﬁ? value of a random sea.

The reasoning below was followed prior to laboratory exverimentation
on multi-layered breakwaters:

(a) Cover-layer’s profile can be modified till stabilization. When
second layer isc rezched then destruction is imminent. Smaller armor
units of the secon” cover-layer can no longer resist wave attack.

(b) It is easier to observe the comnlete destruction of the cover=
layer than to measure the number of displaced armor umits.

(c) Wave height or period of random waves are not known a vriori.
Duration of wave action on the breakwater is the only parameter for com-
parison between periodic and randor waves.

Therefore we have chosen as a2 criterion of comparison the complete
destruction of the cover-layer in the same time, obtained one time from
periodic waves (H and T constant) and another time from random waves (H,
and T, random values). Thus, eliminating the parameter t, H and H, caft
be cofnared as well as T and Ti' 1

Fagure 1 shows the general configuation of "L.N.H." research facili-
ties as well as pertinent dimensions in meters.

l1.3%. Similitude.

The ascsumption was made that the inertia forces are very much larger
then viscous forces. In general, sirmilitude of the two flows with free
surface reguires two ccn-“itions:

Fl=F

R, = R, (or in default of: Ry > R and R, 3 Rc)'
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For our investization we nse? the FROUDE-REICH crndition, whaich is
essential for model studies in open chammels with strongly turbulent
flous. Nevertheless, we d1d not throv aside the acsumntion of the
imnortance of the condation of RAYNCLDS. Tha divensions of the
model were sufficiently snall th + ainfiltration o= percolztion

flovs accompany the vave attack on armor unitr.

The scale 1:40, has been chosen acco~"n: tc the damensions
of YL.' JE." research frcilaties. 3iecific gravity of warer uced
during exporimentation 'ms assumed to he equal to 1.00. Difference
of specific gravity between model water (1.00) and sea water
(1.026 - 1,029, according to salinity) is biz enough to be irportant
if model 1nvestigotion 1s relsted to Field constrnction (&),  Our
study was theoretical; therefore we did rot take the difference inte
account. Tre mass ver unit-voluie of arwor units wae

R~ 2.6 t/m3

2 PIRIODIC WAVES
2.1. Introduction.

The variahles H and T were c-nstant during each exceriment and
the following valucs were chosen for these variables:

H = 0.05, 0.075, 0.10, 0.125 m. (1.e. 2, 3, 4, 5 m. in nature) approxi-
mately.

T = 0.948, 1.265, 1.581, 1.897 sec. (1.e. 6, 8, 10, 12 sec. in nature).

It was ecsy to set the weve generatm -t tl: deried desired with
the channel enmpty. Afterwards, the wodel was constructed, the channel
filled with water to the luvel C.35 w. (correspondinz to 1l 1. in nature),
the resictance type wave pgauges colibr-te? end, then the generator started.
The wave hex it was 1ncre-sed frow zerc to the desired wvalus or? then re-
nmain~d con-tent duran:, thc vhole ermerinent,

2.2. Model.

Figure 2 shows one of the breskwater ~rofiles ctudicd. It is a tyne
cormonly ennloyed with three cover-layers. The same armor units of spec-
ific gravity 2.6, weished one by one ani arranged aluays in the some wav,
have been usge” *rrcuzhout all experiments.

Particle size distributionz used for each lnyer vere:
4 =50 -8 ;5. (i.e. 3 - 5t 1n nature) vith 4 = 63 5. (1.e. 4t).
20 - 50 ~, (i.r. 1.5 = 3 t 1n noture) with B ~ 37 g (1.e. 2.3 t).

5 -25 5. (1.6. 032 = 1.6 t in nature) with Cr ~ 11 g. (1.e. 0.7 t).
4

o
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‘Where Am is the median of A, Bm of B and Cm of C,

The middle-layer armor units were coloured blue. The colouring made
it essier to know the moment at vhich the middle-layer was resched in
the process of destruction.

Water depth on the sea side was alvays constant and equal to
0.35 m. (i.e. 14 m. in nature). The angle of breakwater slone varied
from 30 to 36 degrees in stevs of 2 degrees.

2.%. Experiments with periodic waves,

Every experiment lastcd, as a rule, 2 hours 45 minutes (1.e. 24
hrs. in nature) if the cover-layer was stabilised. Tf the destruction
of the cover-layer was achieved before 3 hrs. 45 min., we stovped the
experiment. If the destruction was imminent around 3 hrs. 45 min.,
we prolonged the experiment until zomplete destruction was obtained.
Sixteen experiments were made for every anpgle of breakwater slope:

4 for every wave period (0.948, 1.265, 1.581, 1.897 sec.) for each
wave height,(0.05, 0,075, 0.10, 0.125 m. anvroximately).

Some experiments were omitted when no influence of the breakwater
slope was obtained (for insteance for H = 0,05 m. and T = 0.948 sec.).
At the end of the experiment we drew the ncw profile on the glass-wall
and we photogravhed it. The destru~tion of the cover-layver was
obtained in 13 cases.

Ten minutes after the waves were fully developed, a record of the
clapotis between the model and the wave generator was made. From thiz
record we obtained the value of H, which we will later compnare with
the destructive mean value of the irregular wave height.

2.4, Seaward equilibrium profile.

During the first minutes of every experiment we observed the ten-
dency of attacking waves to move armor units from the upper portion of
the slope to the lower portion. After some minutes a new profile was
"carried" on the seaward face of the breakwater (Figure 3, profile DA BC).
The new discontinuous slope was composed of three different sloves, one
of which (the slope AB) was flatter than the initial one.

From this moment onwards, the destruction of cover-layer progressed,
with a good approximation, parallel to the new slopes. Comparison be-
tween corresponding slopes for various tests (1, section 4.33) shows no
big differences between them. Their mean vslues were:

tano, = 1/1.059, tano, = 1/2.627, tanor) = 1/1.278

oy > 43 o, 21 o, 38

Therefore profiles with different sloves of 30, 32, 34, and 36
degrees were transformed, after a few minutes, to an iden*.cal dis~
continuous seaward vrofile; i.e. to an 1dentical reflection slope for
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incident woves. Thuc, vzlues measured durang all these experiments
heve heen uced tocether for colculations.

?.5. Characterization of the risk of cover-loycr destructaon.

a) Study of parareters: Y = log (g;) and X = %.10' 3

e first specafy r as the sawple coefficient of correlation and
as the value for the true bivariale distribution of Y and X.

Ve obtzined dactruction of the cover-lsyer in 13 cases (n = 13).
Trug we have studicd the coefficient r for the bivariate dastrabution
cf di-encionlesc functions Y znd X, of paraneters mecsured during the
above cxperiments (5). Pursuins the calcvlation of Table 1, we obtained:

B = 7.297 6x = 2.701
2
2 -
6&:% 6y = 0,063

«

=N 2XY - ZX-ZY =-23.008

C
and  r === 0.796 =-0.,7%
2.5
dJe will nou te-t its gignificance with the Z - Transformation of
YISPER:
4 l+r
i/ = “/2103 l1-r

which 1s distributed asprovim~tely accordins to a GAUSS law of expect-
ation:

£E-1 Slog (1_{%)

and stondard deviataon:

c -_1

Vn-3
For r = - 0.796 we obtained % = - 1,088 and for
n=13 : 1/ h-% = 0.316k

If no real cor elotion evists for the true bivariate distribution of
¥, X (x.e. P = 0), the vsriable u = 29/6’ is dastributed according
to a unit normal distribution, then u = - 3,44,

The probability of findin a value less than or equal to u = - 3.4k,
if P = 0, is equal to 0,0003, i.e. Pr (u £ - 3.44 p = 0) = 0.0003.
Thus the correlation observed in our sarvle corresponds to a strong one for
the true bivariate diatribution of Y and X.
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The line .r reres-i-m of ¥ on ¥ 1c8

X= b.Y+a
~
5 . C
with a~ vovim-tely b =5 = - 3
:)T
and a =% -b¥=218
7 3
¢ -
so thot (Fam. 4) ¢ Z = - 34,107 Tog (o) + 218.10° (1)
T
Byuation (1) allov~ the theowstizel rediction of a neon value of X
for a srv-a viluo of V., Rut thac volue Celesd: on the particular
cormls % el the 2ecpes 1on curve une £ tted. “he values of

the sample are s.hirct t~ raniow fluctuations, so th-t we must
estrote o vorionce of rraden flutuction resultane for X, in
order to wity vh,ly estivite 1tc confidence anterval (£):

2 1 (Y - 9% o2
oS [k e Syle:

vhere n is the nuiber of veriables of our savle 2nd

3, . -T‘ Z(x ) 1s the estamzte of

the condlvlona1 varionce.

But 17 e are willsr:r to concader X, not es a mean valve for Y,
but 25 a forecsst of the particnlar value wvhich X obtélns, we hove to
add the droper variance of X (concitioral veri-nce 3 ) to this
variznce of the linear regression curve:

2 -
50 - LX) [+ (ZY(YY 7 #1]
g2 -1 2 Y-
e o e R

The predicted value of X for a given Y is aprroxinately distributed
accordiny to a BAUSS law; 1ts stendwed deviation we hove given “hove.
The teblas of the CAYSS law gve the rrduced limits of ntervals, vhich
cover the true veolue mth a given nrobahilite, Iimite »7 2 confiderce
interval for a rrohahility ¥ = 0.95 are: - 1.96 Sv. Tt 1s easy to
plot the two curves of lamits: -

F(¥) = %106, 6)(\/(1-7‘2 [ iY -V +l]ﬁ

)
2
3.35\/ 1.077 + '('_60—59')"

b) Study of verameters: Y = log(g-é , X = %'10_ 3
8T

[
14
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Accordina to the same ar-unent we obtained:
r = 0.336

r is too small, therefore we carnot have any conclusion about the
real coefficient of correlestion of the true bivari. te daistribution

of ¥ and X.

¢) Conclusion 5
The equation: £ = - A.log iy + B permits us to determine the

time t needed for theé destruction”of the cover-layer, knowing H, T
and v. The parameter t/T can also be considered ns am index of
fatigue of the structure: period T 1s constant for periodiic waves,
therefore t/T represents the number of shocks rveceived by the
structgge t1ll a1ts destruction. We oscertained also thak the para-
meter H"/VT is stronsly correlated with t/T, whereas H/gT" is not.

Further analys.s of the strong coxrelatzon hetween HZ/VT and
t/T, recalling at the same time that i= an enerry f-ctor, we
¢onclude from thic ecuaton thet we can rel-te rve enersy to vave
verio”® and storm duration.

3. RANDOM WIND GENBRATID WAVES
3.1. Production of wind waves.

Random vaves were induced by an air Tlow over a fetch of 30 m - max-
imal length. Water depth was, as for the nerio“ic weves, 0.35 m. and
wind speeds up to 9.4 m/sec. were obtained. We observed duvrin; the
first tests, that a constant wind flow over the water surface renerated
quite periodic waves. After some investigations (1, section 5.3%1) we
connected to the blower's motor an elecctro-mechanicel system, which
produced different cycles of stert-off and stops. With this system
and the variation of wind velocity and fetch we obtained a sufficient
variety of wave heights and perio?s. Swrface elevationc vere mecasured,
with the hely of a sonar, every 0.1l sec. and punched on 3 »ayer tape.

A resistance type wave gauge placed at the same location gave an immed-
iate picture of the waves.

3.2. Bxperiments with wind generated waves.

The purpose of this seriss of experiments was to destroy the totol
thickness of the cover-layer alonsg the model in arproximately the same
time as in experiments with periodic waves. Several experirents, with
varistions of wind velocity, fetch and motor cycles, were nccescary to
obtain this.

Every experiment involved the followan ooerations:

(a) Construction of the model and the fillins of the channel with
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water to a depth of 0.35 m.
(b) Choice of a motor-cycle, a fetch and a wind velocity.
(c) Calibration of the resistance wave gauge.
(d) Repulating of wind deflector.
(e) Starting of blower.

(£) Ten minutes afterwards (time necessary to obtain fully de-
veloped waves) the first record with the sonar and at the same time
witlh the resistance wave gauge. Duration of records: U4 minutes.

(g) Continuous observation of the profile's transformation,
especially a proaching any time in which we obtained the destruction
with periodic waves. If the maxamal time of periodic waves destruc-
tion was exceeded we stcopped the experiment. If we observed that we
were near to a "same time destruction a second wave record was Ob-
tained.

(h) At the end of the experiment we drew the new profile on the
glass-wgll and photographed the profile.

3.3. Seaward equilibrium profile.

During the random waves experiment series we observed the same
evolution of the equilibrium profile as in the periodic waves experi-

769

ment secries. We generally distinguished 3 new slopes with mean values:

tan O ; = 1/0.96 , tan O , = 1/2.78 , tan X = 1/1.37

2

o o =
0(1 46 2ar.19 0(,+ 36

The comparison with the values obtained from the periodic waves
series shows no big difference between corresponding slopes.

4, . COMPUTER ANALYSIS OF THE RECORDS

Every tape record contained 2,400 values. It was converted in
an I.B.M. 47 machine to punched cards. The ""Service E.R.C.A." of
"Electricité de France" is equipped with a C.D.C., 6600 digital com-
puter. Another facility, the System D.D. 280 made graphical output
possible.

The process of surface elevation was assumed stationary and
ergodic, the frequency distribution similar to a GAUSSIAN process.

4,1, Autocorrelation function, Spectral density and relative
width E.

The purpose of this computer calculation was to investigate the
randomness of the wind waves produced in our channel. Our records
have been discreetized into observations Xi(t). We have obtained
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the autocorrarionce function from the following equetion (7):
N-,
W
V3 g T X(T)X(14)
an? than the autocorrelation function:
1 2
W?J‘IE,IX“)

Thus the first approximotion of the spectral density was:

P (J )=W () +2 ?flw(k).cos {%‘L)+w(200) os (Jle')

and finally after smoothing by HAMNMING:
SP(J )=0.23.IP (J Y+ 0.5 P (J + 1) +0.23 1P (J + 2).

An example of graphical presentation is given on Fagure 5. Values
of €& have varied from 0,70 to 0,97.

4,2. Joint distributions of ¥ and T (Fig. 6°.

With the help of zero up=-crossin_s of the sea level we have ob-
tained the wove heights and periods for every samole.  The principal
difficulty was the determination of the mean level.

The different cycles of stort-off and stepc of the blover provoked
seichent. As the vraves were random this vas not of importance from an
encrgy ~oint of view, but wss very irportant for the definition of wave
heights and periods; nevertheles: the rethod ntilized wss the zero-up-
crosuings one.  Thorefore we have elimincted the seiches with the help of
1 moving-mean over 75 points. H end T values have tesn classed 1n in-
creasin order, to evaluate the mean valucs H n/m’ n/ (where n = 1,2,3
and M = 1,2,.4...,10).

Recalling that H, __  hars becoen defined as the constant periodic

wave heivht for thc eXperiments durin; whick ve obtalned the Adestruction
of the cover-layer, we have calculste? the ratios:

Hdest./ Hl/3 and  H /3/1‘{

a) for H we have obtained values goine from 0.87 to 1.10, with

a mean o%ef 001/3(Ex.F1g;6)- Tric is an experimental demonstration of the
empirical and theoretical assuaption that H /3 is the representative vave
heizht and thus good to be used as progec% ave heicht.

b) for 3 / B we have obtained values going frem 1.33% to 1. L8, Through
the use o{ TONGUET-HIGSIV'S formula, we can obtaan the value of 1.598 for
the same varameter.
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Ocean obcervations (8) have given volues going from 1.37 to 1.85.

c) The comporison between constent periods of periotic waves ans random
periods of wind zencrated waoves did not give a s1ony"icont relotionshio
between them hecav:e of the different ranges; l.e. veriolic waves period
varied from 0.948 to 1.897 sec., but the random wind generasted wave
veried veried fro~ 0.7 to 1.5 sec. Neverthelecs 1n sore cases, where
constant and randon perio’is belorpe? to the neme renpe, we obtrined

T 30 though from a statictical point of vier 1t is irmozii®le
to oorrela%e an¢ T / Delinite resultc do not exist an this
domain, we wou 1 ugges% dorrelatane T with Hl/B'

4,3, Conclusion.

With & first ceries of reriodic waves experiments we have obtaine?
the destruction of the break'mter's cover-layer for cifferent storm

duration t, by verying H 2nd T. The mass of armor units renained
constant. The an,le of the slope, ncco-din; to the recvord equal-
ibriwt profile cculd be considered as conctont. For the destruction

cases we obtained a rigk criterion:

= - A.dog (;T) + B

Bt

which provides the storm duratior t, knowing H, T and v.

Then for a second series of random w'nd generate? weves experiments
we eliminated t and nsteined that the constant periodic wave height
(u est ) is equal to the significant wave height H of random waves.
ThiE®I& an experimental demonstration of the Juotll{ﬁbWe use of Hl/ as
"project wave height". 3

5.  SUGGESTIONS FOR FURTHER RESEARCH

The restricted research time as well as some groblems with labora-
tory facilities did not permit us to stuldy ever  agpect of the regular
an? wind generated action on rubble—mound breakvaters. The flow is
two-dimensional. Ouv investisz'i v b Mler otrictly Mnoled to tle
offects of these two types of wave action on the structure. It was
technically impossible to study the production of waves by the vind,
at the saue tinme.

There 1s certainly more to do, and we would suggest the following:

(a) The seaward face of rubble-mound dreakwaterc, os we have seen
in sections 2.4 and 3.3., is "carved" by wave attwch, durin: the lirst
minutes of the experiment. Therefore variations of the angle of slope
every two degrees do not influence the resulisi. Fagure 7 illustrates
this poant. The experimental de@frﬂC*ion border line is unearly hori-
zontal for varying from 30 to 36 (every 2 ). Trus, there are
two, more efficient, ways to experiment with breakwaters: either to
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retain a constant slope curin: all experaiments, or to vary the ansle every
5 or 6 degrecs.

(b) We have to choose random values for F and T during expcrirentso
't »emicdic waves, The statistical stu’y zould be then peneralised.

(c¢) It would be also desirable to measurc cxactly the stabilizataion
time for the cover-layer, when wave sttacl J1d not destroy it.

(d) A relationshin hetween H/E, ,, and other characteristice of the
power spectrum would permit a reduc%{ﬁn in the scatter of the results
concerning the comparison between periocdic and random waves.
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