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ABSTRACT 

In this paper experimental data are given to aid in 
the design of a rubble-mound breakwater The use of armor da- 
mage functions is supported rather than the use of the wave 
height for the no damage condition Damage curves defined ex- 
perimentally are proposed, for both rocks and tetrapods, for 
different wave storm durations and for different placing tech 
niques 

A determinant influence of storm duration is found 
for advanced damage of the armor layers 

The experiments with different placing techniques 
showed that stability coefficients based upon the no damage 
criteria, do not give a reliable picture of the ultimace 
strength of a rubble-mound breakwater 

INTRODUCTION 

The experiments on which this paper is based have 
been made in a series of research works Hernandez, Pastor 
and Suarez (1968), Loreto (I969), Ibarra and Blumentals (1969) 
Neri and Santeliz (1970) These researches were accomplished 
in the Hyaraulic Laboratory of the Central University of Vene_ 
zuela, in partial fullfillment of their Civil Engineer Degree, 
under the writer's direction 

A preliminary paper on the influence of wave storm 
duration was submitted by the writer to the Eleventh Conferen 
ce on Coastal Engineering (1968)  In that paper were given 
damage functions por different storm durations with the number 
of waves as the only parameter A strong dispersion of the 
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experimental data showed the importance of the ratio Hw / H1/3, 
Hi* being the wave height that caused one percent damage and HW3 
the so called significant wave height or mean of the larger one 
third In this paper new data on wave storm duration is submitted, 
in which this ratio is also taken as a parameter, thus obtaining 
a better fitting of the experimental points 

The Hudson's design wave height 

Since the no damage criteria for rubble-mound breakwater 
design were defined (Hudson, 1959), most research work on this sub 
ject has focused its attention on the initial damage However, it 
is generally accepted that rubble-mound breakwaters are expected 
to withstand the design storm with some damage, either reaching 
equilibrium or being repaired before next storm hits 

The deffinition of the design condition for che one 
percent damage has the advantage of being equivalent to the no 
damage situation and thus numerically well defined However, the 
stabilicy of the one percent of the armor rocks that are first 
displaced, depends largely on random placing and geometrical fac_ 
tors, rather than on the armor capacity as a whole to resist waves 
Rogan {1968) points out the fact, also observed by the writer, that 
the filter layers uncovering is simpler to observe and more signi- 
ficant than the number of displaced rocks, specially at the inci- 
pient stages of damage In this sense, also the late Iribarren ( 
1965) defined the design criteria based on the total failure of 
the breakwater Iribarren proposed his most recent formula consi 
dering that the failure of the armour depended largely on che sTope 
stability of about six rows of that could slide at the same time 
Nevertheless, although this type of failure is often present at the 
final stages of failure, it has been largely induced by the conti- 
nuous weakening of the armor in the maner considered by Hudson, it 
est rocks rolling or being lifted one by one 

The design using the damage functions 

The damage functions, rather than the no damage or total 
failure conditions alone, should be given to the design engineer, 
summarizing the afore discussion in the following reasons 

1 Economic considerations in one hand and safety factor 
in the other, usually lead to a design damage different 
from either the no damage or total failure conditions 

2 Neither the no damage or total failure conditions are 
solely determinant of the safety factor for a given 
design damage 



RUBBLE-MOUND BREAKWATER 1569 

Both Hudson and Iribarren, in the writings above mentioned, have 
presented experimental data in the form of damage functions in 
which the percentage of damage is related to parameters defined 
by themselves The writer (I968) has proposed to relate the per 
centage of damage A <$>  to the ratio H/HI$» H being the wave 
height that causes the A# damage, since technical literature 
is plenty of data for the H;ug selection. This representation also 
simplifies visual comparison of damage functions for different 
armor blocks and placing techniques 

The experimental data and curves given in this paper 
are believed to apply specially to the case of decayed swells, 
since the waves used in the laboratory are periodic waves of 
intermediate steepness To the writer knowledge, the first refe 
rence given to the frecuency spectrum shape influence apeared 
in a paper by Carstens et Al (1966) Io could be said that the 
shape of the frecuency spectrum is related to the tendency of 
higher waves to break in front of the breakwater, therefore it 
is suggested that in future experimentation, related with the 
non-uniform waves effect on breakwaters, the relation between 
the significant wave height and the breaker height for the mean 
wave period at the depth of the structure be considered as a 
significant parameter In the pre&ent experiments this relation 
was 

Hb being the breaker height corresponding to the wave period and 
water depth of the tests as computed after the experiments of 
Danel (1952) 

The influence of duration of locally wind generated 
waves was studied in the laboratory by Rogan (I968) The main 
conclusion of the latter is that the effect of a local wave 
storm is similar to that of periodic waves with height equal 
to the storm significant wave height 

INFLUENCE OP SWELL DURATION 

Pig 1 Shows the damage functions for rocks and 
tetrapods in which A %,   the percentage of displaced elements, 
has been related to H/fn$, H being the height of the wave that 
causes the damage and % the heinght of the wave for the 1$ 
damage, usually defined as the limit of the no damage condition 
The symbol n refers to the number of waves of the swell The 
simbol Hi/j refers to the significant wave height of swell 

Pig 2 Shows the total damage caused by swells of 
different durations with Hw / HT/J as parameter Hmdx reffers 
to the maximum vave height expected during the storm For storms 
with more than 3 000 waves the n = 00 curve could be used 



1570 COASTAL ENGINEERING 

- 

\ 
O 

,\    n 
• 

m - 

-< 
i- -o 

% 
- 

- 
s k > 

- 

- ^^ - 

CM 
O 

CO 
in co 
- O 
" n 
6 
o * 
o I 

X 

CO 

1^- 
00 

•o 
o a. 

o o o O O m <r K> CM 

< 

0 
0 
QL 
< 
X 
I- 
W 
I- 

Q 
Z 
< 

(0 

o 
o 
or 

<r 
0 
L. J 

|  J 
0 
h 
0 
z 
3 
L Ld 

0 
UJ   Z 
0 id 
<  D 

o Z 

u. 



RUBBLE-MOUND BREAKWATER 1571 

- > 
'V*o 

- 

- -^ 
x~ 
-II 

X~ 

5^" * i 
h - 

- "^ \ £ 1 
^ 

? 

- 

- 
S '< 

- 

- ^ 
^ 

^ 

is\ 
- 

- 
i 

j „"• 7^ 
- 

o   o    o       o 
m   *    w       OJ 

Ocncoi^- ID in   sr     ro        eg 

- 
^v* X 

to 

II 

s 

1 

_.,   | ..,. 

LLl 
CE 

~Z> 
_l 
< 
_l 

O 
-K 

ro 

X 
(£>  . 
00 

O 

V 

I 

2 
- 

ro 
. I 

J - 

ii 

> 
- 

- - 

- 
i 

- 

<M (0 
J 
J 
Id 

5* 
O 
OJ CD 

X II 
CD 

6 B 
Z 
0 

H •* 
h b O 

* X O 

XL 

0> 
Q 

< 
n 
D 
Q 

(VI 

o 
G> 
to 

CD 
in 

II 

h 
Z 
Ul 
C£ 
Ld 
U. 
U. 

0 

OJ 
1- 0 

CO 

UJ 
OJ 

OJ 
o 

CO 

0 
< 

< 
oo o 

o 
Q 

m 
CE 

J 

CD 
T 

II 

6 
H o 

< 

00 

0 
1- 

* E o 
X CO 

a 
O 
Q_ < (M 

OJ 1- 0 
Ul 

LL 

o   o 
in   * 

O 
OJ 

OO00N CD  in   *j- 



1572 COASTAL ENGINEERING 

Although a subject for future research, it is believed 
that design in shallow water, where the largest waves break far 
from the structure, could be carried using the curves in Pig 1 
with H being the maximum active wave height Galvln (1969) has 
made experiments that may help in the selection of the maximum 
active wave height 

INFLUENCE OF PLACING TECHNIQUES OP ARMOR ELEMENTS 

Pig 3 shows the damage functions for rocks and tetra 
pods using different placing techniques Dashed curves correspond 
to careless random placing Pull curves stand for careful placing, 
interlocking elements as much as possible 

As it is shown by the experimental results, placing ma- 
kes a big difference for the initial damage, but is less relevant 
for advanced damage, when the armor porosity and " dynamic" stabi_ 
lity are essential ~~ 

DAMAGE DISTRIBUTION ALONG BREAKWATER SLOPE 

Pig 4 Shows the average damage distribution curve of 
four sets of experiments, with the 1 1 5 slope for both rocks 
and tetrapods It is seen that while at the beginning the the da 
mage mostly occurs below the still surface level,_for larger waves 
the portion mmediately above that level is also strongly affected 
As a matter of fact it is in this region where uncovered filter 
first appears 

THE ARMOR DENSITY COEFFICIENT 

Usually the kind of armor block to be used in a breakwa 
ter ( rock, tetrapod, tribar, tetrahedron, dolos,^stabit, etc  ), 
as well as the constructive method ( dumping, placed by crane, pla 
ced with special techniques, etc ), are selected taking into account 
economic and functional considerations It is sometimes difficult, 
however, to make economic comparisons since authors do not give 
enough data, restricting it usually to the Hudsonjs Coefficien K^, 
which is only indicative of the block weight and not of the volume 
required to cover a given breakwater slope area 

In order to adopt a standard terminology and to simplify 
the economic design, the following coefficients and expresions are 
proposed 

If we call At the area of the breakwater slope tributary 
to one block, then 

At —  Area 
Number of blocks 

In order to give this area in a dimensionless manner, 
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it may be defined the " revetment unit " Ur such that 

u, =._*!_ 
v2/s ~ (w/y>rP 

Where V is the solid volume of one block, W its weight and 
JV its specific weight 

In the experiments reported in this paper, corres_ 
ponding to the carefull placing technique, the mean values 
for Ur were 

Tetrapods  1,00        Rocks 0 95 

Since the specific gravity of rocks is usually 2 7 
and that of concrete 2 2 , it may be defined a coefficient Kc 
such that 

At   Ks  c0+,jo<. 

Where   fy   is the water specific weight    In this 
manner the required weight  per unit  area would be inversely 
proportional to Ks    for a given breakwater slope and wave 
height 

If    Ks  is  related with Hudson's  formula 

w  = ir n3 

Then the following expressions result 

K   > HUr   _ K, QjW^H    UW 

Ks could be named  " Armor density coefficient " 

In Pig 5 the " armor density coefficient " has 
been plotted against the damage percentage A $  for both 
rocks and Tetrapods It is also shown a sample of economic 
comparison of both kinds of blocks for a 10$ damage design 
It is readily seen that a price per unit weight of tetrapods 
1 26 times the price per unit weight of rocks will make both 
blocks economically equivalent for that condition. 
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.= 126 
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Ks 

FIG  5    STABLE  DENSITY   COEFFICIENT 
(CAREFUL     PLACING) 

WAVE 
GENERATOR 
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EXPENDING 

MODEL BEACH 

31m 10m 

50m 

FIG    6   WAVE   CHANNEL AND   EXPERIMENTAL 
S ET-   U P 
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FIG. 7        WAVE    ACTION   ON   THE    MODEL    BREAKWATER 
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DESCRIPTION OP THE EXPERIMENTAL WORK 

The  tests 

For the limited duration storms the model breakwater 
was subjected to the attack of periodic waves of height and in 
number according with the known statistical distribution for 
actual swells (Putz, 195^) See in Pig 13 the wave height hib^ 
tograph actually used in the experiments In Pig 12 are shown 
records of a typical uniform wave train and a train of " three 
waves ", it est a train with three larger waves of mean height 
2 7 times the mean wave height, as specified in the 1000 waves 
histograph 

For the infinite duration swells, waves of a given 
height attacked the breakwater until equilibrium was reached 
Then the displaced blocks were counted and, without rebuilding 
the slope, the experiment followed increasing the wave height 
in steps of about one centimeter The test were conducted in 
bursts such that reflection from the breakwater would not inter 
fere with wave generation; furthermore, a slide gate, close to 
the model, was used to interrupt the " last wave " of the train 
that is up to 20$ larger than the preceedmg waves In terms of 
Hudson's formula, a 10$ difference in wave height means 33$ 
difference in the stability coefficient Kd 

The core of the breakwater was considered to be imper 
vious and, as such, a board with stripes was used Completely 
different results are expected if a core with significant poro- 
sity were used 

It was observed ( See Pig 7  ) that all waves that 
caused some damage broke on  the breakwater slope in the manner 
of a collapsing breaker as defined by Galvin (1969) 

The Experimental Set - up 

See fig 6 for a description of the experimental 
Set - up 

CONCLUSIONS 

1 For the initial movement of rocks and tetrapods 
it seems that the duration of the swell is not important The 
duration becomes relevant for advanced damage (See Figs N° 1 
and 2) 

2 Economic considerations in one hand and safety 
factor in the other, usually lead to a design damage different 
from either the no damage or total failure conditions Therefore 
the damage functions, rather than those criteria, should be given 
to the design engineer. 
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3 The experiments show that placing techniques of 
the armor blocks make a big difference for the initial damage, 
but are less relevant for advanced damage, when the armor poro 
sity and " dynamic" stability are essential ( See Fig 3. ) 

4 Uncovering of the filter layers in holes of diame 
ter equal to two pieces ocured for armor damage percentages 
between 10$ and 20$ Usually, in the next wave height step, total 
failure would follow for damage between 30$ and 40$ (See Pig 3) 

5 It was observed in the experiments that while at the 
beginning the damage mostly occurs below the still surface level, 
for larger waves the portion inmediately above that level is also 
strongly affected ( See Fig 4 ) 
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RECORD    OF    A    UNIFORM 

WAVE    TRAIN 

H = 6,2 cm 

RECORD    OF    A 

THREE   WAVES   TRAIN " 

Hmean   =  13,0 cm 

FIG     12       SAMPLE    WAVE    RECORDS 
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FIG     13       WAVE   HEIGHT   HISTOGRAM   FOR   IOOO    WAVES 




