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PREFACE

The study reported herein was authorized as a part of the Civil Works

Research and Development Program by the Office, Chief of Engineers (OCE),

U. S. Army. This particular work unit, Erosion Control of Scour During Con-

struction, is part of the Improvement of Operations and Maintenance Techniques

(IOMT) Program. Mr. James L. Gottesman was the OCE Technical Monitor for the

IOMT Program during preparation and publication of this report.

This study was conducted during the period 1 October 1981 through 30 Sep-

tember 1982 by personnel of the Hydraulics Laboratory of the U. S. Army Engi-

neer Waterways Experiment Station (WES) under the general supervision of

Messrs. H. B. Simmons, Chief of the Hydraulics Laboratory; F. A. Herrmann, Jr.,

Assistant Chief of the Hydraulics Laboratory; R. A. Sager, Chief of the Estu-

aries Division and IOMT Program Manager; Dr. R. W. Whalin and Mr. C. E.

Chatham, former and acting Chiefs of the Wave Dynamics Division, respectively;

Mr. D. D. Davidson, Chief of the Wave Research Branch; and Dr. J. R. Houston,

Research Hydraulic Engineer and Principal Investigator for the Erosion Con-

trol of Scour During Construction work unit. The hydraulic model tests de-

scribed herein were performed by Mr. Cornelius Lewis, Civil Engineering Tech-

nician, and Mr. Glenn Pierce, Student Aid, under the supervision of Dr. L. Z.

Hales, Research Hydraulic Engineer. Mr. R. D. Carver, Research Hydraulic Engi-

neer, and Mr. Dennis Markle, Research Hydraulic Engineer, assisted with physi-

cal model design and test program planning. Drs. Houston and Hales performed

the data analysis, and Dr. Hales prepared this report.

Commanders and Directors of WES during the conduct of this investigation

and the preparation and publication of this report were COL Nelson P. Conover,

CE, and COL Tilford C. Creel, CE. Technical Director was Mr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be converted to

metric (SI) units as follows:

Multiply By To Obtain

feet 0.3048 metres

feet per second 0.3048 metres per second

gallons per minute 3.785412 cubic decimetres per minute

inches 25.4 millimetres

pounds (force) per 6894.757 pascals

square inch

pounds (mass) 0.4535924 kilograms

pounds (mass) per 16.01846 kilograms per cubic

cubic foot metre

pounds (mass) per 4.882428 kilograms per square

square foot metre

square feet 0.09290304 square metres

tons (2,000 lb, mass) 907.1847 kilograms

It
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EROSION CONTROL OF SCOUR DURING CONSTRUCTION

STABILITY OF UNDERLAYER MATERIAL PLACED IN

ADVANCE OF CONSTRUCTION TO PREVENT SCOUR

Hydraulic Model Investigation

PART I: INTRODUCTION

Statement of the Problem

1. When major stone structures such as jetties or breakwaters are

erected in the coastal zone, they alter the existing tidal, wave-induced, or

wind-driven currents. Waves breaking on such structures under construction

may cause bottom material to be suspended and transported from the region by

these curreats. This removal of material is often not compensated for by an

influx of additional material, and the result is a scour hole that usually

develops in the near vicinity of the toe of the partially completed structure.

Any such scour area must be filled with nonerodible material (sufficiently

stable to withstand the environmental forces to which it will be subjected)

to allow construction to continue and to ensure stability of the structure.

Scour problems may result in additional quantities of material being required

during construction in the nearshore zone and thus may lead to substantial

cost overruns. Such cost overruns attributable to scour problems have been

documented by Hales (1980).

2. For many years it has been realized that rubble-mound structures such

as breakwaters, jetties, and groins should be placed on an underlayer for foun-

dation purposes where the bottom soil conditions are unfavorable. Quinn (1961),

discussing the design and construction of ports and marine structures, noted

that:

.... A rock-mound breakwater will withstand a considerable

amount of settlement as the nature of its construction per-
mits internal adjustment to take place without affecting its
overall strength. The amount of settlement should be esti-
mated and allowed for in determining the height to which the
breakwater is to be constructed; otherwise the top may even-
tually have to be raised .... Whenever a rock-mound breakwater
is to be constructed on a soft bottom it is important first
to place a layer of rock over the bottom for a width con-
siderably wider than the base of the breakwater. The

4



purpose of this is not only to distribute the load over a
wider base but also to prevent shear failure and erosion
of the underlying soil at the toe of the rock mound ....

The Office, Chief of Engineers (1963), in providing guidance for the design

of breakwaters and jetties to field offices, elaborates on the fact that:

.... Wave forces acting against a breakwater have been
found to attack the natural bottom and the foundations
of the structures, even at depths usually supposed to be
little affected by such forces. Where a natural bottom
exists which might be subjected to excessive scour, the
structure can be protected by use of a blanket mat. Each
area will be somewhat different, but a blanket consisting
of a well-graded mixture of quarry-run stone varying in
size from a few pounds up to several hundred pounds
weight, and having a thickness of only a few feet, will
suffice for many conditions ....

3. Likewise, scour and erosion of foundation material around major

structures during construction in the nearshore zone are well-known and

continuing problems. Over the years, those responsible for the integrity

of such structures have developed construction techniques to minimize quantity

and cost overruns. Because of varying wave and current conditions from one

locality to another, those techniques that are optimum for one location may

not be applicable to another region. While in most cases these procedures

are regional in nature, it is generally accepted that most major stone struc-

tures require a foundation blanket as a bearing surface to support the mass

of the structure above, and to serve as scour protection during the actual

construction. The thickness and design features of this blanket of underlayer

material vary with location, but have historically been on the order of 2 to

5 ft* thick and have extended on either side of the structure from 5 to 25 ft

beyond the toe. This foundation blanket of underlayer bedding material also

has been placed along the axis of the structure ahead of the core construction

for varying distances to prevent scouring which could potentially undermine

the working section. Currently, this is the most widely used construction

practice to reduce scour problems that occur during construction in the

nearshore zone.

* A table of factors for converting U. S. customary units of measurement to

metric (ST) units is presented on page 3.

5
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Purpose of the Study

4. The purpose of this study was to develop equations or design curves

that for given expected wave conditions would provide design guidance on char-

acteristics of the underlayer material (stone size and length of blanket)

placed in advance of construction that ensure its stability during construc-

tion. Presently, there is no guidance, and consequently, expensive trial-and-

error actions must be used whenever a structure is constructed. In some in-

stances, construction cost may be much greater than necessary since the mate-

rial is larger than that required or placed farther in advance of construction

than is necessary. In other cases, the material may be smaller thin that re-

quired or the spatial extent of its placement ahead of construction inade-

quate, and scour problems may develop and increase costs. Proper design guid-

ance minimizes costs and ensures stability of the material placed in advance

of construction (and thus stability of the sand bottom).

6



PART 11: PHYSICAL MODEL DESIGN

General Considerations

5. A rubble structure is composed of several layers of random-shaped

and random-placed stones, protected with a cover layer of selected armor units

of either quarrystones or specially shaped concrete units. Armor units in the

cover layer may be placed in an orderly manner to obtain good wedging or inter-

locking action between individual units, or they may be placed at random. Wave

action against such a rubble structure will often scour the natural bottom and

the foundation of the structure, even at depths usually considered unaffected

by such action. A foundation bedding of underlayer material should be used to

protect the structure from undermining except: (a) where depths are many

times greater than the maximum wave height, or (b) where the lom is a hard,

durable material such as bedrock. When large quarrystones ai )laced directly

on a sand foundation at depths where waves and currents act o ne bottom, the

rubble will settle into the sand until it reaches the depth I which the

sand will not be disturbed. Large amounts of material may be auired to al-

low for this loss during construction.

Design Wave Selection

6. The choice of the design wave height depends on whether the struc-

ture is subjected to the attack of nonbreaking, breaking, or broken waves, and

on the geometrical and porosity characteristics of the structure. The type of

wave action experienced by a structure may vary with position along the struc-

ture and with water level and time at a given structure section. For these

reasons, wave conditions should be determined at various points along a struc-

ture and for various water levels. Critical wave conditions that result in

maximum forces on structures such as groins, breakwaters, or jetties may be

found at a location other than the seaward end of the structure.

7. If breaking in shallow water does not limit wave height, a non-

breaking wave condition exists. For nonbreaking waves, the design height is

selected from a statistical height distribution. The selected design height

depends on whether the structure is defined as rigid, semirigid, or flexible.

For flexible structures, such as rubble-mound structures, the design height is

L_ . • L 7



usually taken as the yearly significant wave hei,,, , I .. S. A .-' CER r"
5

1977), where If is the average nf Llie highest one-third of w,,ves in a storm.
s

Waves higher Thant H impinging on flexible structures for short durations ol
S

time seldom create serious damage although some stone may he displaced (reha-

bilitation is relatively easy to perform).

8. Damage to rubble-mound structures is usually progressive, and an ex-

tended period of destructive wave action is required before a structure ceases

to provide protection. It is therefore necessary in select ing a design wave

to consider both frequency of occurrence of damaging waves and economics of

construction and maintenance. While hurricanes occasionally (although infre-

quently) occur along the Atlantic and Gulf coasts of the United States, it may

be uneconomical to build a structure that could withstand hurricane condi-

tions; hence H is a reasonable design wave height. On the North Pacifics

coast of the United States, the weather pattern is more uniform, and severe

storms are likely to occur each year. The use of H as a design wave height
s

under these conditions could result in extensive annual damage and frequent

maintenance because of the higher frequency and duration of waves greater thn

H in the spectrum. Here, a higher design wave of about 11 may be advis-
S 10

able. (H10  is the average of the highest 10 percent of the waves, whereas

H is the average of the highest 33 percent of the waves at a given location.)s

The distribution of significant wave heights, H , from coastal wave gagess

(except for the North Pacific) is shown in Figure 1. The selected design wave

is used to determine the weight, W , of the cover laver of armor units as:

W H
3

r I
W 3
K D(S - 1) cot 0

where

W = weight of an individual armor unit in the primary cover layer, it,

w = unit weight of rock, lb/ft
3

r

H = design wave height at the structure, ft

For convenience, symbols are listed and defined in the Notation (Ap-
pendix C).

8
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K= stability coefficient that varies primarily with the shape of the
armor units, roughness of the armor unit surface, sharpness of
edges, and degree of interlocking obtained in placement,
dimensionless

S = specific gravity of armor unit relative to the water at the struc-
ture (S = W /w ), dimensionless

= unit weight of water,3 lb/ft
3 (fresh water = 62.4 lb/ft

3

seawater = 64.0 lb/ft )

0 = angle of structure slope measured from horizontal, deg

The experimental facilities utilized in this study could produce a range of

breaking wave heights up to a maximum of 1.8 ft. By considering a prototype-

to-model linear scale ratio of 16 to 1, the maximum prototype wave height that

could be tested was 28.8 ft. For rough, angular, quarrystone armor units of

two layers thickness placed randomly, a suggested KD value for no-damage

criteria and minor overtopping is 3.5. The core and bedding layer for a

rubble-mound section with breaking wave conditions and moderate overtopping

may consist of material that varies from W/200 to W/4,000 . These data

indicate that the dimension of the model core material should be d50 = 0.50

in. A material mix for this purpose was formulated to this specification.

Structure Cross Section

9. A rubble structure is normally comprised of a bedding layer and a

core of quarry-run stone covered by one or more layers of larger stone, and

an exterior layer(s) of large quarrystone or concrete armor units. Typical

rubble-mound cross sections for nonbreaking and breaking waves are shown in

Figures 2 and 3, respectively. The right-hand column of the tables in these

figures gives the rock-size gradation of each layer as a percentage of the

average layer rock size given in the left-hand column.

10. The thickness of the cover and the number of armor units required

can be determined from CERC (1977) as:

r= nk, (2)

10



Seoword L eeward

Breokwoter Crest

Mox Design SWL ___/10_ ___

SWL (Minimum)____ ,i.p L_(Minimum)

5'ma /15W/4000 to W/6000

Idealized Multilayer Section
Rock Size

Roc~k Size Layer Gradation (07)

W Primary Cover Layer 125 to 75

W/2 and W/1 5 Secondary Cover Layer 125 to 75

W/10 and W/300 First Underlayer* 130 to 70

W/200 Second Underlayer 150 to 50

W/4000-W/6000 Core and Bedding Layer 170 to 30

Crest Width

MOX. Design SWL Bekae

WhOW/0 to to00 ~-

tow W15

Recommended Three-layer Section

Figure 2. Rubble-mound section for nonbreaking wave conditions with

zero to moderate overtopping conditions (after CERC 1977)



Seoword Leeword
<Crest Width

Breakwater Crest

Idealized Multilayer Section
Rock Size

Rock Size Layer Gradation (%)_
W Primary Cover Layer 125 to 75

W/10 First Underlayer* 130 to 70
W/200 Second Undertayer 150 to 50

W/4000 Core and Bedding Layer 170 to 30

;Crest Width

BreakwaterCret,,,

Recoinmended Three -layer Section

Figure 3. Rubble-mound section for breaking wave conditions with
moderate overtopping (after CERC 1977)
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where

r = average layer thickness, ft

n = number of quarrystone or concrete armor units in thickness com-
prising the cover layer, dimensionless

ka = layer coefficient obtained from Table 1, dimensionless

W = weight of individual armor units, lb

w r = unit weight of armor unit, lb/ft
3

Table 1

Layer Coefficient and Porosity for Various Armor Units

Layer Coefficient Porosity (P)

Armor Unit n Placement k A percent

Quarrystone (smooth) 2 Random 1.02 33

Quarrystone (rough) 2 Random 1.15 37

Quarrystone (rough) >3 Random 1.10 40

Cube (modified) 2 Random 1.10 47

Tetrapod 2 Random 1.04 50

Quadripod 2 Random 0.95 49

Hexapod 2 Random 1.15 47

Tribar 2 Random 1.02 54

Dolos 2 Random 1.00 63

Tribar 1 Uniform 1.13 47

Quarrystone Graded Random -- 37

The placing density is given by

N= Ank I W0 2/3
r A\ 00/\

where

Nr = required number of individual armor units for a given surface area,dimensionless

A = surface area, ft
2

P = average porosity of the cover layer obtained from Table 1, percent

The values of k and P , presented in Table 1, have been determined from

experimental studies.

13



Primary cover layer

11. The stability of armor units is related to the design wave height,

H , and other parameters according to the stability formula, Equation 1, which

is based on the results of extensive small-scale model testing and some pre-

liminary verification by large-scale model testing. Suggested values of KD

for use in determining armor unit weight are presented in Table 2. Equation 1

is intended for conditions where the crest of the structure is high enough to

prevent major overtopping.

Underlayers and bedding layer

12. The first underlayer (directly beneath the primary armor units)

should have a minimum thickness of two quarrystones (n = 2), and these should

weigh about 1/10 the weight of the overlying armor units (W/10). This applies

where: (a) cover layer and first underlayer are both quarrystones, or (b)

first underlayer is quarrystone and the cover layer is concrete armor units

with a stability coefficient K < 12 When the cover layer is of armor
D-

units with KD < 20 , the first underlayer quarrystone should weigh about

W/5 , or 1/5 the weight of the overlying armor units. The second underlayer

for this part of the structure should have a minimum equivalent thickness of

two quarrystones; these should weigh about 1/20 the weight of overlying quarry-

stones (W/200). The first underlayer for that part below -1.5H should have

a minimum of two thicknesses of quarrystone; these should weigh about 1/20 the

overlying secondary armor unit (W/300). The second underlayer for that part

below -1.5H , and the core and bedding layer material, can be as light as

W/6,000 , or quarry-run stone.

Scale Effects

13. If rubble-mound structures are modeled geometrically similar to

their prototype structures, there is relatively more wave reflection from the

model structures and relatively less wave transmission through the model V
structures, compared with the prototype, unless the model scale is large

enough to ensure that the motion is fully turbulent in the model. Scale

effects for both wave reflection and transmission can be reduced by using

model quarrystone sizes in the protective cover layers and core material (and

foundation bedding underlayer material) larger than those determined by the

linear scale of the model:

14
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Table 2

Suggested KD Values for Use in Determining Armor Unit Weight

No-Damage Criteria and Minor Overtopping
Structure Trunk Structure Head

Breaking Nonbreaking Breaking Nonbreaking Slope
Armor Units n* Placement Wave Wave Wave Wave cot 0

Quarrystone

Smooth rounded 2 Random 2.1 2.4 1.7 1.9 1.5 to 3.0
Smooth rounded >3 Random 2.8 3.2 2.1 2.3
Rough angular I Randomtt t 2.9 ft 2.3 t

Rough angular 2 Random 3.5 4.0 2.9 3.2 1.5
2.5 2.8 2.0
2.0 2.3 3.0

Rough angular >3 Random 3.9 4.5 3.7 4.2 t
Rough angular 2 Specialt 4.8 5.5 3.5 4.5

Tetrapod and 2 Random 7.2 8.3 5.9 6.6 1.5
quadripod 5.5 6.1 2.0

4.0 4.4 3.0

Tribar 2 Random 9.0 10.4 8.3 9.0 1.5
7.8 8.5 2.0
7.0 7.7 3.0

Dolos 2 Random 22.0 25.0 15.0 16.5 2.Ot
13.5 15.0 3.0

hodified cube 2 Random 6.8 7.8 -- 5.0 t

Hexapod 2 Random 8.2 9.5 5.0 7.0 t

Tribar I Uniform 12.0 15.0 7.5 9.5

Quarrystone (KRR)

Graded angular -- Random 2.2 2.5

* n is the number of units comprising the thickness of the armor layer.
Applicable to slopes ranging from IV on 1.5H to IV on 5H.

t Until more information is available on the variation of . value with slope, the use
of KD  should be limited to slopes ranging from IV on I.5H to IV on 3H. Some armor
units tested on a structure head indicate a 1%-slope dependence.

tt The use of single layer of quarrystone armor units subject to breaking waves is not
recommended, and only under special conditions for nonbreaking waves. When it is
used, the stone should be carefully placed.
Special placement with long axis of stone placed perpendicular to structure face.

U Stability of dolosse on slopes steeper than IV on 2H should be substantiated by site-
specific model tests.



Dp
K (4)

where

D = model effective stone dimension, ft
m
D = prototype effective stone dimension, ftP

K = coefficient greater than 1, dimensionless

Lm = model representative length, ft

L = prototype representative length, ft
p

The value of K for the armor units in the protective cover layer, the char-

acteristics of which determine the reflection coefficient for a rubble-mound

structure, is not the same value of K for the core and bedding material,

which determines to a large extent the wave transmission characteristics of

the breakwater or jetty. This is ;pecially true if the crest of the core

material section is high relative to the total height of the structure.

LeMdhaut6 method

14. Approximate values of K for wave transmission can be obtained

from a nomograph of LeM~haut6 (1965) (Figure 4) based on analytical con-

siderations and available experimental data. The variables of this figure

are defined as follows:

H/AL = gradient of the head loss through the voids in the core material
part of the structure section, dimensionless

= height of the incident wave, ft

AL = average width of the core material section, ft

D= effective quarrystone dimensions of the prototype core material,
p cm, and is taken to be the 10 percent smaller than quarrystone

from the core material gradation curve

P = porosity of the prototype core material, dimensionlessp

P = porosity of the model material, dimensionlessm

D = effective dimension of the model core material, cmm

LeMNhaut6 assumed that the gradation curves of the core material in the model

and prototype are the same, or P = Pm p

Keulegan method

15. Keulegan (1973) gave the following equations for wave transmission

through model and prototype rubble-mound structures with core material of vari-

ous porosities:

16
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a2/3 2/3 model (5)a t M ( -d) ( WO )
C 1/3 24/3

m = (dm A Td T model (6)

a. r/A.\dw 2

a = + [M ()d A prototype (7)

M C prototype (8)

where

a. = amplitude of incident wave, ft1

at = amplitude of transmitted wave, ft

M = Keulegan rubble-mound parameter

d = undisturbed water depth, ft

W = structure width, ft
s
A = wavelength, ft

2
v = fluid kinematic viscosity, ft /sec

T = wave period, sec

d = model size of rocks, ft

g = gravitational constant, 32.174 ft/sec
2

d = prototype size of rocks, ftP
C C = numerical multiplier for M , functionally related to

porosity according to Table 3, dimensionless

The procedure to determine what rock size in the model will assure similarity

in the wave transmission is as follows: using prototype values of b , T

dp , and d in Equations 7 and 8, the prototype ratio ai /at  is obtained

from Equation 8. This prototype value is also required to be the same in the
model for similarity; hence the ratio a i/a t  obtained from Equation 8 is in-

serted into Equations 5 and 6 to determine the model rock size, d , of the

model core material and foundation bedding underlayer.

18



Table 3

Numerical Multiplier for Keulegan Method

Numerical Multiplier in M

Model, C Prototype, CPorosity, PCm p

0.50 10.5 1.51
0.46 14.7 2.11
0.45 16.1 2.31
0.40 25.7 3.70
0.35 43.8 6.29
0.30 81.2 11.65

Comparison of LeMhaut6

and Keulegan methods

16. The methods of LeMehaute and Keulegan for the determination of K

have been compared by Hudson et al. (1979) for a scale ratio of 1:100 and are

presented in Table 4. The water depths, wave dimensions, and quarrystone

sizes used represent the ranges of these variables commonly found in prototype

structures. Keulegan's equations and Table 4 show that the porosity and size

Table 4

Comparison of LeMhaut6 and Keulegan Methods

) KL
d T H P K K K
ft sec ft ft L K K

15 5 7.5 0.25 6.0 4.6 1.30
15 5 7.5 0.75 3.5 2.7 1.30
15 10 7.5 0.25 6.0 4.2 1.43
15 10 7.5 0.75 3.5 2.5 1.40

30 10 15.0 0.25 5.5 4.0 1.38
30 10 15.0 0.75 3.0 2.3 1.31
30 15 15.0 0.25 5.5 3.9 1.41
30 15 15.0 0.75 3.0 2.3 1.31

45 15 25.0 0.25 5.0 3.7 1.35
45 15 25.0 0.75 2.7 2.2 1.23
45 20 25.0 0.25 5.0 3.6 1.39
45 20 25.0 0.75 2.7 2.2 1.23

* Subscripts L and K refer to LeMhaut6 and

Keulegan, respectively; 1:100-scale comparison after
Hudson et al. (1979).
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of the core material quarrystone have an appreciable effect on the wave trans-

mission coefficient, ai/a t . Thus it is important that accurate values of

these variables are obtained for the core material used in the prototype struc-

tures. Keulegan's equations also show that adjustments can be made in both

the ratios of P m/Pp and D m/Dp  to obtain practical solutions to the prob-

lem of minimizing scale effects in wave transmission through rubble-mound

structures. Generally, the problems of obtaining dynamic similarity for wave

transmission through such structures should be the subject for future analysis

and experimentation. However, until the results of such studies become avail-

able, scale effects can be reduced appreciably by LeMehaute's (1965) nomograph

and Keulegan's (1973) equations and by the proper selection of linear scales.

The most accurate of the two methods is unknown at present; therefore it is

recommended by Hudson et al. (1979) that the value of K used in the model

design should be the average of the two methods, or:

KL + KK
2

17. Supplemental comparisons were made for prototype values analogous

to this study of wave height 28.8 ft, wave period = 16 see, and rubble-mound

material with a porosity, P , of 0.46, and prototype-to-model scale ratio of

16 to 1. Keulegan's method indicated that model material greater than d

0.52 in. would cause no appreciable scale effects. This value compared fa-

vorably with the d = 0.50 in. mix which had been prepared for this study
50

from other available material distributions.

Wave Dissipation Inside Porous Structures

18. In actual prototype situations and laboratory model studies, the

dissipation of wave energy inside a porous rubble-mound structure will be

partly due to turbulence and partly due to viscous forces. Keulegan (1973)

deduced an expression for the amplitude, a , of a wave at any location, x

within a porous structure as:

-akx

a a.e (10)
1
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with

pA2

- 4nKdT (II)

where

a. = initial wave amplitude at the entering face of structure, ft
1

e = base of system of natural logarithms, 2.71828, dimensionless

= Keulegan dissipation coefficient, dimensionless

k = wave number, 2n/A , 1/ft

P = porosity of rock structure, dimensionless

X = wavelength, ft

n = 3.14159, dimensionless

K = coefficient of permeability, ft/sec

d = undisturbed water depth, ft

T = wave period, sec

The coefficient of permeability, K , used in Equation 11 is the engineer's

or Darcy's coefficient. It is defined as the discharge velocity through unit

area under unit hydraulic gradient. From theoretical considerations, it can

be shown that permeability can be expected to vary with the squares of the

diameters of pore spaces and with the squares of the diameters of the rock

material.

Physical Model Parameters

19. It is apparent from Figures 2 and 3 that the material comprising

the core of a rubble-mound breakwater or jetty can vary over a large range of

values without affecting the structural integrity of the system. Considering

the range of model breaking wave heights up to 1.8 ft, the maximum prototype

breaking wave height which could be tested under a representative linear scale

ratio of 16 to I is 28.8 ft. From Figure 3 and Equation 1, the prototype core

material corresponding to this wave height could vary over a range of values

from 15 to 1,500 lb. The structure is not intended to transmit wave energy;

hence the model structure specifications need not be overly restrictive in ad-

hering to scaled prototype rock size gradation as the bulk of the material is

21
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placed for structure volume filler substance. Because of the orientation of

the model structure for these specific test purposes, it is necessary however

to ensure that a sufficient section of structure is being modeled to preclude

any transmitted wave energy along the major axis to the rear of the section

(in this case, through the structure).

20. The minimum weight stone existing in the prototype structure (15

lb) can be effectively represented as a cube of side length 5.4 in. Based oil

LeMhaute and Keulegan scaling relations, a 50 percent increase in the model

linear scale will preclude significant scale effects. This indicates a model

core material with a representative dimension of 8.0 in. prototype (0.5 in.

model) and a 16-to-I linear scale ratio will satisfactorily comprise the core

of the model structure. A composite material mix with a 50 percent finer by

weight of 0.5 in. was formul (d50 = 0.5 in. model = 8.0 in. prototype = 50

lb prototype). The gradatioh .:urve for this composite material mix is shown

in Figure 5.

21. The physical model was operated under the assumption that waves

would approach directly perpendicular to the offshore contours and would thus

propagate along the major axis of the structure. A two-dimensional section of

structure was placed in the wave basin with a length sufficient to ensure that

wave energy would not penetrate through the structure and be reflected from

the rear of the basin. It was desired that the wave energy which penetrated

the scale-model core of the structure be effectively dissipated internally

within the structure. Keulegan's (19731) expressions for wave dissipation

inside porous structures (Equations 10 and 11) indicated that any section of

structure in excess of 10 ft would dissipate over 99 percent of the wave

energy approaching the structure (i.e., essentially no fluid motion would be

detected within the structure at a distance of 10 ft from the incident face).

The model structure was placed on a nearshore beach slope of IV on 2511, which

was considered typically representative of maity coastal zones. This also pro-

vided a shoaling region whereby the waves of various periods could be forced

to break directly 3t the toe of the structure, as this had been determined

to be the situation of most severe condition.

Experimental Facilities

Wave flume

22. This experimental study was condurted in a two-dimensional wave

22
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flume 120 ft long by 6 ft wide by 6 ft deep (Figures 6 and 7). The concrete

flume was modified by the installation of a beach with a slope of IV on 25H1 to

simulate representative prototype conditions, and to facilitate the breaking

wave phenomenon under investigation. The model structure was placed on the

concrete slope at the end of the flume.

Wave generator

23. A dual channel irregular wave generation system had previously been

installed in the wave flume and was used to generate the monochromatic waves

utilized in this study. The wave generator consisted of: (a) a rotational

actuator assembly with a 6-in. stroke and a dynamic force of 2,500-lb tension

or 7,000-lb c.mpression; (b) a translational actuator assembly with a 26-in.

stroke and a dynamic force of 2,500-lb tension or 7,000-lb compression; (c) a

hydraulic power supply system providing 10 gpm at 3,000 psi; (d) a wave-board

system providing both translation and rotation capabilities, either individ-

ually or simultaneously; and (e) an electronic console system providing vari-

able controllers and accelerometer conditioners. The wave generator equipment

can be programmed with both analog and digitally generated random data; there-

fore the equipment will reproduce waves that vary from cycle to cycle in both

amplitude and period. The wave-board motion does not vary in amplitude from

the programmed value more than ±5 percent over a range of amplitude from 10 to

80 percent of maximum motion. Wave period does not vary by more than

±1 percent.

24. Automated Data Acquisition and Control Systems (ADACS) have been

designed and built at the U. S. Army Engineer Waterways Experiment Station

(WES) for the purpose of collecting wave data and controlling operations of

hydraulic wave models. The computer hardware configuration for each system

consists of a minicomputer with 32k 16-bit words of memory, a magnetic tape

controller with two 9-track tape drives, one moving head disc controller with

one removable platter and one nonremovable platter, an interval timer (I psec),

an analog-to-digital 12-bit converter featuring 64 analog (±10 volts) inputs

and a 45 kHz multiplexer, a teletype unit, 96 sense/control lines, and one

matrix electrostatic printer/plotter. One of the ADACS is shown in Figure 8,

and is connected to the dual channel irregular wave generation system. The

irregular wave generator translational and rotational actuators are shown

connected to the wave board in Figure 9, and the 6-ft-wide wave flume and

wave-board portion of the wave generation system is shown in Figure 10.
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Figure 8. Automated Data Acquisition and Control System (AI)ACS)
connected to dlual channel irregular wave generation system

rw

Figure 9. Irregular wave generator translational and rotational
ac-tuators ronnected to wave board
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Figure 10. Wajve flume and 6-ft-wide wave boa rd
tised in expe rimen tal st udy



PART III: TEST PROGRAM DEVELOPMENT

Background

25. Naheer (1977, 1979, 1980) developed an empirical relationship to

describe the conditions under which a rock embedded in the upper layer of a

bed of similar rocks will start to move during passage of solitary waves. Rock

(specific gravity 2.68) of two different diameters was tested (5.44 and 7.70

mm), and coal (specific gravity 1.28) of two different diameters (8.00 and

11.10 mm) also was investigated. The amount of motion of these four materials

was measured in a wave flume and found to depend on a dimensionless shear

stress similar to the Shields parameter. The dimensionless shear stress was

defined as the ratio of the hydrodynamic shear force exerted on the bed to the

submerged weight of the particles. Extrapolation of the curve passing through

the experimental data to the point of zero motion yields the value of the

dimensionless shear for which incipient motion occurs. Theoretical considera-

tions were used to evaluate the shear stress under the waves, and the dimen-

sionless shear was then transformed such that incipient motion could be de-

scribed in terms of measurable quantities, i.e., the density and diameter of

the particle, the density and depth of the water, and the wave height. Wave

period has no meaning for solitary waves. The relationship between these quan-

tities was expressed as:

SF(2db) 0 3 7  (12)max 2( s~)[~+()

where

2w e = maximum shear stress on the particle, lb/ft
max 2
K = friction coefficient, lb/ft
F
H = wave height, ft

d r still-water depth, ft

d = diameter of bed particle, ft
b2 4

PS = density of particle, lb-sec2 /ft4

Pw = density of water, 
Ib-sec

2 /ft4
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The empirical relationship for the friction coefficient, K F' is presented in

Figure 11. This coefficient was found to be independent of Reynolds number.

0.7 1 I I I I I

0.6

0.5

0.4

KF

0.3

0.2

0.1

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

H/d

Figure 11. Empirical relationship between
K F and H/d (after Naheer 1979)

26. The empiticai relationships for incipient motion developed by

Naheer (1977) with a scaled model in a laboratory are of limited use from a

practical engineering aspect. In order to estimate local shear stresses

exerted on a rough bottom under waves, it is necessary to study the develop-

ment of the rough turbulent boundary layer under these waves. The stresses

estimated with the aid -f the mean resistance coefficient which was developed

from considerations of energy dissipation may not represent the actual

stresses exerted on the bed. Naheer (1977) noted that a slight rocking motion

of a few particles in the bed is insignificant from a practical engineering

standpoint. Such a motion does not endanger the bed and does not reduce the

peotection of a rock armoring underlayer section. Naheer (1977) recommended

that a future, larger scale study be concentrated on the conditions under

which the entire bed changes from a stable to an unstable condition. His ob-

servations of motion of particles of arbitrary shape resulted in a large error

when used to determine the size of the rock required for incipient motion

under breakinR waves. Since that error was partly due to the extrapolation of

30
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the data from observed motion to the point of zero motion, Naheer (1977) rec-

ommended that a study should be performed of the case where the particles are

in a state of incipient motion under breaking waves.

Preliminary _IV-on-30H Bottom-Slope Tests

27. An existing 5-ft-wide, two-dimensional wave flume with a IV-on-3011

bottom slope was used initially to test a limited range of wave conditions in

order to develop a test program for investigating the effects of various wave

parameters and underlayer material characteristics on resulting scour near

major rubble-mound structures. The range of parameter variations to be used

in the experimental investigation was established in this preliminary evalua-

tion. Based on Froudian scaling relationships (gravity being the restoring

function for recurring surface water waves), model materials were obtained and

a structure representing a prototype was constructed in the 5-ft-wide lume.

The face of the core material was stabilized with model armor stone to prevent

the various underlayer materials from becoming mixed with the core stone near

the toe of the structure. It was determined that the most severe wave condi-

tion (that situation producing the most movement of underlayer material)

existedi when the waves were permitted to break and plunge directly at the tot

of the structure. Various combinations of parameters were considered and are

discussed subsequently.

Effect of underlayer
engt h and number of waves

28. The first series of preliminary tests was conducted to obtain in-

formation regarding the number of waves (duration of test required for ma':e-

rial movement compared with length of representative prototype storms), and to

determine if the length of the underlayer section was a pertinent variable for

evaluation. Typical results of these tests (qualitatively) are presented in

Figures 12-16 and show that for a constant size material (crushed stone passing

a 1/2-in. screen but being retained on a 3/8-in. screen), a longer underlayer

section tends to preclude initial movement of underlayer material. Waves

plunging at or about the toe of the structure and material section tend to dis-

place the underlayer material toward the major structure. While these tests

were performed with a 2-ft-thick prototype layer on a nonmovable bottom, indi-

cations are that the movement of the underlayer material toward the structure
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water depth 1 .00 ftt, wave period 3.00 sec , l aver thick-
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Figure 14. Preliminary 1V-on-30H bottom-slope tests;
water depth 1.00 ft, wave period 3.00 sec, layer thick-

ness 2 ft prototype, layer extent 80 ft prototype,
underlayer material size 20 to 50 lb prototype (Wtill

= 35 lb prototype), number of waves 640

Figure 15. Preliminary IV-on-30H bottom-slope tests;
water depth 1.00 ft, wave period 3.00 sec. laywr thick-
ness 2 ft prototype, layer extent 96 ft prototype,
inderlayer material size 20 to 50 lb prototype (Wuil

.35 H prototype), number of waves 500



Figure 16. Preliminary IV-on-30H bottom-slope tests;
water depth 1.00 ft, wave period 3.00 sec, layer thick-
ness 2 ft prototype, layer extent 304 ft proLotype,
underlayer material size 20 to 50 lb prototype (WUL

= 35 lb prototype), number of waves 1,000

would allow development of a scour area at a location seaward of the major

structure.

29. When the length of the underlayer material section was extended sea-

ward of the plunging wave effect, movement of the underlayer material decreased,

even when the number of waves was significantly increased (comparison of Fig-

ures 12-15). One thousand waves produced no discernible scour area when the

section was extended to a length of 304 ft prototype (Figure 16), and when the

test wave had a 12-sec prototype period.

Effect of underlayer material size

30. It is well documented that for nonbreaking waves and constant wave

height, the stability of a rubble-mound structure is dependent upon the size

of the armor stone protecting the structure. To extend this relationship

from a major stone structure to the underlayer material section, all parameters

were held constant and three different size underlayer stone materials were

tested: (a) passing a 1/2-in, screen but being retained on a 3/8-in, screen

(WUL = 35 lb prototype); (b) passing a 5/8-in. screen but being retained on a

1/2-in. screen (WUL 72 lb prototype); and (c) passing a 3/4-in. screen but
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being retained on a 7/8-in. screen (WUL = 212 lb prototype). Comparisons of

these test results are presented in Figures 12, 17, and 18, respectively.

These tests indicated that the material size must be increased significantly

to provide stability of the underlayer material section with a 48-ft prototype

extent.

Effect of wave Leriod

31. Wave period appears to affect the movement of underlayer material

at constant water depth. Figures 19 and 20 show that for the same number of

waves, and with a longer underlayer section, the longer period wave induces a

significantly greater degree of material movement than does the shorter period

wave. However, this apparent period effect may actually be the result of an

increase in wave height with increasing period (required to maintain wave break-

ing at the same location in the model). The change in wave height is inherent

with the wave period change and may produce an apparent period effect that

does not actually exist.

32. Additional tests were performed at a water depth of 0.50 ft (the

first tests had been conducted in 1.00 ft of water) to further investigate the

apparent period effect. Results of these tests are shown qualitatively in Fig-

ures 21-24 for a constant size material subjected to three wave periods (with

the same extent of underlayer material section). It was found that the 2-sec

wave produced no discernible material movement for a large number of waves.

An increase in wave period to 3 sec (with an accompanying increase in wave

height) caused the initiation of a scour region near the toe of the major

structure. A further increase in wave period to 4 sec caused the displacement

of the entire 48-ft prototype section to the toe of the major structure. Ob-

viously, a significant scour hole would have developed in a movable-bed model.

When the L -ft prototype section was extended to 96 ft prototype (for the same

4-sec wave period), the scour region shown in Figure 24 developed, indicattg

that it is only ne-essary to stabilize a finite region ahead of the construc-

tion of a major stone structure. The optimization of the location and extent

of this finite region is dependent on the incident wave climate and the mate-

rial available for stabilization.

Test Program

33. Based on the results of the preliminary 1V-on-30H bottom-slope
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Figure 20. Preliminary IV on-301 bottom-slope tests;
water depth 1 .00 ft , wave period 3.00 sec , layer thick-
ness 2 ft prototype, layer extent 64 ft prototype,
underlayer material size 165 to 260 lb prototyp V (W1 1

212 lb prototype), number of waves S00
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Figure 24. Preliminary lV-on-301 bottom-slope tests;
water depth 0.950 ft , wave period -0 see, layer thick-
ness 2 ft prototype, layer extent 9() ft prototype,
tinderlayer material size 20 to 50 lb prototype, (WU 11

'35 lb) prototype), number of waves 428



tests, it was determined that the stability of the ,inderlayor mal,,rial ;vct i,-

is functionally related to the size of the material comprising the stabilizt-

tion layer and to certain parameters of the incoming wave climate. These wave

characteristics may consist of the wave period T , plunging breaker wave

height Hb ) still-water depth d , wave celerity C , and wavelength A It

was also determined that the most severe scour condition resulted from a break-

ing wave which plunged directly at the toe of the major stone structure. Ltr-

tain of these wave parameters may not be completely independent, i..., the

breaking wave height at the toe of the structure may depend on the water depth

and wave period.

Stability = (WUL , Hb , T , C , g , d , L , A , wr , W) (ii

where

WUL = weight of representative stone in the underlayer section, lb

Hb = maximum breaker wave height when wave plunges at structure toe, ft

T = wave period, sec

C = wave celerity, ft/sec

g = gravitational constant, 32.174 
ft/sec

2

d = still-water depth, ft

= width of underlayer structure section, ft

A = wavelength, ft

W = unit weight of underlayer material, lb/ft 3

w unit weight of water, lb/ft
3

The functional relationship of Equation 13 remains to he determined ihy physl-

cal model tests.

Underlayer material

34. The size of quarry-run stone and the routine requirements of rubble-

mound stone construction provide an indication of the size of stone material

that can be reasonably feasible to obtain for utilization as underlayer mate-

rial. Based on a Froudian scaling, and a 16-to-I linear scale ratio between

prototype dimensions and model size, seven material sizes were selected for

investigation (Table 5). These seven materials are shown in Figures 25-31.

To investigate the effect of underlayer material extent on the scour phenomena,

three different lengths of underlayer section were tested (3 ft, 5 ft, and 7 ft

model, or 48 ft, 80 ft, and 112 ft prototype, respectively). The remaining
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Size Size Reta inled Pa SS infg We ight Sizv

M.1 t v r Ia -ill- - -in .Ih 1) ) 11 i' .

1 3/8 1/2 20 50 35

21/2 5/8 so 95 7 2

5/8 3/4 95 15 10 II)I

3 /4 7/8 165 2 ()0 212 13

57/8 1 2b0 3190 325 1 15

t)1 1-1/4 390 765 577 is

7 1-1/4 1-1/2 705 1,320 1,042 22

Figure 25. Underlayer test material 1, passing 1/2 in. ;ind( retained
3/8 in. model, 20 to 50 lb) prototype (Wi .35 lb) prototype), 7-in.

prototype Si~e
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Figure 28. Underlayer test material 4, passing 7/8 in. and retained

3/4 in. model, 165 to 260 lb prototype (WUL = 212 lb prototype), 13-in.

prototype size

VA

Figure 29. Underlayer test material 5, passing I in. and retained

7/8 in. model, 260 to 390 lb prototype (W UL : 325 l6 prototype), 15-in.

prototype size
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Figure '30. Underlaver test material 6, passiung 1-1/4 in. and
retained 1 in. model, 390 to 765 lb prototype (W UL 577 lb p~ro-

totype), 18-in, prototype size

~ A'4
It q

41C'

Figure 31. Underlayer test material 7, passing 1-1/2 in. and
retained 1-1/4 in. model, 7()5 to 1,320 11) prototype (U 1 ,

1,042 lb prototype), 22-in. prototype size
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pertinent variables of Equation 13 are related to the water depth and wave

climate.

Wave characteristics

35. Because breaking waves are being evaluated (with plunging occurring

directly at the toe of the major stone structure), the breaking wave height,

Hb , should be directly related to the water depth, d . Hence more than one

water depth should be tested to isolate any scale effects. Also, a range of

wave periods is necessary to determine the inherent relationship between wave

period, T , and breaking wave height. Model wave periods of 2, 3, 4, and 5

sec were selected to be generated in water depths of 0.50 and 1.00 ft. The

wave generation system was capable of producing breaking waves under these

conditions on the lV-on-25H slope that was selected for the tests. The break-

ing wave heights were determined along the center line of the flume by the

ADACS system (Table 6). The wave generator was operated as a sinusoidally

moving wave maker, and the shallow-water waves broke down into a primary and

one or more secondary waves. The primary and secondary waves traveled at

different speeds (depending on their individual wave heights), and the re-

sulting water surface exhibited secondary waves, depending on the distance

from the wave generator. The fact that the breaking wave heights for the

5-sec waves of Table 6 were determined by the ADACS system to be less than the

breaking wave heights for the 4-sec waves is attributed to this secondary wave

phenomenon.

Table 6

Model Wave Characteristics

Maximum Breaker
Water Depth, d Wave Period, T Wave Height, Hb

ft sec ft

0.50 2 0.65

0.50 3 0.70

0.50 4 0.80

0.50 5 0.68

1.00 2 1.09

1.00 3 1.11

1.00 4 1.45

1.00 5 1.12
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Flume slope

36. A 1V-on-25H slope was molded in a 6-ft-wide wave flume using fixed-

bed concrete materials. This slope fit into the geometry of the existing 6-ft-

wide wave flume satisfactorily, and would provide the required characteristics

necessary to induce breaking of all waves desired to be tested in this program.

This bottom slope of IV-on-25H is typical of many prototype conditions.

Experimental test conditions

37. Two water depths (0.50 and 1.00 ft) and four wave periods (2, 3, 4,

and 5 sec) were tested. These eight combinations of wave periods and water

depths were evaluated using three different widths of underlayer section (3, 5,

and 7 ft). Each of these three different widths of underlayer sections was

constructed of seven separate gradations of material, ranging from that which

passed a 1/2-in. screen to that which passed a 1-1/2-in. screen (prototype

size range of 7 to 22 in., with the average weight of each material being 35,

72, 130, 212, 325, 577, and 1,042 lb, prototype). These combinations of

material sizes, underlayer structure width, water depth, and wave periods re-

sulted in 168 separate tests.
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PART IV: DATA ANALYSIS

38. The stability of the major rubble-mound structures has been investi-

gated quite thoroughly from both an analytical and experimental standpoint.

Even though the importance of the underlayer foundation blanket for scour pre-

vention during construction has been recognized, the stability of this under-

layer material has been given only empirical rule-of-thumb design considera-

tions. Because of the many similarities that exist between a rubble-mound

structure and the underlayer material on which it is placed, it is desirable

to perform an analysis of the stability during construction of the underlayer

material along analogous lines to those which have been developed for rubble-

mound structures.

Stability of Rubble-Mound Structures

39. The classic analysis of the stability of the armor units which pro-

tect a rubble-mound structure from excessive damage due to wave attack was

presented by Iribarren Cavanilles (1938), and has come to be known as the

Iribarren formula:

WR B Bcr (14)
(cos 0 - sin )(S - 1)3

where

WR = weight of individual cap rock, kg

KB = 15 and 19 for breakwaters constructed of natural rock fill and
artificial blocks, respectively, kg/m

HB = height of wave which breaks on the structure, m

S = specific weight of cap rock, metric tons/m
3

cr

0 = angle, measured from horizontal, of the sea-side slope, deg

This expression, in the form of Equation 14, is not dimensionally homogeneous,

and the coefficient, KB 9 is not dimensionless. These limitations restrict

the equation from being universally applicable in its present form.

40. In 1951 a comprehensive investigation of rubble-mound breakwaters

was begun at the WES for the Office, Chief of Engineers (OCE). These studies

have been discussed by Hudson (1957, 1958, 1961, 1974, 1975), and Hudson and
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Jackson (1953). In Iq51, it was assumed that the Iribarren formula could be

used to correlate test data and that it could be made sufficiently accurate

for use in designing full-scale rubble-mound breakwaters, if sufficient test

data were available to evaluate tile experimental coefficient, KB  Early

tests in this investigation showed that the friction coefficient in lri-

barren's formula, as measured by the tangent of the angle of repose, varied

appreciably with the shape of armor units and with the method used to place

these units in the cover layer. These results led to the realization that the

experimental coefficient, KB , could not be determined accurately from small-

scale breakwater stability tests unless accurate comparative values of the

friction coefficient could be obtained for the different shapes of armor units.

This realization was made more acute by the fact that irribarren's force dia-

gram, from which his basic stability equation was derived, is predicated on

the assumption that the friction between armor units, specifically that com-

po,.efnt of the friction force parallel to the breakwater slope, is the primary

force that resists the forces of wave action and determines the stability of

the armor units. Based on the results of the tests to determine friction co-

efficients, correlation of test data by the use of Iribarren's formula was

abandoned, and a new stability equation, similar to the Iribarren formula

but capable of more general application, was derived by Hudson (1957).

41. A dimensionless parameter, designated the stabilitv number, N,
s

was developed by Hudson (1957) as:

u 1/3 H

Nr I r
(S - )W

r

where

Wr = unit weight of the rock

H = design wave height

W = weight of an individual armor stone

When damage was allowed to occur to the breakwater (by use of wave heights

greater than the design wave height), the geometry of the structure, the motion

of the water particles, and the resulting forces on the breakwater differed

from those resulting from tests in which the no-damage criterion was used.

Thus a damage parameter, D , defined as the percentage of armor units
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displaced from the cover layer by wave action, was included by Hudson (1957).

42. For breakwater sections investigated in the first phase of the

testing program, in which the armor units were rocks simulating rounded and

smooth quarry stones placed randomly, it was found that:

W1/3H

N r - .(O , f/A , d/A , D) (16)
(S - 1)1/3r

In the second phase of the testing program, the armor units used were pat-

terned after the tetrapod, and the rubble mound was protected by two or more

layers of armor units placed over one or two quarrystone underlayers. For

these tests, it was determined that:

W1/3H

Nr f(O , H/ , d/A , r) (17)
s (S r - 1)W1/

Here r is the thickness of the cover layer.

43. Data obtained from stability test of quarrystone and tetrapod

shaped armor units for the no-damage criteria are shown in Figure 32 in the

form of log-log plots, with the stability number, N, as the ordinate,

cot 0 as the abscissa, and the shape of the armor unit as the parameter.

Analysis by Hudson (1957) of the test data indicated that for the conditions

tested, the effects of the variables H/A and d/A on the stability of

armor units are of second order in importance when compared with the effects

of breakwater slope, e , and the shape of the armor units, D or r (no

period effect could be ascertained from these data).

44. A formula for determining the weight of armor units necessary to

ensure stability of rubble-mound breakwaters of the types tested, and in rela-

tively deep wate , can be obtained from the equation of the approximate best-

fit lines of Figure 32. The 1 ines AB and MN were drawn through the data

points with a best-fit slope of 1/3. The equation of this straight line on
b

log-log paper is of the form y = ax , where a is the y-intercept at x = I

and b is the slope of the line. The equation ot lines AB and MN there-

fore is:
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I N
N = = a (co t O 1/3 ( 18)

s (S - I)VI /

ar which, it a - K

= r( 1 his)
KD(S - cot 0

ELqua t)aIi 1 his been appl i ed Wi th apparent success to many model-prototype

studies utder vary ing cond it iotis of wave cl imate and local topography, i . e

Davidson (1971, 1978), Carver (1976, 1980), and Carver and Davidson (1977).

45. In recent years, other investigators have become concerned that

there may indeed be a period dependency effect on the stability of armor units

ot rubble-mound structures. Whillock and Price (1976) reported that during an

investigation for the design of dolosse for the High Island Breakwater in Hong

Kong, various slopes of breakwater were subjected to waves of different periods.

(living selected a wave period, the wave height was increased until failure oc-

curred. A deinite influence of wave period, T , was observed by the.se re-

searchers. As the wave period increased, the wave tended to surge on t, the

protective liyer rather than break. This set up high velocities over the .sur-

face l.,ver. It was suspected from observations of many tests that although

dolosse were very stable to plunging breakers acting normal to the .iope , their

weakness lies in their inability to resist the drag caused by this surface flow.

46. Bruiun and Gunbak (1976), and Bruun (1979), found a "phase differ-

eice" to hr the dominrant factor in the relation between waves and structure

geometry. [hey defined this period effect "phase difference" as the ratio

of the runup time to the wave period, T . Sollitt and DeBok (1976) found

that for a given value of wave steepness and depth, the short-period waves

always produced less absolute runup. For a given wave period, T , shallower

iiter produced more runup relative to the depth, and this was reflected in

more damage to the structure armor stone.

47. Hannoura and McCorquodale (1979) conducted experimental studies of

waves breaking on rubble-mound structures and of the instantaneous pressure

distribution due to the wave impact. They believed they observed an effect

of period as a result of these studies. Gravesen, Jensen, and Sorensen
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48. The exper iment a I study pert ormed in this ilvesti gat ion wis '0n-

ducted in a 6-ft -wide, b-ft-deep, anlt 120-ft-I ong wave t I Luni. A port i oil ot

the t I time length was occupied by the wave generat or and model I1 6-to- I s (ale)

of the rubble-mound st ruictuie (breakwater, jetty, groin, etc.). 'lhe model

structure was assumed to he oriented in a manner such that the intolmng i. sr-

face gravity waves were propagating directly onto the long axis of the struc-

ture, as const ruction proceeded seaward front the coastline. Because of the

finite length of wave flume remaining (39 ft), it was necessary to generatr

the test waves in a burst of fiaite duration, to then cease wave generation,

and to allow the water surface to become still before generating aaoth''- !uIrst

of waves. This method prevented reflected wave energy from returning to the

wave generator and being rereflected with the newly generated waves back

toward the structure (thus distorting the initial wave calibration).

49. The duration of an actual burst of generated waves varied, depend-

ing on the period of the wave and the water depth. The duration consisted of

the Lime necessary for a generated wave to travel from thc wave generator to

the model structure and return to the wave generator. This time increment was

about 30 to 45 sec; however, the amount of time necessary to allow the water

surface to become still before the next burst of waves was generated was ap-

proximately 5 min. Only 6 to 12 waves could be generated in a burst (depend-

ing or the travel time of 2-, 3-, 4-, and 5-sec waves in 0.50 and 1.00 ft of

water depth). Hence a significant portion of the model operation time was

spent in quieting the water surface. A longp,.r flume would have permitted more

waves to be generated in a burst, thus reducing the amount of time required to

perform this experimental physical model investigation.

50. Typical representative examples of the tests which were conducted

are shown photographically in Appendix A, at the conclusion of a particular
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test. A minimum number of at least 500 individual waves were generated at

each of the sections of underlayer material tested. If significant movement

of material occurred prior to this number of waves being generated, then

testing of a particular material and wave combination may have been termi-

nated, as it could be concluded that this particular combination of parameters

produced an unstable condition. Occasionally, the number of waves in a test

would be continued to gain additional information for supplemeltal purposes.

lodel operator sketches of the movement of underlayer material after N num-

ber of waves during a test is shown in Appendix B. (The last sketch of the

figures of Appendix B should correspond to the appropriate photograph of Appen-

dix A. )

51 . Preliminary tests used for the development of this experimental

test program had indicated that the greatest amount of underlayer material

movement would be produced by breaking waves which plunge directly onto the

toe of the rubble-mound structure. For a given wave period, T , higher waves

would break seaward of this location and the reduced wave energy would not

cause as much material movement. Lower waves at this period would break o1

the structure, and the elfects would he less noticeable on the underlayer mate-

rial. Hence, in the testing operation, it was necessary to set the desired

wave period and then adjust the stroke of the wave generator to produce a wave

that would break at the desired location (the position of most severe wave

effects).

52. The majority of the failures occurred as material moved from the

seaward edge of the underlayer section toward the base of the rubble-mound

structure. The temporal movement was functionally related to the wave char-

acteristics (wave height, Hb , and/or wave period, T), and to the size of

the maLerial being tested. For some tests that utilized an underlayer section

which was relatively long when compared with the water depth, d , or wave

height, Ib , the instability would be reflected as a failure ' ection at some

location other than the toe of the underlayer section. This implies that if

all sections could be extended far enough seaward, the instability would ap-

pear as a scour hole development through the umderlayer section, and the sta-

bility then becomes also a function of the layer thickness. (All tests in

this study were conducted with a layer test section thickness of 2 ft proto-

type.) It is impractical to extend an underlayer section for an infinite dis-

tance seaward; hence the optimizatiorn of material size, WtUL  and layer
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extent, L , with wave characteristics is necessary for efficient construction

methods. The 168 tests performed in this study are presented in Table 7.

Data display

53. A review of the pertinent variables involved indicates that the sta-

bility of an underlayer section (for fixed underlayer thickness) may be ex-

pressed as some functional relationship between nine basic parameters:

f(ww , w r , WUL ' Hb , T , g , d , L , X) 0 (19)

All symbols have been defined previously, and S = Wr /w . A layer of 2-ft-

thick prototype underlayer material was utilized throughout these tests; hence

the dependency on thickness was not evluated in this study. Since it was de-

sired to display these data in a manner similar to that of Hudson (1957) for

the armor slope stability of rubble-mound structures, the stability number,

N , can again be expressed as Equation 15 and becomes functionally related tos

two other fully independent dimensionless terms:

W1/3H12
r H rLid 1 1  (1 L ,d~
r - f (d) (20)

s (S - 1 ' 1/3 d 'd A
r UL

Since shallow-water waves were used, A = T(gd) 1 2 
, and the angle of the

breakwater seaward slope with the horizontal, 0 , becomes meaningless for the

underlayer material section of this analysis.

54. For constant values of the parameter L/d , the data of Table 7 are

displayed in Figures 33-38 as N versus d/A , where L is the extent of
5

the underlayer section, and A is the wavelength. While the data are fairly

limited for each individual value of L/d , it does appear reasonable to sepa-

rate the regions of stability from the unstable regions by a straight line on

these log-log plots. While the precise slope of such a straight line cannot

be determined, it appears that the same line slope could equally well be fit

to each of these figures, except for Figure 38, which is inconclusive.

55. The data of Table 7 are again displayed in Figures 39-46 as N5

versus L/d , for constant values of the parameter d/N Here again, the

data are fairly limited for each individual value of d/A ; however, the re-

gions of stability may he separated from the unstable regions adequately with
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'fable 7

Test Cond i iuns Unhderlayer Hterial and Wave Chracterist](I

S Maximum Ave rage 1/3
WateBr eaker rod Wave Wave- Sateridl M b Stable, S

Depth Period Heightt length Extent 1. (Sr - )w/ r,I , It r ,e ib f, It L , It A W U.(I1. IJ St l I

0.5 2 0. 65 8.(2 1 0. 1 0.0085 11 .05 S
0.5 2 0.b5 8.02 3 0. 17 0,0175 9,68 S
0.5 2 0.65 8.02 1 0. 37 0.0315 7. 14 S

0.5 2 0.65 8.02 0 0. 17 0.0520 6.05 S

0.5 2 0.h 8.02 1 (). 17 0.0795 5.25 s
0.5 2 0.65 8.0? 1 0.37 0.1405 4.14 s
0.5 2 0.6,5 8.02 1 0. 17 0. 2540 1. 5b S

o.5 2 0. o5 8.02 5 0.62 0.0085 11.05 s

0 5 2 0.to' 8.02 5 0.O6Z 0.0175 .b.8 S
0.5 2 1.65 8.02 5 1.62 0.0.115 7,14 S

0.5 2 0.65 8.02 r 0.62 0.0520 (,.05 S
0. 5 2 1.65 8.02 5 0.62 0.0795 5.25 q

0.5 2 0.65 8.02 5 0.62 0.1405 4.14 S
01.5 2 0.65 8.02 5 0.62 0.25410 1.56 s

0.5 2 0.05 8.02 7 1.87 0.0085 11.05 S

0.5 2 0.65 8.02 7 0.87 0.0175 8.68 S
0.5 2 0.65 8.02 7 0.87 0.0315 7.14 S
0.5 2 0.65 8.02 7 0.87 0.0520 6.05 S
0.5 2 (1.65 8.02 7 0.87 0.0795 5.25 S

0.5 2 0.65 8.02 7 0.87 0.1405 4. 14 S
0.5 2 0.65 8.02 7 0.87 0.2540 ..5( S

0.5 0.70 12.04 3 0.25 0.11085 11 .91 S

0.5 070 12.04 1 0.25 0.11175 '1.14 s
0.5 (.7 12.04 3 01125 0.01(5 7. 19
0.5 1 0.711 12.04 .1 .25 0.0520 ,.51 S
0.5 1 0.70 12.04 1 0.25 0.0795 5.65 S

0.5 0.70 12.04 3 0.25 1.1405 4.67 s
0.5 1 0.70 12.04 3 0.25 0.2540 1.84 S

0,5 0 (.70 12.04 5 0.42 0.0185 I1.91 s
0.5 3 0.70 12.04 5 0.42 0.0175 q.14 ;

0.5 . 0.70 12.04 5 0.42 0.0315 7.69 S

0.5 I 0.70 12.04 5 0.42 0.0520 6,.51 S
O.5 3 0.70 1(2.04 5 1.42 11.0795 5.65 s

0.5 3 0.70 12.04 5 0.42 0.1405 4.07 S
0.5 3 0.70 12.04 5 0.42 0.2541 (.84 S

0.5 1 0.70 12.04 7 0.58 0.0085 (1.91 S
0.5 3 0.70 12.04 7 0.58 0.0175 '.34 S
0.5 A 0.70 12.04 7 0.58 0.0315 7.69 S

0.5 3 0.70 12.04 7 0.58 0.0520 b.51 S
0.5 3 0.70 12.04 7 0.58 0.0795 5.65 S

0.5 3 0.70 12.04 7 0.58 0.1405 4.7 S

0.5 3 0.70 12.04 7 0.58 0.2540 1.84 S

0.5 4 0.80 16.05 3 0.19 0.0085 13.61 ti

0.5 4 0.80 16.05 3 0.19 0.0175 10.68 U1

0.5 4 0.80 (6.05 3 0.19 0.0315 8.78 1
r

0.5 4 0.80 16.05 3 0.19 0.0520 7.44 S
0.5 4 0.80 16.05 3 0.19 0.0795 6.46 S

0.5 4 0.80 16.05 3 0.19 0.1405 5.34 S

0.5 4 0.80 1b.05 3 0.19 0.2540 4.19 S

0.5 4 0.80 16.05 5 0.31 0.0085 13.61 1'

0.5 4 0.80 16.05 5 0.31 0.0175 10.68 11
0.5 4 0.80 16.05 5 0.31 0.0315 8.78 S

0.5 4 0.80 16.05 5 0.31 0,0520 7.44 S

0.5 4 0.80 16,05 5 0.31 0.0795 6.46 S

0.5 4 0.80 16.05 5 0.31 0.1405 5.34 s
0.5 4 0.80 16.05 5 0.31 0.2540 4.39 S

0.5 4 0.80 16.05 7 0.44 (.0085 1(.0 S
0.5 4 0.80 16.05 7 0.44 0.0175 10.68 S

0.5 4 0.80 16.05 7 0.44 0.0315 8.78 S
0.5 4 0.80 16.05 7 0.44 0.0520 7.44 S

0.5 4 0.80 16.05 7 0,44 0.0795 6.46 S
0.5 4 0.80 16.05 7 0.44 0.1405 5.14 S

0.5 4 0.80 16.05 7 0.44 0.2540 4.39 S

(Continued) (Sheet I of 3)
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Table 7 (Continued)

Still- Maximu v Underlayer Average
Water Wave Breaker Wave Modl S e Stable, S

Depth Period Height length Extent L W , ,. 1/3 I
d- t T sec Hb ft A tt I. ft h r - 1. Unstable, 3

0.5 5 0.68 20.06 .3 0.15 0,0085 11.57 '
0.5 5 0.68 20.06 3 0.15 0.017') 9.08 S
0.5 5 0.68 20.06 3 0.15 0.0315 7.47 S
0.5 5 0.68 20.06 1 0.15 0.0520 6.33 S
0.5 S 0.68 20.06 3 0. 15 0.0795 5.4) s
0.5 5 0.68 20.06 3 0.1s 0,1405 4.54 S
0.5 5 0.68 20.06 3 0.15 0.2540 1.73 S

0.5 5 0.68 20.06 5 0.25 0.0085 11.57 U
0.5 5 0.68 20.06 5 0.25 0.0175 9.08 S
0.5 5 0.68 20.06 5 0.25 0.0315 7.47 s
0.5 5 0.68 20.06 5 0.25 3 30520 6.13 S
0.5 5 0.68 20.06 5 0.25 0.0795 5.49 S
0.5 5 0.68 20.06 5 0 25 0.1405 4.54 s
0.5 5 0.68 20.00 5 0.25 0.2540 3. 7 1 s

0.5 5 0.68 20.06 7 01.5 0.00R5 11.57 s
0.5 5 0.68 20.Ob 7 0.3S 0.0175 9.08 S
0.5 5 0.68 20.06 7 0.35 0.315 7.47 S
0.5 5 0.68 20.06 7 0.35 01.0520 t. 33 S
0.9 5 0.68 20.06 7 0.15 0.0795 5.49 S
0.5 5 O.t08 20.06 7 0.35 0.1405 4 '4 S
0.5 5 0.68 20.06 7 0.35 0.2540 3.73 S

1.0 2 1.09 11.35 3 0.26 0.0085 18.54 U
1.0 2 1.09 11.35 3 0.26 0.k)175 14.55 U
3.0 2 1.09 11.35 3 0.26 0.0315 1.97 S
1(0 2 1.09 11.35 3 0.26 0.0520 10.14 S
1.0 2 1.09 11.35 3 0.26 0.0795 8.80 5
1.0 2 1.09 11.35 3 0.26 0.1405 7.27 S
1.0 2 1.09 11.35 3 0.26 0.2540 5.98 S

3.0 2 1.09 11.35 5 0.44 0.0085 18.54 1;
I 33 2 1.09 11.35 5 0.44 0.0175 14.55 5
1.0 2 1.09 11.35 5 0.44 0.0315 11.97 S
1.0 2 1.09 11.35 5 0.44 0.0520 30.34. S

1.0 2 1.09 11.35 5 0.44 0.0795 8.80 S
1.0 2 1.09 11.35 5 0.44 0.1405 7.27 S
3.0 2 1.09 11.35 5 0.44 0.2540 5.98 S

1.0 2 1.09 11.35 7 0.62 0.0085 18.54 5
1.0 2 1.09 11.35 7 0.62 0.0175 14.55 S
1.0 2 1.09 11.35 7 0.62 0.0315 11.97 S
1.0 2 1.09 11.35 7 0.62 0.0520 10.14 S

1.0 2 1.09 11.35 7 0.62 0.0795 8.80 .
1.0 2 1.09 11.35 7 0.02 0.1405 7.27 S

1.0 2 1.09 11.35 7 0.62 0.2540 5.98 5

1.0 3 1. 11 17.02 3 0.18 3.0085 18.88 1
1.0 1 1.13 17.02 3 3.18 0.0175 1.81 V
1.( 3 1. il 17.02 3 3.18 ().0315 12. 1')
1.0 3 1.11 17.02 3 0.18 0.0520 10.33

10 3 I'11 17.02 3 0.18 0.0795 8.96 s
1.0 3 1.11 17.02 3 0.18 0.1405 7 41 s
3.) (3 3 1.11 17.02 3 0.18 0.2540 1118 ,

1.0 3 1.11 17.02 5 0.29 0.0085 18.8
1.0 1 1.11 17.02 5 0.29 0.0175 14.81 U

1.0 3 1.11 17.02 5 0.29 0.0315 12.39 S
3.0 3 1.11 17.02 5 0.29 0.0520 30.3 1l
1.0 3 1.11 17.02 5 0.29 0.0795 8 96 s
1.0 3 3.11 17.02 5 0.2q 0.1405 7.41 s
1.0 3 1.11 17.02 s 0.21) 0.2540 6.08 S

1.0 3 1.11 17.02 7 0.41 0.0088 18.8
1.0 3 1.11 17.02 7 0.41 0.0175 1. 83 s
3.0 3 111 17.02 7 0.41 0.0315 12.39 ,

1.0 1 1. 11 17.02 7 0.41 0.0520 10 33 13
1.0 3 1.11 17.02 7 0.41 0.31795 8.96'
1.0 1 1.11 17.02 7 0.41 0.1405 7 41 S
1.0 3 1.11 17.02 7 0.41 0.2540 6 08

(Continued) 1Sheet , ol 1)



TabLe 7 (Concluded)

StiIl- MaxIMuM Underlayer Average 1/3Stil- reaer aveUndrlaerModel Stony i3||I
Water Wave Wave- Material r h Stable, S

Height W h
Depth Period Heigft l engt h Extent eIt,
d_, ft T se Hb I A ,f t L , ft AI. I (Sr I Ill Unstable U

1.0 4 1.45 22.70 .3 0.13 0.0085 24.(66 U1

1.0 4 1.45 22.70 3 0. 13 0.0175 14) . 35 U
1.0 4 1.45 22.70 3 0.13 0.0315 15.92 U
1.0 4 1.45 22.70 3 0.13 0.0520 l'3.49 11

1.0 4 1.45 22.70 3 0. I 0 O. 0 795 11.70 UI
1.0 4 1.45 22.70 3 0.13 0.1405 9.68 Ii
1.0 4 1.45 22.70 3 0.13 0.2540 7.95 41

1.0 4 1.45 22.70 5 0.22 0.0085 24.66 if

1.0 4 1.45 22.70 5 0.22 0.0175 19.35 1'
1.0 4 1.45 22.70 5 0.22 0.0315 151.92 U

1.0 4 1.45 22.70 5 0.22 0.0520 15.49 1
1.0 4 1.45 22.70 5 0.22 0.0795 11.70 1'
1.0 4 1.45 22.70 5 0.22 0.1405 '.68 tI

1.0 4 1.45 22.10 5 0.22 0.2540 7.)5 I

1 .0 4 1.45 22.70 7 O,3 1 0.0085 24.() I
1.0 4 1 .45 22.710 7 0,31 0.0M175 9. 1) k1

1.0 4 1.45 22. 70 7 0).11 0.0 ) 115 1 .2 U
1.0 4 1.45 22.70 7 0.11 0. 0520 I 1. 4) t,

1.0 4 1 .45 22.70 7 0.31 ((.07 5 11.70 1;
1 0 4 1.45 22.70 7 0.3) 0.1.05 9 .68 U
1.0 4 1.45 22.70 7 0.31 0.2540 7.95 S

1.0 5 1.12 28.37 .1 0.11 0.0085 19.05 U

I .0 5 1.12 28.37 3 0. 11 0.0175 14. 15 

1.0 5 1. 12 28. 37 3 0.11 0.0 115 12. 1( 1
1.0 5 1.12 28.17 0.11 0.0520 (0.42 U

1.0 5 1.12 28.37 13 0.11 0.0795 9.04 U
1.0 5 1.12 28.37 3 0. 11 0.14o5 7.47 11

1.0 5 1.12 28.37 3 0.11 0.2540 6.14 S

. 5 1. 12 28. 17 5 0. 18 0.(0815 19,05 r
1.0 1. 12 28. 37 5 01.18 .017r 14 95 U
I.01 5 ,.12 28. 17 5 0.18 0.0(IV 12.30 U
1.0 5 1.12 28. 5 ().18 (.0521)0 10.42 U

1. 5 1. 12 28, (7 0. 18 0. 07)95 9. 4 t

.1 1. 12 28. 17 ( . 18 (. 1.015 7.47 S

.0 1. 12 28.37 (.18 0.2)40 t,. 14 S

1.11 5 . 12 28. 17 7 0.25 0.0081 1'), (),
I.1( 5 1. 2 28.17 7 0.25 0.1 01 "5 14.95 U

1.0 5 1. 12 28. 17 7 (.25 0.(15 12.-1 1'

1 .0 ) .12 28.17 7 0.2 ). (1 20 I0>,' S
1.0 5 1.12 28.37 7 0.25 ((.o795 0. S
I. ) 12 28.17 7 0.2

)  
0. 14 7.47 S

1.0 5 1.12 28.17 7 0.25 0,.25401 t,. 14 S

(Sheet I of I)



25 0
L/d =3/1 = 3

20 - 0 o
18

S 16 -0
-~0 0 0

14 -0

0 0 Model Test Data

3 ~ ~~ 12 -00Unstable-
10 * Stable

II 0

0.03S 0.044 0.059) 0.088

dl/X.

Figure 33. Stability number, Ns , versus the relative water depth,
d/A , for a 3-ft extent of model underlayer section (L/d 3)
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Figure 34. Stability number, N , versus the relative water depth,

d/A , for a 5-ft extent of model underlayer section (L/d = 5)
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Figure 35. Stability number, N s, versus the relative water depth,
d/X ,for a 3-ft extent of model underlayer section (L/d 6)
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Figure 36. Stability number , Ns , versus the relative water depth,

d/A ,for a 7-ft extent omdel underlayer section (L/d = 7)
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Figure 37. Stability number, N s versus the relative water depth,
d/A , for a 5-ft extent of moonel underlayer section (L/d 10)
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Figure 39. Stability number, N , versus the structure
paramebr, L/d ,for relative water depth d/A =0.025
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Figure 40. Stability number, N , versus the structure
parameter, L/d ,for relative water depth, d/A =0.031
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Figure 41. Stability number, N , versus the structure" S
parameter, L/d , for relative water depth, d/N = 0.035

14d'\ = 0.042
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Figure 42. Stability number, N , versus the strutture
parameter, L/d , for relative water depth, d/N 0.042
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Figure 43. Stability number, N , versus the structure
parameter, L/d , for relative water depth, d/A = 0.044
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Figure 44. Stability number, Ns , versus the structure
parameter, L/d , for relative water depth, d/A = 0.059
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Figure 45. Stability number, N , versus the structure
parameter, L/d , for rclative water depth, d/A 0.062
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Figure 46. St abi I tv number, N , versus the structure
parameter, L/d , for relitive water depth, d/A : 0.088
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a straight line on these log-log plots (except for Figuires 42 anid 4 , which

are inconclusive). Again, the precise slope of such a straight line cannot f)e

precisely ascertained; however, it appears the same slope can be equally as

well fit to data sets of Figures 33-38 as to data sets of Figures 9-46.

56. If indeed the same slope line can be fit to the data of constant

values of L/d as can be f it to the data of constant values of d/A , then thi.

regions of stability can be separated from the unstable regions on a displaiy

which plots the stability number, N , of Equation 20, versus the relative
5

underlayer section length, L/X

w1/3 H

N - Wr H 3 J (21)
s S - ))W1 / 3  A

r UL

The precise functional representation can be determined from Figure 47. The

average best-fit line slope on this log-log plot which separates the regions

of stability from the unstable regions is determined to have a value of 2/3.

While some scatter was found to exist in the experimental data, this value of

2/3 can be satisfactorily fit to the data of Figures 33-46. The average best-

fit line generated a stability number:

1/3

N r b = 28.5 (22)
s (Sr - 1)WU1/

from which the weight, WUL 9 of a representative stone in the underlayer mate-

rial section is:

wH3W= rb 2(23)
23,150(S r  (1)3

r

57. Because of experimental scatter in a few of the data points of Fig-

ure 47, the average best-fit line (Equation 22) lies above some of the test

results. This implies that on the average Equation 22 describes the stability

of an underlayer material section; however, some tests were found to exceed the
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Figure 47. Stability number,' N , versus the relative underlayer section

length, L/A ,showing the average best-fit line to all the experimental

data, and the conservative line enveloping all unstable conditions tested
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values of stone weight indicated by this expression and by Equation 23. In

order to ensure that all the experimental data fall within the stability region

described by a stability number, a conservative stability number should be es-

tablished which will include all the experimental data used to generate the

representative stone weight size, WUL , in the underlayer section. Such a

conservative line should remain parallel on the log-log plot of Figure 47 with

the average best-fit line, but be displaced until it passes through the data

point of known stability that lies adjacent to a companion test which proved to

be unstable. That is, for a relative underlayer section length, L/A = 0.31

the experimental test which produced a stability number, N = 7.95 , wass

stable. The most nearly adjacent test in this family of experiments at the

same value of L/X = 0.31 was unstable and produced a stability number of

N = 9.68 . (These are the data which are displaced lower on Figure 47 froms

the average best-fit line.) Hence the conservative curve should pass through

point L/N = 0.31 , N = 7.95 , as this was a value of known stability fromIS
the experimental test results. The expression of this conservative line, in

terms of stability number, N is:

Nr b -17 L (24)
/ (S - l5 (3

r UL

For this conservative expression, the weight, WUL , of a representative stone

comprising such an underlayer material section can be developed as:

viH3wrH

WUb =(25)W L-5,360(S r b1) 3(L (5

- '~X)

The test material used to develop these conservative expressions was sorted,

passing one gradation screen and being retained by the next size screen. Fur-

thermore, the size of the material used in a (test was defined as the midpoint

between these two screen sizes.
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PART V: SUMMARY AND CONCI,IJSIONS

Summary

58. When major rubble-mound stone structures such as breakwaters,

jetties, or groins are constructed in the coastal zone, they alter the exist-

ing current and wave conditions that normally exist at a particular location.

Waves breaking on such structures under construction may cause bottom material

to be suspended and transported from the region, resulting in scour holes that

must be filled with construction material. This may result in substantial

cost overruns. To minimize potential cost increases due to scour during near-

shore construction, a foundation blanket of underlayer material can be placed

some distance ahead of the construction of the upper portions of the structure.

The stability of such an underlayer material section will depend on tile size

of the material used in the layer, the extent of the section, and the incoming

wave climate.

59. The purpose of this study was to determine the stability during con-

struction of such an underlayer material section, which also serves as the

foundation blanket for rubble-mound structures constructed oil a movable bottom.

A simple beach profile consisting of straight, uniform contours parallel with

the shoreline was physically modeled on a 1V-on-25H slope in a 6-ft-wide wave

flume. A major stone structure was assumed to be under construction perpendic-

ular to the shoreline and thus perpendicular to the uniform parallel contours.

A two-dimensional section of this stone structure was modeled (16-to-i linear

scale ratio) along the major axis of the structure. The waves which produced

the most severe movement of the underlayer section (scour) were those with

characteristics that caused breaking with plunging to occur directly at the

toe of the rubble-mound structure. Seven uniform material sizes were used to

construct three different lengths of underlayer material sections (3-, 5-, and

7-ft model dimensions; 48-, 80-, and 112-ft prototype dimensions, respectively).

These 21 different underlayer sections were subjected to breaking waves with

periods of 2-, 3-, 4-, and 5-sec model time (8-, 12-, 16-, and 20-sec proto-

type time, respectively). The characteristics of these 168 individual tests

are presented in Table 7. All tests were performed with an underlayer mate-

rial section thickness of 2.0 ft prototype, which is a typically representa-

tive value presently being utilized under prototype conditions.
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Conclusions

60. The stability of an underlayer material section is analogous to the

stability of the armor layer of a rubble-mound structure, ith the exception

that the slope of the seaward face, 6 , of such a structuie vanishes from

this problem and thus is not a pertinent variable. Hence the objective of the

experimental study was to determine which of those combinations of underlayer

material sizes and wave characteristics would result in a stable condition.

The majority of the failures (unstable conditions) occurred as material moved

from the seaward edge of the underlayer section toward the base of the rubble-

mound structure. This temporal movement was functionally related to the wave

characteristics (breaking wave height, Hb  and/or wave period, T), and to

the size of the material being tested, WUL For some tests that utilized

an underlayer section which was relatively long when compared with the water

depth, d , or breaking wave height, Hb , the instability would be reflected

as a failure section at some location other than the toe of the underlayer

section. This implies that if all sections could be extended far enough sea-

ward, the instability would appear as a scour hole development through the un-

derlayer section (the instability becomes a function of layer thickness).

Since it is impractical to extend an underlayer section for an infinite dis-

tance seaward, the optimization of material size, WUL and layer extent,

L , with wave characteristics of breaking height, Hb , and length, A , is

necessary for efficient construction.

61. The stability of an underlayer section may be expressed as some

functional relationship between nine basic parameters:

f(Ww , wr , WUL , Hb , T , g , d , L , A) = 0 (19 bis)

The effect of thickness of the underlayer material section was not investigated

in these tests. Since it was desired to display these experimental data in a

manner similar to that of Hudson (1957) for the armor slope stability of rubble-

mound structures, the stability number, N , can be developed and is function-5

ally related to two other fully independent dimensionless terms:
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N r b 13 f (20 bis)
s (S r - )W" 3  ' g

62. It was determined that for constant values of the structure param-

eter, L/d , a straight line could be fit to a display of the stability number,

Ns , versus relative water depth, d/A . Furthermore, a straight line of the

same slope could be fit to a display of the stability number, Ns , versus the

structure parameter, L/d , for constant values of relative water depth, d/A

when all data are displayed on log-log plots. This implies that if the same

slope line can be fit to data of constant values of L/d as it can be fit to

data of constant values of d/A , then the stability number, Ns , of Equa-

tion 20 is simply a function of only one other dimensionless parameter, that

being the relative underlayer section length, L/A

W1/3H

r H
N = - =l/3 = L (21 bis)
s (Sr - 1)W 13s ( r  1.U L

This functional relationship can be determined by separating the regions of

stability from the unstable regions on a display that plots the stability

number, N , versus the relative underlayer section length, L/X (Figure 47).S

63. The average best-fit line separating stable from unstable regions

for all of the experimental data of this physical model investigation generated

a stability number, N :
5

W 1/3H if 2/3

N . .r - ) -/3 (22 bis)
(S - IN 1 3  235i
r UL

From this expression can be deduced the weight, W of a representative

stone comprising an underlayer material section for this average best-fit

line:
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WUL b 2 (23 bis)
23,150(Sr- 03(L)

64. Because of experimental scatter in some of the data points, some

tests were found to exceed the values of stone weight, WUL , indicated by

Equation 23. In order to ensure that all the experimental data fall within

the stability region described by a stability number, a conservative stability

number was developed which included all the experimental data used to generate

the representative stone weight, WUL , of the underlayer section. The ex-

pression for this conservative stability number, N , is:

W1/3H 2/3
N r _ b 1 17 .5 (24 bis)

s (S - l)W 3
r  UL

with the corresponding conservative expression for the weight, WUL of the

representative stone comprising such an underlayer material section:

w H 
3mrb

WUL 5 2 (25 bis)

5,360(8 r 1)3(-)

Equation 25 is the recommended equation for determining the weight, WUL , of

rock that will remain stable during construction for given wave conditions.

Since these data were obtained from the most severe wave conditions (waves

that break and plunge directly at the toe of the structure), the application

of these results to less-severe wave climates will indicate a stone size re-

quirement larger than necessary. Hence Equation 25 is additionally

conservative.
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APPENDIX A: TEST CONDITIONS
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Pho'L A2. Material 20 to 50 lb prototype (W = 35 lb prototype); initial
layer extent, 3.0 ft model = 28 ft prototype; number of waves 1,120; bed

slope IV on 2511; layer thickness 2 ft prototype; water depth 8 ft prototype;
wave period 12 sec prototype; maximum wave height 11.2 ft prototype
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Photo A3. Material 20 to 50 th p~rototype (W 3 5 lb prototype); initial
layer extent , 3.0 ft model =48 ft prototype; number of waves 500; bed
slope IV on 2511; 1laver thickness 2 ftL prototype; water dieptb 8 ft prototype;

wave period 16 sec prototype; maximum wave height 12.8 ft prototype
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Photo A4. Material 20 to 50 lb prototype (W 35 lb) prototype); init itl
layer extent, 3.0 ft model =48 ft prototype, number of waves -318; bed slope
IV on 2511; layer thickness 2 ft prototype; water depth 8 ft prototype; wave

period 20 sec prototype;, maximum wave height 10.9 ft prototype(
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Photo A5.9 ?4 Ma e ii 0 2oa-,1)p o o y - W, I b p o otp ) llii
lay r xt nt 5 0 t od l 8 ft p 'tt.,C; nu be ks a es 0 ,J j

IV ol2H a ert ike', 1Ln .t tp
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Photo A7. Mater ial 20 to 50 lb) prototype' (W [35 lb) prototype); initia I
l aye r eXtent, ,-.0 ft- molef t 80 ft prot ot ype; fumiher of wiaves 500; hed ,lo~pt
IV on 2511; 1laver tickness 2 ft prototype; Water depth 8 ft p'ot otvpe,

WaiVe per i 16 sec prototyvpe, max imim wave iuei ght 12.8 ft prototype
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Photo A8. Material 20 to 50 lb pro ttye (W iniltial t

layer extent, 5 .0 It L MoeI =80 ft Lrototype number of wave 354; bdslpe

IV on 2511; layer thickness 2 It prototype; water depth 8 ft prototype; wave

per iod( 20) sec prototype; maximum wave he ight 10.9 ft prot otype
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Photo A9. Material 20 to 50 lb prototype (WUL 35 lb prototype); initial
layer extent, 7.0 ft model =112 ft prototype; nUmber of waves 0; bed slope(

IV on 25H; layer thickness 2 ft lprototyp('

A 10



-
Sk

photo AlO. Material 20 to 50 lb prototype' (Wil, 35 it) prototypV); iflitial,

layr eten, 70 ft model =112 ft prototype; TiUMber of waves 700; bed SlOPV

IV on 25Ff; layer thickness 2 ft prototype; water depth 8 It PrOtOtYP" Wajve

period 16 sec prototype; maximum wave height 
12.8 It prototype

All
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Pbot o All. Mai I. r iii 2() 1o I~o 11) prototvpe v ONpl~ t~'W m 1.11
I aV I' r v t t nt, 7. 1 mod It u - Il It I. roit~ vpctN'J)h) ' 00, h'd " I

I o 2511; I yiye tIhi kness 2 tt p)tettvl)t-; %W.tr df-t1 I t p tv r
period SO j)r3)i .t vlO I1, iu lfiuml W'.iv. hiei ght 10.1 It prnt' t~

A :2
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I'h'I.i tl ci~ r iji . ( I~ )) li prOtu)tvpe (W 15 It) 1) rot ot ypv inii al ~
i jv' xt -nt I t mule 1 48 It. proLttpe; iNumher of waves 1 ,020; bed sop

im .")If; liv tIhi~kiiess 2It prototype ; Water depth 16 It proitotype; wave
Pfo)" S sr p)-otut Vpe; ma~ximum WaVe hieight- 17.4 It prototype
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Photo A] M.a1.te'rial 20 to 50 ) p r otodypo ('A' Ini 1.0p 1 1N'

Liver exterit , .0 ft inodei z 4i8 tt prot otype, iimbi-i I4I witc hc

IV on~ 2511; I ;i,c th I r-kies 2 ft )))ototypejw; WAt cr det 11 101, t jII t 1 'sjr

pv od 1-2 sec prototype ; maxi mon wuivo hei ghtI *I 't1v
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Photo~~~~ A1. Mtral2 o5 l rttp ( 1.511 rttpe mtt

laerexen .0 twdl74 tprttp;nme fwae 4 lp

IV~ ~ ~ mI 251 lae tikes2 tpr oye-wa-e et 6 f rtt~ ;wj

pht 15 aeri al 20 toe l prototypiu we hegh 175 l protot);p ita
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Photo Al17. Material 20 to 50 lb prototype 13) lb) pi ototype) I, )I Jn I.

I aver extent , 4 .0 ft model = 80 It prototype; fnumlber of wa~ves 7,42. twd slp
IV on 2511; layer thic-kness 2 ft prototype; water depth lb tt pvdtolvt- W\'f

period1 12 sec prototype; flaxiMujm wajve he igh~t 1 7 -S I t prot A(AVIW

Al18
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Photo A18. Material 20 to 50 lb prottype . =5 11 prototvpv)-; initiA

layer extent, 5.0 ft model = 80 ft prototype,; numle, rof waves l ;b't l
IV on 251t; layer thickness 2 ft proto-y!),; 'ater o t h It) ft prctotvpe; ; ve

period 16 sec prototype; maximum warte hei ght 21.2 it prototype
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Photo A20. Material 20 to 50 lb prototype (WUL = 35 lb prototype); initial
layer extent, 7.0 ft model = 112 ft prototype; number of waves 352; bed slope
IV on 25H; layc: thickness 2 ft prototype; water depth 16 ft prototype; wave

period 8 sec prototype; maximum wave height 17.4 ft prototype

A21
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Phot o A2 I Material 20 to S 0 lb p ro to typ1)e (WI 1, l Ib pro t otype);v I 3i i iI
I a yer extent , 7 .0 f t modelI 1 12 f't p rot ot ype; numbel)r of Iwaves S88 bed s ILo I)
1%1 on 25H-, layer thickness 2 1 t prototypv; water depth Io t t protot vpe; U,.vte

period 12 sec prottype ; max iamm wave he ight 17 .8 prototype

A" 2
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Photo A22. Material 20 to 50 lb prototype (WUL = 35 lb prototype); initial
layer extent, 7.0 ft model = 112 ft prototype; number of waves 420; bed slope
IV on 25H; layer thickness 2 ft prototype; water depth 16 ft prototype; wave

period 16 sec prototype; maximum wave height 23.2 ft prototype
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Photo A23. Material 20 to 50 lb prototype (WUL 35 lb prototype); initial
layer extent, 7.0 ft model = 112 ft prototype; number of waves 427; bed slope
IV on 2511; layer thickness 2 ft prototype; water depth 16 ft prototype; wave

period 20 sec prototype; maximum wave height 17.9 ft prototype

A2 4



Photo A24. Material 50 to 95 It) prototype (WIJL 72 lb prototype); initial
layer extent, 3.0 ft model =48 ft prototype; number of waves 500; bed slope
IV on 2511; layer thickness 2 tt prototype; water depth 8 it prototype; Wave

period 16 sec prototype; maximum wave hight 12.8 ft prototype

A2.5



Photo A25. Material 50 to TS lb prototype (WITl 72 lb prototype); initial
layer extent, 3.0 ft model = 48 ft prototype; nlumbler ot waves $00; bed Slope
IV on 25H; layer thickness 2 ft prototype; water depth 8 ft prototype; wave

period 20 sec prototype;, maximum wave height 10.9 ft prototype

A2 6
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Photo A26. Material 50 to 95 lb prototype (WUL = 72 lb prototype); initiallayer extent, 5.0 ft model 80 ft prototype; number of waves 610; bed slope1V on 25H; layer thickness 2 ft prototype; water depth 8 ft prototype; waveperiod 16 sec prototype; maximum wave height 12.8 ft prototype
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Photo A27. Material 50 to 95 lb prototype (WUL z72 lb prototype); initial
Layer extent , .5.0 ft model =80 ft prototype; niumber of waves 500; bed slope
IV on 25H; Layer thickness 2 ft pinrtl LVp) wi't' tepth Ii It prototvype Wave

period 20 s~c protctN'pf; maximumi %-jx Y sbth . ft prototype(

A 2e,
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Photo A28. Material 50 to 95 lb prototype (WUL = 72 lb prototype); initial
layer extent, 7.0 ft model = 112 ft prototype; number of waves 650; bed slope
IV on 25H; layer thickness 2 ft prototype; water depth 8 ft prototype; wave

period 16 sec prototype; maximum wave height 12.8 ft prototype
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Photo A29. Material 50 to 95 lb prototype (WIJJ. 72 lb prototype; initial
layer extent , 7.0 ft mode I = 12 f t p rot otyvpe; numbe r otf wav4es .500 , bed s I opt,
IV on 2SH; layer thickness 2 ft prototype; water depth 8 ft prototype; %wave

period 20 sec prototype; maximum wave height 10.9 It prototype
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Photo A31 >lteri 11 50 to 95 11) prototype (VU . 272 lb) 1) OtOLVpe) ; 0ii t i aI
layer extent , 3 .0 f t wte 48 ft prototype ; numbe r of waves 50b; bed sl ope
IV o n 2 5H ; l ayer th 1( uk ness ft p r ot ot Yp1e; w ait er Ie p th 16t ft p r o t otyp)e; w.Jv c

Period 12 "e(- prototype i ru aeIigt1. t~rttp

A
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Pli(,Ltc) A32. Material 50 to 95 11) prototype (WilL 72 11) prototype); ini tial
I a ver- ex tent ,3 .0 tft mode I =48 f't prototype ; nuimbe r of waves 301 ; bed S lope
IV onl 25H; layer thickness 2 ft prototype; water depth lb tt prototype; waive

periolf 16 sec prototype; maximum wave hei ght 21.2 It p)rot otypet

A. 3



Photo A33. Materia it190 Lto 99 b11 prototype (Wil 72 11b prototype); initial
layer extent , 3.0 It modlel =48 ft prototype; nummber of waves '#55; !ed Slope
IV on 2511; layer thickness 2 It prototype; Water depth 1 b ft prototype; wave

period 20 sec prototype; max imuom wave he ight 1 7.9 it prot otype

A3 4
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Photo A34. Material 50 to 95 lb prototype (WUL 72 lb prototype); initial
layer extent, 5.0 ft model = 80 ft prototype; number of waves 682; bed slope
IV on 25H; layer thickness 2 ft prototype; water depth 16 ft prototype; wave

period 12 sec prototype maximum wave height 17.8 ft prototype

A35



Photo A35. MHterial 50 to 95 lb prototype (WIT - 11)l prototype); init ial
layer extent, 5.0 fL modelI = SO it prototype; 11umber of haves 2 10; bed Slope
IV on 2511; Ilayer th ickniess 2 it prototype; -Wat ir dept- 10 fC t p~rototype(; walve

pe r i od (11 se p-c)r o to t ype ; ma x i muijm w.ive beIi glIi t 2 1.2 I t p vo t o t vype

A it



Photo A36. Material 50 to 95 lb prototype (WUL =72 lb prototype); initial
layer extent, 5.0 ft model = 80 ft prototype; nunber of waves 434; bed slope
IV on 25H; layer thickness 2 ft prototype; water depth 16 ft prototype; wave

period 20 sec prototype; maximum wave height 17.9 ft prototype

A37



Photo A37. Material 50 to 95 lb prototype (WUL', 72 11) prot(etypt ]Ili t H
layer extent , 7.0 ft model = ] 2 ft prot'type;- iiuinili'r (it %-Iv(-" bed siopt.
IV onl 2511; layer thickness 2 ft prototype; water1 dept Ii lb f t lit otvpe wave

per 0(1d 8 sec prototype ; maximum wave he gilt 1 4. t t priet tt vp'

A ~
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Photo A.39. Material I')0 to 9 I b pr ,ot y ~pe (WtIT 11 11 u ' t Ir 1 IA
la.ye r exten[t , 17.0 i t modl I 112 i t prtot t vpe nmne oI I.VeS ~It)( bed slIolet

IV on 2,511; layer t h icIkness 2 1 t IIo(t ot v 1 )i,' Wt el deplth It' 1It 11 tot4 p
period ILI sec p ret ot Vpe; ma1.x IiI tmm sv e f gh t li. ft c t'
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Photo A:39. Materi al SO to 95q lb) prototypet (WIll, 72 lb prot ot vpe ) iliit 1.1J
I aver extent,* 7.0 ft model = 12 It prototype; iimbei-t ofwvs ~ be io.IV oil 2511; layer thickness 2 it prcotot Ype ; Water depth Ii b ft prototvpe; walve

period 16 sec prototype; ma~xl .imal Wave hei ght 23.2 ft prntot vpe

A-4 1)
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Phioto A40). Mlitvrial ' )O to 95 lb prototype (WIT 7 72 Itb proUttp); mlit m.m

lm~cr extet 7.0 It model 1 12 It prototype; 1IIIIIIIWT of .iOS400; hed0 Slope
1%, on 2 hl;ler th i kimess 2It prototype'; .Iter depth It, It ptototype; WiJve

PCI Il 20 sek1 1-,t ot Vpe ' mix I num Wi1ve lhe i glit 17 . 1) 1t pit o ty pc



P'hoto A41. Mat ril ii 5 to 165 lb prototype ( z, ] 130 lb prototype); ut~lta
layer e'xtent, 3.0 ft model =48 ft prototype,; r~imb,, of warves 0; be'd sit ope

1V on 25H; layer thickness 2 ft prototype

M orrcrl N .m,. IA4.2
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Photo A42. Material 95 to 165 lb prototype (WUL 1 130 lb prototype); initial
layer extent, 3.0 ft model = 48 ft prototype; number of waves 600; bed slope
IV on 25H; layer thickness 2 ft prototype; water depth 8 ft prototype; wave

period 16 sec prototype; maximum wave height 12.8 ft prototype

A43



44*

j'i4

Photo A43. 't-itetr i I ;5 to 10 11) pbrrot otyvpe 01'!. 130) il lit!ttY~ 1)t].ii

lerextent, 3 (1 ft molet = 48 f I protol \'fit iflulii't'l of N-3vt'i 300 l'e ip
IV on 235ff; [ii' il Kkites s 2 ft v rot ot vpe ; vitc: depith Si tt 1 is of \pe ;

PVit I of 0 (1 0 p r t 1) cp ; 1ax. 1 iim wav I l gI I,, ct) I c I it 11 of 10p
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Photo A471. ie r i a 95 to 105 1) p rot otvpe (W~il 13 . 1(1I) 1) ro~t 0?. Vj't 1 1 1 t Ia' I
I ave r ext unt , 7 . 0 I t mole I 1 12 t t p)rot. ot Vpv 1iilk11hl~ -vc SOO ;ae bed0 lol I

IV ont -")If; ltyer thtickniess 2 t prototype; wat.er deopth 6S It protot vp; w
peri od 16 set prototy pe; In')XIIIJ ititom e l t 12.8s It pro?.ot Vpe(

A 8



t ,<t en I 0 f ill' - -.4 8 t p)r 1 Ut L vpo [I illie r t l- ve I ,000); hed s I opf'

pc' I. Ii t j ' ilI x iiiion %,r i eIight 1 1 .8 ft pi-totype
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Photo A49. Material 95~ to 10' 11b prt ot ype (wt I IW It II t~ t 1.t

Layer extent, i.0 Ift mode'l 48 it protvpc i "tb I *vcs I." 'Iell"

IV on 2511; laver thickriess 2 It prototype(; W.Iii It ptb lb it pll-lpc;w
peri od It) sec prototype; mdx irnm w e o hvglt .7 t I II td " "p



Photo A5~0. MaterialI 95 to 165 1 ) prototype (Will, 130 11) prototypc); in lt )A
liver extent , 3.0 t) t model z 48 ft prototype; n[umber ((I waves 315; bed slope,
IV oun -)')I; ki yer thi ckniess 2 It pr ototype; water depth It) ft prototyvpe; Wave

period 20 sec prototyp)e; maximim wave beight 17.9) ft protot ype

A5 I
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Phot o A5 I Mit or iai I W) to 165 lb) prot otypc (Wi'l 13. Ito lb p t ot Npo) it t Il
I aver extent, "0 It miodel 7 80 I t prot ot ype. fluml m f w~lve!; 1 7") he 1Slope
IV 0mm 251f. laver ttiickmmes 2 I prototype;l %w"tom depth tIb It pm ot 'tvmtl ,W~ve

perilod Ib soc( prtoyp; .1XImmmmmm %wIvi he ight 2 1.'It pm ototyljo
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Phcto A52. Material 95 to 165 lb prototype (WUL 130 lb prototype); initial
layer extetnt, 5.0 ft model =80 ft. prototype; mnber of waves 399; bed slope
IV on 2511; layer thickness 2 ft. prototype; water depth 16 ft prototype; wave

period 20 sec prototype; maximum wave height 17.9 ft prototype

AS 3



Photo A53. Material 95 to 165 lb prototype (WI.II 130 lb) protot\p), initiafl
layer extent, 7.0 ft model =112 ft prototype; number ot wdives 366; hi'! Slope
IV on 2511; layer thiukness 2 ft prototype; water depth 10 ft prototyple; ~'~

period 16 sec prototype; maximum wave height 2139 It prototype

A5 4
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Photo A54. Mteri 1i 95 to 16 bSit, p rot ot vpe (WUI L 3 I' Ih p rot oty vpe) IrIIIt I.] I
I aver extent , 7 .0 1It mode I 1 12 It pr~t ot vp)et ; iilie rI- o wi ves 480) be Id I o pt,

IV oil 2511; laver t h ickness 2t t 1 )iotot ype ; water depth It) ft lpiototpe wave,
per Iod 20 sec p lot ot ype n i mum.I 1111 '.,V(- lie I gilt 1 I t pier t o t ve
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Photo AS6. Material 165 to 260 lb prototype (WIJL 212 lb prototype); initial

layer extent, 5.0 ft model 80 ft prototype; number of waves 420; bed slope IV

on 2511; layer thickness 2 ft prototype; water depth 16 ft prototype; wave
period 20 sec prototype; maximum wave height 17.9 ft prototype

A5 7
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Photo A57. Material 165 to 260 Itb 'ototype (WUlL 212 lb) prototype); initial
layer extent, 7.0 ft model = 112 1 puototype; number of waves 366;-e lp
IV on 25H1; layer thickness 2 ft pr' otvpe; water depth 15 ft pr-oLttpe; Wave

period 16 sec prototype; mixc~mum wave he ight 23.2 ft prototype

A58
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Photo A58. Material 165 to 260 lb prototype (WUlL 212 lb) prototype); initial
layer extent, 7 .0 ft mode 1 112 f t prototype; number of waves 500) ; bed s lope
IV on 25H; layer thickness 2 ft prototype; water depth 16 It prototype; wave

periodi 20 sec prototype; maximum wave height 17.9 It prototype

A5 9
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Photo A51) Haterial 260 to 390 lb) prototype (VAi. 32 ' rt hp Ii i

Ixver extelit, I.0 ft rnol I 48 ft pr-otetypic 1riuinioi~ of "Ivf.> 0; h'd slope 1\
, t h [aver t i U It pl t ot vi
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Photo AbOO. Ma~teria l 260 to 390 [1) protot' (WiJI 325~ Ih prototvpe); in it i a
layer- eXte nt, .1.0 I t model 48 It prototype; imibe r ot wa-,ves 500 ; Ie( slope IV
onil laver thiceknness 2 I t prototype; water dlepth 8 1 t prototype; wave period

16 sec prototype; maximum wave height 12.8 It prototype"
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Photo A61. Materia 1 260 to 390 lb prototype (WITL 325 lb prototype) im t 1.11
ayer extenit, 3.0 ft model =38 ft prototype; number of waves 500; bed S lope

IV on -2511; layer thic kness 2 ft prototype; water dlept b Io I t p rot ot vp ,; W1vo
period 20 sec prototype; maximum wave height 17.9 It prott'ype

A02
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Photo A62. Material 260 to 390 lb prototype (WUL 325 l1b prototype); initial
layer extent, 7.0 ft model.= 112 ft prototype; number of waves 366; bed slope
IV on 2511; layer thickness 2 ft prototype; water depth 16 ft prototype; wave

period 16 sec prototype; maximum wave height 23.2 ft prototype

A6 3
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Pho to A65. Ma tvr i 1 '390 t o 765 11) p)rot otype (WiL 57 l 11p)rot otype ). it t i
I ay, r extentt, 7 .0 ft modelI 1 12 f t prot ot ype; Ilkiiiiber 0 f WJVeS ) ii bd s opt,
IV on 2511; layer th ickiiess 2 ft prototype; water depthi 10 ft p rot ot pe WI

pe r i 0(1 10 sec p)rotot ype ; max i iui wave he i gh t 2~ 1 i -t Lp)rot ot vile

At)6



4 at

Photo A66. Material 765 to 1,320 Ib prototype (WII, 1,042 lb prototype);
initial layer extent, 3.0 ft model = 48 ft prototype; number of waves 0;

bed slope IV on 25H; layer thickness 2 ft prototype

A67



4''
.- .

Vft -09*

~k imtek
Photo~~~~~~~~~~~~- A6. Mte a175to1101)p[-,oy~ WL 1021bpooye

i ~ ~ -n' A vretn oeI 0ftpo t\. ;nme fwvs30

Potope Ab7v( perod It) poo tye maimm ,320e lbgh pr2).e(il.2 lb p lotope

At



Atl



A~ .0

t

1imt ial i etent,~ 7. 6 I t mo e I 1 1( b p In t I ~ ~ %I

hodi !.I'i' IV (m 15i; IniVvrI thickiiess it t t , itc p1th Pii I

tutv 1 c, *I.v(' perid 16 St pint ut IJC ThIN 11) IiItrill 1\1 le rk ,t I



APPENDIX B: MATERIAL LOCATION AFTER N WAVES
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~I-LR[AL LOCATION AFTLR N AL

*...t......s..s... *t*

4---" .. .. . .. " i .2 . --__ 7 __ _., .. . - " " .... . . . . . . . . . . . . .

Prtove: 3) !% olou ofn S ameemm@ jmatruct r -

- i t • m a m i 0 . m a. . . a a . . . . . . . .n . . n

0. I -mIImmI)J

Mode : 0.5 ........
'-'m',','-~~~~'-' OC of{ Structu. - 'o,, '"

Prototy'pe: 2.0) 1.0 , .. . . . . . ,. ,%Layer Tickness, ft .

Model: 0.125

Prototype: 2.0 2.

La er Extent, ft.
"ludc I

Prototvje : -18 2.0

MaL--trial -Si-z l - -i3 2 5
Model: 3.8 - 11/2 u40

PrototYlie: 20 - s = 4.0

0.
Material eei cit, lb 4 5 n itl Locatioil

0 3.5
Model: 3.00S 0.012 o

Prototype: 20 5 .0

Wave Period, sec 4.5

Model: 3
Prototype: 12 S 5.o

-Byt s _ y _  IV. t on. 23H .

Maximum Breaker 0.0

Model I 0. 70

Prototype: it.,,

7.o

B2



1 eIKIAL LOCAl r ox I o o a a s m a a a a l a *

a.aa. . e.g. . . a a U e* a.. es .

* Ue m *Structuire " -* . . . .*.*.
-. e...... . . . . . . .. . me..

SL i I I I -Wac LI Ip _1 -L

. . . . . . . . . . .. . . .. . U *a a a a
k.dc 1 : 0.3 ".='o'''U =o=====,',Sooo','"

t***•om .*.1 .o f Str ct u.tre °i'rotot~~e: **S... *.• See.. ....... USES ...
Pr t nIw@ --- - - - --- - -0.1) 

-~.0.

Lav0r Thi c kessI ft or 5o0 400

.Model : 0.125
Prototv'pe: 2.0 1.0

3100

Iayer .xtcnt, ft 1.3

Prototype: ,18 2.t)

Model: 3/8 - 1/2

Prototype: 6 - 8 3

Material l,'eight, lb _ nitialLocation... . .. ... . . .0 3 .5
Model: 0.005 0.012 0

Prototype: 20- 50 4.0
0

I'avc Period, sec
u 4.5

Modc 1 : 4 4

Prototype: lb '

1Oyd S.I oje_: Iy - 2511 3.

, I 0. t L I -L

.0

f'rot,,vy': 12.8

7.0

B3



MATIERIAL LOCATrION AFTER N WAVES ems.mnmsmmmemmmemem.e~mm~
.0 0 .. aea 0 a.a a a*.m. **.

mea am*~ a5 * .me..... ::*g

:..::.s~:.Struc ture Slo~ c*******
... . .m. .. ....

StiLl-Water DePLII, ft msm*..5 .Smsme

Model : 0.5 a .e a mmC.meemm.. .em. emm. m.:..: .

Prototype:, 8.0 a..se.m To - f - -- ructure --1 0.0)

Laver Thickness, ft o0.

modeli: 0.125 N I

Prototype: 2.01.

Laver Extent, ft 1

Model c 31

P'rototype: 48

mod eli: 3 8 - I/ 2o

Prototype: 20 - 0
0 ____________________

Mode: 0.I : S.1 41

ProtO t 1)e 21) o . 0 0 _ _ _ _ __ _ _ _ _ __ _ __5__ _ _ _

7.

B4.

Wav Peiod se ___________________________________



MATERIAL LOCATION ,\FTI. N I,:\\kS
. . . . . . . . . . . . . . . . . . . . . . o man

. . . . .l . . .g . .*. .* . .. i.

S . . . . . . . . . . . .

StilL-WatCr Depth, I-t ...............
.... .... .... .... .. b. a . . • , . . . . . . . . . . . . . . . . . .i..o SC... ... .. S....n...

Model: 1 .,: 0. ... .. .. . .. .. . .. a
. m. . . . m.. . ., . . .

Prototype: 8.0 .. .." . ... ." " ' ' ' "'" .". .".. .'

Lav'er Thic knes, ft O. 5
Model: 0.123

Prototype: 2.0 1*0

Layer Extent, ft 1 5

Model: 5 ateri;i lace r .pt,.,'d to be

r 0tt in, thi, il this regiun.Protot~vpe: 8020

MaterLaL Sie :.

Model: 3/8 - 1/2
4C)

Prototype: 0 - 8 7 3.0
4j

*Material 'eight, lb 3

Model: 0.005 - 0.012 o

Prototype: 20 - 50 r 4.0
0

Wave Period, sec 4.5
N 880-

Model: 3 480

Prototype: 12 S.5

Bed Slope: IV on 25H Initial Location

Maximum Breaker 6.0

Wave Height, ft

Model: 0.70
6.5

Prototype: 11.2

7.0

B5
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,LATERIAL LOCATION AFTER N WAVS "

C C..... . . . I .*. .S.

Sti, 1-Water ilept)h f t
. . . . . . . . . . . . . i .iiC

Mode l: u .a ,-'--'- :- -v'': .. "] 'f ructu r', t:
Prototype: 8.0 t

Laver Thickness, ft 0.5

Model : 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Model : 5
Prototype: 80 2.0

,,-N = 480 "

Material Size in.2.

Model : 3/8 - 1/2

Prototype: o - 8 3.0

Material ieight, lb 0' 3.5

NodCl: C.005 - 0.012 o 480

Prototype: 20- SO 4.0
0

Wave Period, sec C 45

Model: 4 15o

Prototype: 16 5 50

Bed Slp : IV on 25H 55

Maximum Breaker 60
Wave Heto ljI

Model: 0.8(,)
6.5

Prototype: 12.8

7.0

B6
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MATERIAL LOCATION AFTER N WAVES muu......:.:..:..::u

Still-Water Depth, ft

Model1: 0. 5
Prottype 8.0Toe of StrUCturez OE

Layer Thickness, ft 0.5

model: 0.125

Prototype: 2.0 1.0)

Laver Extent, ft 15 __________________

Model: 5N 3S

Prototype: 80 2).0

MaterialSii.2.

ModelI: 3/S - 1/2 0

Prototype: 6 - 8 3.
4J

Material Weighit, lb (4 5 204

Model: 0.005 -0.012 E o
Prototype: 20 -50 Fz 4.0

I0

Wave Period, sec X 44.
Model: 5

Prototype: 20 5.0

Bud Slopu: IV on 25H _______.5__________

Maximum Breaker 6.0
Wave Height, ft

ModeL: 0.686.

Prototype: 10.9

7.0

B7



MA TFEIAL LOCATION AFITR N WAVES

..............

.a .... .......... .*.e*
C .. ~.................. a

Still-Wate~r DeptL,_L

Model: 0.5

Prototype: 8.0) -0. -----

laver Thickness, ft 0.5

Model: 0.125

Prototype: 2.0 1.0 _________________

Layer Extent, ft 1. __________________

Model: 7

Prototype: 1122.

4.J

Material Size, in. C 2.5

Model: 3/8 - 1/2
4 )

Prototype: 6 - 8 U
S3.0

44J

Material Weight, lb 0________3.5_________

Model: 0.005 -0.012 0

Prototype: 20 -50 4.0
0

Wave Period, sec ,45.S

Model: 4 4

Prototype: l6 S .0

Bed Slope:. IV on 25H __________________

Maximum Breaker o.0 _________________

Wave Height, ftInta otol
Model: 0.80

0'.5
Prototype: 12.8N 70

7. 0Mum

B8



MATERIAL LOCATION AFTER N WAULS
,m e....... ....

Still-Water Depth _ft *Ue*te .................*eemmmuemmemm...ogoueo...

Model: 0.5 ... ...

Prototype: 8.0 0.0 . ---. o - tr ucture ---- - -

Laver Thickness, ft 0.5

Model: 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Model: 7 Material layer appeared to be

Prototype: 112 2.0 getting thin in this region.

4
-4

Material Size, in. - 2.5

Model: 3/8 - 1/2
4.J

Prototype: b - 8 3.0

cn I

Material Weight, lb 3

Model: 0.005 0.012 a

Prototype: 20 - 50 4 4.0

Wave Period, sec 4.5

Model: 5

Prototype: 20 "__5.0

Bed Slope: 1V on 25H 5.5

Maximum Breaker 6.0

Wave Height, ft Initial Location

Model: 0.68 6.5

Prototype: 10.9 N = 500

7.0

B9



MATERIAL LOCATION AFTER N WAVES i....n......%

Str uc tourecs Sop 1) c::::U

Still-Water Depth, ft

ModelI: 1.0

Prototype: 16.0 0 n.m . o o ttr - urm.

Layer Thickness, ft0.

Model: 0.120'

Prototype: 2.0 1.0

Layer Extent, ft .73

Model: 3

Prototype: 48 2.0

'4414

Material Size, in.2.

Model: 3/8 - 1/2.12
4-

Prototype: 6 - 8 U . ________________

Material Weight, lb 35 Iita Location- -*

Model: 0.005 -0.0120

Prototype: 20 -50 r= 4.0
0

Wave Period, sec 04

Model: 2 v

Prototype: 850

Bed Slope: IV on 25H1 _______.5_________

Maximum Breaker 6.0
Wave Height, ft

Model: 1.09

Prototype: 17.4

7.0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

BIO
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MATERIAL LOCATION AFTER N W AV E S ::::::::::::::::::::.....

... s~u'Structure Sl1ope ;:i::

Still-Water Depth, ft

ModelI: 1.0

Prototype: 1.0 1.oeo0Sr

Layer Ethicnes, ft o~s
Model : 0.1274

Prototype: 48 2.0 43 8

'4-j

Material Size, in. 2.5

Model: 3,18 - 112

Prototypc: 6 - 8 3.0

Material Weight, lb t 4

____________ o 35S

Model: 0.005 -0.012 iolHo Initial Locatio
Prototype: 20 -50 4.0

0

Wave Period, sec ,4

Model : 3 44

Prototype: 12 m .0

Bed Slope: IV onl 25H .

Maximum Breaker 6.0
Wave Height, ft

Model: 1 .11
6.5

Prototype: 17.8

7.0

B11
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MATERIAL LOCATION AFTER N WAVES ac a 6 0 m am 0 o .
ccc...... . .c. .m.... . . a

m~~~~~- t r t i c t t i r c S l oo •••
m• . •im...... I mc.CCC el C au,.immmcm. . . .c.cm.m.. . X-.e..

. ..... .me . .mc Cc . . m .
,m m cmc St tu re Sni o pe Ul cmcccc

... e.........................cc

Model: 1.0"' ' ° o' = ' ' ' = ° = '
St •1W ,o gej o hft cmcci.c cmmc m cc m . mmc o mco

mcc m.. mmmofc...... cm

Prototype: 1 .0 .0'-...'''-.------------- = ...

N = 188
Layer Thickness, ft 0.5 S

ModelI: 0.125 0

Prototype: 2.0 1.0

Layer Extent, ft '"S
Model: 3 cc96c c c m

Prototype: 48 o .0

Material Sizein. 2.5

Model: 3/8- 112

Prototype: 6 8.0
4-'

tne4-4 Initial Location
Material i , i. 3.5

Model: 0.00 0.012

E.

Prototype: 20 - 80 r 4.0

0

Wave Period, secu 4.

4.5

Model: 4
+)Prototype: 16 5.0

Bed Slope: IV on 25H 5.5

Maximum Breaker 6.0Wave Heigdt s t
Model: 1.45

6.S
Prototype: 23.2

7.0

B12



NLILRIAL LOCAT ION AFIR N WAVES *~n~r~nnsunaun u

..m .m.. .. . .m. . .. . .m ..
S ti I WI L r. ..cm . .m. .. . . .m c... .m.

- -. -*:-To of Structure -
Prototype: lb.0 '--.- - - - - - ------------- i

L av)er Thickness, ft . .5

Model1 : 0. 125

Prototype: 2 . 0.

Laver Extent, ft 1.5

Model: 3 N" 3 08
Prototype: 48 2. 105. -

Material S izti,-_il_ ' 2. SModel: 3/8 - 112m . mm5

Prototype: 6 - 8o t-u- m-
3.0

Material Weight, lb initial Location
- 0 3.5

Model: 0.005 0.01-

Prototype: 20 4.0

0

Wave Period, se 4.5

Model: 5 40

Prototype: 20 2S.0

Bd Sl ope: 1\1 on 25H 5.5

Maximum Breaker 6.0
Wave Height, ft

Model: 1.12
6.S

Prototype: 17.9

7.0

813



NLXTIRIAL LOCATION AF'rLR N lkAVI:S . .............

*......... ......

.... ... ... ... ... ..

St ill- aterD

Mod : 1.
~~ 'loc Of S truLCtLIr'e - **

Prototype: 16.0 -) -------------

Laver Thickness, ft_________________________

Model: 0.12S5
Prototype: 2.0 1 .0(

Layer Extent, ft 1.5

ModelI: S5

Prototx'pe: 802.

Material. 2ie sn *7.5

Model: 3/8 - 1/2

Prototype: 6 - 8 3.0

Material Weight, lb 35840

0 3.
Model: 0.003 0.0120

E-
Prototype: 20 -50 F- 4.0

0

Wave Period, sec 4.5

Model: 4-84

Prototype: S 5.o

Bed Sope: V on 5H 5 Initial Locatio

Maximum Breaker 0
Wave Hecight, ft

model: 1.09
0. 5

Prototype: 17.4

7.0 _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

B14



MATERIAL LOCATION AFTER N WAVES eemeeeeeeseeeeeeeeeeee~eee

* Sin Srucur SSE 1@elee o peme
US.... . ..e.. .es. ., e...

Still-WatuE Duthp ft . meewee.eeeme

ModelI: 1.0 ge ie.ege. ~~..
Prototype: 16.0 0. ---eem--ee ---

Laver Thickness, ft 0.5

ModelI: 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Mod el1: 5

Prototy'pe : 802.

4
J

MIater ial Sizev, in. N -4

ModelI: 3/8 - 1/2
4-

Prototype: 6 - 8 U .

630
Material Weight, lb 444

03S

Model : 0.005 - 0.0120

Prototype: 20 -50 i 4.033
0

Wave Period, sec 04

Model: 3

Prototype: 12 o

Bed Slope: IV on 25H .

Maximum Breaker 6.0 __________________

Wave Height, ft6.

Mode.: 1 .11

Prototype: 17.8 6.5

7.0

B IS



p L•IAL LOCATION AFFLlR N IA • n

mcmmm mmmmmmcmmm•mm m m......m

......... .m...........L . . .. . . . .

Q1 -i-m . . ... . . . . . .S I I l I - WI I I i I jI IhI l I i Iml I . . . .

L. • c. m. .m . . . m .... m,
... . . . .cl l .l .l l l l.. . l.. .l .m . ...Model : 1 U) ............... mmm..... ... .

• I ~~~~~ m m c cI m m f I i m t m i t u r m -m m m i m m m m

Prototyp)e --

Laver Tl1icic-s- , ft

lMo de I : 0.12.-I

Prototvype: -. 1..

Laer Extent, ft 1-_.
.Model: -=

Prototype: 8() 1.)

MaLutrial Sizu Ill. ___________________

,lodel : - 1 2

Prototype: 6 - 3 0
4-

Material liig) t, lb 2._

model: 0.005 - 0.012

Prototype: 20 - 4.0
0

have Period, sec 4 4-

Model: 4

Prototype: 16 50 .0

Bud ~~1on 25H lflj Intji Location

Maximum Breaker 6
haveeiod, ft

Model: 1.45

Prototype: 23.2 65

0

B16



S t 1L1 l .) A .I .\i ..... .L. .

Modcur e1lt 1:::S
.......... S.t........1 ..re

Pr tutY5c - - .- - -- - - - - -- -

La ve r Th i c e s-< ft

Lavcr lixtkcnt ,ft1.

llrototvp 8 o

4 J

M,~l r ,S-1'

ro to ty: c

Material 4eight, lb 18

Modol1: O.OU5 0.1

1Prototvpc: c-oo4.
4.

W~ave Period, sec

ModelI: 5

Prototyp:5 v51

B-C S I n 5 5.5 Initial Location

Maximum lireaker b.0
Wa-ve lL L- Hcgt, -JL

Model: 1.12
0t. 5

Prototype: 171.9

B17



MLATRIAL LOCAION AFTERZ N 1L\VI.S UUU US

StI-11CtI-

* * ** *f Structur

St i 1-RLir c)LI

Prototype: 0 o o

Lax-er Thickiivss, ft

Modeii: 0- 1

Prot o tyvpe: 20 1.0

Laver Extent, ft

Model 7

.. roto t y pe : I I.

MaeralSi-zc, in. *2. 5;

Model: ...s - 1/..

Prototype: o - 3'3.0 u

Material WeighIt, lb ______________________

0

Mble : 0.00S 0.1,

Prototype: 20 140

Wave Period, sec 45

Model : 7

Prototype: 8 5.0

Bed Slpe: -IV 0!1 i1) s

M.-1fUnBreakcr

Wateri - Sig , it .0

.odel: -9

Prototvpe: 17. . .

7.0

B18



MATERIAL LOCATION AFTER N WAVES

S.mt.ru..tee Sle...'. e.
.mn e...... ul m e im mm a n iam ens e.ii llIl

Still-Waz. 
..... . . . . . . . . ..m

ae ... oe of Structure ... e. .p' . .
n:::m.::....a......e....... .m..

SPrototype__ mmO~) ...... n...........me...m ..

Layer Thickness, ft . m

mem_.... e,.. 0.5e . e

Model: 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Mod c : "

Prototype : 112 2.0

41

(4-4
Lt, criaL Sixe L n ,

Modcl: 3/8 - 1/2

Prototype: - 8 3.0
4-',

lateria l Weight, lb _ _3.5

Model: .00)5 - 0.012 V

Prototype: 20 - 50 4.0

0

U4

Nave Period, sec C4

o d l : 
u 4 . 5

Prototype: 12 c 5.0

Sope V 1on 25H 5.5

Max mum Breaker 0.0

ModeL: 1. II = 868
O). 5

Prototype: 17.8 Initial Location

7.) I . 1

B 19



MTERIAL LOCATION AFTER N 6AS . .

S.t ... . .  . .... . .... .... .
SL I -Water De p hi ft

model 1.Prottc: o.0o. ,........•...

Prototype: 21 .0 ... ... . . t . ...

Laver xthicktcs, ft 0

Model: 0.125 N 4 4'o

l) ro t o ty 1c : 2.0 1.0

Mod e 1301

Prototype: 112 2.(

Material Size, in.
.Mlodel: 3/8 - 1/2-140 84

Prototype: - 8 .

4-4

Material Weight, lb 0 3_5

Model : 0.003r, 0.012 0

Prototype: 20 - S() F 4.0

ave Period, sec

1: 4 4

Prototype: 1 " 5.0

Bed Slp : l l 25M 
28

Maximum Breaker 0.0
Wavye Ul,_i it, f t

Model : 1 .45

Prototype: 23.2 Initial Location

7.0

B20
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MITERIAL LOCATION AFTER N WAVES ""' . '

. . . . . ' 5..55.55.. 5

*.Structilre Slope
S..... . . . .. .. ..

Stil 1-WVotcr Depth, f t......................... S... ...................
Model: 1.1)

PrototYpe): Ilb. 0------ -*****~ -U of -t---------- .555

0. 0

Laver Thickness, ft05

Model1: 0.125

prototype: 2.0 1.0

Laye r Extent, ft1.

Mode l I : 7

Prototype: 112..."

MaterialSize, in. 2.5

Model: 3/8 - 1/2

Prototype: 6 - 8.0

Material et, lb

Model : 0.005 -0.012 2

Prototype: 20 - 50 4 0

Wave Period, sec

.5

Model: 5

Prototype: 20 8 3

Bed Slope: IV on 25H 5.5 ___________84 _____

Maximum Breaker 6.0_________________

Wave !eight, ft

Model: 1.12

Prototype: 17.9 6.5 Initial Loctio

7.0

133

84 -'



M-ATERIAL LOCATION AFTER N WWL1S

a a. eem..

Still- WatLi- IXLIi , ft

Model : 0.5 S . S . S . S ... . . *

Prototype: S.0 -- r o- -t r- tore ---- sese
0.0

Live r 'Ihli c klcs- . it _________________ __________

1rotot% Il . 46 C.) o

:ut,)d 1 1 S / 280,Li.

Protot xpe: S - i10 n 7
4-,

aae d 4e i 111t , lI

Model 1 .1 -4.2

Prototype: 310 - 5.o ____________ _______

Wave Leid fet ~ 4

Model: 4.8

Mroel:L' 0.80

7.o

B22
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mATERIAL LOCATION AFTER N WAVES aaammm~aa~ge~ 5US*~~~~*

:*::~~:~*:Structure Slope.:*:::::
Still-Water Depth, ft '''',',,. -,,'',. -,. ''-e ''. 'aam e....m a *iiS5 *ea* a a at .im e... mm

Model: 0a .. e.s... i....m......a.......
a.. a m e...... Jm m Sm ...... I * o ***Modeli: ()is . . . . . .m

Toe f StructureC -Prototype : 8.0 0 .0 , ,.. .. .... ..... ..-.-.--- ---

Layer Thickness, ft 0.5

Model: 0.125

Prototvpe: -)0 1.0

Laver Extent, ft 1.5

Model : 3

Prototype: 48 2.0

44)

Material Size, in. " 2.5

Model: 1/2 - 5/8

Prototype: 8 - 10 3.0

Iaterial Weight, lb InitlLocatio_ ____
MateialWcihtlb 3.5

Model: 0.012 - 0.023 0
E-

Prototype: 50 - 95 4.0
0

Wave Period, sec 4.
_______________o 4,5

Model : 5

Prototype: 20 C) 5.0

Bed Slope: IV on 25H a..)

Maximum Breaker
Wave Heigt f .

Mode l : 0.68

Prototype: 10.9

7.0

B23



>\I[RLAL LOCATION AFTER N NAVES' .. ..-. . .

v . :~~ ~~~........:."
. . . . . . .h . . . .. .. . . . •••••w•

S .rotot.pe 8 .0 . - ... . . . . . . . ..- - - -

Laver T!, ckncst, f t

Model : 0.125

Prototype: 2.0 1 )

Laiver Extent, ft I 1

Model I: 3-

-o •t ty pe

lILyrialSi zc ,.in.

Model: 1 2 - 368

Prototype: 8 -t) 10

3. S

Model: 0.012- 0.023 

Prototype: 50 - 95 0 41)0

Wave Period, sec 4S
olOModel: 4

Prototype: 10 ca

Bed Slope: IV on 25H S5. Initial Location

Maximum Breaker 6.0

Wave Heitjft

Mode l: 0.80
6.5

Prototype: 12.8

7.0

524



MATERIAL LOCATION AFTER N WAVES aonames,°o*o'o*o° , **oo'o **o °°%°°°%°°

,go oo Structure Slope a°°°%: a°:°°°

.oao ~ ~ ~ ~ ~ -:: I .i~E~iiE; .:"; .'ij ..' " .~E
a a . . . . . . . . . .. . •

StillWater Des, ft0
a 0 a a a. a. a a 95 a5 50 a

Model: 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Model: S

Prototype: 80
1.0

Material Size, in. 2.5

Model: 1/2 - 5/8
UPrototype: 8 - 10 3.0
43

Material Weight, lb

Model: 0.012 - 0.023 Q
0

Prototype: 50 - 95 4 0
0

Wave Period, sec 0 4.5

Model: 5 4-,

Prototype: 20 5.0

Bed V o25HInitial Location J

Bed Slope: IV on 25H55

Maximum Breaker 6.0
Wave Height, ft

Model: 0.68
6.5

Prototype: 10.9

7.0

B25
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MATERIAL LOCATION AFTER N WAVES

CUme...... eag..... S.....m~
Mass oes.. a UU aS* 9 *0a 1 aa S**a
n. .nu *U * . . . .e. m a a a e a a S R a ssesse

a tru c t u r e:C S 10 1 )2 e e e
.e.. .*S.*. .. .. .. . .S .~*
m~~~~~ 0~ .o .im B a 6 ai a ai a~ a m........ ....... .....St illI-Waiter kcptbl, 11t a. a*ff*. a a*~~*

Model: .5i a a a a a

Prototype: 8.0 0 a a a - - ---- ,

Laver Thickness, ft ().S

Model: 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1

Mode 1: 7

Prototype: 112 2.0

M xaterkal Size, in.

Model: 1/2 - 5/8
N 050

Prototype: 8 - 10 0

Material Weight, lb o

Model: 0.012 0.023 C

Prototype: 50 - 95 o 4.0

4

Wave Period, sec_______________ C 4 5

Mode l : 4

Prototype: 16 5.0

Bed Sit:_- I\ UFI 2IV oil 13H

Max imum Breaker 0.0
Wayu_ .tLi IL. IL

o deu I . 0. 80
0. 5

Prototype: 12.5 Initial Location, N =50

7.0

B26



MLATERIAL LOCATION ..FT'IZ N 4AVLS

* e~~ec ... .s. .. .. . . . e*
e. . .. . ... ... ... c

M l ..... ...... .. . .Stili[-Wator D0eth, i L"
• •

"
•
"

•
"

•
"

° • • 
i

Protot ne: 8 () 1 fS ri i c t u rlil

.. ------- i--- e - -. e ic. e * s - -i - - - - - -

Model:. c.12, ... ..... , .l'''oin of > trnctureai.oo,'

Prototype: 8.0 1

Layer Thikess , ft

Model : 0. 125

Prototype: 2.0 1.0

Layer Extent, ft1.

Model : 7

Prototype: 112

Material Size, in. 2.5

Model: 1/2 - 5/8
4

Prototype: 8 - 10 ) 3.0
41

Material Weight, lb __ _
.. 0 3.5

Model: 0.012 0.023 0

Prototype: 50 - 95 4.0
r

0

Wave Period, sec 4S4.5

Model : 5

Prototype: 20 5.0

Bed Slop~e: IV on 25H 5.5

Maximum Breaker
Wave Height, ft 0o o

Initial LocaItioni

Model: 0.68

Prototype: 10.9 N = 500

7.0

B27



MlATERIAL LOCATION AFTER N WAVE S
. .. ... ..

StiL1-~t rur Deth u

Model: 1.0 .....

Prot o t \,,e 16.0------------------

Mode: I .1:I

Mo cte, ,

Mod c 1

I I.ut0t.vej vic e.

Mat r ialI ~.ie ,; ti

Model c .1 1 012

11rototype: 0 -0 4 . t I n t I ea' oln

'4-

Wave Period, sec4

Model1: 2
.o

Bedtot : IV oi -1)

Mlaximum llreakur 03.0
Wav-e HYeigit , I L

,%odeli: 1.09

Prototype: 
17.47o

8 28



MXJ'LRIAL LOCATION AFTLk N 6AVES .s

Pro ot\ae 10. a., ,.a,,-a- . ..- - -...- ,Sti I-Wte r Deth, ft a.5

Model: 0,125
Prototype: 16.0 -::: - lo -f -Rrictr - - -. ------

0.0

Lave r Th i cknes, f t 05

ModelI: 0 .I1L3

Prototype: 2.0 1.0

Laver Extent, ft 1.5

Mud 1 3

Prototype: 48 2.0

Haterial Size in. 02.5

Model: 1/2 - 5/8

Prototype: 8 - 10 3.0

laterial Weight, lb 3.58

Model: 0.012- 0.023 0

E- Initial Location
Prototype: 50 - 95 E 4.0

0

Wave Period, sec L 4.5

Model : 3

Prototype: 12 5.0

Bed Slope: lV on 25H 5.5

Maximum Breaker 6.0
Wav teH i t If t

Model: 1.1 1 6.5

Prototype: 17.8

7.0

B 29



A I I ON A 1- 1 1. R

.......... ......... ..

It ii1- I I K!I I UI I I I II I I II I I............ .. ................. ........
I- -- Ic I I . . . . .. .. . . ..

'rototvn C : L .. . . . . . . . ... ,,. . . a-

Javc cr Th i c Pncss, ft (N 31

Mo d' i 1 .1

11ro to t p': ,0 . r'.-

Lavcr lxtciit, ft

odcl: J

Prototype: "8

>aterial- Size, in. ___.5___'_

Model: 17" - /5 21

Prototvpe: 10 It-
.-4

"r,

M toria 1 (21 4ht , l b5.t

ModeL: 0.012 - ).023

- -4Prototype,): .-0 - 9) .

Wave Period, soL t

Model: 4

Prototvpe: I> o -.

Bed S lo :p IV on 251 .__

2a ixinum Breaker .
Wave___aZ _H I ,h, it

Mod2l : 1. 45
o.5

Prototype 23.2

7.0

B30



NLRA1A. )LAI [oUN,' AI"LP N k.\\iFS ....

_________________________.__._.__._. . . . . * . . . . . . .

Lie c Ii s 5

. . . . . . . . .. . . .. . . . . * . S **o -n o S . . . . ..ei e ii i i n ~ • • I

)dOJL'I: l~~tt ........ . . . . . . . . .

-o t o t .e - - - N 4 5.. . . . . . . .

.aver ThLic1nLucs., ft

1'dc ttt: LA.12]i

.a vur lxt tlt, ft 1.3

">'at2r-i-i --SI-:- -iJl" .2.3 _

lod !: 1 2 - 5,S

Pre Irstvtc: - it)

Matr- Initial Location1i ,

Mode1: 1 .U2 1 .' 230
-4.0iPrutotv'pti: 5)9 - 95 4 0

0

Kavc Period, sec '45
Mu~e 1: 3 '

Prototype: .20

BCd _§ 10 : IV on 2511_ _ _ __ _ _ _ __ _ _ _ _

MIaxLmum gl-eaker 60
-'avu tlj ilh-, ft

Mlode I : 1. 12

6. 5
ProtoLtyp1 w: 17.9

7.0

B31



'I\1. ..\ .t~~ .3 .i .1. .~j . . . 5..55..05..

.................... S

:............. .....

-~' ,"Jr L!i '. c D,2 . .. a. .%.a

*,S'J- 12"
I.. t5 . . . . . . .

r t,.t . ' S

MOZ~ Li I : .

S -SSS-S

Prototvt,.: .- i "
Bu . IllI] aI Lca o

W-a t (4 11t -- L

B32.

Vi ~ cv ..

\Ldcl: 12~l - :5_

Prototype: 50- 95 ;. _________________________

W'ave Period, sOC
'? 4.3

.Model: 2 d4
,'.

Prototy'pe: S JI

Bed - Ip':l on230 nit ia Il sCation-/

Maximum Breaker ()

Model : 1 .09

Prototypet: 17.4

7.0

B 32



MNAFERIAL LOCA*TION AI:TLR .. .AE .

LI I tt I 1C n ss,.

So®S: S

. . . . . . . .. . .. . . . .i

M I I at al Si , I . .. . . . . .

Mode / 1 1.- I

Prototype: 8o0--- - -1 -3.0

Materia Thkess, lb

Model : 0.01 -' 0.0S 3

Prototype: l5. 0 -- -.0

O. 0

Nave) riodckn sec=f 0.4

Model: 0a12

Prototype: 2. 5.0

Waver Exeigt, ft1.

Model: .15

Prototype: 80

• 7.0

Material Size, in.2
Mlodel : 112 - 5/8

Prototype: 8 - 10 3.0

Material W;eight, lb o

ModelI: 0.012 0.023 c

Prototype: 50 -95 m4{

144N o 82
Wave Period, sec " 4.S 4 18 :1, '%

MlodelI : 3

Prototype: 12 '5.

Bed lop:, 1 on 514Initial Location
Bed lop: 1Von 5[15.5

Maximum Breaker 6.0
Wave HeighYlt, ft

Model : 1.11

Prototype: 17.86.

7.0

B33



MATERIAL LOCATION AFTER N WAVES ********m*e,**m *

[a... . . ... . . .m*.*. C . 5.5.

Sti_11-Water De pth, ft .. a m. .... a. se .msmfl a a U. ..

MO d L'1: 1.1)

Protoype: lo.0*:.::m~m.e. oe of Structure-

Lavc2r Th1icknless , ft 0.5

Model 0.1221

Prototyvpe: .0 1.

Laye-r Lxtent, ft 1.53

Mod ulI: S16

Prototype : 8 0 12.0

112
Ma terial S ize~ ,0 in 2.5

Model: 1/2 - 5/8
77

Prototype: 8 - 10 3.

Material WOight, lb03.
C)ModelI: 0.012 -0.0230

Prototype: 50 -95 
4 4.

0

Wave Period, sec u 4.5

ModelI: 4 4-

Prototype: 16 5.

Bed Slope: IV on 25115H Initial Locat ion---

Maximum Breaker0.
Wave Height, Lt

Model: 1.45
0. 5

Prototype: 23.2

7.0 _______________________ _

B 34



MATERIAL LOCATION AFTER N WAVES a :

:*::~~:~~:Structure SlIope SUU

Still-Water Depth, ft aee s ee..*m0.Ca aegee..a*..aS
. ..... ... . . .. .m. . .... e

. .m.. . ........ .. .. .. .c. . .a
Model : 1.0 eeeeeme meeem~e

meeeToo of StructurePrototype: 16.0 0.0 ------

Layer Thickness, ft 0).5

Model1: 0.125

Prototy pe: 2.0 1.0

Layer Extent, ft 1.5

Mod el1: 5

Prototype: 80 2).0

Material Size, in. 2.5

Model : 1/2 - 5/8N 43

Prototype: 8 - 103.

Material Weight, lb 0__3.__

Model : 0.012 -0.023

Prototype: S0O 95 4.o00

Wave Period, sec 4. 57

Model1: 5 4

Prototype: 20 5.0)

Bed Slope: 1V on 25H 5. Initial Location,--

Maximum Breaker6.
Wave Height, ft6.

Model : 1.12

Prototype: 17.9 6.5

7.0

B 35



MATERIAL LOCATION AFTER N WAVES .. ......... ..

....... ... ............. SU

Still-Water Depth, ft........

Model : 1.0
r Oof S truct rc ..

Prototype: 16).0 -__ -_-_-_-_-_-_-_- __-_-_-_-_-_-_-_-_-

Layer Thickness, ft (0.5

Model: 0.125

Prototype: 2 .0 1.

Layer =xtent, ftm1.5

Model1: 7

Prototype: 1122)

4-)

Mat•rial -Size,_ in. 2.5

Model I: 1/2 - 5/8

Prototype: 8 - 10 3.
4-)

Material Weight, lb _ _______ ll____.5_________ l_________

Model: 0.012 -0.023 0

Prototype: 50 -95 4.0
0

Wave Period, see .

4.5.

Model: 2

Prototype: 8 5.(

Bed Slope: 1V on 2511-*- _ __ _ _ _ _ _ __ _ _ _ _ _

Maximum Breaker0
Wave Hei-it f t

Model : 1.09

Prototype: 17.4 Initial -, atio.=.15 ,

7.0

B36



mim..i.. .me......mm...mmml
MATERIAL LOCATION AFTER N WAVESii

m . ma e ... eee.*.S...m me....

gigin q llil a d ii I a sl O . 0 a II ale a
i~~~tutr l iil i I i iII I

mmd1 .... .. m ....... .. ......

Still-Water Depth, ft:.:.:.li2
e. . ...... .e.. .. . . .m. . .em.

rroo~oe: uu ••m •..•.........m c......ModelI: 1.0::mm..etmmmmemmmemmmm::em

Prototype: a: .0m::Toe of Structe -m. 0 i

Laver Thickness, ft 0.5

Model: 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Model : 7

Prototype: 112 2.0

L44

Material Size, in. 2.5

Model: 1/2 - 5/8

Prototype: 8 - 10 3.0

Material Weight, lb 0 3.5

Model: 0.012 - 0.023
0

Prototype: 50 95 0 4.0
0

Wave Period, sec, 45

Model: 3

Prototype: 12 5.0

Bed Slope: 1V on 25H_ 5.5

Maximum Breaker 6.0
Wave Height,_ft Initial Location

Model: 1.11
6.5

Prototype: 17.8 N 9 66

7.0

B37



MATERIAL LOCATION AFTER N WAVES *o.u0s'%f' e.a N.

egg.... . .. . .. .sS. . . .3

a**~~*~ structure SlIope
..e. .. .. s.

Still-Wa~ter DepLth, ft5tSs.*..05**S

. . .. .. ..e .. s. . .. . . . . . .
Mod elI: 1.0

Prototye: 16.0~***~ roe of Structure 553

Laver Thickness, ft 0 _____________5_____

Model: 0.123

P)rototype : 2.0 1.0___________________

Layer Extent, ft

Mjod e: 7 ....

Prototype: 112 2.0 .0

Material Size, in.2.

Miod e: 112 - S/8

Prototype : 8 - 10 ~ 3. 0

418

Material Weight, lb03.

ModelI: 0.012 -0.023

Prototype: S0O 95 : 4.0
0

Wave Period, sec C._________________

ModelI: 4 4

Prototype: 16 5.o(

Bed slope: IV on 2511 
10

Maximum Breaker
Wav iht, ft

Model: 1.45 oatin

Prototype: '23 .2

7.0

B38



MATERIAL LOCATION AFTER 4 WAVES

Structure Slope
i .omm mmm eem mmtmemmm m

*.~... .... . g. . . .. .m..
Still-Water Depth, ft iieme mimmemm iae lae mem em em

ee .S~ . ~ *** . . me....
Model: 1.0 e. ee eeeeee eaeaela::e::

Prototype: 0:.:.:.:.:Tue of Structure-'._,- ,
Prototype: 16.0 ele~c.- - -------------- ----

0.0

Laver Thickness, ft 0.5

Model: 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Model : 7

Prototype: 112 0

t
4
-

Material Size, in. 2.5

Model: 1/2 - 5/8
4-

Prototype: 8 - 10 3

4 )

Material eight, lb 4_4
03.

Model: 0.012- 0.023 o N 469
0

Prototype: 50 - 95 4.0
0

Wave Period, sec 0 45

Model : 5 7t

Prototype: 20 
2 5 7

Bed Slope: IV on 25H 5.5

Maximum Breaker 
6.0245

Wave Height, 
Ft

Model: 1.12 6.5

Prototype: 17.9 Initial Loc ation

7.0

B39



... .i i .--. . . .--. .

MLAITRIAL LOCATPXN AFIER NWAVL's ."..." u "... " ... ~* *.*.*.

...............--.....

Stil .-Water ,aah L .
.............. . . . . . ..Model: 0.5 , .. ... ........... ...

... ..

of 01t ~ructurc
Prototype: 8.0 ,.. ..5 ._ .. ._._.-S- . ,,,,

o.o

Liver Thickiness, ft

Model : 0 .125

Prototype: 2.0

Layer lxtent, ft 1.5

Model: 3 
4/4

Prototype: 48-.

2.0

iterial Weight, b 14 I tial Locat i oil

Model: 0.023 0.040

Prototype: 95 1 l 5
0

Wave Period, sec 4

Model : 4

P1rototype: 1 6 5.0

lied Slyc l IV on '2511______________________

Maximum Breaker 0.0_
Wavfe Hel _i t

Model: 0.80

Prototype: 12.8

7 .0

B40
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MIATERIAL LOCATION AFTER N WAVES imcc m m mcmmcmm

m... .. ...c. .m. .. . .. . .

SStructUre slIope
mmm...cm... .ccc.m.c.. mm...

mmcm. of. mcrc... m... .. .

SLl-ver hckesth, ft 0.

Model: 0.512S....mm

Prototype: 2.00.

Layer Eteicnes, ft 0.5

ModelI: 3.2

Prototype: 2.0 1.0

Material Sze , in.- 2.5

Model : S/8 - 3/4

Prototype: 10 - 12 ;n 3.0 __________________

4-,

Matria Weght lbInitial Location--
Material Weih_ _lb-_ o 3.5

Model: 0.023 -0.040 0

Prototype: 95 -165 F- 4.0
0

Wave Period, see 4.5 __________________

Model : 5 4

Prototype: 20 521 5.0

Bed Slope: IV on 25H S

Maximum Breaker
Wave Height, ft

Model: 0.68
6.5

Prototype: 10.9

7.0 1

64 1



MIATERIAL LOCATION AFTER N IWXVL$ .
. . . .............
S............

, ldei : O.5 ... ................ . .
Still-Water Depth, ft

Model : 0.5 .. .
t 1,m t I I

Prototype: 8.0 ". .....

Laver Thickness, ft

Model: 0.125

Prototype: 2.0 1.

S=1000(

laver Lxtent, ft

Model : 5

P rototype: 80

Material Size, in. 2.

Model : 5/8 - 3/4

Prototype: 10 - 12 - ; 9

4-

Material Weight, lb 4 I

Model: 0.023 - 0.040 0

Prototype: 95- 165 F4
0

Wave Period, sec o 4.

Mode I : 4 2
Prototype: l6

Bed Slope: IV on 2511 I t i a I JIo i I ioil

Maximum Breaker .I)
Wave i _f -t

M'odel: 0.80
0.,

Prototype: 12.8

7 (

7.4

t142



MATERIAL LOCATION4 AFTER N VWAVES 5 %%gggeeeeeceegge%*%e
eae. ea~c. gm.. em ,aa f.....

S. . a ag.~ a* .me. . e

Structure Slop :::

Still-Water Depth, fteeg.gegggmeec e
ega ae.. g aeca a . s a

Model : 0.5

Prototype: 8.0 :::::::o fSrit

laver Thick~ness, ft 0.5

ModelI: 0.125

Prototype: 2.0 1.0

Layer Extent, ft _______.____________

ModelI: 7

Prototype: 1122.

Material Size, in. 2 ____________________

Model : 5/8 - 3/4

Prototype: 10 - 12 3.

Material Weighit, lb 14-4____________________

Model : 0.023 -0.040 U

Protol' - 95 -165 F- 4.o
0

Z~)
Wave Period, sec 4.5

Model1: 4

P rototype: lo
5 5.o

Bed Slope: lIV Oil 25H S _________________

MaXiMuIm Breaker0.
Wae egt, fLt

ModelI: 0.80

Prototype: 12.8 1 lta ocat ioUl jo N =800

i43



A-VITIRrL LOCATION AFER kM I\j ............. a...........

. .. .. .. .. . . . . . .. . . . ..
. a .5 .St.

S L i r Di i i I Le , ft - - I_________________

ki~~t(Dt\~~~C . .. . . . .- .- . .____________

Itxt lxtcnt, ft

Prototype 4

>kacit'li. Siz~- ill. _

Prutotvipe: )-1

Model: 0.023 -J 00

1 ro to tYpu 9)3 - 1t:

Wavtye Pe2riod, (2ec

Prototylpe: 1 .-- ._________

Ikd S I Ij _ [V o 2 Al ___

Protct.-pe 17.8C
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MATERIAL LOCATION AFTER N W~AVES --m--------~~mum~*a~~~suU~~.UUU

... m....:m.StructurewSlope S.UU:

Still-Water Depth, ft

Model: 1.0 w a :UU::USUUUaUUU:EU::USU

Prototype: 16.0 %goosTesf trctr

Layer Thickness, ft. 0.5

Model: 0.125

Prototype: 2.0 1.0

-Layer Extent, ft, 1.5

Model: 3426

Prototype: 482.
.0

.4-4

Material Size, in21 .

Model: 5/8 - 3/4
4).

Prototype: 10 - 12U

4

4-1 nta Lct

Material Weight, lb, 0- IntilLoato

Model: 0.023 -0.040 0

Prototype: 95 -165 4.0
0
$4

4-4

Wave Period, sec Q)

Model: 4 +

Prototype: 16 5.0

Bed Slope: 1V on 25H __________________

Maximum Breaker 6.0
Wave Height, ft

Model: 1.45
6.5

Prototype: 23.2

7.0

B45



MATlERIAL LOCATION AFTER N WAVES

Still-Wa~cr DcP~he. . . .. ...... .e . .e . . ... . .m..

e m .... 'I-&memoe

M o d e l m a .03 .S . . e . . 0 e .m . . b. . .

Prototype: 16.0 .. ~~.~Teo tutr

Laver Thickniess, ft _____________________

MIodelI: 0.12S

Prototype: 2.01.

Layer Extenit, ft 1.5

ModelI: 321

Prototype: 482.

t4j

Material Siz, in.

Model: i/ /4

Prototype: 10 - 12 
103.

4-I

Material 1W1eight, lb 4 1

MIodel : 0.023 - 0.040 C)nta Lcto

0

Wave Period, sec u4

4.S

Prototype: 205.

Bed Slope: IV on 25H 5.7 __________________

Maximum Breaker6.
Wave Heighit,_ ft6.

Model: 1.121

Prototype: 17.965

tB46



MATERIAL LOCATION AFTER N WAVES u.%.mum.uimminmmmu

ainse aa . ... .. .. u m. mu m
mum......988086 ams ammamm am....

ws-w-:o Structure oe:::::::

Stllaer ckessh, ft_ *uumaum0.s ~ ~ ~ muummm~...

Model : 010 N*** 175 ***.. . *..

Prototype: 2.0.. To1o.trcur0

Layer Ethicnes, ft 1.5

Model: 510

Prototype: 802.

+J 7

Material Size, in. 2.

Model : 5/8 - 3/4

Prototype: 10 - 12 3.

Material ieight, lb, .

Model : 0.023 -0.040 0

Prototype: 95 -165 4.0
0

Wave Period, see _________________

Model: 4 +

Prototype: 16 5.0 _________ ________

Bed Slope: IV on 25H IntilLoato

Maximum Breaker60
Wave Height, ft6.

Model: 1.45

Prototype: 23.2 .

7.0

847

i



MATERIAL LOCATION AFTER N WAVESo mom0

on:::::: Structure S 1 opc -'..,.'.-,

a aaa 66 .. ....... .66 a *3. m ....... s em m ......... o eU.olomm

Still-Water Depth, ft a a 0oa a a a o a 0 a a

Model: 1.0 a a ma a a a a a a ma'a.a.a

Prototype: 16.0 ..... T of Str---- t-- re
0.0 S 'S

Laver Thickness, ft 0.5

Model: 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Model : 5

Prototype: 80 .0

Material Size, in. 2.5

Model: 5/8 - 3/4 N 399

4
29

Prototype: 10 - 12 3. 2940 w-, 1,

Material Weight, lb 4-

Model: 0.023- 0.040 o

Prototype: 95 - 165 4.0
0
44, 35

Wave Period, sec 4.5

Model: 5

Prototype: 20 ' .0

Bed Slope: IV on 25H S.S

Maximum Breaker 6.0
Wave Height, ft

Model: 1.12
6.5

Prototype: 17.9

7.0

548



amSo a a a a a a a Msn' a a a a a a a a a 0 a 0MATERIAL LOCATION AFTER N WAVES ......:::aam:::.a ..aam.aauaaa. 8

a a*~:~ Structure slope ::::::a

Still-Water Depth, 
ft 

oaaaaa80aaaaed

amaaaa a a. suaa a a
ModelI: 1.0 gua a a a a ua aaaensa 0a a a::a~au

a aa ::::Toe of structure
Prototype: 16.0 a a .--------- -- -- -- -- -----

0.0

Layer Thickness, ft 0. _________________

ModelI: 0.125
N =366

Prototype: 2.0 1.0

Layer Extent, ft 1.5

ModelI: 7

Prototype: 112 2.028

Material Size, in. 
2.5

- . 5

Model: 5/8 - 3/4

Prototype: 10 - 12 3.

'4

Material- Weight, lb03.

0Model: 0.023 -0.0400

Prototype: 95 -165 4.0
0
4 18

Wave Period, sec 4.

Model: 4
tjn

Prototype: 16 .

Bed Slope: IV on 25H s.5 6

Maximum Breaker 6.0
Wave Height, ft10

Model: 1.456.

Prototype: 23.2 6.54ii

7.0

549



MATERIAL LOCATION AFTER N WAVES ::::: :::::m : :

::: ::,Structure Slope *:**: :*:*:*:
S till-Water Depth, ft s oma~ a

gam e.... .m . .. m. .. m. aa
a sama m. .. m a m mm elm~

Prototype: 16.0 a... a:-::Toe of StructureZ-
0.0 .e

Layer Thickness, ft

Model: 0.125

Prototype: 2.0 1.0 ________________

Layer Extent, ft1. _________________

Model: 7

Prototype: 112 2.0

4-,

Model: 5/8 - 3/4
4-

Prototype: 10 - 12 U________________
4$ 3.0
'4

Material Weight, lb +

Model: 0.023 -0.040 0

Prototype: 95 -165 r= 4.0
0
'-4

Wave Period, sec 45

Model: 5SC
4

Prototype: 20 5.

N =480

Bed.Slope: 1V on 25H .
Initial36
Location

maximum Breaker 6.0
Wave Height, ft

Model: 1.126.

Prototype: 17.9 
.0

7.0



MATERIAL LOCATION. AFTER N WAVES ... ........ . a .. a.

utilm-a Deaah a 0 a a " .... .... au°a.....odl OSa Structure Slope ::::::: -S r

.............. .u..... SI

I . . . mm . 8,om 0a0 aaa
Still-Water Depth, ftaaaa a a ,a ,aaaaagos,

.. :..::,Toe of Structure -* ,,Prototype: 8.0 , m...............------ i''

Layer Thickness, ft 0.5

Model: 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Model: 3

Prototype: 48 2.0

Material Size in. 2.5

Model: 3/4 - 7/8 N= 00

Prototype: 12 140 4-'

Material Weight, lb Initial Location

__ _ _ _ __ _ _ _ _o 3.5
Model: 0.040 - 0064

Prototype: 165 - 260 4.0

3.0
Cn

Bed Slope: lV on 25H5.

Maximum Breaker 6.0
Wave Height, ft

Model: 0.80
6.5

Prototype: 12.8

7.0

B5 1

Bed Slope: 1V on 25H ... . i



MATERIAL LOCATION AFTER N WAVES d~~~~uuuUUuSuu*u
m... . .s . . U55 . uSE..aI

:*::*::*::*Structure SlIope :*:**.
. .u.. . uu mu .... .. . .. **U

Still-Water Depth, ft RGs .. s.NMN..M668afeaa000a0se

Model: 1.0a...

Prototype: 160.:::...:Te fStut1600.0- -- -- ----- - - - - - - - -- r..

Layer Thickness, ft 0.5

Model: 0.125

Prototype: 2.0 1.0

Layer Extent, ft1.

Model: 5

Prototype: 802.

Material Size, in. 2.5

Model: 3/4 -7/8

Prototype: 12 - 14 U
S3.0

Material Weig~it, lb 44__________________

Model: 0.040 - 0.064
0
E

Prototype: 165 - 260 4.0
0- 2

Wave Period, sec 0,4

Model: 54.

prototype: 20 S .0

Bed Slope: IV on 25H 5.5 12

Initial Location
Maximum Breaker 6.0
Wave Height, ft

Model: 1.12

Prototype: 17.96.

7.0

B52



MATERIAL LOCATION AFTER N WAVES .mmmmuumU~~~~~~~~~~~~.~~

ugC**gmggmStructure Slope .......
me........ aa

Still-Water Depth, ft.Deo

Model : 1.0 aaaaa0mesg

Prototype:om 160... Toe of Structure - ama um

Protoype: 60.0

Layer Thickness, ft0.

Model: 0.125

Prototype: 2.0 1.0

Layer Extent,_ ft _________________

Model: 7

Prototype: 11220

Material Size, in.2.

Model: 3/4 - 7/8
4 )

Prototype: 12 - 14 3.
3.0.

Material Weight, lb035

Model: 0.040 - 0.064 028

Prototype: 165 - 260 rz 4.0
0

44

Wave Period, sec 0

Model: 4 C

Prototype: 16 .0
5228

Bed Slope: IV on 25H .28

162
Maximum Breaker 6. 0
Wave Height, ft

Model: 1.45 65ain5

Prototype: 23.265

7.0

B53



MATERIAL LOCATION AFTER N WAVES

"-,'-:-':.:,: Structure Slope-o-.-.:.:.Oo-.,
SEE*.S .50 . .. ..USE.. ...

Still-Water Depth, ft

Model : 1.0
:-:-:-:Toe of Struicture

Prototype: 16.0 -__-_-_-_-__-_-_----- __-_-_-_-
0.0

Laver ThicKness, ft0.

Model1: 0.125

Prototype: 2.0 1.0

Layer Extent, ft1. __________ __ _____

ModelI: 7

Prototype: 1122.

Material Size, in. 2.5

Model : 3/4 - 7/8Z3.

Prototype: 12 - 14U

Material Weight, lb 0 3.5__________________

Model: 0.040 - 0.064

Prototype: 165 - 260.
0 .

Wave Period, sec 4.5

Model: 5

Prototype: 20 5.0

Bed Slope: S Vio 25H 5.5

Maximum Breaker 6.0
Wave Height, ft Initial Location N =500

Model: 1.12

Prototype: 17.9

7.0

854

de

teral eigh, l



MATERIAL MOVEMENT AFTER N WAVES

*:..::.:::Structure Slope
r eu **............e. ...

a ai w a a i a a a a a ae a a DIminm n Da

Still-Water Depth, ft anon .asaaw6I aa0saaEaaa
. Ime......• i• mmi em e . .... em m e

Model: 0.5 .me . ooo. ,, eeeee..oe o,

P 8 *-:s:s:. Toe of Structure-Prototype: 8.0 a, . .. . . .. . .a --....--- ---
0.0

Laver Thickness, ft 0.5

Model: 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Model : 3

Prototype: 48 2.0

4-)

Material Size, in. 2.5 --

Model: 7/8 - 1.0 3004
Prototype: 14- 16 .0

Material Weight, lb 4 Initial Location
o 3.5

Model: 0.064 - 0.095 0

0'-Prototype: 39(1 - 765
44.0

Wave Period, sec (Du-4.5

Model: 4

Prototype: 16 "__Q 5.0

Bed Slope: IV on 25H 5.5

Maximum Breaker 6.0
Wave Height, ft

Model: 0.80

Prototype: 12.8 6.5

7.0

BSS
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'IYATi IAL ]C'1~ AfI.R 4A;:VI;.S~~: ... .i..e.m. . *

r. ... .. . ..... ..VI \ ..e ...... . .\. . . .,\'1

Stit-, vr D)y .L,_ It .............. ... ......... .......
. . .. .. .. ...me.,oID m eo m e e..m m oe e e

.. .... ... ... .. . ...... ..
e I I I I I I .. .

ue I S 00 0 trtic-t ur
Prototype: I -. -

Lave r f i , , *I0.()

Mode I: .

Pro tot vI : .1 1.0

Laver Lxtiit , ft 1.5

Model: 

Prototype: 4s 2

Material Sfze n. z

Model: "8 - 1.0

°'3
Prototy'pe: 14 - lo 33 __________________

Material Weight, lb Initial Location, 3.5

Model : 0.064 - 0.095 ¢1

Prototype: 390 - 765 E 4.0
C

Wave Period, sec 4
____ ___ ____ ___o 4.5

c
Mode l : 5

Prototype: 20 5.0

Bed Slope: IV on 25H 5.5

Maximum Breaker 6.0Wave Heigt ft

Model: 1.12 6.5
Prototype: 17.9

7.0

B56
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MATERIAL LOCATION AFTER N WA VE S .. ..... . u
_______________________.... m ... .... .. ~ n ..... 5.....m..

:*::**:**:Structure Slope ****>
.mm... . .. m..

Still-Wate etf

Model 1.
Protoype: j~9 ::::::::::Toeof St rU tur

Prototype: ~~0.0 to aaa a-----------

Laver Thickness, ft 0.5

Model: 0.12S

Prototype: 2.0 10_________________

Layer Extent, ft1.

Mod elI:7

Prototype: 1122.
.0

Material Size, in. *2.5

Model : 7/8 - 1.0
4-)

Prototype: 14 - 16 U .
4-)

n =366

Material Weight, lb 4-

Model : 0.064 - 0.095 0

Prototype: 390 - 65F 4.0 r
0

'228

Wave Period, sec 4.

Model: 4 4-i

Prototype: 165.

Bed Slope: IV on 2511.516

Maximum Breaker 6.0
Wave Height, ft10

Model: 1.45
6.5

Prototype: 23.2 Initial Location3

7.0

B5 7



MATERIAL LOCATION AFTER N NA 'LS

*:::::Structure SlIope :::~**
singig .n. . . . .. .u . uu~U .

Still-Water Depth ,ft

Prootpe a60 Toe of Strucu
16.00

Layer Thickness, ft 0.5

Model: 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Model: 5

Prototype: 8o 2.0

4.)

Material Size, in. 2.5

Model: 1 - 1-1/4
4-)
UPrototype: l6 - 20 :33.

Material Weight, lb_ 0 35S

Model: 0.095 - 0.180 0

Prototype: 390 - 765 r=4.
0

Wave Period, sec 4.5

Model : S 4-J

Prototype: 2o C) 50

Bed Slope: IV on 25H __.__Initial ________________

Maximum Breaker 6.0
Wave Height, ft

Model: 1.12
6.5

Prototype: 17.9

7.0

B58



MATERIAL LOCATION4 AFTER NWAVES a ue

" , ' , - ' , a ' -a S t r u c t u r e S l o p e s . . .M a aa a . . . .. .U..U. . S* *

omo...o... o o oomo o m s.•• •sus mmStill-Water Depth, ft

Model: 1.0 s:::::::::::::::'1:::::a:::
:m'm:'*°:o:*:Toe of Structure °'

Prototype: 16.0 0.0 __.__ U-----S--_ --_ - -.-_-._.,,0.0

Laver Thickness, ft 0.5

Model: 0.125

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Model : 7

Prototype: 112 2.0

Material Size, in. 2.5

Model: 1 - 1-1/4

Prototype: 10 - 20 U= 3.0 ...

4-,

'4-4Material Weight, ib 35
, 03.

Model: 0.095 - 0.186 0

Prototype: 390 - 765 4.00
0

Wave Period, sec o 4.5

Mode I : 4

Prototype: 16 5.0

Bed Slope: IV on 25H 5.5

N = 366

Maximum Breaker 6.0
Wave Height, ft

Model: 1.45 Initial Location6.5

Prototype: 23.2

7.0 180
7.0

B59



MATERIAL LOCATION AFTER N WAVES a a:.::a:: a:: a::*sme::w..a:ua:aa:a:.so

g: : : : X@: Structure Slope *~~***
Stl-Wa ter etf

Model : 1.0.........age
prototype: 10. --:*~ ,o sf m

0.0sa

Laver Thickness, ft0.

Model: 0.12S

Prototype: 2.0 1.0

Layer Extent, ft 1.5

Model : 5

Prototype: 802.
-0

Material Size, in. 2.5

Model: 1-1/4 -1-1/2 Nk 0

Prototype: 20 -24 3

(4-4

Material Weight, lb

Model: 0.186 - 0.322Q

Prototype: 765 - 1320 r= 4.0

'44

Wave Period, sec 0 4

Model: 4

Prototype: l6 So 00

Bed Slope: IV on 251SS Initial Location

Maximum Breaker ______.0__________

Wave Height, It

Model: 1.45

Prototype: 23.2 .

7.0

B60



MATERIAL LOCATION AFTER N 14AVES u...m...% u%....muu

StilL-Water_ th. ft

Model: .
Prototype: 1('.0 ..... *Toc of Structure , *

0.0

Laver Thickness, ft0.

modelI: 0.125

Prototype: 2.0 1.0

Laver Extent, ft1.

mudel: 7

Prototype: 112 2).0

4-,
'44

Material Size, in. Q; 2.5

Model: 1-1/4 -1-1/2

4
Prototype: 20 -24 U .

3.0

Material Weight, lb _________________

Model: 0.186 - 0.322 0

Prototype: 765 - 1320 4.
0

Wave Period, sec u 4.5

ModelI: 4 t

Prototype: 16 5.0

Bed Slope: 1V on 25H .

Maximium Breaker 6.0
Wave Height, ft. N =500

Model: 1.45 Initial
6.5 Loca tion

Prototype: 23.2

7.0

861I



APPENDIX C: NOTATION

Cl



a Wave amplitude witin a porous structure, ft

a. Amplitude nf incident wave, ft1

"at  Amplitude of transmitted wave, ft

A Surface area, ft2

C Wave celerity, ft/sec

C Keulegan model numerical multiplier, dimensionless
m
C Keulegan prototype numerical multiplier, dimensionless
p
d Undisturbed average still-water depth, ft

db  Bed particle diameter, ft

d Model rock size, ftm

d Prototype rock size, ftP

d Fifty percent finer of a material by weight, dimensionless
50
D Hudson damage parameter, dimensionless
D Effective model stone dimension, ft

m
D Effective prototype stone dimension, ftp
e Base of system of natural logarithms, 2.71828, dimensionless

g Gravitational constant, 32.174 ft/sec2

H Wave height, ft

Hb Maximum breaking wave height, ft

HB  Iribarren breaking wave height, m

H Significant wave height, average of highest one-third of waves, ft5

H Average of highest 10 percent of waves, ft
10
k Wave number, 2l/A , I/ft

k Rubble-mound armor unit layer coefficient, dimensionless

K Model scaling coefficient, dimensionless

KB Iribarren breakwater coefficient, kg/m
3

KD Rubble-mound structure armor unit stability coefficient, dimensionless

KF Naheer solitary wave friction coefficient, dimensionless

KK  Keulegan model scaling coefficient, dimensionless

KL  LeM~haut4 model scaling coefficient, dimensionless

L Underlayer material extent, ft
L Model representative length, ft

m
L Prototype representative length, ftP
M Keulegan rubble-mound parameter

n Number of quarrystone or concrete armor units in thickness comprising
the cover layer, dimensionless

C2



N Required number of armor units for a given surface area of rubble-
r mound structure, dimensionless

N Stability number, dimensionlesss

P Average porosity of cover layer or core section, percent

P m Porosity of model structure core material, percent

P Porosity of prototype structure core material, percent
p
S Specific gravity of rock or concrete unit relative to water
r (S = W /w ), dimensionless

r r w
S Iribarren specific weight of cap rock metric tons per cubic meter
cr
T Wave period, sec

W Weight of an individual armor stone in rubble-mound structure, lb

WR Iribarren cover-stone weight, kg

W Structure width, ft

W Weight of representative individual stone in underlayer material
UL section, lb

x Arbitrary horizontal location, ft

y Arbitrary vertical location, ft

a Keulegan dissipation coefficient, dimensionless

All Height of incident wave, ft

AL Average width of core material section, ft

0 Angle of rubble-mound structure slope with horizontal, deg

K Darcy's or engineer's coefficient of permeability, ft/sec

A Wavelength, ft
V Fluid kinematic viscosity, ft2/sec

;T 3.14159, dimensionless

Ps Density of bed particles, lb-sec 2/ft
4

Pw Density of water, lb-sec 
2/ft

4

r Maximum shear stress, lb/ft
2

W r Unit weight of rock, lb/ft3

r w Unit weight of water, lb/ft3

C3
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