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FOREWORD

Authority for the U. S. Army Engineer Waterways Experiment Station
to conduct Engineering Study 847, "Scale Effect Tests for Rubble-Mound
Breakwaters, was contained in a letter from the Office, Chief of Engi-
neers (OCE), dated 24 August 1955; however, the investigation was not begun
until July 1957 because the testing facilities were being used to conduct
model studies.

The investigation involved both large-scale and small-scale tests.
The large-scale tests were conducted during the period July 1957 to June
1965 in the Research Division of the U. S. Army Coastal Engineering Re-
search Center (CERC), Washington, D. C., under the direction of Mr. J. M.
Caldwell, Chief Technical Advisor, and Mr. T. Saville, Jr., Chief of the
Research Division. During the period April 1962 to January 1964, the
large=-scale tests were discontinued so that the testing facilities could
be used for conducting higher priority studies. In addition to ES 847
funds, a portion of the large-scale tests was funded by CERC. The small-
scale tests were conducted during the period January 1965 to July 1966 in
the Wave Dynamics Branch, Hydraulics Division, of the Waterways Experi-
ment Station under the direction of Mr. E. P. Fortson, Jr., Chief of the
Hydraulics Division, and Mr. R. Y. Hudson, Chief of the Wave Dynamics
Branch. The tests were performed by Mr. Y. B. Dai, project engineer,
assisted by Mr. E. H. Brasfield, engineering technician, under the super-
vision of Mr. Hudson and Dr. A. M. Kamel, Special Assistant for Research
to the Chief, Hydraulics Division. This report was prepared by Mr. Dai
and Dr. Kamel, and was submitted for review to OCE and CERC in April 1968.

Liaison with the 0ffice, Chief of Engineers, was maintained through-

out the course of the investigation by means of progress reports and
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conferences. Mr. C. E. Lee, Assistant Chief, Hydraulic Design Branch,
Engineering Division, Civil Works, Office, Chief of Engineers, visited the
Coastal Engineering Research Center and the Waterways Experiment Station

at various times in connection with the study.

Successive Directors of the Waterways Experiment Station during the
conduct of this study and the preparation of this report were COL A. P.
Rollins, Jr., CE, COL E. H. Lang, CE, COL A. G. Sutton, Jr., CE, COL J. R.
Oswalt, Jr., CE, and COL L. A. Brown, CE. Technical Directors were

Mr. J. Be Tiffany end Mr. F. R. Brown.
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NOTATION

Drag coefficient

Virtual mass coefficient

Acceleration of flow field

Water depth at toe of breakwater section, or damage
Drag force

Inertia force

Difference between crown elevation of test section and still-water
level

Distance below still-water level to which primary cover layer
extends

Wave height

Maximum wave height for which no damage occurred to a test section
Area coefficient of unit of cover layer

Volume coefficient of unit of cover layer

Characteristic linear dimension

Wavelength calculated for a water depth D

Iinear scale ratio of models

Reynolds number

Critical value of Reynolds number
Stability number

Porosity of cover layer (percent voids)

Distance from still-water level measured positively downward along
the slope of the breakwater (see plate A2)

Wave rundown on slope of breakwater section, measured vertically

Wave runup on slope of breakwater section, measured vertically

Still-water level
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S  Specific gravity of cover-layer unit relative to the water in which
I the breakwater was built, Sr = ?r/?w
v Time
T Wave period
v Velocity of flow field
V Velocity of water particle parallel to side slope of breakwater

VR Vglue of V at a distance_ R equal to half the characteristic

diameter of cover-layer unit

W Width or half-width of breakwater crown

W} Weight of cover-layer unit

X,¥,2 Axes
Y Specific weight
® Characteristic diameter of unit of primary cover layer
A Scale of model
V Kinematic viscosity of water
® Constant = 3.1416
P Density
w Velocity parameter
Subscripts

a,b Models having two different scales, or model and prototype
r Unit of cover layer
S Model-to-model ratio or model-to-prototype ratio
w Water
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CONVERSION FACTORS, BRITISH TO METRIC UNITS OF MEASUREMENT

British units of measurement used in this report can be converted to metric

units as follows:

Multiply By To Obtain
inches 2,54 centimeters
feet 0.3048 meters
feet per second 0.3048 meters per second
pounds 0.453592L kilograms
pounds per cubic foot 16,0185 kilograms per cubic meter
tons 907 .185 kilograms
Fahrenheit degrees 5/9 Celsius or Kelvin degrees*

¥ To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use the following formula: C = (5/9)(F - 32). To obtain Kelvin (K)
readings, use: K= (5/9)(F - 32) + 273.15.
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SUMMARY

Laboratory investigations conducted by and for the Waterways Experi-
ment Station under ES 815, "Stability of Rubble-Mound Breakwaters," deter-
mined the relative importance of the different variables with respect to
the stability of rubble-mound breakwaters and formulated design criteria
for those structures. 1In ES 815, test-wave dimensions, water depth, and
the armor-unit sizes used corresponded to a model with a linear sgcale of
about 1:50 for a prototype structure with rock armor units of about
20 tons. In order to determine the effects of model scale on the results
obtained in the ES 815 and similar studies, the ES 847 tests were con-
ducted duplicating the ES 815 testing techniques using model scales of
7-5:1, 1:1, and 0.5:1 relative to the linear dimensions of the ES 815
scale tests. The breakwater test sections used had primary cover layers
composed of smooth or rough quarrystones or quadripod armor units. The
ES 847 investigation inecluded: (a) tests for the selection of the maxi-
mum no-damage wave heights for the condition of no overtopping, (b) damage
tests to determine the amount of damage to test sections when they were
attacked by waves with heights about 1.6 times their maximum no-damage
wave heights, and (c) determinations of wave runup and rundown on the
breakwater slopes tested.

Test results indicated that, for the type of breakwater sections and
grmor units tested, no significant scale effect in the selected no-damage
wave heights was present for models with scales of 7.5:1 and 1l:1; however,
a significant scale effeect was found to occur for the tests of the 0.5:1-
scale model. This scale effect is believed to have been due to the small-
ness of the 0.5:1 model, which caused the wvigcous forces to be pignificant
and thus result in inaccuracy in model results. Results of damage and
wave runup and rundown tests for the three models did not follow any trend
that would indicate the existence or nonexistence of scale effect. It was
concluded that no scale factor would be required when applying the results
of ES 815 and similar tests to the design of full-scale breakwaters when
the Reynolds number, as defined in this report, is equal to or greater
than about 3 X 10,
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SCALE EFFECT TESTS FOR RUBBLE-MOUND BREAKWATERS

Hydraulic Model Investigation

PART I: INTRODUCTION

Background

1. ©Scale effect may be defined as any hydraulic inaccuracy in model
performance caused by the reduced size of the model. Such effects may be
present to some degree in any model smaller than its prototype. The
forces that may affect a flow field are those of pressure, inertia,
gravity, viscosity, elasticity, and surface tension. To obtain dynamic
similarity between two flow fields when all of these forces act, all
corresponding force ratios must be the same in model and prototype.
Fortunately, in most engineering problems some of the forces may not be
involved, may be of negligible magnitude, or may oppose other forces in
such a way that the effects of both are reduced. In each problem of
similitude a good understanding of the fluid phenomena is necessary to
determine how the problem may be satisfactorily simplified by elimi-
nation of the irrelevant, nhegligible, or compensating forces. Models
involving wave action are designed and operated in accordance with Froude's
model law in which the ratio between inertia and gravity forces is the
same in both model and prototype. In these models the effect of wviscous
forces is assumed to be negligible. However, when the linear scale is too
small, viscous forces may become sighificant and cause inaccuracies in
model performance. Therefore, selection of scale for a wave action model
usually requires a compromise between economy and the degree of accuracy
required. The model should be small enough to be economlcal, yet large
enough to render vigcousg' effeects negligible.

2. Attempts to determine by theoretical analysis the stability
characteristics of rubble-mound breakwaters under attack by storm waves
have not been successful. Instead, formulas ranging from completely em-

pirical to semitheoretical have been developed on the basis of extensive



field observations and laboratory research. The formula most widely used
by engineers in the United States is a semitheoretical one developed at
the Waterways Experiment Stationl as a result of a comprehensive labora-
tory investigation conducted under Engineering Study (Es) 815, "Stability
of Rubble-Mound Breakwaters.'" The results of the ES 815 program have been
very useful in determining the relative importance of the different vari-

ables with respect to the stability of rubble-mound breakwaters and in the

formulation of design criteria for these structures.

The Problem

3. In the ES 815 testing program, a compromise between the capa-
bilities of the available testing facilities, economy, and accuracy re-
sulted in using wave dimensions, water depths, and rock sizes that cor-
responded to a model with a linear scale of about 1:50. Although this
scale may be considered adequate for most of the variables involved in
the stability of rubble-mound breakwaters, it was feared that it might
not be large enough to render the effect of viscous forces negligible.

In order to determine the effects of model scale on the results obtained
from the ES 815 laboratory investigation, it was decided to perform the

ES 847 tests, which duplicated as nearly as possible the ES 815 testing
techniques. In these tests linear scales of 7.5:1, 1:1, and 0.5:1, rela-
tive to the linear dimensions of the ES 815 scale tests, were used. After
the effects of model scale had been determined, they were to be used in
applying the ES 815 and other test results to the design of full-scale

rubble-mound breakwaters to ensure their safe and economical design.

Purpose and Scope of Studies

L. The purpose of the ES 847 study was to determine the effects of
model scale on the results obtained from the ES 815 laboratory investiga-
tion. The results of tests conducted using model scales of 7.5:1, 1l:1,
and 0.5:1, relative to the ES 815 model scale tests, will be used to de-
termine the scale factor required for applying the results of ES 815 and



other tests to the design of full-scale rubble-mound breakwaters. The
following factors, which may cause scale effect, were controlled as much
as possible in the three models: (a) wave form as affected by the dis-
tance of the test section from the wave generator, (b) surface roughness
of armor units, and (c¢c) difference in nesting of individual units in the
cover layer due to differences in placing techniques.

5. Large=-scale (7.5:1) and small-scale (1:1 and 0.5:1) tests of
breakwater sections using smooth and rough quarrystone and quadripod cover
layers were conducted. The investigation included:

a. Selection of the maximum no-damage wave heights for the con-
dition of no overtopping. In these tests the maximum non-
breaking wave heights that caused no damage to the cover
layers were determined. Breakwater sections used had crown
elevations sufficient to prevent overtopping by the test

b. Damage tests to determine the amount of damage to test sec-
tions attacked by waves larger than their no-damage wave
heights.

c. Measurements of wave runup and rundown on the slopes of the

breakwater sections.



PART II: ANALYTICAL CONSIDERATION OF FACTORS CAUSING SCALE EFFECT

6. When rubble breakwaters are exposed to storm waves, the primary

hydrodynamic forces acting on armor units in the cover layer are those of

inertia and drag, which can be expressed as:

. ._ 3p v
Inertia force, F& = CmKV£ pw T

Drag force, F =~% 0K, ¢ Qwrvlvf

d

(1)

(2)

For two models, a and b, the ratio between their inertia forces is

(o), (970 ),

7, e, (e 2)

and the ratio between their drag forces is

(cd) (§ KAEQDW v|v|)
a,

Fal, ~ T, (F e, v

where subscript s indicates model-to-prototype ratio or

ratio.

(3)

(4)

(5)

(6)

model-to-model



7. From Froude's law it follows that

ol /
S S
T = (7)
S e
Y 8
S S
S by (8)

When the same liquid (i.e. water) is used in both models, it follows that

e 1 and P 1 and equations 7 and 8 reduce to

T 'VE;' (9)
e VE_S (10)

Substituting equations 9 and 10 into equations 5 and 6, respectively,

and

yields - (Cm)a (Kv)a E
( I)S E (cm)b (Kv)b s (11)

o), (),
(Fd)s : EARIEYN ‘s (12)

From the geometrical similarity of the models, it can be assumed that
= d (K = i 11 and 12 red t
(KV)a (Kﬁ)b and ( A)a (KA)b and equations an reduce to

Cn), |
(FE) = — 5 (13)
. T,
and (Cd)
- 8 3 (1h4)
(Fﬁ)s (cd)b 4



According to La.'nib,2 viscosity has a slight effect on the value of Qm .

— :
However, experiments by'Keulegan3 and by O'Brien showed that le is a
function of the geometric shape of the object and of the flow field around

it but is not a function of Reynolds number. Therefore, 1t is reasonable
to assume that, under the same test conditions, the Cm value for models

of different scales remains constant and equation 13 can be written as

(7 )S = 43 (15)

thus indicating that the virtual mass coefficient Cm does not induce

scale effect.

8. The drag coefficient Cq
(NR), i.e. a function of the ratio between the viscous and the inertia

is a function of the Reynolds number

forces. For low values of N_ , the viscous forces are predominant and

the value of Cd decreases and continues to decrease for increasing

values of N, until a critical value (NR) is reached at which the vis-
c

cous forces are no longer the predominant ones and the value of Cd no

longer varies with NR . This is true when the flow around an object is

either steady or oscillatory as shown in plate 1. In a model designed
based on Froude's similarity law, in order to neglect the effect of vis-

cous forces, the value of C should be approximately the same for both

d
model and prototype, i.e.,
2. For prototype values of NR < (Nﬁ) the linear scale of the
C

model should be approximately the same as that of the

prototype.
b. For prototype values of N, > (NR) the scale of the model
g
should be large enough so that the model value of
> L]
NR-— (NR)C
The above discussion indicates that the drag coefficient Cd is a factor

by which scale effect could be induced in rubble-mound breakwater models

designed based on Froude's similarity law.



PART TII: DESCRIPTION OF TESTS

Test Apparatus

9. The large-scale tests (7.5:1) were conducted at the U. S. Army
Coastal Engineering Research Center (CERC), Washington, D. C., in a wave
flume 15 ft* wide, 20 ft deep, and 635 ft long, equipped with a bulkhead
wave generator (fig. a of plate 2). The speed of the generator was con-
trolled by a set of gears and a constant-speed motor. Wave heights were
measured at the center line of the breakwater section without the test
section installed, by an electric wave gage and by visual reading on a
staff gage installed on the side of the flume. The difference in readings
between the electric and staff gages did not exceed +0.1 ft. Since the
last waves of some of the generated wave trains were about 30 to 4O per-
cent larger than the significant height of the wave train, a wave skimmer
(a drop-type structure) was provided to intercept enough of the energy of
the last wave to reduce its height to a wvalue less than the heights of the
preceding waves. The wave periods at which the skimmer was used were 3.75
and 5.60 sec. The small-scale tests (1:1 and 0.5:1) were conducted at the
Waterways Experiment Station (WES) in a wave flume 5 ft wide, 4 ft deep,
and 119 ft long, equipped with a plunger-type wave generator (figs. b and
¢ of plate 2). Wave heights were measured with a parallel-wire-type gage
and recorded on an oscillograph. A filter-type wave skimmer was used to

reduce the heights of the last waves in the wave trains whenever it was

found necessary.

Types of Tests Conducted

10. Three series of tests were conducted on breakwater sections
built of smooth or rough quarrystone or quadripod armor units. In the
first test series, no-damage wave heights, i.e. the maximum wave heights

that caused no damage to the cover layers of the breakwater sections, were

* A table of factors for converting British units of measurement to
metric units is presented on page 1ix.



determined using sections with crown elevations sufficient to prevent
overtopping by the test waves. In the second series, damage tests were
conducted to determine the amount of damage to breakwater sections similar
to those used in the first series of tests, except that their crown eleva-
tions were made equal to the no-damage wave height. In these tests the
breakwater sections were exposed to waves 1.6 times the no-damage wave
height selected from the first test series. In the third series of tests,
wave runup and rundown tests were conducted in which the heights of runup
and rundown, measured vertically above and below still-water level, respec=
tively, on the slope of each test section, were determined for the test
waves used in the first two series of tests. All tests in this investi-
cation were for nonbreaking waves, i.e. the water depth at the structure

toe in each case was sufficient to prevent the breaking of waves due to

lack of depth.

Breakwater Sections Tested

Elements of test sections

11. The following types of breakwater sections were tested in this
investigation. For all tests the armor units, which consisted of either
smooth or rough quarrystones or quadripods, were placed in a random manner,
without attempting to interlock the units with one another.

a. Quarrystone cover-layer sections for no-damage wave tests

(fig. a of plate 3). The crown elevation was high enough

to prevent overtopping, and the primary cover layer was ex-
tended to a sufficient distance below still-water level to
prevent damage to the secondary cover layer placed below
the primary layer. The section had sea-side and harbor-
side slopes of 1:1.5 from the crown down to the elevation
to which the primary cover layer extended; below this, the
sea-side slope was 1l:1.5 and the harbor-side slope was

Ll w25

|

Quarrystone cover-layer sections for damage tests (fig. b

of plate 3). The test sections were essentially the same




as in a above except that the crown elevation above still-
water level and the distance below still-water level to
which the primary cover layer was extended were made equa.l
to the previously selected no-damage wave heights for each
test section of the 1:1 and 0.5:1 model scales. For the

7.5:1 test sections the crown elevations were greater than

the no-damage wave height.

c. Quadripod cover-layer sections for no-damage wave tests

(fig. c of plate 3). The crown elevation was high enough

to prevent overtopping. Two layers of gquadripod units were
used in the primary cover layer; they were placed only on
the sea-side face and crown of the section. The section
had a slope of 1:1.5 on both sea side and harbor side of

the structure.

Fol

Quadripod cover-layer sections for damage tests (fig. d of

plate 3). The test sections were essentially the same as
in ¢ above except that the crown elevation above still-
water level and the distance below still-water level to
which the primary cover layer extended were made equal to
the previously selected no-damage wave heights for each
test section of the 1l:1 and 0.5:1 model scales. However,
the crown elevation for the quadripods in the large=-scale
tests (7.5:1) was not selected in this manner. The con-
crete cap for the CERC tests was placed at an elevation
equal to the average value of the no-damage wave heights.
Also, the sections had a crown width twice that of the sec-
tions in c¢; half the width was composed of quadripods and
the other half was a concrete cap to support the crown

quadripods.

Materials used

12. For the small-scale tests, two types of armor stones were used
for the primary cover layer--rough and smooth quarrystones. For the large-
scale tests, only rough quarrystones were tested. The rough quarrystones

(photographs la, b, and ¢), a mixture of granite and gneiss, had a



specific weight of 168.5 lb/cu ft. The smooth quarrystones (photographs
1d and e) were limestone with a specific weight of 175 lb/&u ft and a sur-
face texture somewhat smoother than that of granite and gneiss (the abso-

Jute values of the surface roughness were not scaled exactly).

13. Stones of the primary cover layer were selected and sized by
hand so that their shapes and weights were approximately the same. The
individual stones were weighed on a spring scale, and a 110-rock sample
was selected for determining the shape characteristics. The shape of
stones was determined by measuring the dimensions along three perpendicu-
lar axes X, ¥, and z. The shape was expressed in terms of the ratios
x/z and y/z. Stones in the secondary cover layer had the same surface
texture as those used in the primary cover layer and had nearly the same
weight and shape; however, no attempt was made to control their weight as
was done for stones of the primary cover layer. Stones of the secondary
cover layer for the 7.5:1-scale model were selected by hand, whereas for
the 1:1= and 0.5:1-scale models they were sized using sieves. Gradation
curves for the rough and smooth quarrystones used in this investigation
are shown in plate L.

14, The core material used in the test sections of the 7.5:1l-scale
model, sand with a medium grain size of 0.22 mm, was placed in 6-in.
layers and tamped with a 12-in. circular plate at the end of a 5-ft handle.
In order to prevent migration or leaching of the sand core through the
volds between the relatively large armor stones, two intermediate under-
layers (filters) between the armor stones and the sand core were provided.
The second underlayer, next to the core material, consisted of a 6-in.-
thick blanket of well-graded sand sized so that the particles were finer
than a No. 4 U. S. Standard Sieve and coarser than a No. 4O U. S. Standard
Sieve. The first underlayer consisted of a 12-in.-thick blanket of well-
graded gravel sized so that 100 percent of the particles were smaller than
3 in. and larger than 1/2 in. The core material used in the 1:1- and
O.>:l=scale models was a mixture of sand and crushed basalt with a mean
particle diameter of 1/8 in. Unlike the 7.5:1-scale model, only one under-
layer was used in the test sections of the smaller scale models. This

underlayer was composed of two layers of stones with weights approximately

10



one-tenth that of the armor stones used in the cover layer.

15. Two types of quadripods were used as cover layers for the 1:1
and 0.5:1 breakwater sections tested--rough and smooth quadripods (photo-
graph 2). The rough quadripods were cast from concrete, the smooth quadri-
pods from leadite. Leadite is the trade name of a caulking compound which
has a specific weight approximately the same as that of concrete but is
finer in grain size; thus the leadite quadripods were smoother than those
molded from concrete. Only concrete quadripods were used in the 7.5:1-
scale tests. (Again, as in the case of the quarrystone armor units, para-
graph 12, the absolute values of surface roughness were not scaled
exactly. )

Method of constructing test sections

16. The model breakwaters were cross=-sectioned with a sounding rod
equipped with a ball and socket foot to facilitate adjustment to the ir-
regular surface. The foot of the sounding rod was circular with a diame-
ter equal to about one-half the average diameter of the armor units. A
method of placing the materials in constructing the scale models of the
breakwaters was selected which reproduced, as nearly as possible, the con-
struction of full-scale structures. The test sections were constructed in
the test flume on a sand base. Material from the base to the crown of the
core material section (secondary cover layer and core material) was placed
with the flume dewatered. The core material was compacted to simulate
natural consolidation resulting from wave action during construction of
full-scale structures. The primary cover layer was then placed on the
breakwater section, after which the flume was flooded to the proper still-
water level. For construction of the 7.5:1-scale model (photograph 3),
the units of the primary cover layer were placed by loading them on a
wooden skip, positioning the skip over the breakwater section with a crane,
and then rolling the units off the skip and placing them on the breakwater
in a random fashion. For construction of the cover layer of the l:1- and
0.5:1-scale models, the units from the top of the core material to still-
water level were placed by dumping them from a bucket or shovel at the
water surface, whereas the units above still-water level were randomly

placed by hand. Photographs 4 and 5 show cross sections and end views,

11



respectively, of the 0.5:1-scale test sections.
17. The weights of the armor units required in the small-scale

models were determined from the weight and specific weight of the large-

scale rock and the following transference equation. This equation was

derived from the stability number (Ns) for model rubble breakwaters.

: ik
The stability number is a dimensionless term derived by Hudson based on
the assumption that the primary forces acting on armor units of rubble-

mound breakwaters during wave attack are the drag force and the submerged

The dimensionless term is expressed as

1/3
H?r

S=wi‘-/3 (Sr_l)

By equating the stability numbers between two models, or model and proto-

welght of individual armor units.

(16)

N

type, the following relation is obtained:

(wr)a R 3 (71,)& '-(Sr)b e
%), (‘fﬂ) N i

The following tabulation shows the measured and calculated weights and

other characteristics of the cover-layer units tested in this investigation.

04

W X Ratio of
Model 1 1b/ 3 {5 Coordinates

Cover-Layer Unit  Scale 1b cu £t r % xX/z y/z
Rough quarrystone 7.5:1 161.5 168.5 ‘2.70 Ul.6 2569 ENE
Ti= 1 0,38 16B.5 2.70 W3 1.8 1.3
0.58.L 0.048 168.5 2.70 k9.6 2,63 1.7b
Smooth quarrystone T Q.30 175.0' 2.52 HO, 07 1.60° 1830
0.5:1 0046 - 175.0 2.79- k6,0 “D60. 1487

Rough quadripod 7598 51 L7 Ty 1500 ¢S50 1500 S s e

Ligl 0.19 - 139.2 £2.23 500 = -

Smooth quadripod 1:1 0,18 139.8 2.2l 550 e =

GR 0.030" 14,0 2,20 5o 0 Ya= <

Test Conditions and Procedures

18.

Tests were conducted using constant water

12

depths (D) of 15, 2,



and 1 £t in models constructed with scales of Tedidly 1il, "and 0.5:1, ve-
spectively. Except for the first few tests, wave periods (T) were selected
in such a manner that the relative depths (D/L) obtained in the three
models were the same. The relative depths used were 0.434, 0.230, 0.135,
0.091, and 0.062. Fresh water with a specific weight of 62,4 1b/cu £t was
used. The characteristics of waves tested in this investigation are tabu-
lated below:

T D
Model Scale sec L. s Fb 't D/L
Tebsl 2,61 34,50 15.0 0.434
3.5 64,70 15,0 0.230
5.60 113,00 15,0 0.135
T BT 165,00 15,0 0.091
1133 242 . 00 15,0 0.062
s ik | 0.95 L.58 2.0 0.434L
B3 8.62 2.0 0.230
2,04 14,70 2.0 0.135
2,84 22,00 2.0 0,091
h,1h 32,00 2,0 0,062
e 521 0.67 2,28 0 0,434
0..97 U, 3 1.0 0.230
1.45 7.43 1.0 0.135
2,03 11.60 5 000 0,091
2.93 16 .40 1,0 0,062

19. Tests were performed duplicating the same procedures used in
the ES 815 tests. Factors which may cause scale effect and which were con-
trolled as much as possible in the three models are:

a. Wave form as affected by the distance of the test section

from the wave generator.

|o

surface roughness of cover=layer units.

c. Placing techniques.
The wave form (item a) was controlled by keeping constant in the three
models the ratio of the distance of the model breakwater from the wave
generator to the wavelength. The surface roughness of cover-layer units
(item b) could not be scaled exactly, but this factor was controlled as
much as possible by the selection of armor-unit material and shape of the
units. Materials used were either limestone or a mixture of granite and

gneiss for quarrystone units, and either concrete or leadite for quadripods.

13



Quadripods molded from the same material have similar surface roughnesses
and the shape is the same for each scale. The shape of quarrystone units
was controlled by individually sizing and selecting the stones of the pri-
mary cover layers used in the three models. Differences in nesting of in-
dividual units due to differences in placing techniques (item ¢) were
avoided as much as possible by utilizing the same technique in placing the
units of the cover layers in the three models.

20. For each breakwater section, no-damage wave heights for the no-
damage and no-overtopping criteria were determined by subjecting the test
section to waves of increasing heights, until a wave height was found that
was slightly less than that which would cause 1 percent damage to the test
section. Thus, for the no-damage criterion 1 percent of damage to the
cover layer was allowed. The cover layer of the test section was sounded
transversely and longitudinally before and after testing. The average
cross section was obtained from the average values of evenly spaced cross
sections across the flume. The damage in percent was computed from the

ratio of the volume of material eroded from the cover layer to the volume

of material in the original primary cover layer before wave attack. Damage

tests for the small-scale models were conducted by subjecting the test
sections to wave heights 1.6 times that of the corresponding no-damage
wave height. For the large-scale tests this ratio varied from about 1.4
to 1.7. The value of 1.6 is the ratio of the wave height that is not ex-
ceeded more than 1 percent of the time in a wave train to the significant
wave height in the same wave train. The significant wave height is usu-
ally used as the design wave for practical design of rubble breakwaters.
Thus, the wave heights selected for damage tests were 1.6 times the height
of the significant waves. The amount of damage was determined in the same
manner as that used in the no-damage wave height tests.

2l. The duration of wave attack against the test section for the
no-damage wave height and damage tests depended upon the scale of the
models. The cumulative testing time for the models of 7.5:1, 1l:1, and
0.5:1 scale was 82.2, 30.0, and 21.2 minutes, respectively. The duration
of each test interval was usually short enough to prevent waves reflected

from the wave-machine plunger or bulkhead from reaching the test section.

14



After each test interval, the wave machine was not again turned on until
a still-water condition had been established in the testing flume. The
run-and-stop procedure was not followed for the 2.61-sec wave period in
the large-scale tests. The reflected waves for this short-period wave
were small, and wave reflection did not become a problem until after a
considerable period of operation. Thus, for these tests the wave gener-
ator was allowed to continue for periods of 5 to 10 minutes.

22. After the completion of each test series, and before starting
a new one, all the units of the primary cover layer were removed and then
replaced to the designed grade. This procedure was adopted to prevent any

possible cumulative stabilization of the structure from waves of a previous

test series.
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PART IV: RESULTS OF TESTS

Presentation of Results

23.. Results of the no-damage wave height and damage tests for rough
quarrystone, smooth quarrystone, rough quadripods, and smooth quadripods
are presented in tables 1 through 4, respectively. The values for T , D ,
ha 3 H HD=O , and the percentage damage in these tables were determined
experimentally, whereas L and Ns were computed. The damage is defined
as the ratio of the volume of material eroded from the primary cover layer
to the volume of material in the original primary cover layer before wave
attack. Results of wave runup and rundown tests for rough quarrystone,
smooth quarrystone, rough quadripods, and smooth quadripods are presented
in tables 5 through 8, respectively. Values for T , H , Ru , and R

d
were measured experimentally; L was computed.

Analysis of Test Results

No-damage wave height tests

2L, To study the effect of the model scale on the no-damage wave
height, the test data on the no-damage waves given in tables 1 through L
were rearranged as presented in table 9 and plotted in plate 5 as the re-
lation between the model scale (A) and the relative no-damage wave height
(HDZO/h). It can be seen from plate 5 that:
a. HD:O/R for tests with rough quarrystone and rough quadri-

pods is essentially the same for the 7.5:1- and the 1:1-

scale models.

| o

Hbzo/l for tests with rough quarrystone, smooth quarry-
stone, and smooth quadripods for the 0.5:1-scale model is
less than those for the 7.5:1- and l:l-scale models.
HbEO/l for the 0.5:1-scale model is on the average from
15 percent (for quarrystone units) to 50 percent (for

quadripod units) lower than those for the 7.5:1- and 1:1-

|
[ ]

scale models,

16



d. For a given model scale, the no-damage wave heights are
larger for rough cover-layer units than for smooth ones.

e. Ior quarrystone units, the test results for the 0.5:1-
scale model are more scattered than those for the 7.5:1-
and l:l=-scale models.

2>. The findings mentioned in items a, b, and ¢ above indicate that
for the types of breakwater sections and cover-layer units tested, no sig-
nificant scale effect with respect to the no-damage wave heights is ob-
tained from testing of models with linear scales of 7.5:1 and 1l:1; how-
ever, a significant scale effect is present in the no-damage wave heights
obtained from testing of a 0.5:1-scale model.

26. The higher values of no-damage wave heights obtained for tests
with rough cover-layer units, compared with values obtained for tests with
smooth units (item d of paragraph 2L), may be attributed to the differences
between thelr coefficients of friction. Friction, which is directly pro-
portional to the surface roughness, helps the units stay tightly together,
thus increasing their stability. Since the force of friction is directly
proportional to the product of the coefficient of friction and the weight
of the unit, it is reasonable to assume that surface roughness will cause
no scale effect in models of different scales provided that the surface
roughness of the units is kept the same (same coefficient of friction) in
the different scale models.

27. For quarrystone units, the larger scatter in test results ob-
tained from the 0.5:1 model as compared with the scatter for the 1l:1 and
7.5:1 models (item e of paragraph 24 ) may be attributed to the high irregu-
larity of the shape of the cover-layer stone used for the 0.5:1l-scale model
(photograph 1) and the differences in porosity of the stones in these three
scale models. Although the primary cover-layer stones for all three models
were selected individually, the smallness of the primary cover-layer stones
used for the 0.5:1-scale model made 1t more difficult to control their
shape than the shape of the stones used for the two larger models. This
can be shown from the following tabulation of the deviations of the ratios
x/z and y/z for stones used in the 0.5:1 and 7.5:1 models from the

ratios for stones used in the l:1l-scale model.
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Deviation from

Primary 1:1-Scale Model,?
Cover-Layer Units Model Scale x/z ¥/ X/= X?Z
Rough quarrystone 0581 2,63 1.76 30 19

L3l L84 L83 b 0

TeBed 1.69 1.36 B 5

Smooth quarrystone 0.5:1 2,60 1.87 34 31
s 1.60 1.30 O 0

28. The significant scale effect present in no-damage wave heights
obtained from testing of a 0.5:1-scale model is believed to be due to the
relatively high values of Cd for the 0.5:1-scale model compared with Cd
values for the 7.5:1 and 1l:1 models. As stated in paragraph 3, Cd is a
function of NR . For low values of NR , the viscous forces are predomi=-
nant and the value of Cd decreases and continues to decrease with in-
creasing values of NE until a critical value (N'R)c is reached for which
the viscous forces are no longer the predominant ones and the wvalue of Cd

is no longer dependent on the value of NR . The higher the coefficient

of drag, the less stable the cover units will be and consequently the lower
the value of the no-damage wave height. The relation between Reynolds

number and the relative no-damage wave height (Enzo/h) for the experimental

data is given in table 10 and plate 6. For the definition of NR and the

method used in its computation, see Appendix A at the end of this report.

It can be seen from plate 6 that, for NR < about 3 X ZLOLF ’ ﬂD_O/h in-

creases with increasing values of NR . However, when NR > about
L : : -

X 10° 4 HD:O/K 1s no longer a function of NR .  This suggests that for

the primary cover-layer units tested (NR)C is about 3 X 10lL . Thig

value of (Nﬁ)c is in good agreement with the results obtained by O'Brien

for a sphere in an oscillatory flow (plate 1) where (NR)CiE 25 X ZLO,'L

Therefore, for the units and breakwater sections tested, it is believed
that the viscous forces will be negligible, and consequently no signifi-
cant scale effect will be present in selection of the no-damage wave
height 1f the linear scale of the model results in N, values 2> 3 X lOu.

Damage tests

29. Damage tests were conducted to provide information concerning

the scale effect for rubble-mound breakwaters attacked by waves about
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1.6 times as high as the previously selected no-damage waves for the no-
overtopping criteria. Since the crown heights of the test sections for

the damage tests were made equal to the previously selected no=-damage wave ]
heights, considerable overtopping occurred and significant damage on both |
sea side and harbor side was caused by the overtopping waves. The results \
of the damage tests are presented in tables 1 through 4 and plotted in

plate 7. It can be seen from plate 7 that the test results are widely
scattered and do not follow any trend that would indicate the existence ‘
or nonexistence of scale effect for the damage tests. This is believed

to be due to the variability and complexity of the overtopping waves which L
were the primary causes of the damage that occurred to the test sections.

The overtopping waves in these tests varied from waves that broke seaward

of the structure to waves that broke on the structure. With such wide
variability in wave conditions a consistent trend in test results is hard

to obtain. Hence scale effect for the damage criterion cannot be deter-
mined from the results of tests made in this investigation.

Wave runup and rundown tests

30. To study the effect of model scale on wave runup and rundown,
the test data presented in tables 5 through 8 were plotted as the relation
between wave steepness and ratio of wave runup or rundown to wave height
(plates 8 and 9). The scatter in the test data shown in plates 8 and 9
may be due to the difficulty in defining the extent of runup and rundown
on a pervious sloping surface. It can be seen that the test results do
not follow any trend that would indicate the existence or nonexistence of
scale effect for wave runup and rundown for the breakwater sections tested
and for the cover-layer units used. Plates 8 and 9 show that under the

same test conditions wave runup is greater than wave rundown and that both

are functions of wave steepness.
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PART V: CONCLUSIONS

31. For the types of rubble-mound breakwater sections and cover-
layer units tested, no significant scale effect in no-damage wave heights
was obtained from testing of models with linear scales of 7.5:1 and l:l
(relative to the linear dimensions used in the ES 815 tests); however, a
significant scale effect was present in no-damage wave heights obtained
from testing of the 0.5:1-scale model (plate 5).

32. Higher values of no-damage wave heights were obtained for tests
with rough cover-layer units as compared with values obtained for tests
with smooth units (plate 5). This was attributed to the difference be-
tween the coefficients of friction of rough and smooth units. Friction,
which is directly proportional to surface roughness, helps the units stay
together, thus increasing their stability. Since the force of friction is
directly proportional to the product of the coefficient of friction and
the weight of the unit, it is concluded that surface roughness will cause
no significant scale effect in no-damage wave heights obtained from models
of different scales as long as the test sections of these models are built
of units having the same surface roughness.

33. The significant scale effect present in no-damage wave heights
obtained from testing of a 0.5:1-scale model is believed to be due to the
relatively high value of Cd for the 0.5:1=scale model compared with Cd
values for the 7.5:1- and l:l-scale models. The higher the coefficient of
drag, the less stable the cover-layer units will be. The coefficient of
drag 1s a function of Reynolds number; for low values of N_ , the viscous

forces are predominant and the value of C decreases with increasing

d

values of NR until a critical value (NR)C is reached, after which the

viscous forces are no longer the predominant ones and the value of Cd is

no longer dependent on the value of NR . For the breakwater sections and

primary cover-layer units tested, a value of (Nﬁ)c ~ 3 X lOlL was Obtained
(plate 6). Consequently, no significant scale effect will be present in
no-damage wave heights obtained from models having a linear scale which

corresponds to a N_ +wvalue of about 3 X 10u or greater.

R
34. Results of damage tests were widely scattered (plate 7) and did

20




not follow any trend that would indicate the existence or nonexistence of
scale effect. This was attributed to the wide range of variability of the
overtopping waves which were the primary cause of damage to the test sec-
tions. The overtopping waves varied from waves breaking on the test sec-
tion to waves breaking seaward of the test section. With such wide vari-
ability in wave conditions a consistent trend in test results was hard to
obtain; hence scale effect for damage criterion remains unknown.

35. Results of tests of wave runup and wave rundown (plates 8 and
9) did not follow any trend that would indicate the existence or nonexist-
ence of scale effect. The test results showed that wave runup was greater

than wave rundown and that both were functions of wave steepness.
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Table 1

Results of HD=O and Damage Tests, Rough Quarrystone

HD—O Tests Damage Tests
— . Damage, %
T L a HI):O /L - a H 1 / Sea. Harbor .
sec ft D/L £ 't Hﬁzo s % ft Hyo H/L Side _Side Total s
Scale, 7.5:1; Cover Layer W, = 161.5 1b and 7r = 168.5 1bjcu £t ; D = 15.0 6
2,61 34.50 0.434 L4,50 2.95 0.085 1.76 e o - - = = = Hi
3.75 64.70 0.230 L4.50 3.25 0,050 1,94 4. 41 554 1.6% 0.083 26.2 L4.9 o3 BT o)
5.60 111.00 0.135 L4.50 s - e 4,18 5.98 —— 0,045 1500 GBS 210 305
7.87 165.00 0,091 L4.50 3,30 0,000 197 A5 S5 1.55 0.631 L.,0 3.5 7.5 3,05
13,33 2h2.00 0.062 4.50 14,20 0.017  2.50, 2. 5.7 1.37% ©O.02k g s O 1 224 3.l
Scale, 1:1; Cover Layer Wy = 0.38 1b and 7, = 168.5 1b/cu ft ; D = 2.0 ft
0.95 L.,58 0.434 0.59 0,43 0.09L4  1.93 e i e - -- -- -- -
) 37 8.62 0,230 0.59 0.4 o.,cbh8 1.84 0.41 0.66 1.60 Q.0 V12 T 15.7 258
o0k I4h.70 0.135 0,59 0. Lk 0,032 1,98 ©.hlk: Q.71 1.60 O.048 = 1D.0D i 1h.h  3.318
2.87 22,00 0,091 0,59 @41 0.019 1.8k @41, 6;66 1.60 0.030 B.0 2.1 10.1 2.96
il  3WV.00 0.062 0,59 0.35 0,011 1.57 0.3 0.36% 1:10 0.012 2,0 == I YOG (L ()
Scale, 0.5:1; Cover Layer W, = 0.048 1b and 7, = 168.5 lb/cu ft ; D = 1.0 ft

0.67 2,28 0,434 0,30 0.15 0.066 1.33 0.14 0.24 1.60 0,105 b B2 3.6 2,15
0.97 4L.31 0,230 0.30 0O.14 0,033 1.25 0.4k 0.22 1,57 0.051 et & .0 102 197
1.45 i e QR 1 N - IR 1 ) 0,019 ° 1.25 O,1& . 0,29 1.57 0,030 6,2, 5.5 11.8 1.97
2,03 11.00 0,091 0.30 0.24 0,022 2,15 0.24 0.38 1.58 0,035 7.8 8.3 16.1 3.40
2,93 16.4L0 0.062 0.30 0,22 0.013  1.97 0,22 "0.35 1.60 0,021 S A 0 16.3 3.13
¥ Maximum nonbreaking wave.



Table 2
Results of HD:O and Damage Tests, Smooth Quarrystone

Hﬁ—O Tests Damage Tests
— = = " Damage, %

i T a, I-H:)=O /L N a. H H/H Sea Harbor =
sec  ft D/ £t £t D=0 : £t £t D=0 H/L  Side Side Total s
Scale, 1l:1; Cover Layer Wy = 0,30 1b and 7., = 176.0 lb/cu £t ; D= 2.0 £t
0.93 Lh.h5 ©.450 0.45 ©.36 0,661 1.66 -- -- -- == —ra - =2 o
1.31 8.00 ©,250 0O.k5 0.36 0.0h5 1.66 0.36 9.56 1.56 0.070 o 218 26.8 2,58
188 13.30 ©:150 045 0.34 Q. G258 .57 - -- -- -- == =r e e
9 G5 9000  @.700 0.h5 036 0.018 1,66 0.3 .56 1.56 0,028 = — 21.F . 2.5
Scale, 0.5:1; Cover Layer W, = O.046 1b and 7, = 174.0 1b/cu £t ; D = 1.0 f%

.69 2,28 0.43% 0.30 0.12 ©.05% .12 - 0L S e 1.58 0,083 0.5 Swe RN
g. a7 .3 DL9 0,30 013 0.030. 1,210 . OR300 60 1,61 0.049 0.2 6.4 1,95
1.hks w25 0,30 012 0,016 L2 @ a.de gy 1.58  0.026 4.8 Tyt i N
2,03 1T1.00 ¢.091 6.30 @,22 6.020  2.05 @ 0202 025 1.59 0.032 5.9 1241 © v g 2
5. 93 16,40 0,062 0.30 0,18 0L.00L 1,66 @ @18 024 T1..61 0,018 6.2 gl =2.569




Table 3
Results of HD=O and Damage Tests, Rough Quadripods

Ho_5 Tests Damage Tests
— h = N Damage, %
0 L a D=0 a, H Sea Harbor
sec £t D/I. £t pe o/l N £t pt Yo mA gide Side  Total L &8

Scale, T7.5:1; Two Layers of Quadripods W, = 76.0 1b and 7, = 150.0 lb/eu £t ; D = 15.0 £t

2.61 34,50 0,434 3,60 1.70 0.049 1.51 2.60 2.85 1.73 0.086 -~ - 10,1 2.64
3.75 6L, 70 0.280 3.50 2.30 0.035 2.05 2.60 4,00 1.73 0,062 == — 28.1 3.58
5.60 111,00 0,135 - = e s = e = = Sy s e -
7. 87 165,00 0,091 3.80 2.90 0.018 2.58 2.60 4,10 1481 0,025 == - 12,0 3.68
11.33 242,00 0.062 3.80  2.60 0011 2,26 260 450 1.68 0,017 = - 6.0 3.78
Scale, 1:1; Two Layers of Quadripods W, = 0.19 1b and 7, = 139.2 1b/cu ft ; D = 2.0 ft
0.99 4,96 ©O.hok 0.50 0,32 @ 0.065 2.39 == - - - -—- - -~ -—- --
.81 8.00 0.250 0.50 0.31 0,089 281 $HLTe W0 50 1.6l O.058 == i 100.G 3,70
2,04 THe 70 0,335 0,50 0.29 0.020 2.15 0,29 0.46 1.59 0.03L == s 26.5 3.56
2.65 20,00 0.099 0.50 0.33 0.016 2.46 0,33 o.k8% 1.hs Q.2 - == € 5,2 3.64
1.14 39,30 0.062  0.50 0.3 0.010 2,30 0,31 0.38% 1,23 0.012 -- = 8.0 3.44

an
@ p
<> * Maximum nonbreaking waves,
(S
&



Table U4

Results of HD:O and Damage Tests, Smooth Quadripods

=6 Tests Damage Tests
- Damage, %
A L ha }%)=O /L N ha H 1 / Sea, Harbor
sec £t D/L £t pr Tp=0 s £t ot e 5 Total Ds
Scale, 1:1; Two Layers of Quadripods W, = 0.18 1b and 7, = 139.8 1b/cu ft ; D = 2.0 £t
0,95 .58 0,434 0,51 0,26 4054 il SR e ol S = L83 -
1537 802 9230\ 0.5 0,27 0031 2,00 @28 9.2 1.58 0.050 53.0 3.18
2 LR o I o/ e R o R O =1 0.020 2.5 Q208 Gihe 1.56 - 0L.O3L 16.7 3.40
286 < S2,00. 0,091 ¢ 0,51 058 0,013  2.08 @028 @5 161 D00 8.0 333
bogly 920000 - D062 QLR 0,30 0.009 2.23 0.28 0.38% g2 A 5 8 5.4 2.82
Scale, 0.5:1; Two Layers of Quadripods W, = 0.03 1b and 7, = 140.0 1b/cu s D= 1.0 £%
0.67 a8 ooh3h 9,26 0,08 0.035  1.08 0.089 . 0.4 1.63 0.057 21,2 A.96
0.97 L3 0,230 @ 026 0,09 0021 1.22 0.0 0.0 1L.56 038 15.5 159
1.k5 7.2 0935  0.26 0,08 0,011, 1.08, @08 033 1.63. 0,838 250 Bare
503 - 11.00 0,091 0,28 0310 0.008 1.35. 06.08 - 0,46 1.60 G005 13,0 2,16
293 ' 16,40 0,062 DlEGs 00 0.006 - 1.35 . 0.08, 0,95 1,60 Q.00 25 .0 2.

¥ Maximum nonbreaking wave.



Table 5
Results of Tests of Wave Runup and Rundown, Rough Quarrystone

£ £t D/L H/L £t 5 = -
Scale, 7.5:1, hﬁ = 4.4 40 6.0 ft , D= 15.0 ft , W, = 161.5 1b » 7p = 168.5 1b/cu it
'2161 3]'1'-50 Etﬂ'ﬁ U.h35 01053 3-98 = 1-39 =1
3-% 0.089 3-90 g 1-28 -
3.17 0,092 4.07 = 1.28 ==
3.75 64,70 2.51 0.230 0.039 2.80 = 1.12 s
2.72 0.042 3.11 - 1.1k -
3.05 0,047 3.83 -- 1.26 --
3.05 0.0L47 L,27 - 1.40 .
3.h2 0,053 Lok -= 1.18 -
3.ke 0.053 L. L9 -5 gy e
5. b4 0,084 == 2.36 - 0.43
5.60 111.00 5.28 0,135 0,0L8 -— 3.58 - 0.66
5.28 0,048 = 3,94 ¥ 0.75
7.87 165.00 3.03 0.091 0,018 3. 7h . 1.0k A
313 0.019 L.,02 - 1.39 ===
3.38 0,021 4.53 o= 1.34 s
344 0.021 4.40 — 1.28 s
11.33 2L2.00 L.03 0.062 0.017 5.63 - 1.40 e
.29 0,018 5 TT = 1.35 =
Bl 0,024 = 3,12 - 0.54
5.77 0.024 -- 3.67 -- 0.64
Scale 1:1, hE = 0.41 to 0.59 £t , D=2.0 £t , W, = 0.38 1b , Yy = 168.5 1b/cu £t
0.95 4,58 0,39 0.4ko 0,085 0.29 0.16 0.74 0.41
0.43 0,094 0,41 0.20 0.95 0.47
0,44 0,006 0.37 0.15 0.84 0.34
1.37 8.62 0.%0 0.232 0.0k46 0.46 0.21 1.15 0.53
0.43 0.050 0.48 0.19 5 (% 2 0. 44
0.66 0,077 * 0,22 e 0,33
2.0L 14,70 0,30 0,136 0,020 0.46 0.33 1.53 1.10
0.40 0,027 0,52 0,39 1.30 0.97
0,4k 0,030 0.56 0, LL 100 1.00
0,52 0,035 ¥ 0,50 b 0.96
2,87 22,00 0. 40 0.091 0.018 0,48 0.41 1.20 1,03
0, LY 0,020 0.60 o.4L 1.33 0.98
0.45 0.021 * 0,45 o 1.00
4,14 32,00 0,32 0.063 0.010 0,52 0.23 1.63 0.72
0.38 0.019 0.53 0,39 1.40 0.79

Scale 0.5:1, h = 0,14 t0 0.30 ft , D= 1.0 £t , W, = 0.048 1b , 7, = 168.5 1b/cu ft

0.67 2.28 0.13 0.438 0.057 0.15 0.08 1.5 0.62
0,17 0.075 0,18 0.08 1,06 0.47
0.20 0.088 0.19 0.09 0.95 0,45
0.21 0,092 0.17 0.08 0.81 0.38
0.97 4,31 0.14 0.232 0,033 0.16 0,10 1.14 0,71
0.15 0.035 0.19 0,11 1.27 0.73
0.19 0,04k 0.19 0,13 1.00 0.68
0,22 0.051 0.22 0,15 1.00 0,68
1.45 7.43 0.14 0.135 0,019 0,18 0,12 1.29 0.86
0.15 0,020 0,21 0.13 1.40 0.87
0,19 0.026 0.26 0.25 1.37 1,32
0,22 0,030 0,20 0,17 0.91 0.77
2.03 11,00 0.20 0.091 0.018 0.27 0,19 1.35 0.95
0.25 0,023 0.35 0.23 1.40 0.92
0.29 0.026 0.37 0.25 1.28 0.86
0.39 0,035 0.36 0517 0.92 0.4k
2.93 16,40 0.19 0,061 0.012 0,30 0,13 1.58 0.68
0.21 0.013 0,31 0.14 1.48 0.67
0.23 0.01k4 0.33 0,15 1,44 0.65
0.27 0.016 0.35 0.18 1.30 0.67
0,35 0.021 0,38 0.20 1.09 0.57

¥ Overtopping.



Table 6
Results of Tests of Wave Runup and Rundown, Smooth Quarrystone

i L H
sec 0 i1 't

oA

A

Scale 1:1, ha =045 B5 30 = 20880

r

R
i 5
Lo

R
u

g

= 0,30 1b ; 7, = 176.0) Ibjfou £t

0.93 4,45

w WO O~

1.31 8.00

mmm :I:- - -
g o

- -

1.88 13.30

2.65 20,00

PPPPPP PODC}O OO0 0 9000

TJwww N H Wi w (@5
O =JIA\Nn N0 O G\mﬂ\ms O\.El::lnL\EZE:JJ

Scale O

0.25

O 15

0.10

OO OO0 0080 Do oD o

sl o ha = 0.12 to

.038
.067
,088
o s

.029
04O
045
.049
071
.083

.009
.025
02T
0L1
.050

. 005
015
2Oy
.018
.019
<025

_OPPOPP SO 0O00 0 OO0 S OS5 &

13
.19
23
.29
.16
.28
.25
.3k
43
46

b

519
.3k

55
.66

0.30 £, D = 1.0 ft,

W
r

= 0.046 1b , 7,

Il

174.0 1b/cu ft

0.67 2.28 .10

113
s [
s,

.12
14
.16
21

o 12
o LD

.19

.17
2l

22
2L

.29
.35

wallf
1Y
sl
025

.29

0.97 4,31

1.45 7.43

2,03 11.00

2.93 16.40
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.9k
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A
.00
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.00
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23
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* QOvertopping.



Table 7
Results of Tests of Wave Runup and Rundown, Rough Quadripods

T I i Ry Ra By a
sec ft 't D/L H/L £t ft H H
Scale 7.5:1, ha b SREr L = 5001 PR, W, = 76 1b , Ko 20 1b/cu ft

2.61 34,50 $55 0.434

¥ 0,0L45 1.00 0,80 0.65 0,52
1,75 0,051 1.00 0.80 0.57 0.46
1.95 0,057 1.20 1,10 0,62 0.56
2435 0,068 1,70 1.20 0,72 051
2.95 0,086 1.80 1.50 0,61 051
3.75 Gl 70" 2,20 0.230 0,03k 1.90 1.60 0.86 0.73
2030 0.036 2,20 1,50 0.95 0.65
2.80 0,043 3.60 = s 1.29 e
315 0.049 * -- -- =
Ly, 00 0,062 * 2,38 - 0.60
TeOT 165,00 2,95 0,091 0.018 3.80 o 1.29 -
Rl 0 0.019 4,10 - 1.32 o
3,20 0,019 * -- - -
4,10 0.025 * = e i
11.33 2h2,00 2.50 0.062 0,010 3.10 1.60 1.24 0.64h
2.75 @ i 2,80 - 1.38 —
L.20 0.017 * o, 4l e 0.58

Scale 1:1, ha = 0.50 ft, D = 2.0 ft, W_ = 0.19 1b,

7. = 139.2 1b/cu ft

131, 8.00 0.32 0.250 0.040 0.30 - 0.94 i
0.3k4 0,043 0.34 —= 1.00 e
0,36 0.045 0.36 == 1.00 i
2,04 14,70 0.26 0.136 0,018 0,33 0.24 1,57 0.92
0.29 0.020 0.34 0.23 3 e 0.79
0.31 0.021 0.41 0.27 1.32 0.87
0.33 0,022 0,38 ‘g.2r @ 115  0.08
0.47 0.032 ¥ 0.k -- 0.94
2.65 20,00 0,33 0,100 0,017 0,37 -- 1.12 o
Q.35 0,018 0.38 — 1.09 -
0.37 0.019 0.39 —= 1.05 =
0.40 0,020 0.45 = 1.13 .
0.45 0.022 * 0.47 -- .
g0 0,20 0,062 0.009 0.46 0.26 1.53 0.87
iy i 0.32 0.010 0.49 0,22 1,53 0.69
0.35 0,011 0.53 0.30 1.52 0.86

¥ Qvertopping.



Table 8

Results of Tests of Wave Runup and Rundown, Smooth Quadripods

T L H By R4 .EE .EQ
sec £t - R TR Lo | S H L s
Scale 1:1, h = 0.51 ft , D= 2.0 £ , W, = 0.18 1b , 7, = 139.8 Ib/cu %

0.95 L, 58 0.24 0.438 0.052 0.17 0.13 0.71 0,54
0.28 0.061 0.21 0.15 0.75 0,54

0.32 0,070 0.26 0.12 0,81 0.38

1.3 8.62 0.97 0.232 0.031 0.32 0.18 1.19 0.67
0,30 0.035 0.30 0.20 1.00 0.67

0,32 0.037 0.3 0,22 0.97 0.69

0,43 0,050 * 02T - 0.86

2,04 14,70 0.26 0.135 0.018 0.33 0.28 1.27 1,08
0,29 0,020 0.35 0.28 1.21 0.97

0.32 0,085 0.38 0.29 1.19 0.91

0.35 0,024 0.43 0.28 1.23 0.80

0.46 0.031 * 0.42 i 0.91

2.87 22,00 0.28 0,091 0,013 0.37 0.22 1.32 0.79
0.30 0,01k 0.39 0.30 1.30 1.00

0.33 0.015 0.42 0.35 1,27 1.06

0.36 0.016 * 0.40 e 1.11

0.45 0,020 * 0.43 -- 0.96

4,14 32,30 0.28 0,062 0.009 0.4k 0.27 1.6% 0.97
0,32 0.010 0.49 0.29 1.53 0.91

0.33 0,010 0.46 0.28 1.40 0.85

0.35 0,011 5. 0.29 1.46 0.83

Scale 0,5:1, iy = 0.26 ft , D= 1.0 ft , W, = 0.03 1b , 7,. = 140,0 1b/cu ft

0.67 2,28 0.07 0.439 0,031 0.07 0.05 1,00 0.72
0.10 0,04k O 4, 0.05 1.10 0,50

0.13 0,057 P00 0.06 0.85 0,46

0.97 4L.31 0.08 0.232 0,019 0.0L 0.05 0,50 0.63
0.09 0.021 0.08 0.06 0.89 0.67

0.12 0.028 0,12 0.07 1.00 0.58

0.14 0,032 ¥ 8,11 -- 0.79

1.45 7.43 0,08 0.135 0,011 0.09 0.09 1.10 1,10
0.09 0,012 0.08 30 g 0.89 1.20

0.12 0,016 0.13 0.13 148 1.18

0.15 0.020 0.16 0.13 167 0,87

2,03 1100 0,08 0.091 0.007 0 0.10 1.38 1.25
0.09 0.008 0,12 0.09 1.3L 1.00

0,10 0.009 92 i I 0.12 1.10 25

0.16 0.015 * 0.19 - - 1.19

2.97 16.40 0.09 0,061 0.005 0,13 0.09 148 1.00
0.1 0,007 0.1k 0.08 1.7 Q3

0,12 0.008 0,1kL 0,10 3 e s 0,84

0,16 0.010 * 0.12 - 0,75

* Overtopping.




Table 9
Relation Between Hﬁ=0 and HDzo/h

|
L

P

!

O
\J1

o
Primary Cover-Layer HD=O Y A

Units D/L A =T 5 A= 1.0 X =10,5 A= 705 A= 1.0
Rough quarrystone 0.434 2.95 0.43 0.15 0.39 0.43
0.230 3.25 Ol 0.1k4 0,43 0.41

0.135 - 0.4l 0.14 i 0.4k

0,091 3.30 0,41 0.24 0.4l 0.4

0.062 L ,20 0.35 0,22 0.56 B.35

Smooth gquarrystone 0,434 -- 0.36 0.12 - 0.36
0.230 - 0.36 0.13 -- 0.36

0,135 == 0,3k 0,12 . 0.34

0,091 - 0.36 0.22 oy 0.36

0,062 -- -- 0,18 %! L=

Rough quadripods 0.434 1.70 0.32 -- 0.23 0.32
0.230 2,30 0.31 i 0.31 0331

0,135 -- 0.29 - -- 0.29

0,091 2,90 0.33 - 0.39 0.33

0.062 2,60 0.31 e 0.35 043

Smooth quadripods 0.434 = 0.26 0.08 o 0.26
0.230 e 0.27 0,09 - Wil

0,135 - 0.29 0.08 - 0.29

0.091 e 0.28 0.10 e 0.28

0.062 e 0,30 .10 = 0.30

OO OO O SS
DO Dm®O

W =N N :iz-nam
AEF AL 3




Table 10

Relation Between Reynolds Number and the Relative No-Damage Wave Helght

V_ %%
Primary Cover- T -0 R |
Scale Layer Units o¥, Tt sec bl Hﬁ=0/1 EEZEEE g
9
.5:1 Rough quarrystone 0.98 2,61 2,35 0,39 7.50 5,07 % 10
(9 i) ¢ 3.75 3.25 0.L43 8.49 6.98 % 10°
5-60 S il S et 5
ToT 3,30 0.4k 9,04 7.29 X 1@5
11.33 Iy 30 0.56 9,48 T 70 30
1:1 Rough quarrystone 0,13 0.95 0.43 0.43 2.61 2,88 x lot
13T 0.h1 0.41 2,70 2.90 x 10
2,04 0. Lk 0,4k 2,95 .22 % lou
2.87 0.41 0.41 2.90 3.12 x 10,
I AN 095 D3 3.00 .22 % 1O
0.5:1 Rough quarrystone 0.066 0.6 Gal5 0.30 150 0T % 10%
@ I Oy Ll 0.28 1.60 8.75 % 103
1.45 0,14 0,28 170 9.26 X 105,
2,03 0.24 0.48 201 1.53 X 10),
2.93 0,22 0, L4k 2.59 1.h2 x 10
1:1 Smooth 0,12 0.93 0.36 0.36 2,00 1.98 x 102
quarrystone 131 0,36 0,36 2,04 1.99 X 10y,
1.88 0,34 0.34 aagl 2.31 x 10,
2,65 0.36 0.36 2,40 2,40 x 10
0.5:1 Smooth 0,065 0LE7 | 0,18 0.2k 1.40 7.50 X 10%
gquarrystone 0.97 0,13 0.26 1.60 8.60 x 103
1,45 0,12 0.24 1.60 8.60 x :Lou
2,03 0,22 O, Lk 2.2 T.18 % 10LL
2,93 0,18 0.36 2,20 1.24h x 10
7.5:1 Rough 0.84 2.61 1.70 0.23 L,32 2,98 X 102
quadripods 3.;5 2,30 0.35 7.50 5.20 % 10
5.60 s e o =
7.87  2.90 0.39 9.72 6.73 X 102
11.33 2,60 0.3k 9,10 6.32 x 10
1:1 Rough OL1L 0.99 Qa2 B 2 - -- )
quadripods AN 05 3 0.31 A 2,00 % lOu
2,04 0.29 0.29 2,29 2,09 X% 10LL
265 0.33 0.33 2,50 2.27 x 10)
4,14 0,31 0,31 2,80 2 .50 3 19
1:1 Smooth Ol 0,95 0.26 0,26 Lol 1.6l 1ot
quadripods 1,30 QL'f Q.27 2.30 2,09 % th
2,0k 0.29 0,29 2,41 2.18 x 10),
2ol 0,28 0.28 2,40 2,18 % 10y,
4,14 0,30 0.30 2,80 2,54 % 10
0.5:1 Smooth 0.056 0.67 0.08 0,16 1. 10 510 % 10%
quadripods 0.97 0.09 0,18 1,20 T T T )
1,45 0,08 0,16 120 5.54 X 10%
2,03 0,10 0.20 130 6.03 X 103
2.93 0.10 0.20 1.80 Be 35 3¢ WL

* Characteristic diameter of armor unit defined as:
Average of x , y , and
Dimension G for quadripod units (see photograph 2).

.
1yt

*%* From table Al of Appendix A,

for quarrystone units.



e

a. Rough quarrystone, 7.5:1 scale

b. Rough quarrystone, 1l:1 scale c. Rough quarrystone, 0.5:1 scale

d. Smooth quarrystone, 1l:1 scale e. Smooth quarrystone, 0.5:1 scale

Photograph 1. Rough and smooth quarrystone used 1n study
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ROUGH QUADRIPOD
1!l SCALE

SMOOTH QUADRIPOD
I:1 SCALE

= - * =

SMOOTH

ROUGH
P 121

SMOOTH
0.5:1

SMOOTH QUADRIPOD
0.5 1 SCALE

B8
L
C
G F b
m\%
| 1_ a c
- J =
- .r -
@
PLAN BOT TOM ELEVATION SECTION A-A
DIAMETER OF SEMICIRCLE abc = DIMENSION D
MAJOR AXIS OF SEMIELLIPSE adc = DIMENSION D
MINOR AXIS OF SEMIELLIPSE adc = DIMENSION A
DIMENSIONS OF QUADRIPOD MODELS, INCHES
Y
SCALE Loy B c D E F G H | d K
7.5:1.0-SCALE 4.42 2.25 6.22 6.67 1.37 9.37 10.01 9.37 4.72 16.20 18.60
1.0:1.0-SCALE 0.59 0.30 0.83 0.89 0.45 1.25 1.32 1.25 0.63 2.16 2.48
0.5:1.0-SCALE 0.30 0.15 0.42 0.45 0.23 0.63 0.66 0.63 0.32 1.08 1.28
Photograph 2. Rough and smooth quadripod units used in

study



a. Construction of quarry- b. Construction of quadripod
stone cover layer cover layer

.‘-.'\-'—-k.-l¢ —

c. Testing of quarrystone d. Testing of quadripod
cover layer cover layer

Photograph 3. Construction and testing of 7.5:1-scale models



No-damage wave test, rough quarrystone cover layer

& »

:
:
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g

smooth quadripod cover layer

e wave test,

r
o

No=damas

b.

B
:
§
g
3
-

Damage test, smooth quadripod cover layer

2

Cross sections of the 0.5:1-scale test sections

Photograph L.
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a. No-damage wave test, rough quarrystone cover layer
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c., Damage test, smooth quadripod cover layer

Photograph 5. End views of the 0.,5:1-scale test sections
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e 635!
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| 491"
| r - 395" 3
© BREAKWATER I_‘ 280"
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| 189" | WAVE
: WAVE SKIMMER STAFF GAGE r sl
WAVE ABSORBER ‘\x " nCHDSS-WALK GAGE BULKHEAD
. : N
r o #
//;’/?_!’ff/f/!’ff/ff////f//f/f/;’//////fffff-’f/ff/.d’ffffffff/’fffffff/?’ffff///ff F
WIDTH OF FLUME = 15°
(a) 7.5:1 MODEL (CERC TESTS)
SCALE IN FEET
50 0 50 100
[ 2w e [T = P
o 119" 5
e 65.5"
¢ BREAKWATER - 37.4' :]
WAVE WAVE
SKIMMER |WAVE GAGE e
4" L :';'-‘h.‘.' AVE ABSORBER " I_l
:: :I- ":. : --.- - '::j j-;‘. -"i‘ ’
- £ e Y 7 7 7 7 T T T 7 7 T T T A VA ,2 e B
WERTR G ISR = = (b) 1:1 MODEL (WES TESTS) L o
119"
32.8'
BREAKWATER 18.7"
€ WAVE I—* qWAVE
SKIMMER WAVE GAGE PLUNGER
4,L | e WAVE ABSORBER ! 1 ON 20 7
! : A - I — ,_.""-;.1‘ . /
' 77 777777777777 7777777777 7777777777 7777777777777 B X ’//!.ff 7777777 éﬁ
H FLUME = 5 %77
WARTE Qh (c) 0.5:1 MODEL (WES TES TS) ’ 18"
SCALE IN FEET
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| - . | = 4

TEST SETUP
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TEST SECTIONS WITH QUARRYSTONE AS
PRIMARY AND SECONDARY COVER LAYERS

HARBOR

SIDE SEA SIDE

SWiL a SWL

PRIMARY
COVER LAYER

¥
1:1 UNDER-
LAVER
FILTER N

CORE MATERIAL

SCALE | W | 2 | ha | tp| a |6 | c| afe
.82 2,70 | 15.0 | 4.50 | 4.20 | 30.55|27.85| 3.50 | 1.00 | 0.50

<1 0.36| 2.0 (0,60 | 0.56| 4.07| 3.70| 0.47 | 0.20 4]

0.5.1 o.l8 | |.0 |0.30| 0.28| 2.04| 1.85| 0.24 | 0. |0 0

a. NO-DAMAGE WAVE TESTS

NOTE:

SWL SWL

PRIMARY
COVER LAYER

UNDER-
LAVER

TEST SECTIONS WITH QUADRIPODS AS
PRIMARY COVER LAYER AND QUARRYSTONE AS
SECONDARY COVER LAYER

HARBOR SIDE
PRIMARY COVER LAYER

SEA SIDE

MODEL
SCALE | W | O | Ay | Hp| @ | & c | o | e | F
T.55 1 2.30|15,0 | 3.80| 3.80|58.70| 2.860|1.90 | |1.BO [0.70 | 0.30
| 0.3 2.0 | 0.5/ | 0.5 | 7.84| 0.35|0.25 (0.2] |D.13 o
05:1 0.18 1.0 |0.28 | 0.26| 3.92| O0.18|0D.13 |0O.1] |0.08 o

c. NO-DAMAGE WAVE TESTS

ALL DIMENSIONS ARE IN FEET

SAND AND GRAVEL CORE
SECONDARY COVER LAYER

SCALE | W | 0 | kg [ by | @ | 6 | c | d|ce
7.511 | 2.70 | 15.0 |VARIES|VARIES | VARIES [VARIES | 3.50 | 1.00 [ 0.50
bl D.38 2.0 |VARIES|VARIES |VARIES|VARIES | 0.47 0.20 (4]
0.5:1 | 0.18 | 1.0 |VARIES|VARIES|VARIES|VARIES| 0.24 | 0.10 | ©

b. DAMAGE TESTS

1.5:1

0.5°1

VROEL | e || 0 ke A -lum hie | & (S e Rl
7.5:1 | 2,30 | 15.0 |VARIES|VARIES [VARIES| 2.60 | 1.90 | 1.80 |[0.70 | 0.30
| 0.36 2.0 |VARIES VARIES [VARIES| 0.35 0.25 | 0.2 | 0.13 o
0.5 0.18 I,0 |VARIES |VARIES|VARIES| 0.18 0.13 0.1l | 0.08 o
d. DAMAGE TESTS
MODEL SCALES IN FEET
s tp ELEMENTS OF
e ——— S— TEST SECTIONS
(v} 0.5 | LS .

05
O T S

—————————————————————————————————————————————————————————————————— e —
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MODEL SCALE _‘__...--"""
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2857
/.1
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=z
b
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o 8o
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|_
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0
I—_’ ~— BASED ON A 110-ROCK SAMPLE
EF 40
[+ o
w
0.
20
(8]
130 140 150 160 . 70 180 £=Ts] {?‘,E:I]
L 1 L 1 1 1 1 1 = 1 1 1 L |
0.32 0.34 0.36 0.38 040 0.42 044 (1. 1)
| | | 1 1 L } i | I
0.040 0042 0044 0046 0.048 0.050 0052 0.054 0.058 {D..’n:l)
WEIGHT OF CAPSTONE IN POUNDS
GRADATION OF ROUGH QUARRYSTONE
/""ff##
rd
i v
80 ;
MODEL SCALE /
1 P
2 0.5.7 74
3
X </
; /
i
O
7 /
5 /
L)
s /
o ,
/
//
20
i)
/
.«-/
Fy
0 =" | 1 | | | 1
0.3l 0.33 0.35 0.37 0.39 04| 0.43 045 (1:1)
1 L L i i L L 1 |
0.040 0042 0044 0048 0048 0.050 0.052 0054 0056 (0.5.1)
_ WEIGHT OF CAPSTONE IN POUNDS
GRADATION OF SMOOTH QUARRYSTONE
GRADATION CURVES FOR
STONES USED IN
PRIMARY COVER LAYER

PLATE 4
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I [ I I | I ' ' | 1 T 11 |
0.9 — LEGEND NOTE: NUMBER BESIDE DATA POINTS
s SR INDICATES THE NUMBER OF
' SYMBOL SURFACE TEXTURE TESTS WHEN GREATER THAI\; ONE. 1
0.7 == S
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* e ] | | ] :
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2
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i B
0.6 |- LEGEND
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0.4 - & SMOOTH
ROUGH &
HD=€' ,#""" 2 |
Al 001%.-'
N
0.2 —29> HARBOR SIDE SEA SIDE
g
7
L 2
0 ~ P
(S o -
0.1
0.4 0.5 1.0

MODEL SCALE, A

(b) QUADRIPODS

MODEL SCALE VERSUS
RELATIVE NO-DAMAGE WAVE HEIGHT

10

PLATE 5
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APPENDIX A: METHOD OF COMPUTING REYNOLDS NUMBER

1. In this report Reynolds number is expressed as

V.8
Mg = (A1)

where

© = characteristic diameter of unit of primary cover layer, defined
as average of x , y , and 2z for quarrystone and as dimension
G for quadripod units (see photograph 2)

<
Il

kinematic viscosity of water at 60 F

<
i

value of water particle velocity parallel to side slope of
breakwater V , at a distance R equal to half the characteris-
tic diameter of cover-layer unit

The velocity V is obtained from a study on the velocity field on the
5,6
a

underwater portion of an impervious sloping breakwater S

V=——cos =t (A2)

where @ 1is a velocity parameter which is a function of R/L as shown in
plate Al. Knowing the value of w for different R/I. values, V can be
obtained for a given wave height and period as shown in plate A2, It can
be seen from plate A2 that V increases for decreasing values of R/L
and V>0 as R/L -0 .

2. ©ince most damage to breakwater sections occurs in the vicinity
of the still-water level (swl), a representative value of V for calcu-
lating NR would be the average velocity to which a unit of the primary
cover layer located at swl is exposed. For small values of R/L ,
equation A2 is invalid and will result in large differences in the wvalue
of V for small changes in R/L, as shown in plate A2. To overcome this
difficulty an asymptote was drawn to the lower values of V and was used
in predicting V for small values of R/L . The point of interception
between the asymptote and the ordinate (point P in plate A?2) was calculated

from the maximum runup on the breakwater slope. In establishing the

Al
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Water Particle Velocity Parallel to Slope of a Rubble-Mound Breakwater
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