
Us l"""t~~ ---
-.......,.u-\.,;Property of the United States Government 

SR-5 

Coastal Hydraulic Models 

by 

Robert Y. Hudson, Frank A. Herrmann, Jr., Richard A. Sager, 

Robert W. Whalin, Garbis H. Keulegan, 

Claude E. Chatham, Jr., and lyndell Z. Hales 

SPECIAL REPORT NO. 5 
MAY1979 

Approved for public release; 
distribution unlimited . . 

Prepared for 

U.S. ARMY, CORPS OF ENGINEERS 
COASTAL ENGINEERING 

RESEARCH CENTER 
Kingman Building 

Fort Belvoir V . 22060 
tlBRAPV B ~ C 

y JJ~:~:~~~~~1~~~~~p~~~~~T STATION 
US ARM VICKSBURG, MISSISSIPPI 



USACEWES 

TC223 C6s no.S c.2 

Reprint or republication of any of this material shall give appropriate 
credit to the U.S. Army Coastal Engineering Research Center. 

U.S. Army Coastal Engineering Research Center 
Kingman Building 
Fort Belvoir, Virginia 22060 

Contents of this report are not to be used for advertising, 
publication, or promotional purposes. Citation of trade names does not 
constitute an official endorsement or approval of the use of such 
commercial products. 

\\II I\~ \II\ II [\\~l~i\\\{\r~~~~\~\{1\i\\l \1\ I Ill\ I\\\\\~ 
3 5925 00054 6553 



UNCLASSIFIED 
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered) 

REPORT DOCUMENTATION PAGE READ INSTRUCTIONS 
BEFORE COMPLETING FORM 

1. REPORT NUMBER _r· GOVT ACCESSION NO. 3. RECIPIENT'S CATALOG NUMBER 

SR-5 
4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED 

Special Report 
COASTAL HYDRAULIC MODELS 

6. PERFORMING ORG. REPORT NUMBER 

7. AUTHOR(a) B. CONTRACT OR GRANT NUMBER(a) 

Robert Y. Hudson, Frank A. Herrmann, Jr.' Richard 
A. Sager, Robert W. Whalin, Garbis H. Keulegan, 
Claude E. Chatham, Jr.' and Lyndell z .. Hales 

9. PERFORMING ORGA!'IIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK 
U.S. Army Eng1neer Waterways Experiment Station AREA & WORK UNIT NUMBERS 

P.O. Box 631 F31234 
Vicksburg, Mississippi 39180 

11. CONTROLLING OFFICE NAME AND ADDRESS 12, REPORT DATE 
Department of the Army May 1979 
Coastal Engineering Research Center (CEREN-CD) 13. NUMBER OF PAGES 
Kingman Building, Fort Belvoir, VA 22060 531 

14. MONITORING AGENCY NAME & ADDRESS(If different from Controlling Office) 15. SECURITY CLASS. (of thla report) 

UNCLASSIFIED 

ISa, ~~;:rt~ti[ICATION/DOWNGRADING 

16. DISTRIBUTION STATEMENT (of thla Report) 

Approved for public release; distribution unlimited 

17. DISTJ;'UBUTION STATEMENT (of tho abatract entorod In Block :20, If different from Report) 

lB. SUPPLEMENTARY NOTES 

19. KEY WORDS (Continue on revorae a/de If neceuary and Identify by block number) 

Coastal erosion Fixed-bed models Model construction 
Coastal harbors Hydraulic models Model design 
Coastal structures Hydraulic similitude Model verification 
Estuaries Inlets Movable-bed models 

20 •. ABSTRACT ('"C"mrtli:IU• ..,. ,.,.rM a£9 ff ,_ary tmd.ldontlfT by block number) 

This is a comprehensive report describing the use of hydraulic models to 
assist in the solution of complex coastal engineering problems. This report 
provides information for use ·by both the laboratory research engineer and the 
field design engineer on the capabilities and limitations of coastal hydraulic 
modeling procedures. The report is intended to provide sufficient information 
to document the state-of-the-art of scale modeling practiced by the U.S. Army 
Engineer Waterways Experiment Station (WES); and for field design engineers 

.(Continued) 
DD FORU 

1 JAN 73 1473 EDITION OF t NOV 65 IS OBSOLETE UNCLASSIFIED 
SECURITY CLASSIFICATION OF THIS PAGE (When Data Entttrttd) 



UNCLASSIFIED 
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered) 

and other laboratory research engineers to better understand the principles of 
scale models and the application of these principles in the design, construction, 
and operation of scale hydraulic models in the solution of problems involving 
the interaction of waves, tides, currents, and related sediment movements in 
estuaries, coastal harbors, coastal erosion, and stability of coastal structures 
and inlets. 

2 UNCLASSIFIED 
SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered) 



PREFACE 

This report is published to provide coastal engineers with sufficient information for an understanding of the capabilities 
and limitations of coastal hydraulic models. It also provides the laboratory engineer with valuable information concerning 
the design, construction, and operation of physical models. The work was carried out by the U.S. Army Engineer 
Waterways Experiment Station (WES) under the coastal engineering research program of the U.S. Army Coastal 
Engineering Research Center (CERC). 

This report is one of a series of reports to he published to form a Coastal Engineering Manual. 

The report includes information on physical modeling of waves, tides, currents, and the related sediment movement, 
structure and harbor design problems in the coastal zone pertinent to interests of navigation, beach erosion, and control of 
storm-generated flooding. The report was intended to he a comprehensive state-of-the-art review; however, because 
information concerning new procedures is relatively slow in being published, and because detailed information on model 
design, construction, and operation is often not available ill the literature, the primary emphasis is on the state-of-the-art of 
physical coastal modeling at WES. The report draws extensively from the open literature, particularly the sections on 
similitude, coastal harbors, and coastal structures. Continual improvements to the state-of-the-art in coastal hydraulic 
modeling since this report was prepared, have already outdated some parts. In this report the term verification is the 
process of adjusting model parameters until the model can reproduce measured prototype data, and normally checking the 
adjustment by assuring the model reproduces at least two separate sets of prototype data. Abbreviations in this report 
conform to the U.S. Government Printing Office Style Manual. 

This report was prepared by WES and authored by (indicated for each of the seven Sections) Robert Y. Hudson, 
formerly Chief, Wave Dynamics Division; Frank A. Herrmann, Jr., Assistant Chief, Hydraulics Laboratory; Richard A. 
Sager, Chief, Estuaries Division; Dr. Robert W. Whalin, Chief, Wave Dynamics Division; Dr. Garbis H. Keulegan, Special 
Assistant to the Chief of the Hydraulics Laboratory; Claude E. Chatham, Jr., Chief, Wave Research Branch; and Dr. 
Lyndell Z. Hales, Wave Research Branch; under the general supervision of Henry B. Sinunons, Chief, Hydraulics 
Laboratory. During the preparation of this report, the Commander and Directors of WES were Brig. Gen. E.D. Peixotto, 
Col. G.H. Hilt, and Col. John L. Cannon. The Technical Director at WES was Mr. Frederick R. Brown. 

R.A. Jachowski, Chief, Coastal Design Criteria Branch, was the CERC contract monitor for the report, under the general 
supervision of G.M. Watts, formerly Chief, Engineering Development Division. 

Comments on this publication are invited. 

Approved for publication in accordance with Public Law 166, 79th Congress, approved 31 July 1945, as supplemented 
by Public Law 172, 88th Congress, approved November 1963. 
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Commander and Director 
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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 

inches 

square inches 
cubic inches 

feet 

square feet 
cubic feet 

yards 
square yards 
cubic yards 

miles 
square· miles 

knots 

acres 

foot-pound~ 

millibars 

ounces 

pounds 

ton, long 

ton, short 

degrees (angle) 

Fru1renheit degrees 

by 

25.4 
2.54 
6.452 

16.39 

30.48 
o. 3048 
0.0929 
0.0283 

0.9144 
o. 836 
o. 7646 

1.6093 
259.0 

1.852 

0.4047 

1.3558 

1.0197 

28.35 

453.6 
0.4536 

1.0160 

0.9072 

0.01745 

5/9 

X 10-3 

millimeters 
centimeters 

To obtain 

square centimeters 
cubic centimeters 

centimeters 
meters 

square meters 
cubic meters 

meters· 
square meters 
cubic meters 

kilometers 
hectares 

kilometers per hour 

hectares 

newton meters 

kilograms per square centimeter 

grams 

grams 
kilograms 

metric tons 

metric tons 

radians 

Celsius degrees or Kelvinsl 

lTo obtain Celsius (C) temperature readings from Fahreru1eit (F) readings, 
usc formula: C = (5/9) (F -32). 
To obtain Kelvin (K) readings, use formula: K = (5/9) (F -32) + 273.15. 
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1. Purpose and Scope. 

COASTAL HYDRAULIC MODELS 

I. INTRODUCTION 

by 
R.Y. Hudson 

This report provides information on hydraulic scale models of coastal 
engineering problems for design engineers to properly evaluate the useful-
ness of such models as an aid in obtaining practical solutions to diffi-
cult coastal problems. Sufficient information is presented so that the 
state-of-the art of scale modeling of the most important types of coastal 
problems can be discerned. These problems include: (a) the effects of 
wind waves, long-period seiche-type waves, tsunamis, wind setup (storm 
surge), and astronomical tides on currents and sediment movement in the 
coastal zone and estuaries; (b) the functional efficiency of coastal 
structures; (c) the effects of coastal structures on littoral currents 
and beach erosion and accretion; and (d) the stability of coastal struc-
tures when subjected to the forces of waves and currents. The structures 
considered, and the natural forces to which they are subjected, are those 
that are pertinent to navigation, beach erosion, sediment transport and 
deposition in estuaries, pollution, and the control of wave-generated 
flooding. Coastal problems are discussed under the general headings of 
estuaries, coastal harbors, coastal erosion, stability of coastal struc-
tures, and inlets. Hydraulic scale-model technology, considered as an 
engineering tool, is discussed with respect to (a) its historical develop-
ment; (b) similitude relations; (c) field data required; (d) model design, 
operation, and interpretation of results; (e) application, advantages, 
and disadvantages; and (f) general time and cost estimates for typical 
model studies. 

2. Historical Development of Hydraulics and Scale-Model Techniques. 

Although there is evidence that the control of water through canals 
for irrigation purposes occurred in several parts of the world (e.g., 
Egypt, Mesopotamia (mostly present-day Iraq), India, Pakistan, and China) 
nearly 5,000 years ago, the study of hydraulics in a scientific manner was 
actually begun by Leonardo da Vinci, in Italy, about the year 1500 (Rouse 
and !nee, 1957). The first known scale-model experiments were conducted 
by an English engineer (John Smeaton) during the period 1752-53, to deter-
mine the performance of water wheels and windmills; a French professor 
(Ferdinand Reech) in 1852, was the first to express what is now known as 
the Froude criterion of similitude (Rouse and !nee, 1957). The earliest 
known tests on a movable-bed river model were conducted by another French-
man (Louis J. Fargue) in 1875 (Gibson, 1936; Rouse and !nee, 1957; Ippen, 
1970). In Fargue's tests the model riverbanks were fixed and sand was 
spread over the bottom. The depth scale was 1:100, and the width and time 
scales were arbitrarily assumed. In 1885, tests using a movable-bed model 
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of the River Mersey were conducted by Osborne Reynolds in England. In 
these tests, sand was used as the bed material and the time element was 
first considered. A linear-scale distortion factor of 33 was used. The 
work of Reynolds was continued by L.F. Vernon-Harcourt (Gibson, 1936; 
Rouse and Ince, 1957; Ippen, 1970), who used bed materials of sand and 
lighter weight sediments such as charcoal and pumice. Vernon-Harcourt 
expressed his thoughts on the basis for trusting the results of movable-
bed scale models as follows: 

"If I can succeed in demonstrating with the model that the 
originally existing conditions can be reproduced typically; and 
if, moreover, by placing regulating works in the model, the same 
changes can be reproduced that were brought about by the training 
works actually built, then I am sure that I can take the third 
most important step, namely, of investigating, with every promise 
of success, the probable effect of the projects that have been 

\ proposed •••• " 

This principle of movable-bed model verification has since been proven 
very reliable, although as yet there has been no rigorous proof of its suf-
ficiency. This is in contrast to the excellent derivations showing the 
accuracy that can be obtained on fixed-bed models in which the phenomena 
studied involve only two major forces, and where adequate equations are 
known for the remaining, secondary forces. Most hydraulic and coastal 
engineering problems fall within this category. 

The first hydraulic laboratory designed for experimental work on 
movable-bed models began operating in 1898 in Dresden, Germany, under 
the direction of Hubert Engels (Reynolds, 1929). The first hydraulic 
laboratory at an American engineering school was founded at Lehigh Uni-
versity in 1887 by Mansfield Merriman (Rouse and Ince, 1957). The Miami 
Conservancy District, Ohio, constructed test facilities in 1915 to study 
the hydraulic jump and the design of stilling basins. The hydraulic lab-
oratory of the University of Iowa was founded in 1918 (Rouse and Ince, 
1957). At the insistence of John R. Freeman, a notable American hydrau-
lic engineer, who was impressed with the work of German hydraulic labora-
tories in the early twenties, a bill was passed in Congress that authorized 
construction of a hydraulic laboratory in the United States. As a result 
of this, and because of the magnitude and difficulty of the flood-control 
problems caused by the 1927 flood on the Mississippi River, the U.S. Army 
Engineer Waterways Experiment Station (WES) was founded in Vicksburg, Mis-
sissippi, in 1929 (Tiffany, 1968). Since then the WES has grown from a 
small hydraulic laboratory with an annual dollar work volume near $50,000 
and about a dozen civilian employees to a large, diverse engineering lab-
oratory of the U.S. Army, Corps of Engineers with an annual work program 
of about $50 million in FY 1976 and more than 1,400 civilian employees. 

The conduct of hydraulic scale models was the primary mission of WES 
at the outset and for .several years thereafter. At present the Hydrau-
lics Laboratory of WES conducts both hydraulic research and hydraulic 
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model studies; however, the scope of the WES mission has been expanded 
over the years until now, in addition to hydraulics, research is con-
ducted in such engineering fields as soils and foundations, concrete, 
flexible pavements, nuclear weapons effects, mobility, environmental 
effects, geology, terrain analysis, expedient surfacing, soil dynamics, 
and rock mechanics. 

The establishment of the U.S. Army Corps of Engineers, Beach Erosion 
Board (BEB), was authorized by Congress in 1930 (Quinn, 1977). The BEB's 
first laboratory facility was a small wave tank constructed in 1932 at 
Fort Humphreys (now Fort Belvoir), Virginia. This laboratory was moved 
to Washington, D.C., in 1934. BEB Technical Reports 1 and 2, published 
in 1941 and 1942, titled, "A Study of Progressive Oscillatory Waves" and 
"A Summary of the Theory of Oscillatory Waves," respectively, have become 
classics in the literature in this field. The BEB was abolished by Con-
gress in 1963 and most of its functions were vested in the Coastal Engi-
neering Research Center (CERC). The CERC's missions are to: (a) conceive, 
plan, and conduct research and development to provide a better understand-
ing of shore processes, winds, waves, tides, surges, and currents as they 
apply to navigation improvements, flood and storm protection, beach ero-
sion control, and coastal engineering works; (b) furnish technical assist-
ance as directed by the Chief of Engineers in the conduct of studies made 
by other elements of the Corps of Engineers with the view of devising 
effective means of preventing erosion of shores of coastal and lake 
waters by waves and currents; and (c) publish information and data con-
cerning coastal phenomena and research and development projects that are 
useful to the Corps of Engineers and the public. Other functions assigned 
to CERC by the Chief of Engineers are: (a) assist the Chief of Engineers 
in planning and designing coastal works, including determination of prob-
able effects of such works on adjacent shorelines; establishment of hurri-
cane protection criteria; evaluation of effectiveness of proposed coastal 
navigation improvements; and review for technical adequacy of studies, 
plans, and specifications for beach erosion control and other coastal 
engineering works; (b) provide staff support to the Coastal Engineering 
Research Board in conduct of its functions; (c) maintain liaison through 
appropriate Army and Governmental agencies with domestic and foreign 
institutions having the same interests in order to evaluate the effect 
of other efforts on the U.S. coastal research program; and (d) provide 
consulting services on coastal engineering problems to other elements 
of the Corps of Engineers and other Governmental agencies as directed. 

The work accomplished by WES and CERC, and other laboratories in the 
United States, Europe, and Japan, has advanced the state-of-the-art in 
coastal engineering research, and in the procedures used in the conduct 
of hydraulic scale-model studies of coastal engineering problems, to the 
extent that scale-model studies are conducted in connection with virtually 
all coastal and other hydraulic engineering projects. 

3. Use of Models to Aid in Solution of Coastal Problems. 

As indicated in the discussion of the historical development of hydrau-
lics and hydraulic models, the scale model has played an increasing role 
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in the design of hydraulic structures and coastal works in the United 
States since about 1930. Important model techniques and procedures have 
been developed, instrumentation has improved, and simulation of more com-
plicated phenomena has become possible through experience and basic re-
search. Engineering experience and the use of analytical methods in the 
solution of design problems are still important factors in the design of 
engineering works. For many of the complex problems in coastal engineer-
ing, especially those concerning the effects of wave action, the best 
approach to the problem of obtaining the optimum balance between the 
functional, stability, and economical aspects of design is the use of 
scale models and the formation of a close alliance between the design 
engineer and the laboratory engineer. The design engineer should also 
be appraised of the test results so that there can be a constant inter-
play and feedback from the test results, testing program, and design 
concepts. 
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II. PRINCIPLES OF SIMILARITY, DIMENSIONAL ANALYSIS, AND SCALE MODELS 

by 
R.Y. Hudson and G.H. Keulegan 

The requirements for similarity between hydraulic scale models and 
their prototypes can be established on the bases of dynamical consider-
ations, dimensional analysis, and differential equations. The use of 
scale models in the solution of hydraulic problems is based on the appli-
cation of several relationships generally known as the laws of hydraulic 
similitude. These laws, which are based on the principles of fluid me-
chanics, define the requirements necessary to ensure correspondence be-
tween flow conditions of a scale model and its prototype. In a majority 
of hydraulic engineering problems, the degree of correspondence is 
limited because it is not possible to obtain a model fluid that has the 
required viscosity, surface tension, and elastic modulus to obtain exact 
similitude unless the linear scale is such that the model is as large, 
or nearly so, as its prototype. Although complete similitude is not 
usually feasible, the laws for complete similitude are known and, from 
experience, it is known that to impose complete similarity in model tests 
is unnecessary. A very important part of a model engineer's job is to 
justify his selected departures from complete similarity and, when neces-,., 
sary, apply theoretical corrections to compensate for them. 

1. Dynamic Similarity. 

Dynamic similarity between a model and its prototype involves geo-
metric and kinematic similarity and Newton's laws of motion. If parts 
of a model have the same shape as the corresponding parts of the proto-
type, the two systems .are geometrically similar, and the following rela-
tion exists between corresponding linear dimensions: 

(2-1) 

The subscripts m and p refer to. model and prototype, respectively, 
and Lr is the scale of length. (This definition shows that the often-
used term "small-scale model" is difficult to define. The term "scale 
model" is perferred--the size of the model compared with its prototype 
is indicated by the value of Lr.) 

Kinematics deals with space-time relationships; thus, kinematic Slml-
larity indicates a similarity of motion between model and prototype. Two 
particles, one in the model and the other in the prototype, that corres-
pond to each other are said to be homologous. Kinematic similarity of· 
two systems is obtained if homologous particles are at homologous points 
at homologous times (American Society of Civil Engineers, 1942). The 
time intervals in the two systems must have a constant ratio, 

(2-2) 
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In geometrically similar models, kinematic similarity is assured when 
there is dynamic similarity. 

Two systems are dynamically similar if there is .similarity of masses 
and forces (i.e., if there is kinematic similarity, if the ratios of the 
masses of the various homologous particles or objects that are involved 
1n the motion occurrences are equal, and if the ratios of the homologous 
forces that affect the motion occurrence of the homologous objects are 
equal). Thus, 

and 
Mm - MrMp 

Fm = FrFp. 

(2-3) 

(2-4) 

In the types of fluid mechanics problems involved in coastal and estuarine 
engineering projects, the forces on system elements consist of the kinetic 
reaction due to the inertia of an element's mass (Fi), gravity (Fg), 
viscous shear (F~),, surface tension (Fst), elastic compression (Fe), 
and the pressure force resulting from or connected with the motion (Fpr). 
It follows from Newton's second law of motion that the vector sum of the 
active forces on an element is equal to the element's mass reaction to 
those forces, 

Fi = F g + F ll + F st + Fe + F pr • (2-5) 

For overall similarity, the ratio of the inertia forces, model to proto-
type, must equal the ratio of the vector sum of the active forces, 

(Fi)m (Fg + Fll + Fst + Fe + Fpr)m 

(Fi)p 
= 

(Fg + Fll + Fst + Fe + Fpr)p 
(2-6) 

Also, dynamic similitude is not obtained unless 

(2-7) 

All but one of these ratios may be regarded as independent quantities, 
with that one ratio being determined after the others are established. 
The .Rressure ratio is usually regarded as the dependent variable; thus, 
it 1s not used in the process of determining the scale relationship for 
the type of studies under consideration (Warnock, 1950). However, there 
are other types of hydraulic flow problems in which the pressure force 
is a primary variable and is used in determining the scale relationships, 
model to prototype. 

No model fluid is known that has viscosity, surface tension, and 
elastic modulus characteristics such as to satisfy equation 2-7. How-
ever, since one or more of the forces may not contribute to the flow 
phenomenon under consideration, and others may have only a slight effect 

25 



or may be related to the most important force 1 a particular state of 
fluid motion can often be simulated in a scale model by considering that 
either gravity forces or viscous forces predominate. Since inertial re-
action is always present in the flow phenomenon 1 it follows that inertial 
forces must be considered in any particular flow situation. Equation 2-7 
is used to express the ratio between the applicable forces for given flow 
conditions. To express these forces in usable terms their physical equiv-
alents in terms of length (L) 1 mass (M) 1 gravitational acceleration 
(g) 1 density (p) 1 dynamic viscosity (~) 1 modulus of elasticity (E) 1 

surface tension (cr) 1 and pressure (p) may be used. Thus 1 

F· = mass X acceleration = (pL3)(V2/L) = pL2y2 1 (2-8a) 

Fg = mass X gravitational acceleration = pL3g (2-8b) 

FJL = viscosity X velocitl: X area = pVL distance (2-8c) 

F8t = unit surface tension X length = aL (2-8d) 

Fe = modulus of elasticity X area = EL2 (2-8e) 

Fpr = unit pressure X area = pL2 (2-8f) 

a. The Froude Number. Based on equations 2-7 and 2-8a and when 
gravitational forces predominate 1 

from which 

(2-9) 

and 1 with subscript r indicating the model-to-prototype ratios 1 

(2-10) 

The dimensionless quantity V/(gL) 112 is called the Froude number Fn; 
the required equality of the Froude number, model-to-prototype, which 
indicates that the ratio of gravitational to inertial forces in a model 
should equal the corresponding ratio in the prototype, is known as the 
Froude model law. 
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b. The Reynolds Number. When viscous forces predominate, 

= 

from which 
LroVm = ~ 

vm vp 
(2-11) 

where v = ~/p, the kinematic viscosity, and 

(2-12) 

The dimensionless quantity LV/v is called the Reynolds number Rn; the 
required equality of this number, model to prototype, as indicated by 
equation 2-12, is known as the Reynolds model law. 

c. The Weber and Mach-Cauchy Numbers. When surface-tension effects 
predominate, the ratio between surface tension and inertia forces gives 

vr 
1 (2-13) = 

(ar/Pr"Lr)l/2 
and 

v 
(a/pL)l/2 

is known as Weber's number Wn. If all forces other than those resulting 
from elastic compression are neglected, the ratio between elastic and 
inertia forces gives 

Vr = 1 (2-14) 
(Er/Pr)l/2 

and 
v 

(E/ p )112 

is the Mach or Cauchy number Mu· Surface-tension effects are seldom 
encountered in coastal engineering problems in the prototype, but they 
are involved with some of the phenomena when reduced in magnitude in 
scale models. The resulting scale effects can, in most cases, be reduced 
satisfactorily in model studies by proper selection of the linear scale. 
The Mach-Cauchy law also has little application in engineering problems 
involving the flow of water; however, it is useful for those problems 
concerning the flow of gases at velocities exceeding the speed of sound 
and the design of structural models where the elastic forces are 
important. 
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d. Similitude Ratios. The model-prototype relationships for the 
different flow characteristics (velocity, time, force, etc.) can be 
obtained directly from the derived dimensionless ratios, equations 2-10 
to 2-14. For example, with the Froude number the same in model and pro-
totype, and with gm = gp, 

(2-15a) 

from which 
V = Ll/2 

r r (2-15b) 

and, since L = vr 
T = L 1/2 r r • (2-16) 

Since force is mass times acceleration 

Fr 
dVr L~prVr _ 2 2 _ 3 'Yr vr = MrdT = T - Lr PrVr - Lr ;;- T • 

r r . "r r 
(2-17a) 

Substituting the values of Vr and Tr from equations 2-lSa and 2-16 
and considering that gm = gp, 

(2-17b) 

Other ratios for the Froude-law condition, and for other types of phe-
nomena where the Reynold?, Weber, or Mach-Cauchy number must pe adhered 
to, can be derived in a manner similar to the above. The derived rela-
tionships for the conditions that occur frequently in coastal engineering 
flow problems (i.e., where gravitational or viscous forces predominate) 
are listed in Table 2-1. 

e. Importance of Reynolds and Froude Numbers •• The Reynolds and 
Froude numbers are of great importance to hydraulic engineers because 
they provide the necessary conditions, in addition to that of geometric 
similarity, for flow similitude between model and prototype for those 
types of flow in which the compressibility and surface-tension effects 
can be neglected. If the Reynolds number is numerically the same in 
model and prototype there will be dynamic similarity with respect to 
inertia and viscous forces. The model can be used to study all problems 
that involve the flow of liquids where viscous forces predominate, surface 
tension is negligible, and gravity has no effect on the flow (such as the 
flow of liquids through pressure conduits), the motion of deeply submerged 
bodies (when surface and internal waves do not occur), or flow patterns 
around objects (when the velocities are not so high as to cause cavita-
tion). Thus, there are few problems in coastal engineering that can be 
studied on scale models using Reynolds number as the sole criterion for 
similarity. For many problems in hydraulics and coastal engineering it 
is sufficient for similitude that the Froude number be the same in model 
and prototype; e.g., models of spillways, open-channel flow, short slucies 
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Table 2-1. Similitude ratios. 

Characteristic Dimension Froude No. Reynolds No. 

Geometric 

Length L Lr Lr 

Area L2 (Lr)2 (L )2 r 

Volume L3 (Lr)3 (L )3 r 

Kinematic 

Time T (L -1) 1/2 P'Y r (L2pJ.r1 \ 

Velocity LT-1 1/2 
(J.te1 P-1 )r (L -1) 'YP r 

Acceleration Lr2 ("(p-1 )r (~-t2L-3p-2)r 

Discharge L3rl (L 5/2'Y1/2 P-1/2\ (L~-tp-1 \ 

Kinematic viscosity L2r1 (L3/2'Y1/2p-1 /2\ (J.tp-1 )r 

Dynamic 

Mass M (L3p)r (L3p)r 

Force ML12 (L3'Y\ (p.2p-1\ 

Density Me3 
Pr Pr 

Specific weight ML-21 2 'Yr (~-t2L-3 p-1 )r 

Dynamic viscosity Me1r 1 (L3/2 p 1/2'Y1/2)r 1-tr 

Surface tension Mr2 (L2'Y)r (~-t2L-1 p-1 )r 

Volume elasticity Me1r 2 (L'Y)r (~-t2L-2p-1 )r 

Pressure intensity ML-11 2 (L'Y)r (J.L2L-2p-1 )r 

Momentum and impulse ML11 (L 7/2 p 1/2'Y1/2)r (L2~-tlr 

Energy and work ML2r 2 (L 4'Y)r (L~-t2P-1 )r 

Power ML2r 3 (L7/2'Y3/2p-1/2\ (113 L-1 p-2)r 
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and tubes, stilling basins, and surface wave phenomena. However, every 
effort should be made in the model design to minimize the effects of 
viscous forces. In harbor wave action models, for instance, the bottom 
friction effects may be appreciable in the model, whereas they are 
negligible in nature. Thus, in wave action models, long reaches in 
shallow water should be avoided and the wave heights in such areas should 
be corrected by theoretical means. If it were possible to satisfy both 
the Froude and Reynolds model laws simultaneously, most of the fluid-flow 
phenomena that occur in hydraulic and coastal engineering problems could 
be simulated with considerable accuracy, and without the necessity of 
making scale-effect corrections. However, this would require that 

vr LrVr = 
(g L )1/2 vr r r 

(2-18a) 

which, because gr = 1, reduces to 

L3/2 r 
I • = 

vr 
(2-18b) 

This relationship shows that when either the model fluid or the linear 
scale of the model is selected, the value of the other is fixed. It can 
also be shown that the use of a reasonable linear scale will result in a 
required viscosity for the model fluid that does not exist. For example, 
a linear scale of 1/10 will result in a viscosity scale of 1/30, and since 
water is the prototype fluid in most coastal engineering problems, no such 
model fluid can be found. For those phenomena in which forces are exerted 
by a moving fluid on an immersed object, the forces may be evaluated by 
the drag-force equation, 

(2-19) 

where en= f (Rn, shape of object). For a given shape, the value of 
en will vary with Rn over a certain range of Rn. Thus, when en is 
constant the drag forces will be modeled accurately using the Froude model 
law; i.e., from equation 2-17b, 

Fr = Pr; v;L; = L~ 'Yr 

and there would be no need for a scale-effect correction. 

2. Similarity by Dimensional Analysis. 

Dimensional analysis treats the general forms of equations that 
describe natural phenomena, and the theory of dimensional analysis is 
an algebraic theory of dimensionally homogeneous functions. If the form 
of an equation does not depend on the fundamental units of measurement, 
it is considered dimensionally homogeneous.· Any mathematical equation 
of motion must be dimensionally homogeneous if it is physically correct, 

.and each term in the equation must contain identical powers of each of 
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the dimensions when the terms are reduced to basic dimensions of mass, 
length, and time (MLT) or force, length, and time, (FLT). These two 
systems, i.e., the MLT and the FLT systems, are interrelated through 
Newton's law, F = Ma or F ~ ML/T2 . By use of this relation, con-
version from one system of units to another can be made. 

The application of the method of dimensional analysis to a particular 
phenomenon in engineering is based on the assumption that certain vari-
ables are independent variables of the problem, and that all the other 
variables involved, except the dependent variable, are redundant or 
irrelevant. The listing of the variables, except for simple cases, re-
quires considerable insight into the natural phenomenon. Although the 
application of the principles of dimensional analysis is complicated in 
some cases, it is simple for a large number of problems and is useful in 
both analytical and experimental work. Some of these uses are to: 

(a) Aid memory in writing formulas. 

(b) Check the dimensional homogeneity of equations. 

(c) Determine a conversion factor for changing system of 
units. 

(d) Develop general functional equations of fluid-flow 
phenomena expressed in terms of dimensionless parameters. 

(e) Obtain partial solutions of complex problems. 

(f) Plan tests and present experimental results in a 
condensed and systematic manner. 

(g) Provide dimensionless ratios of terms that can be used 
as the bases for scale-model design and interpreting the test 
results. 

The details of the methods of dimensional analysis were developed 
primarily by Rayleigh (1899), Buckingham (1914), and Bridgman (1922). 
The theory of dimensional analysis has been treated in considerable depth 
by van Driest (1946), Birkhoff (1950), and Langhaar (1951). Ruark (1935) 
and Birkhoff (1950) have explained another method, called inspectional 
analysis, which supplements the dimensional analysis method. Their 
method is reported to be capable of providing all the information that 
can be obtained by dimensional analysis and, in certain cases, it can 
provide more information. The mathematical rigor and the more philo-
sophical aspects of the subject are not discussed in this report; however, 
the above references may be consulted if a detailed study of the methods 
of dimensional and inspectional analysis is desired. 

The best method of analyzing fluid-flow problems is by direct mathe-
matical solution. However, since most problems confronted by the coastal 
engineer are complex and many variables are involved in the differential 
equations of motion, direct mathematical solutions are not possible. For 
these types of problems dimensional analysis can, in many instances, be 
used to great advantage. The method of dimensional analysis developed 
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by Rayleigh (1899) does not differ basically from that of Buckingham 
(1914) but the latter method is. preferred because, according to Langhaar 
(1951), it does not involve the construction of an infinite series as in 
the Rayleigh method. If n variables are connected by an unknown dimen-
sionally homogeneous equation, Buckingham's theorem, generally known as 
the TI (pi) theorem, shows that the equation can be expressed in the 
form of a relationship among n - k dimensionless products, where k is 
the number of fundamental dimensions in th~ problem and n - k is the 
nUmber of products in a complete set of dimensionless products (TI terms) 
of the variables, and that each TI term will have k + 1 variables of 
which one must be changed from term to term. Thus, given a set of n 
variables A1 , A2, • An in which A1 depends on only the independ-
ent variables A2, A3, ... An, the general function can be written in 
the form 

(2-20a) 

which can be written 

(2-20b) 

also, 

(2-20c) 

The variables of each TI term must appear in this exponential form to 
make each TI term dimensionless. Buckingham's contention that there 
will be n - k dimensionless products is now known to be a good general 
rule, but it is not always true (Langhaar, 1951; van Driest, 1946). Van 
Driest has shown that, to be generally true, the statement should be: 

"The number of dimensionless products in a complete set is equal 
to the total number of variables minus the maximum number of 
these variables that will not form a dimensionless product." 

Langhaar, using the algebra of determinants to study this problem, 
obtained the following necessary condition, which is equivalent to that 
of van Driest: 

"The number of dimensionless products in a complete set is equal 
to the total number of variables minus the rank of their dimen-
sional matrix." 

Numerous examples showing the application of dimensional analysis to 
engineering problems, involving different types of electrical, mechanical, 
and fluid-flow phenomena, are presented in the literature by different 
authors. The example selected in this instance is the general case of 
fluid motion. According to Rouse (1938), the only variables that can 
influence fluid motion are (a) those linear dimensions necessary to 
define the geometrical boundary conditions (a, b, c, d, etc.); (b) the 
kinematic and dynamic characteristics of flow (such as a characteristic 
velocity V or a discharge Q, a time t, or an acceleration dv/dt, 
a pressure increment ~p, and a pressure gradient dp/dx, or a resisting 
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force F); and (c) the fluid properties (density p, specific weight y, 
viscosity ~' surface tension cr, and elastic modulus E). If it is 
assumed that, for the flow problem being investigated, all of these 
variables are involved in the prototype or model flow, or both, 

f'(a, b, c, d, V, b.p, p, "f, J.l, a, E) = 0 ·• (2-21) 

Since there are 3 fundamental dimensions (L, T, M or L, T, F) and 11 
variables, the final functional relationship (according to Buckingham, 
1914) must contain 8 TI terms, with 3 variables common to each. The 
three common variables must also contain each of the fundamental dimen-
sions at least once. Selecting a characteristic length a, density p, 
and velocity V as the three common variables, with the remaining eight 
terms appearing singly in each group with a negative exponent (the selec-
tion of a, p, and V, and the use of a negative exponent for the re-
maining eight variables in the TI terms were selected in such a way as 
to obtain TI terms that are in the form of the different types of nlim-
bers obtained previously by dynamical reasoning; other forms of the TI 
terms would have been correct, but would not have been as useful as model 
scale ratios or for experimental analysis) the functional equation is 

¢(11'1, 71'2, 71'3, 71'4, ... 7rg) = 0 (2-22) 

in which · 

71'1 = /I y1 /1 b-1 

71'2 = ax2 yY2 /2 c-1 ' 

11'3 = /3 yY 3 p Z3 d- 1 

71'4 = /4 yY4 /4 b.p-1 

71's = axs yYs /S 'Y-1 

11'6 = ax6 yY6 /6 J.l-1 

71'7 = /7 yY7 pz7 0 -1 

and 
7rg = axs y8 /8 E-1 

Expressing the quantities in each TI term in their respective dimensional 
units (L, T, and M), and placing the sum of their exponents equal to zero 
(which assures that each TI term will be dimensionless), there will be 
three dimensionless unknowns and three simultaneous linear equations for 
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each ~ term. The solution of each set of simultaneous equations gives 
the exponents of each variable in each ~ term, as follows: 

For L, 

ForT, 

For M, 

Thus, 

and 

Similarly, 

and 

For L, 
ForT, 

For M, 

Thus, 

and 

{ )Y1 zl 
7Tl = (Lt 1 ,~ (~) (L)-1

• 

x1 + y 1 - 3z1 - I = 0 

-YJ = 0 

z 1 = 0 

x1 = I, y 1 = 0, z1 = 0 , 

- a 7Tl - b . 

x4 + y4 - 3z4 + 1 = 0. 

-y4 + 2 = 0 . 

z4 - 1 = 0 . 

x4 = 0, Y4 = 2, z4 = I ' 

_ v2e _ y2 
7T4 - .6p - .6p/p . 

In a similar manner it can be shown that 

and 

= v2e y2 
7Ts =-' a-y ag 

Va Va 
7T6 = p.fp = v 

- v 2a 
7T7 - afp ' 

y2 
7Tg = E/p 

(2-23) 

(2-24) 

~4 is known as the Euler number, which is taken as the dependent vari-
able since it contains the essential characteristics of the flow itself. 
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n5 , n6 , n7 , and n8 are in the form of the Froude, Reynolds, Weber, 
and Mach-Cauchy numbers, respectively. Thus, 

(2-25) 

in which C is a constant independent of the choice of dimensional units 
and of the variation of the TI terms. The function Q' is also free 
from dimensional influences, provided that all variables in the relation-
ship are expressed in units of the same dimensional system. If necessary 
to study the variation of velocity in a fluid-flow problem, equation 2-25 
can be converted to the form: 

(2-26) 

The above exercise in dimensional analysis has not given any informa-
tion as to the form of the function Q" or the vaJ ue of C' • However, 
the TI theorem has reduced the number of essential terms and produced 
parameters independent of dimensional units. The form of the function 
and values of the constant, for different types of flow conditions, must 
be determined by analytical reasoning, experiment, or a combination of 
reasoning and experiment. Equation 2-25 can also be used to establish 
the requirements of similitude for scale models of fluid-flow problems 
and to indicate the terms that must be investigated to determine scale 
effects. 

3. Similarity by Differential Equations. 

If the differential equations that govern a phenomenon are known they 
may give more insight into the laws of similarity than the use of dimen-
sional analysis of the variables that are known to influence or are sus-
pected of influencing the phenomenon. This is especially true if it is 
desired to ascertain the laws of similarity for models with distorted 
scales. If a phenomenon can be described with sufficient accuracy by 
differential equations, the equations, after being converted to dimension-
less form, provide the basis of determining transfer parameters between 
model and prototype. The transfer parameters obtained in this manner 
also show, automatically, whether scale distortion can or cannot be used. 
The equations arising in physical investigations can be reduced to dimen-
sionless forms in several ways, as in the following example. The equation 
of motion of a simple pendulum is 

Q ct2e + g sin a = 0 
dt2 (2-27a) 

where ~ is the length of pendulum, g the acceleration of gravity, and 
e the angle of the pendulum with the vertical in circular measure. If 
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the terms in equation 2-27a are divided by g, it is then in the dimen-
sionless form 

Q d2e --+sin e = 0. 
g dt2 

(2-27b) 

Let • = t/T, where T 
sionless, from which dt 

is the period of the pendulum and T is dimen-
= T dT, dt2 = T2 dT2, and, by substitution, 

cz:..z7c) 

In equation 2-27c each term is dimensionless. This equation shows that, 
for any two pendulums governed by this equation, the solution for 8 
will be the same, i.e., 

at corresponding times if 

(2-28) 

or for two pendulums' in the same location (from eq. 2-16), 

Tm = (Qm)l/2 . 
Tp vp. 

The following examples relate to fixed-bed harbor wave action models. 
Other examples of the use of differential equations to obtain the require-
ments for similarity between scale models and their full-scale counterparts 
are given by Langhaar (1951), Duncan (1953), Keulegan (1966), and Young 
(1971). 

a. Undistorted Model (Intermediate Depth Waves, 0.05 < d/A < 0.5). 
The system of differential equations underlying the wave motion appli-
cable to waves of small amplitude and moderate periods in intermediate 
depths, is considered to determine the conditions for similarity,between 
model and prototype. In this examination, the frictional effects, which 
are nearly always small in nature and can usually be made negligible in 
the model, or can be accounted for by analytical or experimental means, 
are ignored and the flow everywhere is assumed irrotational. Thus, it 
will be assumed that motions are created from rest and, accordingly, a 
velocity potential ~ exists in a three-dimensional domain of x, y, z 
points. Various texts show that~= ~ (x,y,z,t), which gives the veloc-
ity components 

.,. 

3¢ u=-- ' ax 
3¢ 3¢ 

v=- -, w=--ay az (2-29) 
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and satisfies the Laplacian 

at every point in the region of the model or the prototype. 
boWldaries 

2!2.: 0 
an 

(2-30) 

At the solid 

(2-3la) 

i.e., the velocity component normal to the solid boWldary vanishes. Let 
x0 , y0 , zo be a point on the solid boundary and ~' m, n be the direction 
cosines of the normal to the boundary at this point. Equation 2-31a may 
now be written as 

Q ~ + m ~ + n 2.2az = 0 • ax ay (2-31b) 

If the equation of the solid boundary is in the form 

f(x,y,z) = 0 , (2-32) 

an alternate expression to equation 2-3lb is 

.£!. M + ar ~ + ar ~ = 0 ax ax ay ay az az • (2-33) 

The velocity potential needs to satisfy two boundary conditions, the 
dynamic and the kinematic. Assuming that the pressure over the water 
surface is constant, and equal to zero, then the dynamic surface condi-
tion takes the form 

2!2. + g'Tl = 0, z = 0 • 
dt (2-34) 

The kinematic surface condition, assuming that products such as u(ah/ax) 
can be ignored, takes the form 

2!P. + a'Yl -az at- 0, z = 0 (2-35) 

where n is the surface elevation, measured from the undisturbed water 
level, and the z-axis is drawn vertically upward. The conditions for 
similarity between model and prototype can be readily obtained after the 
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relations in ectuations 2-29 to 2-35 are changed into dimensionless forms. 
This is accomplished by expressing time in terms of a characteristic time, 
Tc, the horizontal lengths in terms of a characteristic length, Lc, and 
the vertical lengths in terms of a characteristic depth, de. . The selec-
tion of a characteristic time would depend on the particular phenomenon 
being studied. For example, when the resonance phenomena of a harbor are 
to be investigated, the characteristic time could be the fundamental seiche 
period of the harbor basin; or, for the ordinary harbor problems that in-
volve periodic inputs, the period of the entering waves may be taken as 
the characteristic Tc. The characteristic length Lc could be the width 
of an important location in the harbor area, such as the outer input line 
occup.ied by the wave generator of the model. When it is unnecessary that 
the generator occupy the entire length of the outer input line, the en-
trance to the harbor may be taken as the input line and the characteristic 
length Lc. The characteristic depth, de, can be taken as the average 
depth along the outer input line or the harbor entrance. Introducing the 
following dimensionless variables and a dimensionless velocity potential: 

7 = 
and 

<I> = 

t 

Tc' 
1")1 = 1l ., d' 

c 

the equation of the bottom configuration can be expressed as 

f ( ~;, ~:, ::) = 0 

or 
F(X,Y,Z) = 0, x = x0 , etc. 

(2-36a) 

(2-36b) 

Letting the parameter N express the ratio of the characteristic hori-
zontal length to the characteristic depth, i.e., 

Lc 
N=d 

c 

and introducing the new variables in equations 2-30, 2-33, 2-34, and 2-35, 
there is obtained 

(2-37) 

aF a<I> + aF a<I> + N aF aci> = O 
ax ax av av az az (2-38) 
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O<I> ;w,t -az + ~- o, z = o (2-39) 

(2-40) 
where 

(2-41) 

The solution of the wave problem for a particular environment would be 

and 
11' = 11'(X, Y, Z, N, K, r) • 

(2-42) 

(2-43) 

Equations 2-42 and 2-43 are the bases for establishing the conditions 
for obtaining similarity between model and prototype. The corresponding 
times are given by the relation 

and for similarity, 

and 
(N)m = (N)P 

(K)m = (K)P. 

(2:--44) 

(2-45) 

(2-46) 

Equation 2-45 states that similarity between model and prototype will be 
obtained only when the linear scales are not distorted. Also, equation 
2-46 states that for corresponding times, i.e., 

(;c) = (ic) · 
, m p 

K must have the same value in model and prototype. Thus, from equation 
2-41 

which is a Froude relationship. If Lr be the linear scale of the model, 
and since the model is not distorted in scale, 

(2-48) 
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Introducing this relation in equation 2-47, the relationship for the wave 
periods is 

(2-49) 

Since equation 2-43 applies to any point in the model, and therefore for 
points on the input line, and if n1 is the surface elevation at the 
line, 

(2-50) 

or 

(~~). = r;~) . 
m ~ p 

(2-51) 

Equations 2-49 and 2-51 are the two conditions for similarity between 
model and prototype. The transference equation-for velocities is obtained 
by combining equation 2-29 and the dimensionless variables X = x/Lc, and 
~ = ~Tc/L~, where it can be shown that 

(2-52) 

and 

(2-53a) 

Also, since the model is to be undistorted in scale, 

(2-53b) 

An alternate relationship can be obtained by introducing equation 2-47, 
where 

(~1/;ctl/~\ = (~1/;dl/2) . 
~ c lm ~ c p 

(2-54) 

The above results were derived supposing that the particle velocities 
and the steepness of the \-:aves are small. However, for the validity of 
the results, these restrictions are unnecessary. The transfer numbers 
for the periods, the surface elevations, and the particle velocities 
were developed for situations where the bottom friction is negligible. 
In models with a small linear-scale number Lr, friction can attain 
appreciable values near the coastal areas, in which case the runup and 
reflection will not be properly reproduced. Also, the potential theory 
derivation specifically and tacitly excludes the incidence of breaking 
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waves, so that the transfer numbers derived are valid only in the areas 
from the entrance line up to the position of the breaks. In these situa-
tions, recourse to analysis and to experimental data relative to runup, 
reflection, and reformation is necessary to make the proper adjustment 
of the model indicated in the critical areas. 

b. Distorted Model (Long Waves, 0 < d/ A. < 0. OS) . In the case. of 
long waves the relationship of times for the corresponding events in a 
distorted model and its prototype is also readily established by differ-
ential equations. A departure from the system of equations used above 
for undistorted models is indicated for ease in development. In long 
waves, where wavelengths are large compared with water depths, vertical 
accelerations are negligible and pressures in the liquid are hydrostatic 

P = pg('f'/ + z) • (2-55) 

The velocity components 
tions of x, y, and t. 

u and v are independent of z and are func-
The dynamic surface conditions are 

au = - En. . av - En. at g ax , at - -g ay · (2-56) 

These are equivalent to equation 2-34. Taking the equation of the free 
surface in the form 

F(x,y,z,t) = z- 11.' z = 11 (2-57) 

the surface kinematic condition, stating that a particle on the surface 
remains on the surface, is 

£rl+uE!l+v.2!1.-w=O, z=11. at ax ay (2-58) 

This corresponds to equation 2-35 if second-order terms are neglected. 
Taking the equation of the rigid bottom surface in the form 

F(x, y, z) = z + d, z = -d (2-59) 

the bottom surface condition, stating that particles on the bottom surface 
move along that surface, is 

U act + v ad + w = 0 ax ay ' z = -d ' (2-60) 

which corresponds to equation 2-33. Taking the condition of continuity 

(2-61) 
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which corresponds to eq_uation 
integrate between the limits 
using the boundary conditions 
second-order terms, is 

2-30. Multiply equation 2-61 by dz and 
z = -d and z = 0. The result, after 
(eqs. 2-58 and 2-60), and neglecting 

a a a 5!11.. + - (ud) + - (vd) = 0 at ax ay . (2-62) 

Introducing the relations from equation 2-56, the following field equation 
for the water surface displacements is obtained. 

a2?1 a ( a?1) a ~ a11) .::._;:,r- g- ct~ - g- d- = o. at2 ax ax ay ay (2-63) 

One of the boundary conditions to be associated with the field equation 
is the input along a given input line 

1J =111 (t)'; X= Xp Y = Y1• (2-64) 

The boundary condition associated with the coastal boundary could be of 
two types. If the waters are limited by fixed vertical boundaries, then 
on these boundaries 

a11 a11 Q-- + m- = 0 ax dy (2-65) 

where t and m are the direction cosines of the normal to the coastline. 
For a changing coastline, the boundary condition is somewhat complicated. 
Let x2, y2 be a point on the coastline and the maximum displacements in 
x and y directions during a runup be s11 and S12 , given by 

(2-66) 

where u2 and v2 are the component velocities of the particle at the 
edge line. These velocities are independent of the beach slope in the 
case of inundations and will be identical with the particle velocities 
of the vertical section passing through the edge of the undisturbed 
waters. Summarizing, 

(2-67) 

au+ g~ = 0 at ax (2-56a) 

av + a7J - 0 at gay - (2-56b) 
and 2 . 

h _ g 1.. 1 ct a11) _ l.. 1 ct a11) = 0 at2 ax~ ax gay~ ay · (2-63) 
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The differential equations above must be ptaced into dimensionless forms, 
as were those for the potential problem discussed previously. For this 
purpose a characteristic length Lc is introduced to measure horizontal 
distances, a characteristic depth de to measure vertical distances, and 
a characteristic time Tc to measure times. The selection of these 
quantities is governed to a considerable extent by the geometry of the 
environment under consideration. For example, if the problem involved 
tsunamis in a bay similar to that of Hila Bay, Hawaii (Palmer, Mulvihill, 
and Funasaki, 1967), Lc would be the length of the bay, de the depth 
at the bay mouth, and Tc the critical period of the bay oscillations. 
The following dimensionless variables are then introduced: 

and 

X= X y -., 
Le 

u u' -
(gde)l/2 

t 
r=-· T . 

e 

= L 
Le ' 

V' ::: 

z = 
z 

de 

v 11' = .!]_ 8 d = 
(g()l/2' de ' de ' 

These variables imply that particle velocities are measured in terms of 
(gdc) 112 , vertical distances in terms of de, horizontal distances in 
terms of Lc, and times in terms of Tc. Introducing these variables in 
equations 2-56 and 2-63 to obtain, in the following order; 

2:!1 - - 8Q!L - - 8 Q!L = o a2 , a ( a ') a ~ a ') ctr2 ax ax av av (2-68) 

au' a ' - + K'Q!L = 0 ar ax (2-69) 

and 
av' + K'M= 0 ar av (2-70) 

where 
(gd )1/2T 

K' c c = 
Lc (2-71) 

The solution of the wave problem for a particular environment would be 
equations of the form 

11' = 11'(X, Y, T, K', 8) (2-72) 

U' = U'(X, Y, T, K', 8) (2-73) 
and 

V' = V'(X, Y, T, K', 8) • (2-74) 
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Equations 2-72, 2-73, and 2-74 are the bases for establishing the condi-
tions for similarity between the distorted model and the prototype. These 
equations will serve to represent (identically) the quantities of the 
model and prototype, provided that K' has the same value in model and 
prototype and the input at the entrance of the model is the same as that 
in the prototype. More specifically, at corresponding times 

Tm = Tp 

and at corresponding locations 

then, 

U' = U' m p 
and 

V' = V' m p 
provided that 

K' = K' m p 

and, at the input line or at the entrance of the model given by 
f(X 1,Y1) = 0 

From equation 2-80, and using equation 2-71 which defines 

- (Lc)m (dc)!/2 -N-;- (dc)~2 (Tc)p 

K' ' 

(2-75) 

(2-76) 

(2-77) 

(2-78) 

(2-79) 

(2-80) 

(2-81) 

(2-82) 

Denoting the scale of horizontal lengths by CLn)r and the scale distor-
tion by DF, i.e., 

and 

(2-84) 

to obtain 

(2-85) 
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which relates the period of the fundamental seiche-type oscillations in 
the model with those of the prototype. The input to the model is defined 
as the variation of the water surface elevation at the entrance of the 
model area. For a periodically varying input 

21Tt 
111 = a1 cos T (2-86) 

where T is the period of oscillation of the test waves. In accordance 
with equation 2-81, since 

(711) = ( al cos 21T rTe) (2:-87a) 
de de T m m 

and 

(~~) 
p 

(al rTe) = - cos 21T-
dc T P 

(2-87b) 

then, 

G~) = G~) 
m p 

(2-88) 

and 

(2-89) 

The relations expressed by equations 2-85, 2-88, and 2-89 are the 
conditions necessary to assure similarity of long-wave action, model 
to prototype, for distorted-scale models. For corresponding times and 
corresponding locations, from equations 2-77, 2-78, and 2-79, 

(~) = (~) 
m P 

(2-90) 

(~l/~dif2t = (gl/2~/i\ (2-91) 

and 

(gl/2vd~/2t = (gl/2vd//2)P . (2-92) 

In distorted-scale models the boundary condition of equation 2-65, associ-
ated with fixed vertical walls, remains unchanged for the model and the 
prototype, since ~ and m have like values for the model and the proto-
type. The boundary condition of equation 2-66 is also unaffected by scale 
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distortion for long waves, if the runup is in the form of inundation by 
water with horizontal flow,. These types of runup are modeled correctly 
by distorted-scale models. The first relation in equation 2-66 may be 
written 

(2-93) 

Therefore, from equations 2-82, 2-89, and 2-91, 

(2-94) 

and, similarly, 

(2-95) 
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III. ESTUARIES 

by 
Frank A. Herrmann~ Jr. 

1. Introduction. 

The term estuary is classically defined as the lower reaches of a 
stream (a river or a creek conveying upland discharges) where the effects 
of the tide may be distinguished; i.e., where a periodic rise and fall of 
the water surface may occur in consonance with the astronomic forces 
alone, or where periodic reversals of current direction may also occur. 
Recently, much broader definitions of estuaries have developed. One 
broad definition (used in this report) describes all coastal waters from 
the ocean to the limits of tidal effects as estuaries, to include bays, 
rivers, creeks, fjords, coastal inlets, straits, sounds, lagoons, laby-
rinthine mazes of channels meandering through marshes and deltas, and 
artificial canals (only if the canals exhibit tidal effects). (U.S. 
Army Engineer Waterways Experiment Station, 1969.) 

Estuaries are immensely valuable resources, which serve as habitats 
for migratory waterfowl, fish, and shellfish, as sources of water supply, 
and as arteries of commerce; thus, their preservation is of great im-
portance. In a natural condition, before man altered their characteris-
tics, estuaries were much more satisfactory for wildlife and as sources 
of water supply. However, as commerce began to grow and ship sizes in-
creased, natural channels were inadequate, and it became necessary to 
enlarge and straighten the channels at critical reaches. These initial 
works, which were relatively minor in scope, were often ineffective. 
Historically, the first estuarine problems were associated with the need 
to improve the waterway for navigation. The dimensions of the channels 
required to accommodate the larger ships had to keep pace with increasing 
ship size, and these enlarged channels began to create significant changes 
in the regimen of the estuary (U.S. Army Engineer Waterways Experiment 
Station, 1969). 

Improvements in the interest of navigation pose a number of associ-
ated problems, and their solutions in turn give rise to other problems 
which may be termed "side effects." Other problems, not related to navi-
gation, also arise due to increased populations and associated activities 
along the course of the estuary; e.g., the problem of deterioration of 
water quality. Popular demands to abate estuarine pollution are at a 
very high level and are not likely to decrease until the associated 
problems are resolved. Estuarine problems are broadly classified as: 
(a) those indirectly related to, or resulting from, navigation or navi-
gation improvements, and (b) those due to factors not directly traceable 
to navigation or to navigation improvements. Table 3-1 lists the estua-
rine problems for each classification (the order of presentation has no 
significance) (U.S. Army Engineer Waterways Experiment Station, 1969). 

Hydraulic modeling is a problem-solving technique that requires the 
development, construction, verification, and testing of a scale model of 
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Table 3-1. Estuarine problems. 
Due to navigation or No~ directly traceable to navigation 

navigation improvements tor navigation improvements 
Channel dimensions and layou.ts Effects ofiandfllis- ·· - ·· 
Shoaling Effects of bridges and embankments 
Disposal of dredged material Hurricane and storm surges 
Salinity problems Tsunami surge problems 
Erosion and deposition along shorelines Diversion and changes of upland discharges 
Changes in regimen Shoreline scour and deposition 
Pollution (heat, chemical, organic) Pollution (heat, chemical, organic) 
Ecologic and environmental problems Estuary ecology and environment 
Jetties and groins Coastal marshlands 

Levees and dikes 

a particular prototype situation. It allows an investigator to study 
var1ous aspects of prototype behavior without observing and testing the 
prototype itself. Although a model might not reproduce all prototype phe-
nomena, it must be designed to yield the desired design decision param-
eters (parameters on which decisions are based, such as tides, currents, 
salinities, etc.). Basically, models are used as aids in the planning 
process. In certain cases, model results may, within themselves, provide 
sufficient information on which to base certain decisions; in other cases, 
modeling may be only one step or a small part of the planning process 
necessary to make a decision or develop a design (Simmons, Harrison, and 
Huval, 1971). 

Estuary modeling is usually restricted to modeling water-related 
problems where tidal action provides the major amount of system energy. 
In some cases, other phenomena such as riverflow, wind waves, and storm 
surges are of major importance, with tidal action merely a part of the 
physical processes that control the system. 

Estuary modeling techniques have been applied to two major problem 
types: (a) Predicting effects of construction in areas subject to tidal 
action, and (b) estabiishing base-line conditions against which future 
changes can be measured. Predicting the effects of changes caused by 
construction has been the major use of estuary modeling. Establishing 
base-line conditions in areas of anticipated changes has been a more 
recent application which has grown from the need for guidelines against 
which possible future developments may be compared (U.S. Army Engineer 
Waterways Experiment Station, 1969). 

Modeling techniques are an important planning tool for a number of 
reasons. It is both easier and faster to initiate changes and test their 
effects in a model than in the prototype. The testing of many alterna-
tives in a model represents only a modest financial investment; prototype 
testing of the same alternatives would probably be a prohibitively expen-
sive major undertaking. Prototype testing of tidal-related problems is 
time consuming, and often the results are of less than desirable quality 
or quantity. It would be impractical to test a sufficient number of 
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prototype alternatives to assure that the final solution is the most 
desirable (U.S. Army Engineer Waterways Experiment Station, 1969). 

Most problem areas concerned with tidal modeling techniques are 
listed in Table 3-1. Environmental considerations are inherent in most 
of these problem areas and are of primary consideration in predicting 
construction effects. Some problems are quite amenable to modeling; 
others are not (U.S. Army Engineer Waterways Experiment Station, 1969). 
Sedimentation problems are a general class which has resisted accurate 
quantitative solution by hydraulic modeling, although modeling techniques 
provide highly useful qualitative information. 

Tidal modeling techniques are generally classified as: hydraulic 
(also referred to as physical or scale) modeling and mathematical model-
ing. Hydraulic modeling is performed by designing, constructing, verify-
ing (adjusting or proving), and testing a scale model of the prototype 
situation. Mathematical modeling requires developing, constructing, 
verifying, and testing a set of mathematical or logical expressions for 
a solution (usually on a high-speed digital computer) which yields the 
desired parameters. Other modeling techniques such as electronic analogs 
and hybrid computers are also used on certain problems; however, hydrau-

. lie and mathematical modeling are the most widely used tidal modeling 
techniques (U.S. Army Engineer Waterways Experiment Station, 1969). In 
this report, only hydraulic modeling will be dis~ussed. 

All models of estuaries have one common characteristic; i.e., the 
models cannot be a completely accurate simulation of all of the complex 
phenomena inherent in tidal waterways. To approximate complete model-
prototype similarity, a hydraulic model of an estuary should reproduce 
the geometry and boundary roughness of the prototype and be able to 
simulate the following (individually and collectively) as they vary 
with tidal cycle time at all points in the system: 

(a) Water surface elevations; 

(b) current velocities and directions; 

(c) salinities; 

(d) physical characteristics of sediments; 
(e) transportation, deposition, and scour of sediments; 

(f) parameters reflecting water quality, such as dissolved 
oxygen, temperature, viscosity, diffusion of introduced pollu-
tants, etc.; 

(g) freshwater and saltwater discharges into the estuary, 
and the turbulent intermixing within the water mass; and 

(h) effects of winds on setup, waves, local water currents, 
mixing, diffusion, etc. 

Simulation of all of these estuarine phenomena is unnecessary to 
solve every problem. In model studies of certain problems, some of the 
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phenomena would be completely irrelevant and others would be so nearly 
irrelevant as to be negligible. The recommended approach to the design 
of an estuary model would be to first select the prototype phenomena 
which would significantly affect, or be affected by, the problem to be 
studied (or by possible solutions), and then to design the model to simu-
late the selected phenomena with acceptable accuracy. Since equations 

. cannot be developed to express the highly complex interrelationships be-
tween the many variables involved in the modeling of a major estuary, 
extensive prototype data collection programs must be carried out to 
support adjustment of the model to attain and prove the necessary degree 
of similitude. 

The use of hydraulic models to predict the effects of construction in 
estuaries began in 1885 when Professor Osborne Reynolds constructed and 
tested a small-scale model of the Mersey Estuary in England. This model 
was constructed with an erodible bed of sand, molded initially to an 
earlier hydrographic survey of the estuary, and was operated through a 
great number of tidal cycles to determine if observed changes in channel 
and shoal conditions could be reproduced as observed in nature. Professor 
Reynolds concluded that the model reproduced known changes in bed config-
urations with enough accuracy to be used for prediction of future events; 
consequently, the remainder of his study involved installing a variety of 
possible remedial works in the model and testing to determine which plan 
or plans produced the most desirable channel conditions in the estuary 
from the viewpoint of developing channels for navigation (U.S. Army 
Engineer Waterways Experiment Station, 1969). 

The first estuary model at the U.S. Army Engineer Waterways Experi-
ment Station (WES) was constructed for Winyah Bay, South Carolina, in the 
early 1930's. This study was followed by several other model studies of 
tidal inlets and parts of estuaries; however, all of these models repro-
duced only relatively small sections of the systems involved, and were 
equipped with flow and elevation control devices at each end to simulate 
the dynamics of tidal flow in the problem areas. The trend toward con-
structing large, ocean-to-river comprehensive models of estuaries at WES 
began about 1940, when it was realized that density (salinity) phenomena 
played a significant role in estuarine hydraulics and in the resultant 
sedimentation and flushing characteristics of estuaries. Accordingly, 
model laws and techniques were developed for operating estuary models 
with both saltwater and freshwater, as well as for adjusting the resist-
ance of the models in such a manner that both vertical and lateral current 
velocity distributions of nature were reproduced to scale in the models~ 
As a result of these developments, it is now possible to reproduce (with 
acceptable accuracy) the distributions of both current velocity and 
salinity throughout the models, the resultant density-induced vertical 
circulation that exists in nature, and the extent of saltwater intrusion 
as affected by tide and freshwater inflow (U.S. Army Engineer Waterways 
Experiment Station, 1969). 

After a physical model has been properly adjusted and verified, many 
of the effects of planned construction in the estuary involved can be 
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predicted with quantitative accuracy. The types of construction in 
estuaries normally accomplished by the U.S. Army, Corps of Engineers, 
include: 

(a) Construction of new channels or the deepening of 
existing channels for navigation purposes; 

(b) construction of dikes, jetties, sediment traps, and 
sand-bypassing facilities to alleviate sedimentation; 

(c) construction and operation of dams and reservoirs to 
reduce flood damage and to resolve water supply problems; 

(d) dredging of new tidal inlets or the stabilization 
and improvement of existing inlets for small-craft or deep-
draft navigation; and 

(e) construction and operationtof barriers for control of 
flooding by storm surges (U.S. Army Engineer. Waterways Experi-
ment Station, 1969). 

Various aspects of fixed-bed models of estuaries are discussed later 
in this section, with emphasis on practices used at WES. Since most 
movable-bed model studies of estuaries are confined to the immediate 
entrance area, this type of model is discussed in Section VII. 

2. Model Design Considerations. 

a. Similitude Relations. Since gravitational forces are predominant 
in t~dal flows, it can be demonstrated that the model and prototype Froude 
numbers, Fn, must be equal. Therefore, using equation (2-9), 

y2 y2 
____!!!____ =~ 
~Lm gPLP 

where V2/(gL) is the Froude number. For distorted-scale models, depth 
is taken as the characteristic length; thus, 

(3-1) 

or 

(3-2) 

This can also be shown by inspection of the pertinent differential 
equation (also referred to as inspectional analysis). According to 
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Harleman (1971), one-dimensional tidal motion in estuaries can be 
described by the continuity and momentum equations as follows: 

ah QQ. _ 
b at+ ax- q- 0 

and 

(3-3) 

(3-4) 

In inspectional analysis, the differential equations must first be 
transformed into dimensionless form. Birkhoff (1950) has shown that for 
similitude the dimensionless coefficients must be equal in model and pro-
totype. Harleman (1971) has shown that the dimensionless coefficients 
of the. fourth and fifth terms of equation 3-4 can be written as 

and 
(in) 

(~:;) 
where Fn is the Froude number and Ch is the Chezy coefficient. These 
coefficients must be equal in model and prototype for the two systems to 
be dynamically similar. 

It then follows from the first coefficient that 

and since gr = 1 
Vr = (~{Lv)r/12 

V r = (Lv):/2 • (3-5) 

From this basic relation and the continuity equation it can be shown that 

and 
Qr = (4\ (Lv\3/2 

Tr = (4)r(Lv);l/2 • 
From the second coefficient it follows that 

and since gr = 1 
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which shows that the roughness scale is a function only of the linear 
scale-distortion ratio. In terms of the Manning roughness n 

This can be stated in terms of the distortion ratio DF = 
follows: 

(L ':\2/3(~)2/3 
n = v/r · r -= DF2/3 ~~)(2/3-1/2) 

r (~):/2 (~)~/3 ~ r 

The effect of scale distortion on the roughness ratio can now be 
as follows: 

(Lv)r (Lh)r DF nr 
1/100 1/100 1 0.464 
1/100 1/1,000 10 1.47 
1/100 1/2,000 20 2.08 

(3-9) 

(3-10) 

shown 

Thus, the higher the degree of distortion used in the model, the greater 
the roughness which is required in the model. For large distortions, 
boundary roughness alone may not yield a sufficient model roughness. 
Then, it is necessary to use some type of vertical roughness element 
which extends throughout the entire water depth. 

Keulegan (1951, 1966) has shown that, in distorted-scale models of 
mixed estuaries, the salinity (or density) ratio should be unity. That 
is 

(3-11) 

However, Harleman (1971) states that, whereas the salinity scale should 
be unity for models of highly stratified estuaries, there is no strict 
necessity for this scaling in models of mixed estuaries. The general 
requirement, based on the Richardson number, is that 

(3-12) 

This requirement is most conveniently satisfied by using a density ratio 
of unity (the general practice). 
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Harleman (1971) has shown that, based on inspectional analysis of the 
one-dimensional mass transfer equation 

(3-13) 

the dispersion coefficient scale can be determined for areas of signifi-
cant vertical density gradients. The dimensionless coefficient for the 
left-hand term is 

therefore, the dispersion coefficient ratio is 

or 
E; = Ur (~)r = vr(4)r 
E; = (Lv):/Z (Lh)r • (3-14) 

In regions of salinity-induced density gradients, verification of model 
salinity conditions against prototype observations ensures that the mass 
dispersion process is satisfactorily reproduced in the model. 

However, for uniform density areas (no longitudinal or vertical salin-
ity gradients), Harleman (1971) and Fischer and Holly (1971) state that 
there is a direct conflict between the required dispersion coefficient 
ratio determined by inspectional analysis (eq. 3-14) and the ratio pre-
dicted on the basis of observed vertical and horizontal distributions in 
both prototype and model. From the Taylor-Elder equation 

(3-15) 

where d is the depth of flow, R the hydraulic radius, and SE the 
slope of energy gradient. Harleman (1971) shows that in this case the 
di~persion coefficient ratio should be 

(3-16) 

For a model with a horizontal scale of 1:1,000 and a vertical scale of 
1:100, equation (3-14) gives E~ = 1:10,000; whereas equation (3-16) gives 
(EL) = 1:316. 

r 

However, this analysis does not consider the roughness elements 
commonly used in distorted-scale tidal models. The vertical roughness 
strips generate large-scale mixing by eddies which may be on the order 
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of 100 feet (prototype) in diameter. Fischer and Hanamura (1975) have 
shown that the effect of the roughness strips on momentum exchange is 
considerably greater than that of the boundary shear in the model. Model 
test results showed that the roughness strips dominate the velocity dis-
tributions in the model, and the dispersion coefficient is thus a function 
of the roughness strips. They conclude that agreement of transverse mix-
ing between model and prototype is possible through a proper combination 
of strip widths and velocities, but that such agreement should be investi-
gated in each case. 

Near-field dispersion of heated discharges is dominated by momentum 
entrainment in the immediate vicinity of the discharge where inertia of 
the jet is more important than density differences. Since the three-
dimensional turbulence structure of the jet cannot be distorted, near-
field heat dispersion cannot be directly reproduced in a distorted-scale 
model if vertical exchange is important. 

In the far field, heat dispersion is governed by convective spread of 
the plume over the surface of the receiving waters, mass transport of the 
plume by ambient currents, diffusion and dispersion due to turbulence in 
the receiving waters, and surface heat exchange. The steady-state form 
of the equation governing conservation of heat in an advective, turbulent-
flow field is (Stolzenbach, 1971; Zitta and Douglas, 1975) 

where 

u = velocity in the X direction 
T = temperature 
v = velocity in the y direction 
w = velocity in the z direction 
E = dispersion coefficient 

By inspectional analysis, it can be determined that 

E = E = V (L) = (L '1/2(L ) ~ ~ r~r ~ hr 

(3-17) 

(3-18) 

(3-19) 

where it has been previously determined that the appropriate velocity 
scale for a distorted-scale model is v = (L ) 1/2. r v r ~ 
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The equation describing heat loss from the free surface of a well-
mixed body of water with an artificial heat input is (Stolzenbach, 1971; 
Zitta and Douglas, 1975) 

where 

-aT f ) pcVat=-KA\T-Te +H 

p = density of water 
c = specific heat of water 
V = volume of water body 
K = net surface heat exchange coefficient 
A = surface area 

Te = equilibrium temperature 
H = artificial heat input 

It can be shown that the surface heat exchange scale is 

(Lv'fr/2( ~) rl/ 2 
(4)r 

Since the density ratio is normally unity, this reduces to 

(3-20) 

(3-21) 

(3-22) 

One of the peculiarities of equation (3-22) is that if (Lh)r = 1:1,000 
and (Lv)r = 1:100 (common scales in tidal models), then Kr = 1.0 

Because sediment transport processes are very complex and poorly 
understood, reliable sedimentation similitude relations cannot be 
developed. Model simulation of sediment transport is therefore empirical 
and depends on a trial-and-error procedure to develop an appropriate test-
ing technique by which to reproduce known sedimentation patterns. 

Although scale relations can be determined for various phenomena by 
analytical means, there is still no assurance that a distorted-scale 
model will accurately reproduce prototype-flow conditions without com-
paring model and prototype observations. This is the result of not being 
able to determine the distribution of roughness (including density gradient-
induced mixing) throughout the prototype. Therefore, it is necessary to 
carefully adjust the model roughness until measured prototype tides, 
velocities, and salinities are accurately reproduced. This process is 
referred to as model verification. 

b. Selection of Model Scales. The "ideal" scales and/or distortion 
for the various types of studies conducted in a particular model are often 
conflicting. For example, it has been shown analytically that the ideal 
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scales for surface heat exchange in heat dispersion studies are 1:1,000 
horizontally and 1:100 vertically (10:1 distortion); however, if the 
model is subjected to-movable-bed testing, the maximum desirable distor-
tion is about 5:1. Therefore, the model designer must exercise a con-
siderable amount of judgment in the selection of the "best" scales for 
the model. 

In general, the scale selection is based on several rather practical 
considerations. The vertical scale must be large enough to permit accu-
rate water level measurements and to provide sufficient water depth in 
which to make measurements of velocities, salinities, etc., at various 
depths. The horizontal scale should be small to minimize the cost of 
model construction or to yield a model size which will fit an existing 
site. The scale distortion should be small enough to permit satisfactory 
reproducti9n of all phenomena to be considered in the model investigation. 
Probably most importantly, it must be determined that the scales selected 
will result in turbulent-flow conditions in the model throughout most of 
the tidal cycle. 

The vertical scale most commonly used for estuarine models at WES is 
1:100. With existing instrumentation, this is the smallest scale with 
which it is possible to determine water surface elevations to within 
±0.1 foot prototype. The 1:100-scale is also convenient for making depth 
or elevation measurements on the model. In addition,- this scale is nor-
mally on the order of the smallest vertical scale which will ens~re that 
model flow is turbulent. Thus, vertical scales smaller than 1:100 are 
seldom, if ever, used. For models of very shallow estuaries, this scale 
may result in model water depths which create undesirable capillary effects 
and which are too small for use of existing velocity meters. In such 
cases, increasing the vertical scale to about 1:60 or 1:80 is necessary. 

Horizontal scales usually vary from 1:300 to 1:2,000, depending on 
the nature of the problems to be investigated, available space, and con-
struction costs. Since the area of the model increases with the square 
of the horizontal scale, doubling the horizontal scale quadruples the 
area of the model. 

The vertical scale is usually selected first, and selection of the 
horizontal scale is based on the degree of scale distortion which can be 
tolerated. Distortion ratios (horizontal:vertical) most commonly used 
are 3:1, 5:1, 10:1, and 20:1. The higher distortion ratios obviously 
result in smaller models and lower construction costs. Generally, a 
distortion ratio of 3:1 to 5:1 is used if a part of the model .will subse-
quently be converted to movable bed. These low distortion ratios are 
also required if qualitative tests of wave climate are conducted in the 
model. For most models not requiring movable-bed studies, a distortion 
ratio of 10:1 is satisfactory for a wide range of investigations includ-
ing tides, currents, salinity intrusion, shoaling distribution, dye dis-
persion, heat dispersion, and hurricane surges. For this degree of 
distortion, it is not desirable to conduct even highly qualitative wave 
climate tests or movable-bed shoaling studies. If use of the model is 
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restricted to studies of tides, circulation patterns, salinity intrusion, 
and hurricane surges in broad, unrestricted waterways, a distortion ratio 
as high as 20:1 can be used. However, in past models with such a distor-
tion, it was found extremely difficult to achieve a satisfactory repro-
duction of vertical velocity and salinity distributions in well-defined 
channels. 

After the vertical and horizontal scales have been selected, it is 
necessary to ensure that the flow in the model will be turbulent through-
out most of the tidal cycle. Turbulent flows will exist when the Reynolds 
number, dV/v, for the model is on the order of 1400. In most instances 
the vertical scale should be greater than 1:150 to satisfy this criterion. 
This requires that comprehensive estuary models be built to distorted 
scales, since it is normally economically infeasible to use a horizontal 
scale greater than about 1:300 (the largest feasible scale is usually on 
the order of 1:500 to 1:1,000). 

c. Scale Effects. There are several significant scale effects common 
to estuary models. The distortion of linear scales directly influences 
the required model roughness (eqs. 3-8 and 3-10). Since the roughness 
ratio increases with the distortion ratio, models with high distortions 
may require so much artificial roughness that the flow regimen is severely 
disrupted throughout the vertical to achieve the proper degree of mixing. 
However, it is not as significant a factor in broad, shallow bays with a 
small tidal range where flows are naturally low and mixing is primarily 
generated by wind. 

The flow through an inlet, canal, or structure is dependent on its 
resistance (roughness) characteristics. The reliability of results of 
tests on proposed openings of this nature will depend on ensuring that 
their flow characteristics are properly modeled. For this reason it is 
usually necessary to conduct flow calibration tests in an undistorted-
scale model (usually a flume-type facility). After the flow character-
istics have been determined in the undistorted-scale model, the opening 
is subjected to calibration tests in a distorted-scale model (still in 
the flume) during which its width or shape is altered to produce the 
required flow characteristics. The final configuration is then con-
structed in the distorted-scale estuary model. (A detailed discussion 
of undistorted-scale modeling is presented in Section VII.) 

A similar scale-effects problem is encountered for flow through pile 
structures (e.g., pile dikes). If the structure is modeled according to 
the horizontal scale, the openings between piles are likely to be so 
small that surface tension will adversely affect flow through the struc-
ture. Previous flume tests have determined that the vertical scale should 
be used in modeling the horizontal dimensions of such structures. 

Short-period wave action cannot be accurately reproduced with the 
distortion ratios commonly used in estuary models. Short-period waves 
are generated in the models only to simulate the effects of wave 
energy on the resuspension and movement of sediments in the model. 
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The characteristics of the waves generated in the model are determined 
by trial and error, although prototype wave characteristics are used to 
guide the development of model waves. 

It should be noted that no sedimentation scales are actually used 
in estuary model studies. Time and volume scales are developed during 
the shoaling verification, but these are only empirical estimates of the 
scales and, therefore, should be used only for determining the relative 
merits of various proposed plans. Fixed-bed shoaling tests should not 
be conducted for longer durations than the verification period. 

Since it is impractical to reproduce local wind effects during 
hurricane-surge tests or the time decay of pollutants during disper-
sion tests, the results of these tests must be analytically adjusted to 
account for these effects. It is also infeasible to control the surface 
heat exchange coefficient of the model during heat-dispersion tests, and 
the model results must be adjusted accordingly. 

The effect of the Earth's rotation is to generate a deflecting force 
on flowing. water particles which is referred to as the Coriolis force. 
This force· is given by Defant (1961) as 

C= 2Vw sin¢ (3-23) 

where V is the horizontal velocity, w the angular velocity of Earth's 
rotation, and ~ the latitude. The effect of the Coriolis force is to 
cause flows to veer to the right in the Northern Hemisphere and to the 
left in the Southern Hemisphere. For this force to be correctly modeled, 
the model should rotate faster than the Earth by a factor equal to the 
model time scale. To rotate an even moderate-sized estuary model would 
obviously be infeasible since the model would have to be constructed on a 
special platform. However, the Delft Hydraulics Laboratory (1968) found 
that the Magnus Force on a rotating cylinder in a parallel flow is anal-
ogous to the Coriolis force, and developed a rotating cylinder (Coriolis 
top) to simulate the desired effect. The Coriolis effect can also be 
simulated in the model by adjustment of the model roughness to reproduce 
prototype lateral velocity and salinity gradients, which are the result 
of Coriolis forces. 

d. Model Limits. The primary considerations in determining the 
model limits or boundaries of an estuary model are the upper reaches of 
the estuary and the ocean and their effects on the study. Therefore, the 
upstream (river) and downstream (ocean) limits will actually be boundary 
condition control points. Since it is impossible to predict changes in 
tides, currents, salinities, etc., at these boundary points which might 
result from the study, the model limits must be established beyond the 
zone of influence of the area to be studied. 

The upstream model limit of a fixed-bed estuary model should usually 
be located upstream from the extent of saltwater intrusion. If this is 
not possible, a boundary control system must be constructed in which the 
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salinity at the model limit can be varied with time throughout a tidal 
cycle (and perhaps seasonally) and with depth (if there is a vertical 
salinity gradient at that point). Such a control system is not only 
costly, but it also complicates operation of the model. This presents 
two serious drawbacks to the model testing capabilities: (a) the effects 
of any plan under investigation on the upstream extent of saltwater in-
trusion cannot be determined, and (b) any condition in the model where 
salinity conditions at the model limit are not known from prototype 
observations cannot be reproduced. These are rather severe restrictions 
to the use of the model in defining the environmental impact of projects 
being investigated and defining the existing salinity regimen for condi-
tions for which no prototype data are available. 

Since the proper tidal conditions at the upstream end of the model 
must be reproduced, it is necessary either to extend the model to the 
head of tide or to provide a tide-generating mechanism at the upstream 
model limit. This decision is usually made on the basis of the cost of 
constructing that part of the channel upstream from the problem areas to 
be investigated compared to the cost of a secondary tide generator. The 
part of the channel that is well beyond the areas of investigation can be 
reproduced as a labyrinth (Fig. 3-1). The space available for the model 
site may determine if the use of a secondary tide generator is necessary. 
If a secondary tide generator is used at the upstream model limit, the 
change in tidal elevations, phases, or prism at that point which may be 
caused by a plan under investigation cannot be determined. This is not 
usually a serious limitation to the model as long as the study area is 
well downstream from the model limit. 

To conserve shelter space or to keep the model entirely inside the 
shelter, it is often necessary to introduce artificial bends in confined 
channels. This procedure does not adversely affect the hydraulic or 
salinity conditions of the model, although detailed investigations of 
flow patterns cannot be made in the immediate vicinity of an artificial 
bend. Examples of bends introduced into two models are shown in Figures 
3-2 and 3-3. A labyrinth at the upstream end of a model is an extreme 
example of folding the model to conserve space. In this case, the natural 
form roughness may be greatly altered and extensive model roughness adjust-
ment may be required in the labyrinth. No model measurements other than 
tidal elevations should be made in the labyrinth. 

The limits of the model ocean are somewhat nebulous to define. To 
properly reproduce saltwater intrusion into the estuary, the model ocean 
should extend seaward to a prototype depth contour at least 10 to 20 feet 
deeper than any entrance channel which is investigated in the model. If 
the entrance area is investigated, the seaward model limit should be far 
enough offshore that the ocean boundary does not significantly affect 
current patterns in the immediate vicinity of the entrance. If entrance 
jetties are investigated, the offshore boundary should be far enough off-
shore that currents between the ends of the jetties and the model limits 
are not adversely affected by the model configuration. The model limits 
should be located far enough upcoast and downcoast of the entrance that 
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these side boundaries do not affect flow conditions in the entrance. As 
a general rule, the ocean part of an estuary model should have about the 
same area as the estuary part of the model to avoid operational diffi-
culties with the tide generator. 

Finally, the upper (vertical) model limit must be established. The 
bank line must be constructed to a somewhat higher elevation than the 
highest tide level to be reproduced in order to provide some degree of 
freeboard. This freeboard is generally taken as about 5 feet (prototype). 
If hurricane surges are generated in the model, the model overbank area 
must include all prototype areas subject to inundation by the highest 
surge to be investigated. Again, a 5-foot freeboard should be provided. 

e. Field Data Required. Because of various scale effects in estuary 
models and the attendant need for adjusting the model roughness, a large 
amount of field data must be obtained to ensure that the model is capable 
of reproducing prototype phenomena. This requirement is even more strin-
gent for those phenomena which are simulated rather than directly modeled. 
For example, rather than reproducing a scaled wind field in the models, 
the effects of wind action on the mixing of freshwater and saltwater 
are simulated by fans which blow down on the water surface in a random 
pattern or by bubbling air through the water column. Similarly, sedimen-
tation is simulated by developing an operating technique by trial and 
error which will duplicate known shoaling patterns; however, no attempt 
is made to actually scale the sediment or to determine the sedimentation 
time scale by analytical means. · 

Prototype surveys required vary widely with the characteristics of 
the estuary and the problems to be investigated. Data required on most 
estuary models include hydrographic and topographic surveys, tidal eleva-
tions, current velocities (magnitude and direction), salinities, fresh-
water inflows, and shoaling rates and patterns. In addition, data on 
wave climate and dye and heat dispersion are often required. 

To ensure that the model results are valid over the range of tidal 
and freshwater inflow conditions that can normally be expected t.o occur, 
hydraulic and salinity field surveys are necessary for various tidal con-
ditions or freshwater inflows. Typically, two or three such surveys are 
required. For example, if there is a wide variation of tidal range, sur-
veys may be made for neap and spring tides with normal freshwater inflow. 
If tidal variations are small, surveys are made for various inflow condi-
tions without regard to tidal range. A long-term salinity survey may 
also be useful where salinities are observed periodically at a limited 
number of locations to determine seasonal fluctuations. 

(1) Hydrographic Surveys. In order for the model to be an 
accurate geometric replication of the prototype, detailed hydrographic 
surveys are required of the entire area to be included in the model. 
National Ocean Survey (NOS) boat sheets may be used for this purpose; 
however, the sheets have limited value because they frequently do not 
show recent conditions. Project (condition) surveys by the U.S. Army 
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Corps of Engineers are usually current but are generally limited to the 
immediate vicinity of a Corps of Engineers' project such as a navigation 
channel. If the available surveys are several years old, and there is 
doubt as to their accuracy, cross-channel profiles should be obtained at 
about 1/4-mile intervals to verify old surveys. In areas where the bed 
is subject to rapid change, hydrographic surveys should be scheduled to 
essentially coincide with the velocity and salinity surveys. The hydro-
graphic surveys must include the intertidal zone between mean low water 
(MLW) and mean high water (MHW). Recent aerial photos, especially of the 
bank line, are helpful in confirming the location of structures along the 
shore. 

(2) Topographic Surveys. Topographic surveys are required to 
determine the overbank slopes immediately adjacent to the MHW line. 
These surveys should extend to about 10 feet above MHW. If the model 
is used for hurricane-surge protection studies, the topographic surveys 
must cover all areas which may be subject to inundation during a surge 
for existing or proposed conditions. In a large estuary model (i.e., 
Chesapeake Bay or Delaware Bay) the topography can be obtained from U.S. 
Geo~ogical Survey (USGS) quadrangle sheets and supplemented with field 
surveys as required. 

(3) Tidal Observations. Tide records must be obtained along the 
length of the estuary and major tributaries. Depending on the complexity 
of the system, tide records should usually be obtained at intervals of 10 
to 20 percent of the length included in the model. Examples of tide gage 
layouts for estuaries of various sizes and complexities are shown in 
Figures 3-4 to 3-8. If possible, a gage should be located in the ocean, 
even if the datum of the gage cannot be accurately established. The data 
from this gage are valuable in determining whether a significant choking 
of the tide occurs through the estuary mouth. The datum of each gage 
should be determined to an accuracy of ±0.1 foot, and all the gages should 
be referenced to a common horizontal datum, such as mean sea level. The 
gages should be put into operation about 3 months before the velocity and 
salinity surveys and operated continuously throughout these surveys and 
for an additional 2 months. 

(4) Current Velocity and Direction. Velocity metering stations 
must be established on several ranges across the estuary and major tribu-
taries. These current ranges should be spaced (as for the tidal stations) 
at intervals of 10 to 20 percent of the length of that part of the estuary 
in which model studies are conducted. It is usually unnecessary to obtain 
velocity data upstream from the problem area, since that part of the model 
can usually be satisfactorily adjusted using only tidal data. If the 
problem area is confined strictly to the entrance area, three or four 
velocity ranges may suffice. Depending on the width and shape of the 
cross-sectional area of the estuary at each range, one to five velocity 
stations should be located on each range. As many as 11 stations on a 
single range have been required on ranges across wide, deep estuaries 
such as Chesapeake Bay (Fig. 3-4). For channels in the upstream reaches 
of the estuaries or tributaries, a single station may be sufficient 
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(Fig. 3-6). Examples of velocity station layouts are shown in Figures 
3-4 to 3-8. Velocity observations should be made at various depths on 
each station. In depths of 6 feet or less, only the middepth observa-
tions are required; in depths of about 6 to 15 feet, only surface and 
bottom observations are normally required. In greater depths, the ver-
tical observation interval depends largely on the expected degree of 
salinity stratification. In well-mixed estuaries, surface, middepth, 
and bottom observations are sufficient; in estuaries with a higher 
degree of stratification, observations should be made at the surface 
and bottom and at the 1/4-depth points or at depth intervals of 6 to 
10 feet. Surface measurements should be made at 1 to 3 feet below the 
water surface, and bottom measurements at 2 to 4 feet above the bottom. 

Current velocities (magnitude and direction) should be observed at 
each designated depth at each station at 1/2-hour intervals over a com-
plete tidal cycle. Where the tides are· mixed or diurnal (Pacific and 
gulf coasts), a complete tidal cycle refers to a 24.84-hour period; where 
the tides are semidiurnal (Atlantic coast), a complete tidal cycle is a 
12.42-hour period. If the number of stations is relatively small, it is 
recommended that sufficient personnel and equipment be assembled to moni-
tor all stations during a single tidal cycle. If this is not possible, 
the survey should be conducted during as few consecutive days as possible 
and during a period when successive tides are predicted to have a reason-
ably uniform amplitude. In such cases, one station should be established 
as the control station, and it should be monitored on each day of the 
survey period to determine the effects of varying tidal conditions on the 
magnitude and phasing of velocities. To minimize the time required to 
complete the survey, a single boat may concurrently monitor more than one 
station, if the stations are located close enough for the boat to monitor 
each station every 30 to 45 minutes. 

(5) Salinity. Salinities should be measured concurrently with 
velocity measurements at all ranges, stations, and depths specified for 
velocity observations; however, it may be necessary to extend the salin-
ity survey upstream to the extent of saltwater intrusion. These data are 
sufficient to define the lateral and vertical salinity distributions 
throughout the system for particular freshwater inflow conditions and 
to evaluate the change of the salinity with tidal phase in all critical 
areas. However, if the velocity measuring program does not cover a sig-
nificant part of the year to adequately evaluate the response of the 
salinity regimen to major changes in freshwater inflow, a supplemental 
long-term program of salinity measurements may be required. This can be 
accomplished by establishing a network of key salinity stations through-
out the system, and salinity observations can be made at intervals (e.g., 
at the time of high water slack every few days) over a period of time in 
which freshwater inflow varies from minimum to maximum. The sampling 
network for the long-term' salinity ·survey can be random, in which case 
the variation of salinity with time is determined at each point; or the 
stations can be located along the length of the main channel, in which 
case the longitudinal salinity profile for each sampling period is also 
determined. Both types of measurements have previously been successful, 
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and their results are adequate to evaluate the long-term response of the 
salinity regimen to variations in freshwater inflow. 

Salinity can be determined either by laboratory analysis (titration 
or conductivity) of samples taken from the estuary or by in situ measure-
ments with conductivity or inductance meters. In the latter case, some 
physical samples must also be obtained to ensure that the meter calibra-
tion remains stable throughout the survey period. 

(6) Freshwater Inflow. Freshwater inflows (mean daily flows) 
from all tributaries to the estuary must be determined for about 2 weeks 
before and during the velocity and salinity survey. Inflow data are also 
required during long-term salinity observation programs, but in this case 
mean weekly flows may be satisfactory, depending on the inflow and the 
estuary volume. During low freshwater discharge periods, very small 
individual discharges (e.g., industrial discharges of well water) may 
become a significant part of the total freshwater inflow and should be 
monitored. 

(7) Dye Dispersion. Although field dye-dispersion tests have 
not generally been used for model verification, the tests should be done 
if dye-dispersion tests are conducted in the model. A fluorescent dye 
should be released continuously over a 2-week period or preferably, until 
a stable dye regimen is established throughout the estuary. Thus, it 
should be made during a period of relatively uniform freshwater inflow, 
and may require a continuous release for 6 weeks or more. Data analysis 
will be complicated by dye decay, etc., during such a long period. The 
dye should be released at a location about two-thirds the distance from 
the entrance to the upper limit of the model. Dye concentrations should 
be determined at surface and bottom at numerous stations located through-
out the estuary. The velocity and salinity station locations may be 
satisfactory, although additional stations along the channel centerline 
may be desirable. The concentrations should be determined at the times 
of local high and low water slack at daily intervals during the period 
of rapid dye buildup, but the sampling frequ~ncy can be reduced to inter-
vals of 3 to 7 days during the latter stages of the test. 

(8) Heat Dispersion. If tests are made of the heat d:lspersion 
from an existing powerplant, water temperatures should be monitored in 
the field for use in model verification. Surface temperatures should be 
measured on several ranges across the plume at about 1,000-foot intervals 
both upstream and downstream from the discharge point, and vertical tem-
perature profiles should be obtained at several stations in the survey 
area. The survey coverage should be sufficient to identify the limits 
of the 0.6° Celsius (1° Fahrenheit) temperature rise contour. At least 
one station should be located outside the thermal plume upstream from the 
~ischarge point and one station downstream to define the ambient water · 
temperature. In designing the layout of the field survey stations, it is 
helpful to first obtain infrared aerial photos of the area to determine 
the size and shape of the thermal plume. Similar aerial photos should be 
taken during the actual survey to obtain a better synoptic view of the 
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thermal patterns than can be obtained with contact measurements. An 
example of a water temperature observation network is shown in Figure 
3-9. 

(9) Sedimentation. Only those data required for verification 
of shoaling patterns in a fixed-bed model are discussed in this section. 
Requirements for movable-bed models are discussed in Section VII. Many 
model shoaling investigations are conducted in existing navigation channel 
projects. In this case, available periodic hydrographic surveys of a 
channel by the Corps of Engineers or other responsible agency will prob-
ably be sufficient for use in the model study. Channel surveys of several 
representative years (at least two, but preferably three or more surveys) 
should be analyzed to determine the distribution of shoaling throughout 
the length of the channel. The channel should be subdivided into several 
sections (usually longitudinal), and the volumes of shoaling between 
dredging operations determined for each section for each year. This in-
formation is determined from the postdredging survey for 1 year and the 
predredging survey for the following year. In this manner the average 
percentile distribution of shoaling along the channel can be determined. 
If shoaling tests are required over the entire width of the estuary, or 
if no navigation channel exists, hydrographic surveys over a much broader 
area are required. Again, surveys are required for a period of several 
years, and should be of sufficient detail and accuracy to develop scour-
and-fill maps for the area to be studied. The only information required 
of the nature of the sediments is the grain size or even a very qualita-
tive indication of whether the material consists of clays, silts, or sand. 

3. Model Construction. 

a. Construction Procedures. There are several basic methods of 
estuary model construction. For example, the model can be constructed 
of individual slabs, or it can be of essentially continuous construction. 
The construction control points can be parallel templates (male or female), 
templates which follow a given contour, or rods for which the top (or 
bottom) elevations are set to the desired model elevation. Only the 
general practice of WES will be discussed here. 

The model construction effort actually begins by laying out the hori-
zontal control grid on the maps from which the model will be built. Par-
allel gridlines should be established at 2- to 3-foot intervals along the 
length of the model. In areas of low relief such as in broad, shallow 
bays or offshore, grid intervals of 4 to 6 feet can be used. The grid-
lines should generally be laid out about normal to the main channel within 
the estuary or normal to the shoreline in the offshore area. Although it 
is convenient for all gridlines to be parallel or perpendicular to each 
other, a rather irregular grid system should sometimes be developed. 

After the grid system has been developed, cross-sectional profiles 
are determined for each grid and transferred to template material (typi-
cally hardboard; e.g., Masonite). Sheet metal templates corrode in salt-
water and should be avoided in estuary models. Typical templates are · 
shown in Figure 3-10. 
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Figure 3-9. Prototype temperature stations, Delaware River 
(after Trawle, 1976). 
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The model grid system is located on the model site to delineate areas 
which may require rough grading with heavy equipment. The grid system is 
then accurately established on the site for use in positioning templates. 
The templates are set by nailing to wooden stakes and are roughly graded 
(Fig. 3-10). The ground between the templates is then smoothed to an 
elevation about 4 to 6 inches below the final model grade. Sand is placed 
between the templates and smoothed to within 2 or 3 inches of the final 
grade, and the templates are final graded. The templates are then painted 
with a sealer to provide a waterproof joint between the concrete and the 
template, and twenty-penny nails are driven through the templates to pre-
vent differential settlement of the concrete slabs. At this point (Fig. 
3-11), the model is ready for paving. 

Concrete grout (cement, sand, and water) is poured between the tem-
plates and rough graded by screeds (only for areas of very low relief) or 
critical contours are sketched in the wet grout to define details between 
the templates (Fig. 3-12). The concrete is then molded to conform to the 
sketching. During the molding process, both the position and elevation 
of physical features between the templates are accurately checked. The 
concrete surface is finished, and roughness is added to the model while 
the concrete is still wet (Fig. 3-13). 

. . 
Different types of model roughness are used, often in a single model. 

In relatively deep water, boundary roughness will probably not generate 
sufficient mixing for satisfactory reproduction of vertical salinity gra-
dients. In this case, vertical roughness elements (strips, rods, or bars) 
are used. At WES, copper or stainless-steel strips of widths varying be-
tween about 0.25 and 1.0 inch are preferred. The tops of the strips are 
cut off just below the elevation of low water to avoid interference with 
surface currents. The strips are initially placed about 1 per 1 to 5 
square feet (normally considerably more than required), and the excess 
strips are bent down during the verification process. In shallow water 
and areas of low velocity, the turbulence generated by vertical roughness 
elements will not yield sufficient model friction; therefore, boundary 
roughness is used. This can be achieved by scratching the concrete sur-
face before it sets, adding a thin layer of stucco and roughening it with 
a mason's float, or by applying gravel, small cubes, etc., to the model 
bed. It may be necessary to smooth or further roughen the boundary rough-
ness during the verification process. 

If an investigation of a new or enlarged navigation channel is planned, 
a trough is constructed in the model on the proper alinement of sufficient 
width and depth to permit installation of the enlarged channel at a later 
date. The trough is then filled with concrete and molded to the existing 
conditions (Fig. 3-14). 

Concurrent with construction of the model, construction and installa-
tion of model appurtenances is accomplished. Installation of drainpipes 
(and sometimes water supply pipes) must be done before pouring the concrete. 

b. Tide Generation. Several different types of tide generation mecha-
nisms are employed at the various hydraulic laboratories throughout the 
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Figure 3-14. Trough for later installation of enlarged channel. 



world, including physical displacement, pneumatic displacement, pumped 
inflow and gravity outflow, and gravity inflow and gravity outflow (with 
pumping between the return and supply sumps). Only the latter two systems 
(used by the Corps of Engineers) are discussed in this section. 

The type used most extensively by the Corps is the pumped inflow and 
gravity outflow system, shown schematically in Figure 3-15. This system 
is programed (mechanically, pneumatically, or digitally) to maintain a 
differential between a constant-pumped inflow of saltwater to the model 
and a variable gravity return flow to the supply sump as required to 
reproduce the desired tidal characteristics at a control station located 
in the ocean or in the lower part of the estuary. In models with a very 
large tidal volume, it is often desirable to provide a supplemental con-
trol on the pumped inflow by installing a programed valve on the inflow 
line. The pumped inflow is reduced during the falling tide and increased 
during the rising tide to reduce the fluctuation in discharge through the 
gravity return line. With mechanical or pneumatic programing of the out-
flow, the system is generally limited to repetitive reproduction of a 
single tide. The control unit must be reprogramed to reproduce any other 
tide. 

Since computer or digital control offers a high degree of flexibility, 
any desired sequence of tides can be reproduced in the model. A computer 
control system can also be used to convert analog signals received from 
model sensors (water levels, salinity, velocity, and temperature) to 
digital signals and store the data on magnetic tapes or disks for later 
analysis. A schematic diagram of an Automatic Data Acquisition and Con-
trol System (ADACS) is shown in Figure 3-16. .A supplemental control on 
the pumped inflow, if required, can also be programed on the computer 
control system. 

Another concept using the pumped inflow and gravity outflow principle 
requires the use of a movable overflow weir (Fig. 3-17). Saltwater is 
pumped into a headbay between the weir and the model. The weir is pro-
gramed to move up and down as required to generate the desired tide, and 
the overflow is returned to the sump. Alternatively, either a flap gate 
or radial gate can be used as the weir; · 

Gravity inflow and gravity outflow (with pumping between return and 
supply sumps) is used in the Chesapeake Bay model. A schematic diagram 
of the system is shown in Figure 3-18. The reason for using this scheme 
is to provide a sufficient inflow capacity to generate hurricane surges 
in addition to tides. 

Often, it is necessary or desirable to terminate an estuary model 
downstream from the head of tide (i.e., upstream boundary within effects 
of tide). If the upstream tidal prism cannot be simulated by using a 
labyrinth or simple storage basin, a secondary tide generator should be 
provided. A simplified pumped inflow and gravity outflow or pumped out-
flow and gravity inflow system is generally used for this purpose. In 
either case, water is removed from the upstream end of the model during 
the rising tide and returned to the model during the falling tide. 
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Figure 3-17. Mechanically programed overflow weir tide generator. 
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c. Model Appurtenances, Instrumentation, and Measurements. Estuary 
models are equipped with the necessary appurtenances to reproduce and 
measure all pertinent phenomena such as tidal elevations, hurricane surges, 
saltwater intrusion, current velocities, freshwater inflow, waves, littoral 
currents, mass (dye) dispersion, heat dispersion, and sedimentation. Tide 
generators were discussed previously; other model appurtenances are de-
scribed below. 

(1) Water Supply Sump. The water supply sump is the reservoir 
from which saltwater is pumped into the model; the saltwater returns to 
the sump from the model via the gravity return line. The sump is normally 
of sufficient size to store the entire volume of the model (at least the 
saltwater part of the model); therefore, during model operations, it is 
usually less than one-quarter full. Because salt must be added to the 
sump to maintain a constant ocean salinity, the sump must be rather tur-
bulent and have a good circulation to achieve rapid mixing and, if nec-
essary, rapid dissolving of salt. Proper design of the return line, 
supply line, and supply pump bypass line can result in sufficient mixing 
conditions. A supplemental mixing system is often required; however, in 
this case, two pumps are generally required, one to lift water from the 
sump to the model, and one to circulate and mix water in the sump with 
the water returned from the model. 

(2) Salinity Control. Normally, freshwater is introduced into 
an estuary model in the upstream reaches, moves downstream into the model 
ocean, and becomes mixed with saltwater. Water must be removed from the 
model ocean at the same rate as the freshwater inflow rate in order to 
maintain a constant volume in the model-sump system. Since the discharge 
is contaminated with salt, it cannot be recycled and must be wasted. To 
maintain a constant ocean salinity, the salt lost in the waste-water dis-
charge must be replaced. Most estuary models have a relatively small 
salt consumption, and the salt replenishment is accomplished by merely 
dumping finely granulated salt into a riser on the gravity return line 
or directly into the sump. Models with large freshwater inflows normally 
have a large salt consumption, and a salt brine injection system (Lixator) 
is used which eliminates manual handling of the salt. A Lixator is basi-
cally a container filled with ~ock salt into which water is added to dis-
solve the salt (Fig. 3-19). The system is designed to discharge a fully 
saturated brine. In addition to the loss of salt from the system, the 
freshwater inflow causes an appreciable dilution in the model ocean. 
Since increasing the ocean salinity only with the saltwater required for 
tide generation is a very slow process, additional circulation between 
the sump and model ocean is provided. The inflow and outflow lines carry 
considerably more flow than required for tide generation, thus increasing 
the exchange rate between model and sump. Models with a large ocean and 
substantial freshwater inflows usually develop a thin layer of relatively 
freshwater on the surface of the ocean. To minimize this effect, supple-
mental skimming weirs are often provided which remove this water from the 
ocean surface and return it to the sump where the salinity is increased 
to the proper value. 
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(3) Freshwater Inflow Control. All tributary rivers with sig~ 
nificant fresh\'later inflows are equipped with flow control devices of 
various types. The inflows of streams with minor freshwater inflows are 
combined with those of nearby tributaries of significant inflow or with 
those of several other minor streams, and the combined inflow is intro-
duced into the model at a central point. Since most models are supplied 
by large water systems subject to pressure fluctuations, each inflow 
device is usually equipped with a constant head tank or a pressure con-
troller. Large inflows are introduced through Venturi meters or over 
sharp-crested weirs (usually V-notch). Intermediate flows are introduced 
through Van Leer (California pipe) weirs or rotameters. Rotameters are 
normally used for measuring very small inflows. If it is necessary to 
vary the inflow at a large number of locations to reproduce a long-term 
hydrograph or to vary the inflow continuously throughout a tidal cycle, 
programable inflow devices will be required. For example, on the Chesa-
peake Bay model, digitally controlled multiple-orifice valves are used. 
The desired flow is obtained by opening the appropriate combination of 
orifices. 

( 4) Skimming Weirs. The mixed saltwater and freshwater that 
accumulates in the model ocean must be removed to maintain a constant 
volume and source salinity. This is accomplished by skimming weirs which 
remove a quantity of mixed water from the surface layer equal to the fresh-
water inflow to the model. Either a long, fixed-elevation, horizontal, 
sharp-crested weir or a floating weir is used, depending on whether the 
tidal range is small or large, respectively. Precise measurement of the 
discharge from the skimming weir is made by a V-notch weir, a Van Leer 
weir, or a rotameter, depending on the magnitude of the flow rate. 

(5) Saltwater-Freshwater Inflow Separator. Occasionally, it is 
necessary to locate the upstream model limit within the zone of saltwater 
intrusion. In such a case; the artificial control of salinity conditions 
at the model boundary is necessary. This can present a considerable 
operational problem, since the salinity may vary with time throughout 
the tidal cycle and with depth. If the estuary is well mixed, two inflow 
devices can be used, one fo:r: freshwater and one for saltwater. By vary-
ing the ratio of flow between the two inflow meters with time, the desired 
time variation of salinity at the model limit can be achieved. ·If the 
estuary is highly stratified and exhibits a distinct saltwater wedge, a 
flow separator is necessary to permit simultaneous freshwater inflow at 
the surface and saltwater outflow at the bottom. A freshwater inflow pit 
and a saltwater outflow pit are separated by a horizontal plate which is 
hinged so that its lower elevation can be set to that of the saltwater 
interface. An observation pit with a glass panel is located beside the 
separator to permit visual observations and measurements of the saltwater 
interface. Freshwater flows are introduced above the separator plate, and 
saltwater flows out under the plate by gravity. 

(6) Hurricane Surge Generator. A surge generator must be pro-
vided for models used to investigate hurricane surges. Only the methods 
of surge generation used by the Corps are described, and they include 
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displacement by horizontal plunger, displacement by vertical plunger, 
and gravity inflow. Hurricane surges could be generated in the model 
ocean with an independent pumped inflow and gravity outflow system sim-
ilar to that used for tide generation, except that the large amplitude 
of the surges would require a very large pump and sump, pipes, and valves. 
Since construction of the system would be costly, a displacement surge 
generator is normally used. A horizontal displacement surge generator 
consists of a reservoir (or basin), adjacent to and integral with the 
model ocean, that contains a volume of water somewhat larger than that 
of the largest surge to be studied. The surge is reproduced by program-
ing the forward and backward movement of a motorized, relatively water-
tight bulkhead located in the basin. The bulkhead is operated in such 
a manner that its forward motion displaces water from the surge basin 
into the model ocean at any desired rate, thus reproducing the rising 
phase of the selected surge; its backward motion permits water to flow 
from the model ocean into the basin, thus producing the falling phase of 
the surge hydrograph. The bulkhead drive motor is a three-phase type to 
permit the necessary reversal in direction, and ~ positive, infinitely 
variable (PIV) speed control unit is installed in the drive mechanism to 
permit a highly accurate control of the bulkhead speed. A vertical dis-
placement hurricane surge generator is similar in basic concept, except 
that a large caisson is driven down into the reservoir to displace water 
into the model or driven up out of the basin to allow water to flow out 
of the model. The drive mechanism on the caisson consists of a variable-
speed power supply connected to hydraulic jacks on the caisson. For very 
large models, the use of a displacement surge generator may be infeasible. 
In this case, either pumped or gravity inflow can be used. In pumped in-
flow, a large pumping system and a large sump are required; in gravity 
inflow, a large elevated supply sump is required in addition to a return 
sump. For the Chesapeake Bay model, the gravity inflow system was se-
lected (shown schematically in Fig. 3-18). During operation for normal 
tides, the supply sump is only partly full, but just before generation 
of a hurricane surge the sump is filled with the volume required for the 
surge to be studied. During the falling phase of the surge hydrograph, 
water flows from the model by gravity into the return sump. 

(7) Wave Generators. If sedimentation studies are requ{red in 
the entrance to the estuary, the model ocean is usually equipped with one 
or more wave generators to reproduce the effects of ocean waves on the 
transportation and deposition of sediments. The wave generators are nor-
mally a vertical plunger-type and can be quickly adjusted to produce the 
desired wave height and period so that the model waves will move the model 
bed material (sediment) in the same manner as prototype waves produce bed 
movement in the prototype. The wave generators are mounted on wheels for 
ease in moving from place to place in the model ocean to generate waves 
from various directions. 

(8) Littoral Current Generator. During entrance area shoaling 
studies (particularly movable-bed studies) it is often necessary to arti-
ficially generate littoral currents. The littoral current system consists 
of an intake-outflow header with ports at regular intervals at each end of 
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the model ocean connected through a pump (Fig. 3-20). By controlling the 
water direction and flow rate, a littoral current in either direction and 
of any desired strength can be induced in the model ocean. Flow direc-
tion can be controlled either by a bypass line equipped with appropriate 
valves around the pump or by a reversible pump. 
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Figure 3-20. Typical littoral current generator. 

(9) Powerplant Simulators. During heat-dispersion tests the 
powerplant cooling water is withdrawn from the appropriate location in 
the model and at the proper flow rate, heated to reproduce the desired 
temperature differential, and then discharged at the appropriate location 
in the model. The inflow rate is measured by a rotameter, the inflow 
temperature is monitored, and the heaters are set to produce the desired 
temperature differential. 

(10) Shoaling Injection Apparatus. In fixed-bed shoaling studies 
a simulated sediment is introduced into the model in a manner determined 
by trial and error. Two basic types of model sediments are used: (a) 
granulated plastic or nylon, and (b) finely ground gilsonite. The plastic 
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or nylon materials are generally placed by hand directly on the model bed, 
injected into the model as a slurry from a tank through a hose equipped 
with a flared nozzle, or injected as a slurry through a perforated trough. 
If an injection of the plastic or nylon material at a uniform rate over 
an extended period of time is necessary, an injection system consisting 
of a material reservoir, a rotating distribution wheel, and an electric 
drive motor with a variable-ratio gearbox is used. At the correct injec-
tion time, the mechanism is activated by a cam on the tide generator and 
operated until the injection period has been completed. Gilsonite is 
injected into the model as a slurry from a circular tank through perfo-
rated pipes. The tank is equipped with motor-operated mixing blades to 
maintain a uniform consistency of the slurry. The slurry is introduced 
by gravity or pumped flow from the tank into the perforated pipes during 
the injection period. 

(11) Shoaling Recovery AEparatus. The plastic or nylon materials 
are recovered with a flared nozzle connected by a hose to an aspirator and 
discharged into a tub for decontamination, or with a jet pump connected to 
a hydrocyclone for separation of the water and material. Gilsonite is re-
covered with either the aspirator apparatus or the jet pump; however, sepa-
ration by the hydrocyclone is not very effective. · 

(12) Dye Injection Apparatus. A given weight of powdered fluo-
rescent dye is thoroughly mixed with a known volume of water and stored 
in a tank. The tanks are equipped with a system of valves, tubes, and 
rotameters to control the desired inflow ratio at the injection location. 

(13) Salinity and Dye Samulers. Water samples are withdrawn 
from the model by suction, either orally by model technicians or by a 
vacuum pump. In the first method, the samples are obtained in a small 
pipette (typically 25 cubic centimeters) by suction applied to a short 
piece of tubing attached to the pipette. For obtaining simultaneous, 
multidepth samples, a multidepth sampler which consists of a number of 
single samplers designed to withdraw simultaneous samples at various 
depths at one position is used. Multidepth samples can be withdrawn 
either by suction applied orally or from a vacuum pump connected to a 
central manifold, which in turn is connected to tubes running to each 
sampling location. This latter device enables simultaneous sampling 
at all desired depths at all sampling stations throughout the model. 
Samples can also be withdrawn continuously (or intermittently) over 
a complete cycle to obtain an integrated sample. The sampling system 
is similar to the multidepth sampler described above, except that the 
sample container must be larger. 

(14) Saltwater-Freshwater Mixing Simulators. Occasionally, the 
proper degree of mixing of saltwater and freshwater cannot be achieved 
through the use of roughness elements or model boundary roughness. This 
is particularly true for models of broad, shallow estuaries with small 
tidal ranges where wind action is the primary mixing agent. The use of 
a simulator is then necessary to achieve the proper degree of mixing. 
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For this purpose, small oscillating room fans are placed throughout the 
model in the pattern and number determined during the model verification 
process. The fans are directed down on the water surface rather than 
across the surface. In estuaries with low tidal range and low freshwater 
inflow, mixing in the navigation channels is often primarily due to the 
passage of deep-draft ships. Simulation of this type mixing can be 
achieved by releasing air bubbles at a low rate at intervals along the 
bottorr, of the channel. 

(15) Ship Simulators for Sediment Resuspension. In estuaries 
where current velocities are weak, the movement and deposition of sedi-
ments in the navigation channel may be strongly influenced by the passage 
of deep-draft ships. Deposited sediments are resuspended and subsequently 
moved by the weak tidal currents. Since the model tidal currents are also 
too weak to move the deposited sediment along the bed of the model, a ship 
simulator is used to resuspend the sediment. The ship simulator consists 
of a small propellor which can be rotated at various speeds in either 
direction. It is towed back and forth along the navigation channel 
during shoaling tests. 

(16) Water Level Measurement. Water level is usually measured 
with manually operated point gages, recording float gages, electronic 
water level followers, air-capacitance gages or air-bubbling systems. 
Point gages can be mounted permanently or on portable racks. If it is 
necessary to obtain a continuous record of the water (as during a hurri-
cane surge), one of the other types of measuring devices must be used. 
The recording float gage consists of a float-supported pen which inks a 
continuous record of water level on a roll of recording paper on a drum, 
which in turn is mounted on a tripod permanently located at gaging sta-
tions. The electronic water level follower detects conductivity through 
probes continuously moved up and down by a servo drive, thus continuously 
making and breaking contact with the water. The air-capacitance gage is 
also mounted on a servomechanism, but this gage monitors the position of 
the water surface by maintaining a constant electrical capacitance in the 
air gap between the gage and the water surface. Vertical movement of the 
gage probes is recorded on a strip chart, or the voltage outputs can be 
converted to digital signals and recorded on magnetic tape. The bubble 
tube positioner follows the water level by moving the bubble tube up or 
down as required to maintain a constant pressure at the open end (bottom) 
of the tube. Water level changes are detected by a potentiometer on the 
servo drive. Bubbler systems are also available which determine water 
level directly from the pressure in a fixed bubble tube. Water level can 
be determined to within ±0.001 foot with any of these instruments, and is 
generally the accuracy of duplicating identical conditions on the model. 

(17) Current Velocity Meters. Current velocity is normally 
measured by miniature Price-type current meters (Fig. 3-21) capable of 
measuring velocities as low as 0.02 foot per second (-0.01 knot). Their 
calibration is quite stable unless the meters are damaged or the jeweled 
bearings become fouled. Because five cups (constructed of plastic or 
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metal) are mounted on a vertical axis, the meter is insensitive to current 
direction. In operation, the number of wheel revolutions per 10-second 
period is determined visually and converted directly into prototype veloc-
ity. A photo cell, fiber optics, an electronic counting circuit, and an 
alternating current-direct current converter have been added to provide 
automatic velocity measurements. Light is transmitted to the reflective 
surface on the cups and back to the photodiode through fiber optics. The 
pulsations of the photodiode are thus directly proportional to velocity. 
The sampling frequency is quite flexible. Miniature electromagnetic cur-
rent meters are being developed which should further improve the ease and 
accuracy of obtaining velocity measurements. Advantages of such sensors 
include the lack of inertia (which would improve the response to accel-
erating and decelerating flow) and automatic determination of velocity 
vectors. The limitations of the· current velocity meters used in estuary 
models should be considered before making close comparisons between model 
and prototype velocity data. In models with commonly used vertical scales, 
the centerline of the meter cup or vane is 3 to 5 feet (prototype) above 
the bottom, whereas field measurements are usually about 2 feet above the 
bottom. The model velocities are commonly determined over an interval 
equivalent to 3 to 16 minutes (depending on the model scales and the type 
of meter), whereas prototype velocity observations are often made in less 
than 1 minute. For common model scales, the horizontal spread of the 
entire meter cup or vane wheel is equivalent to 50 to 100 feet (depend-
ing again on the scales and type of meter). However, prototype velocity 
meters have a horizontal spread of less than 1 foot. Thus, the distortion 
of areas (model to prototype) results in comparison of prototype point 
velocities with model mean velocities for a much larger area. The same 
is true for the vertical area. The accuracy of the model velocity meters 
is on the order of ±0.25 foot per second (prototype). 

(18) Current Velocity Photos. In areas where velocities are 
very small throughout most of the tidal cycle or where water depth is too 
shallow for a velocity meter: velocity can be determined by timing the 
travel of a float over a measured distance. Surface current velocities 
can also be determined from time-exposure photos of confetti floating on 
the water surface. The camera lens is opened by a solenoid activated by 
the tide generator and closed by an accurate timing device. A.bright 
light is flashed immediately before the camera lens is closed, resulting 
in a bright spot at approximately the end of each confetti streak which 
indicates the direction of flow. Current velocities can be determined 
from the photos by determining the length scale of the photo, measuring 
the length of a confetti streak, and knowing the length of the time ex-
posure. An example of a current pattern photo is shown in Figure 3-22. 

(19) Salinity Measurement. Salinity concentration is measured 
either by chemical titration with silver nitrate or conductivity measure-
ment. Based on the sample volumes normally used for analysis, salinity 
concentrations determined by titration are considered accurate to within 
±0.02 part per thousand. The conductivity meter assembly consists of a 
set of three temperature-compensated conductivity cells, a cell switch, 
a conductivity indicator, and a digital readout. The conductivity cells 
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are 5-cubic centimeter pipettes into which the samples are drawn by suc-
tion. Each cell is equipped with two platinum electrodes and a thermo-
couple. Separate conductivity cells are used for samples between 0.0 
and 1.0, 1.0 and 10.0, and 10.0 and 40.0 parts per thousand; the cells 
are accurate to within ±0.03, ±0.30, and ±0.50 parts per thousand, 
respectively. The cells are frequently calibrated to ensure accuracy, 
but the calibration has been determined quite stable. The accuracy to 
which a model can be expected to duplicate salinities at any given point 
from cycle to cycle for identical conditions is about ±3 to 5 percent. 

(20) Dye Concentration Measurement. Fluorescent dye tracers are 
used to determine dispersion patterns and rates. Pontacyl Brilliant Pink, 
Uranine and Rhodamine vr.r dyes are most commonly used in models. Dye con-
centrations are determined to within about ±3 percent by a Turner Model 
III fluorometer. Since this instrument is sensitive to temperature 
changes, all samples should be analyzed at a uniform temperature. In 
most dye-dispersion tests, the dye is released at a point source and 
then moves in high concentration clouds along the model for several tidal 
cycles until the dye spreads throughout the estuary. These clouds move 
away from the injection point with the ebb and flood currents and form 
detached areas of comparatively high dye concentration which are dis-
cernable for several tidal cycles thereafter. Therefore, dye conce~tra
tions measured at points 1 foot apart in the model differ greatly. The 
same phenomenon occurs in nature and is probably responsible for the 
reported difficulty in analysis of results of similar full-scale studies 
in the field. 

(21) Temperature Measurement. During heat-dispersion tests, 
water temperatures are measured either by an extensive array of thermo-
couples and multichannel recorders or by thermistors with individual 
or multichannel recorders. Temperature differentials are accurately 
measured to within ±0.5° Fahrenheit (±0.3° Celsius) with the thermo-
couples or ±0.2° Fahrenheit (±0.1° Celsius) with the thermistors. 

(22) Sedimentatio1 ~.,easurement. At the conclusion of a fixed-bed 
model shoaling test, the moe,. l sediment deposited within the limits of 
marked areas (e.g., 1,000-fo'- .-long sections of a navigation channel) is 
recovered wirh the apparatus discussed previously. After most of the 
water has been separated from the model sediment, the material is .then 
measured volumetrically in graduated cylinders. The limit of accuracy 
of repeating identical shoaling tests is about ±10 percent. Assuming 
that a satisfactory shoaling verification has been achieved, the model 
and prototype shoaling rates can be related. Although the model shoaling 
test results must be considered qualitative, the model predictions will 
give a reasonable indication of prototype shoaling rates. 

4. Model Verification. 

The worth of any model study is completely dependent on verification 
of the ability of the model to produce, with a reasonable degree of 
accuracy, the results which can be expected to occur in the prototype 
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under given conditions. Therefore before any model tests are undertaken 
of proposed improvement plans, it is essential that the required simili-
tude is first established between the model and prototype and that all 
significant scale relationships between the two are determined. 

Verification of a fixed-bed estuary model is generally accomplished 
in three phases: (a) Hydraulic verification, which ensures that tidal 
elevations and times, and current velocities and directions are in proper 
agreement with the prototype; (b) salinity verification, which ensures 
that salinity phenomena in the model correspond to those of the prototype 
for similar conditions of tide, ocean salinity, and freshwater inflow; 
and (c) fixed-bed shoaling verification, which assures acceptable repro-
duction of prototype shoaling distribution. In addition, dye-dispersion 
verification is accomplished if the results of a prototype dye-tracer 
study are available. 

Since discrepancies between model and prototype observations are 
likely, the effects of various plans tested in the model on the basis 
of model-to-prototype comparisons should not be evaluated. Therefore, 
after the model has been verified, a series of observations is made 
throughout the model to define "existing" or "base" conditions in the 
model. The plan test results are then evaluated on the basis of model-
to-model comparisons to determine the changes caused by the plan. 

a. Tides •• The objective of the model tidal adjustment is to obtain 
an accurate reproduction of prototype tidal elevations and phases through-
out the model. Prototype tidal data from several gages located throughout 
the length of the estuary are required. The prototype tide gages must 
have been operated continuously throughout the velocity, salinity, and 
dye-tracer surveys. 

Because of limitations on the availability of personnel and equipment, 
most prototype current and salinity surveys are conducted over a period of 
several consecutive days, rather than obtaining all data simultaneously in 
a single day. Therefore, during a prototype survey there can be signifi-
cant variations of tidal range. To avoid the time-consuming and expensive 
procedure of adjusting a model to reproduce all of the tides d~ring the 
prototype metering program, a single tide is usually selected which 
approximates an average tidal condition for the metering period; the 
model is then adjusted for reproduction of tides, currents, and salin-
ities (for that metering period) for only the single tide. Verification 
using tidal constituents is discussed in Section VII. 

With the model operated with freshwater only (saltwater is not required 
at this stage), the primary tide generator is adjusted so that the tide 
generated in the ocean causes an accurate reproduction of the prototype 
tide at the control tide gage (located in the ocean or near the mouth of 
the estuary). The appropriate freshwater inflo\'lS are reproduced in all 
tributaries to the estuary during the verification process. The second-
ary tide generator (if used) and the model roughness are then progres-
sively adjusted until the prototype tidal elevations and phases are re-· 
produced to scale throughout the model. This adjustment is aimed at 
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reproduction of average tidal volumes and discharges, and little, if any, 
attention is paid to current velocities. If the control tide gage is 
located inside the estuary, at least limited tidal information is required 
for the ocean near the estuary mouth in order to properly adjust the model 
roughness between the ocean and the control gage. If available, data from 
temporary National Ocean Survey (NOS) tide gages within the study area are 
often useful. This process is usually repeated for various conditions of 
tidal range and freshwater inflow to ensure that the gross model roughness 
distribution is valid for a wide range of known conditions. 

In estuaries with extensive marshes which are inundated at high tide, 
the alternate waterflow into and out of the areas comprises a considerable 
part of the tidal prism. In such cases it may be necessary to accomplish 
the tidal adjustment in two phases, since different types of model rough-
ness are used in the deep channel and tidal marsh areas. First, a neap 
tide is reproduced in the model and the channel roughness is adjusted 
until tidal elevations in the channels are reproduced as accurately as 
possible. A spring tide is then reproduced, and the marsh roughness is 
adjusted until proper tidal elevations are obtained throughout the model. 

Although a redistribution of the model roughness is made during the 
current (and possibly salinity) adjustment, tidal elevations are checked 
to ensure that the tidal reproduction is still accurate. Examples of the 
tidal verification achieved in various estuary models are presented in 
Figures 3-23 and 3-24. 

b. Currents. During a substantial part of the current adjustment, 
the introduction of saltwater into the model 'is still unnecessary. After 
it has been determined that average tidal volumes and discharges are being 
reproduced with reasonable accuracy (tidal adjustment), the depth-average 
prototype velocity is determined at hourly or 1/2-hour intervals through-
out a tidal cycle at several points on ranges across the estuary. The 
lateral distribution of velocity (prototype) as a function of time during 
the tidal cycle can then be determined for each velocity range and com-
pared to measurements in the model. Extensive alterations in the lateral 
distribution of model roughness are usually necessary to bring the lateral 
velocity distribution in the model into agreement with that of the proto-
type. The total amount of roughness between tide gages cannot be altered 
significantly, because of the necessity of maintaining an accurate tidal 
adjustment. During this stage of the model adjustment, it is unnecessary 
to achieve an accurate reproduction of the absolute magnitude of veloc-
ities; only the lateral distribution is needed. Therefore, the prototype 
velocity data need not be corrected for moderate differences in tidal 
range between the tide which occurred when the prototype velocities were 
measured and the tide reproduced in the model. However, the prototype 
velocity observations for each range must all be made during a single tide 
or corrected to represent conditions for a single tide. As for the.tidal 
adjustment, the process is repeated for various conditions of tidal range 
and freshwater inflow to ensure that the lateral roughness distribution is 
valid for a wide variety of known conditions. 
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The next step of the current adjustment consists of operating the 
model with saltwater in the ocean. For a representative tide, the model 
roughness distribution is refined to achieve accurate reproduction of 
velocity distribution both laterally and vertically. During this phase, 
the lateral distribution of velocity (model and prototype) is determined 
at various depths across each velocity range rather than as a depth aver-
age. It is sometimes necessary during this phase of the model adjustment 
to bend some (or most) of the vertical roughness elements in half in order 
to concentrate more of the flow resistance near the bed. 

If the prototype velocity data have been collected over a long period 
of time, there may be no short term (i.e., 1 week or less) during which 
sufficient velocity data were collected throughout the entire estuary. 
In this case, reproduction of velocity distribution rather than absolute 
magnitude is emphasized to avoid the necessity for reproducing all the 
combinations of tide and freshwater inflow during which prototype veloc-
ity data were obtained. After the velocity distributions have been satis-
factorily reproduced, a few prototype tide-inflow conditions must be 
reproduced to ensure that velocity magnitudes are accurately reproduced 
in various areas throughout the estuary. If the prototype velocity data 
have been collected in comprehensive, short-term surveys, greater emphasis 
can be placed on the reproduction of velocity magnitudes. As discussed 
previously, a single tide from each short-term survey is selected as rep-
resentative of that survey, and only this tide is reproduced in the model. 
Since the magnitude of current velocity is strongly influenced by tidal 
range, an adjustment to many of the prototype velocities may be neces-
sary to represent conditions for the tide reproduced in the model. The 
prototype velocity adjustment can often be based on a simple correlation 
between tidal range and maximum ebb and flood velocities at a given sta-
tion (Fig. 3-25). The maximum ebb and flood velocities for the tide being 
reproduced can be determined from such a plot and compared to the maximum 
velocity observed. The appropriate percentage correction is then made to 
all velocities observed at that station. 

Two particular diff~culties are often encountered during the velocity 
verification. Depending on the type of prototype velocity meter used, 
vertical motion of the survey boat can cause the recorded velocity to 
be considerably greater than the actual velocity. This is particularly 
troublesome in the entrance to an estuary, where the survey boat is sub-
ject to continuous wave action. In this case, model reproduction of the 
lateral and vertical velocity distributions must be emphasized rather than 
velocity magnitude. In confined channels of tributaries or the upstream 
reaches of the estuary, current velocities are greatly influenced by the 
magnitude of the freshwater inflow. If the reported prototype freshwater 
flow rate is inaccurate, an accurate velocity verification in such areas 
cannot be achieved. The freshwater inflow rate must then be adjusted as 
necessary to obtain the proper velocities. 

Although a further refinement of model roughness may be required 
during the salinity verification, velocities are checked to ensure that 
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the current reproduction is still accurate. Examples of velocity verifi-
cation achieved in various estuary models are presented in Figures 3-26 
and 3-27. 

The flow predominance method of presenting current velocity reduces 
magnitude, direction, and duration of the currents to a single expression 
that defines what percentage of total flow at any given point is toward 
the ocean (ebb) and what percentage is away from the ocean (flood). This 
expression is derived from a conventional plot of velocity versus time 
over a tidal cycle at ·any given point. The areas subtended by both the 
ebb and flood parts of the curve are measured (or calculated) and sum-
marized. The area subtended by the ebb part of the curve is then divided 
by the total area to determine what percentage of the total flow is in 
the ebb direction. This calculation is performed for both model and 
prototype velocity data to determine the time-average vertical flow dis-
tribution. This information is used in addition to the time-varying 
vertical velocity distribution in adjusting the model roughness. The 
flow predominance data are useful in determining the vertical flow dis-
tribution at a given station (shom1 in Fig. 3-28), or in determining the 
longitudinal distribution of flow along the length of the estuary at 
particular depths (shown in Fig. 3-29). 
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c. Salinity. Depending on the nature of the tests to be conducted 
in the model, salinity verification is achieved in either one or two 
phases. The first, and often the only, phase involves the reproduction 
of the salinity conditions which were obtained during the quasi-steady-
state conditions of a single tidal cycle; the second phase involves repro-
duction of transient, long-term salinity conditions as affected by sea-
sonal variations in freshwater inflow. 

The first step in the quasi-steady-state verification process is to 
determine the proper source salinity. Selection of the proper salinity 
for the ocean water supply system is usually based on the maximum bottom 
salinity observed during the prototype metering program at the deepest 
station on the range closest to the ocean. If subsequent model tests 
show that the maximum salinity at this location is affected by freshwater 
inflow, the source salinity will have to be increased until the proper 
maximum salinity is reproduced. Because the model salinity conditions 
are completely artificial and temporary at the time model operation is 
initiated, the model should be operated until salinity conditions have 
stabilized before making detailed salinity measurements in the model. 
After stability has been achieved, samples are withdrawn from the model 
at hourly (prototype) intervals at the stations and depths for which 
prototype data are available. As in the velocity verification, a repre-
sentative tide from the pr9totype surv~y period is reproduced in the 
model; however, because tidal range has little, if any, effect on'numer-
ical salinity concentrations in many estuaries, it is often unnecessary to 
adjust salinities observed during different tides as long as the fresh-
water inflow conditions are the same. Drastic changes from the tidal . . 
range of the previous day should be. avoided. In this manner it is possi-
ble to demonstrate that the effects of tide on short-term (one tidal cycle) 
phasing and fluctuations in concentration of salinity are accurately repro-
duced. Further refinements to the model roughness to achieve a satisfac-
tory salinity verification are usually unnecessary. However, modification 
of the skimming weirs may be necessary to remove excess freshwater from 
the surface of the model ocean to prevent dilution of the source salinity. 
Note that quasi-steady-state conditions in the model are used to represent 
prototype conditions which are actually transient. When prototype salin-
ity conditions are changing rapidly in response to significant variations 
in the freshwater inflow, the model cannot be expected to accurately re-
produce these conditions with a quasi-steady-state test. Other unusual 
conditions during the prototype survey may also result in a rather poor 
verification; e.g., heavy winds immediately preceding or during the pro-
totype survey may result in a higher than normal degree of mixing. How-
ever, local rainfall may result in a surface layer of freshwater over a 
large area of the estuary. An example of quasi-steady-state salinity 
verification is shown in Figure 3-30. 

In broad, shallow bays with low tidal ranges (common along the Gulf 
:of Mexico), tidal currents are· generally of insufficient strength to gen-
erate a high degree of mixing between saltwater and freshwater. However, 
these estuaries are typically well mixed by wind-generated wave action. 
In estuary models of this type, the artificial roughness normally used 
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does not generate sufficient turbulence to reproduce the proper degree of 
mixing, and the models tend to be more stratified than their prototype 
counterparts. To obtain proper model salinity mixing, oscillating fans 
are mounted on stands and positioned to blow down on the model water sur-
face in a pattern designed to prevent the establishment of unnatural sur-
face eddy patterns (Fig. 3-31). The number and position of the fans are 
determined by trial and error to achieve the proper vertical salinity 
gradients. The mixing index (or salinity ratio) is determined for both 
model and prototype at various locations throughout the estuary by divid-
ing surface salinity by bottom salinity and multiplying by 100 to convert 
the result to a percentage. Examples of the degree to which the mixing 
index has been reproduced are shown in Figure 3-32 and in Table 3-2. 

Table 3-2. Lake Pontchartrain mixing indices.1 

Station Prototype Model Station Prototype Model 

GC-11 100.0 100.0 P-7 95.0 97.0 
T-5 98.0 85.0 P-8 100.0 100.0 
T-6 101.0 83.0 P-9 100.0 100.0 
T-7 101.0 100.0 P-10 101.0 90.0 
T-8 98.0 100.0 P-11 99.0 97.0 
A-6 99.0 96.0 P-12 100.0 89.0 
A-8 99.0 88.0 P-13 99.0 100.0 
A-10 100.0 91.0 P-14 94.0 69.0 
M-1 100.0 91.0 P-15 91.0 91.0 
R-1 97.0 93.0 P-16 100.0 100.0 
P-6 100.0 97.0 P-17 99.0 98.0 

Avg. 98.7 93.4 
1 Salinity ratios (U.S. Army Engineer Waterways Experiment Station, 1963). 

The first step in the long-term salinity verification is also deter-
mination of the proper source salinity. Periods of high freshwater dis-
charge may result in a considerable dilution of salinities imme.diately 
offshore of the estuary entrance. Thus, the model source salinity may 
have to be varied on a seasonal basis to achieve proper salinity veri-
fication in the estuary. These tests usually are conducted using a 
repetitious mean tide. The freshwater inflows are set to reproduce 
prototype conditions at the beginning of the survey, and the model is 
operated until salinity conditions for that prototype day are achieved. 
At that point, reproduction of the freshwater inflow hydrographs in the 
main stream and all tributaries is started and continued to the model 
time scale. The model hydrographs are usually stepped on a weekly 
(prototype) basis. 

The results of the long-term salinity verification can be presented 
as the variation of salinity with time at given points, as salinity pro-
files along the channel at various times, or as plots of constant isochlors 
or isohalines at various times on a map of the estuary. An example of the 
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reproduction of the salinity profiles in the Delaware River during a 
period when the salinity front was advancing upstream is shown in Figure 
3-33; an example of longer term salinity verification covering the period 
when the salinity front advanced and retreated is shown in Figure 3-34. 

d. Hurricane Surges. Because of the infeasibility of reproducing 
winds in an estuary model, prototype hurricane surge hydrographs must 
be adjusted to remove the effects of local winds. The model test results 
reflect only the gravitational component of the surge and must be adjusted 
to account for the local wind effects. The reproduction of normal tides 
in conjunction with reproduction of hurricane surges is often suspended 
because the contributions of normal tides to the total surge elevations 
are often relatively small and can be easily added to the model results 
by computer techniques. When separately adding the normal tide to the 
model surge results, the phase of tide with respect to the surge and the 
tidal range can be varied to determine the maximum and minimum effects of 
the tide on the height of the peak surge. Removal of the tide factor 
greatly simplifies the model operation procedure. If normal tides and 
hurricane surges are generated concurrently, the tide generator is ad-
justed to reproduce the desired tide; then the surge generator is adjusted 
to produce the observed water level history at the control gage. Because 
the model roughness has previously been adjusted for normal tides and 
currents, any adjustments to the roughness for accurate reproduction of 
the hurricane surge are usually unnecessary. However, some modification 
to the overbank roughness in areas subject to surge flooding may be nec-
essary. An example of hurricane-surge verification for a case where the 
prototype data include normal tide and local wind effects is shown in 
Figure 3-35. Figure 3-36 illustrates a case where local wind effects 
have been removed from the prototype data. 

e. Shoaling. (Since this report was prepared, a hybrid modeling 
technique has been developed for sedimentation studies. A physical 
model is used to determine the hydrodynamic conditions which are then 
used to drive a numerical sedimentation model.) The basic objective of 
the fixed-bed model shoaling verification is to identify a synthetic sedi-
ment that will move and deposit under the influence of the model forces in 
th.e same manner that the natural sediments move and deposit under the in-
fluence of the natural forces. Because no satisfactory similitude laws 
have been developed for estuarine sedimentation, the development of the 
modeling shoaling test procedure is more an art than a science at this 
time. The appropriate time and volume scales for the shoaling tests must 
be determined by trial and error. 

Many variables are involved in identifying a suitable operating tech-
nique for use in the model, and each must be resolved by trial and error 
in the model. The most significant variables include: (a) Shape, size, 
gradation, and specific gravity of the synthetic sediment; (b) method, 
location, duration, and quantity of synthetic sediment injection; (c) rate 
of freshwater inflow; (d) magnitude of tide; (e) height, direction, and 
period of ocean waves; (f) length of model operation; and (g) readjustment 
of model roughness. The model water temperature must be closely monitored, 
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since similar shoaling tests run with different water temperatures often 
give significantly different results. In general, finely ground gilson-
ite is used to simulate suspended sediments, and granulated plastic, 
nylon, or other similar material is used to simulate bedload sediments. 
Gilsonite is an asphaltic base material with a specific gravity of about 
1.03; it is usually graded to pass a Tyler No. 24 screen (0.8 millimeter), 
and is retained on a Tyler No. 35 screen (0.4 millimeter). No attempt is 
made to model the characteristics (e.g., fall velocity) of a particular 
suspended sediment. Commonly used granulated materials (with specific 
gravities) include polystyrene (1.03 to 1.09), nylon (1.13 to 1.15), 
Tenite Butyrate (1.18 to 1.20), coal (1.4), and naturalite (1.7). These 
materials are available in various regular shapes such as cubes and cyl-
inders or in irregular crushed shapes. The selected material is usually 
injected into the model in a slurry as either a point or line source, 
although it is occasionally spread over the entire problem area before 

·starting the model. After completion of the injection of the shoal mate-. 
rial, the model is normally operated for several tidal cycles to allow 
enough time for the material to be dispersed by the currents and deposi-
ted. Waves should only be generated when the shoaling problem area is 
in the estuary entrance area and thus subject to ocean wave action. Be-
cause of the distorted model scales, waves in the model that represent 

" prototype conditions cannot be reproduced; rather, the model waves are 
adjusted to simulate the degree of agitation required so the model sedi-
ments can be moved and deposited by the tidal currents. 

Because the shoaling test technique is developed by trial and error, 
the validity of the shoaling verification is highly dependent on the 
quality and quantity of the available prototype data. Surveys of the 
problem area should be available for a period of at least 2 and prefer-
ably 3 or more years, in order that average annual conditions can be de-
termined. The problem area is subdivided into sections, and the average 
annual prototype shoaling rate is determined for each section. These 
rates are then converted to percentages of the shoaling rate for the 
entire problem area, and this is the percentage distribution that is 
reproduced in the model. When an acceptable reproduction of the distri-
bution pattern has been achieved, the volume of material recovered from 
the problem area in the model can be equated to the prototype shoaling 
rate to establish an approximate shoaling volume scale. The duration of 
the model test can also be equated to the prototype period for which the 
shoaling rate was developed to determine the shoaling test time scale. 
Examples of shoaling verifications are presented in Figures 3-37 to 3-39. 

Since all conditions cannot be exactly duplicated between model and 
prototype, an exact duplication of the shoaling distribution pattern can-
not be expected; e.g., the effects of overdepth or advance maintenance 
dredging may be difficult to simulate in the model unless the dredging 
practice is consistent from year to year. Because the models are fixed 
bed, the effects of local scour or nearby deposition, and the changes in 
cross section resulting from scour or unusual dredging cannot be simu-
lated. At the termination of a model shoaling test, all material in 
motion deposits immediately in place, resulting in some model shoaling 
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in reaches that experience none in the prototype. Dredge-disposal prac-
tices are normally not reproduced in the model. If there is a return of 
material to the channel from the disposal area, this source of material 
may not be reproduced in the model shoaling tests. 

If prototype data are not available for a detailed shoaling verifica-
tion, any model shoaling tests are of a highly qualitative, rather than 
quantitative, nature. The relative shoaling tendencies of the various 
plans tested can be compared but shoaling rates cannot be predicted. In 
this case, the only verification possible is the intuitive judgment of 
the model operator as to whether or not the model shoaling pattern looks 
reasonable. The development of more than one shoaling test technique may 
be necessary to simulate the effects of various possible primary sediment 
sources. 

f. Dye Dispersion. Verification of dye dispersion is normally not 
accomplished because field dye-dispersion data are usually not available. 
However, the data were available in suitable form at the proper time for 
use in the San Diego Bay model. Because the prototype injection rate was 
very low, direct scaling of the dye release in the model was not possible. 
However, it was necessary to properly scale the density of the prototype 
dye release (l: 1) and to make the release at the correct location and at 
the scaled times. A satisfactory verification was achieved (see Fig. 
3-40). 

g. Heat Dispersion. Verification of heat dispersion has never been 
accomplished at WES for a particular project investigation. This is 
usually because no heated discharge exists at the time the model study 
is conducted. To determine the validity of far-field thermal dispersion 
tests in a distorted-scale model, a heat-dispersion verification was con-
ducted for three existing powerplants in the Delaware Estuary (Trawle, 
1976). Figure 3-41 shows comparisons of model and prototype thermal 
plumes at the Eddystone powerplant, which is located in the intermediate 
salinity zone of the estuary. The results demonstrated that. this model 
(scales 1:100 vertically and 1:1,000 horizontally) can be used effec-
tively for trend predictions of far-field thermal plume characteristics. 

5. Utilization of Scale Models. 

a. Problems Susceptible to Model Analysis. Hydraulic models are 
highly valuable tools in investigations of physical (as opposed to bio-
logical) phenomena in estuaries. A wide range of phenomena can be repro-
duced or simulated in hydraulic models, and a wide range of problems or 
projects are susceptible to model investigations. However, there are 
definite limitations to the capabilities of hydraulic models. The capa-
bilities and limitations of fixed-bed models are discussed below. 

The various phenomena which can be reproduced or simulated in hydrau-
lic models include tides, tidal currents, density currents, littoral 
currents~ currents generated by riverflows, salinity, mass dispersion, 
heat dispersion, shoaling, hurricane surges, tsunami surges, and the 
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general effects of wave and ship action on the resuspension of sediments. 
Although wind-induced currents and water level setup can be reproduced, 
it is generally not economically feasible to construct a large est'uary 
model in a wind tunnel with the capability of generating winds from 
various directions. Coriolis forces can be simulated, but comprehensive 
estuary models cannot be rotated unless they are constructed to very small 
scales. 

The rise and fall of a tide or surge and its progression upstream can 
be accurately modeled. Not only c~ the magnitude, phasing, and direction 
of currents be reproduced at a particular point, but the longitudinal, 
lateral, vertical and temporal velocity distributions are reproduced. The 
same is true for salinity. Thus, the physical model provides a time-
varying, three-dimensional representation of the hydraulic and salinity 
regimens of the estuary. Presently, only physical models are capable of 
providing such three-dimensional representations. 

Although it is possible to model the dispersion of pollutants in three 
dimensions and with time, the model tracer is usually a conservative dye 
(i.e., no decay with time). The physical model results must, therefore, 
be treated analytically before they can be applied to field conditions. 
For dispersion of thermal and other pollutant discharges, far-field dis-
persion can be modeled, but the near-field dispersion cannot be accurately 
reproduced in a distorted-scale model, if vertical exchange in the dis-
charge jet is important. 

A qualitative reproduction of shoaling patterns and distributions can 
be achieved by the empirical development of a model operating technique. 
However, the technique does not reproduce the changes in cohesion of 
deposited materials, the effect of internal shearing of the flows on 
aggregation or dispersion of suspended sediments, suspended-sediment 
concentrations, flocculation, or resuspension of sediments by wave action 
inside the estuary. 

The various problems or projects often investigated in fixed-bed 
physical models include: 

(a) navigation channels (existing, new, enlarged, or realined); 

(b) navigating conditions (current velocities and patterns); 

(c) sediment traps and turning basins; 

(d) manmade inlets or canals; 

(e) training works (jetties, groins, dikes, channel constric-
tions, etc); 

(f) port facility siting; 

(g) landfills (commercial or industrial sites, highways, 
airport runways, diked disposal areas, etc.); 
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(h) open-water disposal areas (submerged or above water); 

(i) hurricane or tsunami surge protection; 

(j) bridge and tunnel crossings; 

(k) shore erosion control (qualitative); 

(1) discharges of wastes (municipal, industrial, and 
thermal); 

(m) freshwater supply (municipal, industrial, and 
agricultural); 

(n) salinity control structures; and 

(o) upstream control or diversion of freshwater inflow. 

In addition to investigations of proposed projects, the models are often 
used to define existing prototype conditions for various situations where 
no field data are available, to provide data with which other models 
(physical or mathematical) are adjusted and verified, and to provide 
boundary conditions required in the operation of other models. 

Studies of navigation channels are usually conducted to determine 
ways to minimize maintenance dredging requirements or to determine main-
tenance requirements for a new or modified project. The effects of the 
new or modified project on such environmental factors as tides, currents, 
salinities, and dispersion must be determined; also it must be determined 
that velocities and current patterns are not hazardous to navigation. 
Studies of other navigation-related projects (manmade inlets and canals, 
training works, sediment traps and turning basins, and port facility 
siting) are usually concerned with essentially the same types of problems • 

. Qualitative studies of the potential for bank erosion are made during 
investigations of new inlets, canals, or training works by defining the 
current velocities and patterns adjacent to the shoreline. 

Landfill studies usually include determination of the effects on dis-
persion patterns, tides, currents, and salinities. If the fill is located 
near an existing navigation channel, its effect on channel shoaling is 
also determined. Studies of submerged open-water disposal areas usually 
concentrate on the dispersal of sediments from the disposal area (i.e., 
where the sediments redeposit). For submerged disposal-bank or disposal-
island projects, studies will also determine their effects on current and 
circulation patterns, dispersion patterns, tides, and salinities. Studies 
of hurricane and tsunami barriers are concerned not only with ensuring 
that the desired degree of flood protection is provided, but also with 
developing the number and location of tidal passages required in the 
barriers to preserve existing tidal, hydraulic, salinity, and dispersion 
regimens under normal (nonsurge) conditions. 
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Bridge- and tunnel-crossing studies will define current velocity 
conditions which are encountered during construction and will determine 
shoaling and other environmental factors. Qualitative shore erosion 
studies are made to determine areas which may be subjected to scouring 
velocities and to develop protection works (dikes, groins, etc.). 

Waste-dis charge studies will define zones of influence for existing 
or proposed outfall locations and will determine optimum outfall loca-
tions. These studies are usually limited to tests of conservative dye 
or thermal dispersion. 

Studies of freshwater supplies will determine whether or not the 
supply is safe from saltwater contamination during low freshwater-flow 
periods and will determine the effects of the freshwater withdrawal on 
salinity conditions downstream. If regulation of the salinity of one 
body of water is desired by introducing or regulating flow from another 
water body, model studies will determine the size and location of the 
control structure and the rate of the regulated flow required to achieve 
the desired salinity. Upstream projects often alter the freshwater in-
flow to an estuary by regulating the flow (seasonally for flood control 
projects or daily for hydroelectric projects) or by diverting freshwater 
flow from or into the estuary. In any case, the effects of such projects 
may have a significant impact on salinity and dispersion conditions in 
the estuary. If large changes in salinity conditions are indicated, the 
investigation should be expanded to determine the effects on shoaling 
distribution. 

After model verification has been completed, the model can be used to 
obtain more extensive and detailed data on existing conditions than are 
available from the prototype. These data can provide a baseline for 
use in evaluating the effects of proposed projects, and can also lead 
to an improved understanding of prototype phenomena. For example, the 
model can be used to determine the effects of tidal range, changes in 
mean sea level, differences in sustained freshwater inflow, hurricane 
surges, etc., on the extent of saltwater intrusion, salinity distribu-
tion, and general dispersion characteristics throughout the estuary. 

b. Advantages and Disadvantages of Scale Models. Modeling tech-
niques are an exceedingly important planning tool for a number of rea-
sons. It is easier and faster to ini~iate changes and test the effects 
in a model than in the prototype. The testing of many alternatives in a 
model represents only a modest financial investment; prototype testi.ng of 
the same alternatives would probably be a prohibitively expensive major 
undertaking. Prototype testing of tidal-related problems is time consum-
ing, and the results are often of less than desirable quality or quantity. 
To test a sufficient number of prototype alternatives to assure that the 
final solution is the most desirable would usually be impossible (Simmons, 
Harrison, and Huval, 1971). In addition, model testing of various alter-
natives may prevent irreversible damage to the estuary which might be 
caused by an unsatisfactory design. 
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The hydraulic model has been developed and used to solve many estua-
rine problems involving physical processes. Only the hydraulic model is 
presently capable of simulating fluid flows with variable densities in 
three dimensions. Many problems which cannot now be expressed mathe-
matically can be solved by the hydraulic model. Those problems which 
can be expressed mathematically often require basic data to evaluate 
coefficients in the equations whicl1, in particular instances, may be 

. obtained at a far less cost and time in laboratory flumes or hydraulic 
models than in nature. The hydraulic model study method has certain 
other advantages. It is a highly useful method of visually demonstrating 
alternative plans of improvement to the public and to representatives of 
local, State and Federal agencies. The model has great value in decision-
making on estuary improvements, providing the necessary understandable 
information by observation. The model can also be a research tool, and 
undefined problems or principles in the prototype can be discovered and 
solved by operation of a hydraulic model (U.S. Department of the Army, 
1969). . 

The hydraulic model has shortcomings, not the least of which is the 
apparently great first cost for construction and verification. Changes 
in conditions and alternative plans are more time consuming to study in 
a physical model than in a mathematical model. The technique provides 
little information on suspended-sediment concentrations in the estuary 
or on patterns of resuspension of fine-grained sediments throughout the 
estuary (U.S. Department of the Army, 1969). Phenomena which cannot be 
reproduced in fixed-bed hydraulic models include shoreline erosion, 
bottom scour, decay of pollutants, chemical interactions, turbidity, 
flocculation, photosynthesis, respiration, evaporation, solar radiation, 
refraction and diffraction (simultaneously) of short-period waves, and 
biological processes. 

c. Complementarity of Scale and Mathematical Models. Extensive use 
of both physical and mathematical models has shown that the two problem-
solving methodologies complement each other to a great extent. Although 
the use of an existing well-verified mathematical model would probably 
result in savings of time and money, physical scale modeling of tidal 
phenomena is usually reliable in providing accurate values of decision 
parameters for a wider range of problems than its mathematical modeling 
counterpart. In some cases, the two modeling techniques have been 
applied to the same prototype, an advantage of using different modeling 
capabilities to perform given parts of the study in the most economical 
manner (Simmons, Harrison, and Huval, 1971). 

Mathematical models are often used to provide input data for physical 
scale models more economically than this input could be generated from 
other sources (and vice versa). Mathematical models are also used to 
set the closed boundaries of physical models by establishing limits be-
yond which phenomena do not affect the problem areas or by providing 
computed open-boundary conditions. Either approach would allow physical 
modelers to reduce a model area at a commensurate savings in construction 
and testing. Relatively simple mathematical models have been used for 
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exploratory feasibility studies to point out specific problem areas within 
a large study area. This knowledge allows a physical modeler to study in 
detail and at larger scale only those specific areas and might again pre-
clude much model construction and testing effort. Rather simplified mathe-
matical models have also been used to calculate and control tidal and 
salinity inputs to physical scale models (Simmons, Harrison, and Huval, 
1971). 

Physical scale models have been used to provide input to mathematical 
models. In a general way, observations of a physical model running under 
test conditions often lead to ideas and correct conclusions which would 
not have been realized under another set of circumstances. Most empiri-
cally based computation formulas (such as Manning's equation) have been 
derived as a result of laboratory testing. Scale models also provide 
boundary and initial conditions as well as discharge coefficients for a 
mathematical model. In addition, physical scale modeling is used to 
obtain dispersion coefficients which are then used in mathematical models 
to simulate tidal transport phenomena. Mathematical models are often 
easily verified by using hydraulic scale models (Simmons, Harrison, and 
Huval, 1971) • 

Table 3-3 summarizes (in a simplified listing) some of the chief 
advantages and disadvantages of the two types of models. However, in 
deciding which modeling technique (if any) is appropriate for solution 
of specific problems, experienced investigators should be consulted. 

Table 3-3. Physical models versus mathematical models.1 

Advantages I Disadvantages 

Physical models 
Best description of three-dimensional flow 
Extensive operational experience 
Ease of visualization 
Best simulation of salinity effects 
Ability to reproduce several phenomena in 
a single model 

High cost 
Difficulty of modification 
Distortion effects 
Limited long-range development 
Measurement difficulty 

Mathematical models 
High repeatability and precision of 
measurements 

Data and model storage and retrievability 
Computational speed 
Compatibility with other models 
Ability to expand and improve models 
Verification and modification simplicity 
Low cost after development 

1 Simmons, Harrison, and Huval, 1971. 
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Cannot reproduce three-dimensional density 
gradients 

Storage grid-size limitations 
High computer cost 
Computational stability problems 
Boundary condition definition 
Integration limits-time and scale 
High initial development cost 
Mathematical equation formulation problem 



Physical models have a long history and have been refined to a sound 
predictive technique. On the other hand, comprehensive mathematical 
models have only been introduced recently, but the modeling techniques 
are expected to continue to be rapidly developed and used for tidal 
modeling. Physical model techniques should also be continually improved, 
refined, and reduced in cost to provide some of the answers to tidal 
problems that cannot now be obtained in any other way (Simmons, Harrison, 
and Huval, 1971). 

d. Predictive Capabilities. Physical hydraulic models have long 
been successfully used to predict the response of estuaries to alterations 
such as dredging, landfills, constricting works, and flow alterations. 
Model predictions of tidal elevations and phases, current velocities, 
circulation patterns, and salinity intrusion are considered highly re-
liable; however, little attention has been given to a careful comparison 
of model predictions and prototype conditions after the proposed modifi-
cations to the system have been made. Other phenomena, such as pollutant 
and sediment transport, which are considered to be reproduced only quali-
tatively in physical models, have similarly suffered from a lack of study 
to determine the relative merits of modeling them. · 

There are several reasons for the lack of comparison between model 
prediction and prototype behavior, which is termed postconstruction veri-
fication or model confirmation. First, resources are seldom available 
to follow up on a project if it is functioning satisfactorily. Other 
problems usually demand attention and money that might be applied to 
followup studies. Second, many projects are changed before construction 
due to considerations that are not pertinent to the model study; thus, 
detailed comparisons are not possible unless costly additional model 
tests are conducted. Finally, if model results show a project to be 
infeasible, it is not constructed; consequently, comparison is not possi-
ble. The limited number of confirmation investigations on Corps of Engi-
neers model study predictions includes hydraulic characteristics of the 
St. Johns River (Fortson, 1970), and shoaling characteristics of the 
Alameda Naval Air Station (U.S. Army Engineer Waterways Experiment Sta-
tion, 1950), and in the Delaware River (U.S. Army Engineer Waterways 
Experiment Station, 1947). 

The increasing environmental awareness in recent years·has resulted in 
a demand for more detailed model predictions of many estuarine phenomena. 
Recognizing the need for postconstruction verification of model studies 
to provide more reliable results, the Office, Chief of Engineers (OCE), 
authorized WES in 1971 to begin a series of confirmation studies. The 
primary objective of these studies was to define the degree of accuracy 
to which the results of tests conducted in physical hydraulic models pre-
dict the changes induced by modifications to estuarine systems. A second-
ary objective was to improve modeling techniques such that the value of 
physical model studies may be increased. 

The first study in this series evaluated the predictions made in the 
Delaware River model for the effects of a navigation channel enlargement 
project between Philadelphia and Trenton (Letter and McAnally, 1975). 
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The channel-deepening project between Philadelphia and Trenton caused 
significant, but not large, changes in the hydrodynamic and salinity reg-
imen of the estuary. The magnitude of the changes induced was much larger 
than the fluctuations due to the imperfect repeatability of the model, but 
not great enough to strain the initial calibration of the model. There-
fore, the deepening project constituted a valid test of the capability of 
the model to predict the changes in the estuarine system caused by projects 
of that scale. 

The original verification was considered very good, and this study 
concluded that the accuracy of the model predictions was as good as the 
original verification. Tidal phenomena, current velocities, and the 
salinity regimen of the estuary have been predicted by the model with 
accuracy for the postconstruction conditions. 

The results of this study show not only the validity of the Delaware 
River model predictions but also the necessity of interpreting the results 
in general terms rather than for specific point values. The model is very 
accurate for predicting changes and general trends for the estuary, but a 
particular value at a particular time and place should not be considered 
completely quantitative in all cases. Physical hydraulic models used 
with proper caution to avoid too literal an interpretation of the results, 
are of·significant value as a decisionmaking tool. 

Several additional confirmation studies presently underway or planned 
will consider a variety of projects, estuarine phenomena, types of estu-
aries, and model scales. 

6. Examples of Model Studies Conducted. 

a. Navigation Channel Shoaling-:~olumbia River Estuary. 

(1) Project. South jetty rehabilitation, improvement of entrance 
channel by construction of a new jetty, and enlargement of existing navi-
gation channel. 

(2) References. Herrmann and Simmons (1966); Herrmann (1968, 
1971, 1974). 

(3) Laboratory. WES. 

(4) Test Period. South jetty (August 1963 to January 1964); 
Wauna-Lower Westport Bar (August 1964 to October 1965); jetty B (January 
to May 1967). 

(5) Problems. The authorized length of the south jetty (Fig. 
3-42) is about 6.6 miles with a top elevation of +24 feet mean lower low 
water (MLLW). In 1941, a terminal block was constructed 3,900 feet shore-
ward of the outer end of the structure; by 1960, the jetty needed exten-
sive rehabilitation shoreward of the terminal block. The entrance channel 
dimensions are 48 feet deep and 0.5 mile wide over a distance of about 
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. Figure 3-42. Columbia River entrance (after Herrmann 
and Simmons, 1966; Herrmann, 1974). 

,, 

5 miles, and the average annual maintenance dredging amounts to about 
2.3 to 2.5 million cubic yards. A 5,300-foot-iong jetty B (fig. 3-42) 
was authorized for the Columbia River entrance to reduce maintenance 
dredging in the entrance channel. The Wauna-Lower Westport Bar (Fig. 
3-5) is located between river miles 41 and 45 on the Columbia River and 
is considerably upstream from the extent of saltwater intrusion. For the 
35- by 500-foot channel, the average annual maintenance dredging was 
about 315,000 cubic yards. Model tests were made to determine the changes 
in hydraulic and shoaling characteristics that would be effected by en-
larging the channel to 40 by 600 feet and to develop an optimum improve-
ment plan to minimize the cost of maintenance dredging in the enlarged 
channel. 

(6) Purpose of Model Study. The model study was conducted to 
determine: (a) the need for and to develop optimum plans for rehabilita-
tion of existing entrance jetties, (b) the most effective means of reduc-
ing the cost of maintenance dredging in the navigation channels, and (c) 
the effects of the proposed interior channel enlargement from 35 by 500 
feet to 40 by 600 feet. 

(7) The Model. The Columbia River Estuary model reproduced the 
lower 52 miles of the estuary (see Fig. 3-5) and was constructed to lin-
ear scales of 1:500 horizontally and 1:100 vertically. The model (a com-
bination fixed- and movable-bed type) was about 560 feet long, 130 feet 
wide at its widest point, and covered an area of about 48,000 square feet. 
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The model was initially constructed as a fixed-bed model throughout; how-
ever, provisions were made to convert the entrance area to a movable-bed 
model at a later date to investigate the effects of various plans on bed 
configuration in the entrance. The primary tide generator was located 
in the model ocean, and a secondary tide generator reproduced the proper 
ebb and flood discharges at the upstream end of the model, since the 
tidal influence extended about 50 miles beyond the upstream model limit. 

(8) Test Procedures. The model was operated with saltwater and 
freshwater for all fixed-bed tests. Since the sediments in the lower 
Columbia River Estuary consist primarily of fine sand with a grain size 
of 0.15 to 0. 3 millimeter, a granulated material was used as the fixed-
bed model shoaling material. Shoaling test techniques were developed by 
trial and error at each of the seven problem areas investigated rather 
than developing a single comprehensive testing procedure for the entire 
model. In each case it was. determined that polystyrene (S.G. = 1.08) was 
the most appropriate material. 

(9) Summary of Test Results. The test results indicated that 
rehabilitation of the existing outer end of the south jetty would not 
significantly benefit the hydraulic, salinity, or shoaling characteristics 
of the entrance area as a whole, although some additional protection to 
vessel traffic from ocean wave action would probably be effected by the 
rehabilitation. However, the tests also indicated that, if the seaward 
1,900 feet of the above-water part of the jetty (Fig. 3-42) were allowed 
to degrade to an elevation of about -15 feet MLLW, shoaling of the en-
trance channel could be reduced by about 21 percent (Fig. 3-43). This 
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plan was adopted, thus saving $4,570,000 in planned jetty rehabilitation. 
In addition, a substantial maintenance dredging cost savings will result 
when the jetty has naturally deteriorated to -15 feet MLLW. 

Tests of jetty B indicated that channel shoaling would be reduced by 
about 28 percent and that the upstream peak in the shoaling distribution 
pattern would be eliminated (Fig. 3-43). In addition, the structure 
would cause a very significant change in vertical mixing in the entrance. 
As a result, middepth and bottom salinities would be generally reduced, 
while surface salinities would be generally increased (Fig. 3-44). The 
maintenance dredging savings from this plan would not be sufficient to 
justify the initial cost of the structure, estimated to be $12 million 
in 1958. 

The results of the Wauna-Lower Westport Bar (Fig. 3-45) tests indi-
cated that enlarging the channel without supplemental improvements would 
increase the rate of shoaling by about 76 percent and would create a new 
peak in the shoaling distribution pattern (Fig. 3-46). The best improve-
ment plan tested consisted of four pile dikes with lengths of 400 to 

' 1,100 feet and three large disposal area fills as shown in Figure 3-45. 
Model tests indicated that this plan would reduce shoaling in the enlarged 
channel by about 30 percent and eliminate shoaling in the upstream 2,500 
feet of the bar (Fig. 3-47). The dikes and fills were constructed in the 
prototype about 1 year before enlarging the channel. The plan was so 
effective that new work dredging requirements for the enlarged channel 
were reduced by 42 percent by the natural scouring action of the newly 
constructed dikes. Thus, the plan resulted in an initial savings of 
about $334,000. Future savings will result from the reduced shoaling 
as compared to an unimproved, but enlarged, channel. 

In 1969, it was estimated that the annual maintenance dredging savings 
from the south jetty and Wauna-Lower Westport Bar studies would amount to 
$125,000 (U.S. Department of the Army, 1969). In addition, programed con-
struction expenditures of $4,570,000 (south jetty rehabilitation) were 
saved and an authorized project estimated to cost $12 million (construc-
tion of jetty B) was dropped. The total cost of the model study, which 
included investigations of several other problems, was about $1.2 million. 

b. Environmental Impact of Navigation Channel Enlargement--James 
River. 

(1) Project. Deepening existing navigation channel from -25 to 
-35 feet mean sea level (MSL). 

(2) Reference. U.S. Army Engineer Waterways Experiment Station 
(1966). 

(3) Laboratory. WES. 

(4) Test Period. September 1964 to September 1966. 
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(5) Problem. A reach of the James River just upstream from the 
James River Bridge is the major source of seed oysters for the $5 million 
per annum Chesapeake Bay oyster industry. Plans to dredge a deeper channel 
would probably need revising if deepening would adversely affect hydraulic 
or salinity conditions over the seed oysterbeds. 

(6) Purpose of Model Study. A comprehensive model of the James 
River was used to determine the probable effects of a proposed 10-foot 
increase in the depth (from -25 to -35 feet MLW) of the navigation chan-
nel between Newport News and Richmond on salinities and currents in the 
estuary as a whole and especially over the seed oysterbeds. 

(7) The Model. The model (Fig. 3-48), constructed to linear 
scales of 1:1,000 horizontally and 1:100 vertically, was about 550 feet 
long and 130 feet wide at its widest point. 

(8) Test Procedures. The model tests involved reproduction of 
low, medium, and high sustained freshwater inflows into the James River 
and its principal tributaries, together with reproduction of an average 

'ocean tide. Measurements of salinities and currents were made throughout 
the problem reach at hourly and 1/2-hour intervals, respectively, over a 
complete tidal cycle; the results were generally averaged (time and depth) 
to determine the average velocity and average salinity values. These data 
were intended to demonstrate the effects of the proposed channel deepening 
on the entire estuary, as well as in areas used for seed oysterbeds. 

(9) Summary of Test Results. Figure 3-49 shows the effects of 
the 35-foot channel on time- and depth-averaged salinities at sampling 
stations located in and immediately adjacent to the navigation channel 
for the three inflow conditions tested. The figure shows that the effects 
were negligible for a river discharge of 11,500 cubic feet per second, 
that average channel salinities were increased by about 0.1 to 0.8 part 
per thousand for a discharge of 3,200 cubic feet per second and that 
average channel salinities were increased by about 0.1 to 0.4 part per 
thousand for a discharge of 1,000 cubic feet per second. Figures 3-50, 
3-51, and 3-52 show the changes in time- and depth-averaged salinities 
at stations in the seed oysterbeds for the various river discharges. 
Over the entire seed oysterbed area, average salinity was decreased by 
0.2 part per thousand at 11,500 cubic feet per second, and was increased 
by 0.2 and 0.4 part per thousand at 3,200 and 1,000 cubic feet per second, 
respectively. Similar information developed for the effects of the en-
larged channel on velocities in the problem area indicated that average 
flood and ebb velocities over the entire area would be changed on the 
order of ±0.2 foot per second. 

It was concluded that the proposed 10-foot deepening of the channel 
would have no significant effects on tides, currents, or salinities in 
the James River in the reach between the James River Bridge and Fort 
Eustis, which includes the important seed oysterbeds. 

133 



OJ 
.t:> 

LEGEND 

::::::NAVIGATION CHANNEL 

~ DISPOSAL AREA 

f 
-N-

~ 
LOCATION MAP 

SCALES IN FEET 

PROTOIYPE 20·=----~ooo ~o.ooo 6o.ooo 

MODEL 20 0 20 ~0 60 ----=-==-

MODEL LIMITS -----------, 

-"""'" '--
OCEAN 

I 
I 
I 
I ______ ] 

Figure 3-48. James River model (after U.S. Army Engineer Waterways Experiment Station, 1966). 



0J 
01 

SALINITY STATIONS 
18 !IG 

283{' 1 1 21G 1 2181 1 215 212 e~ ~ 11~ 1 1 5;41 ~~ 1e~ ~ "(A ~ 1 

24r---1---~---+ 

LEGEND 

DJ EXISTING CHANNEL ---

o---oJ A---1:; ENLARGED CHANNEL 
D----{1 

I 

(,~- -t 

4 

eo 55 50 45 40 20 IS 10 5 
MILES 

Figure 3-49. Effects of channel enlargement on 
salinity profiles, James River 
(after U.S. Army Engineer Waterways 
Experiment Station, 1966). 

0 

Figure 3-50. Effects of channel enlargement on 
average salinities, Q = 11,500 
cubic feet per second, James River 
(after U.S. Army Engineer Waterways 
Experiment Station, 1966). 



(JJ 
(j) 

Figure 3-51. Effects of channel enlargement on 
average salinities~ Q = 3,200 cubic 
feet per second, James River (after 
U.S. Army Engineer Waterways 
Experiment Station, 1966). 

Figure 3-52. Effects of channel enlargement on 
average salinities~ Q = 1, OOQ cubic 
feet per second, James River (_a£te:r; 
U.S. Army Engineer Waterways 
Experiment Station, 1966}. 



c. Navigation Conditions--Umpqua River Estuary. 

(1) Project. Improvement of navigation conditions in existing 
navigation channel. 

(2) Reference. Fisackerly (1970). 

(3) Laboratory. WES. 

(4) Test Period. October 1965 to May 1968. 

(5) Problem. An adverse crosscurrent existed in the entrance 
area. No actual measurements of the crosscurrent were available, and 
only a general description of the phenomena was provided by tug skippers. 
Barge tow crossings over the entrance bar are usually made on the flood 
tide. A barge proceeding seaward in the channel on the south side of the 
entrance encounters a shear current to the north near the seaward end of 
the training jetty which forces the tug or barge onto the middle grounds. 
The Umpqua River entrance is shown in Figure 3-53. 

(6) Purpose of Model Study. Model tests were conducted to obtain 
an optimum layout of the entrance area jetty system to (a) improve current 
patterns in the entrance from the standpoint of navigation, and (b) mini-
mize the cost of maintenance dredging. 

(7) The Model. The model (see Fig. 3-1) was constructed to lin-
ear scales of 1:300 horizontally and 1:100 vertically, was about 280 feet 
long, 100 feet wide at its widest point, and covered an area of about 
10,000 square feet. The model was a combination fixed- and movable-bed 
model which was initially constructed as a fixed-bed model, with provi-
sions to later convert the entrance area to movable bed if necessary. 

(8) Test Procedures. Crosscurrent observations were obtained 
by means of time-exposure photos of a staff-type float, weighted so that 
the bottom was 10 feet below the water to represent the depth of a loaded 
oceangoing barge. 

(9) Summary of Test Results. In the model, a crosscurrent was 
created by generating waves which approached from the northwest quadrant. 
Waves approaching from that direction tended to pile up water in the angle 
between the south jetty and the training jetty, resulting in a head dif-
ferential between this area and the navigation channel which generates the 
crosscurrent. The condition is accentuated during the flood phase of the 
tide, because a part of the tidal flow naturally enters into the angle 
between the jetties, and the outflow from the angle must turn more than 
90° to flow upstream in the main channel. 

Photos of the crosscurrent for existing (base test) conditions and 
for three of the various plans tested are shown in Figure 3-54. Elimi-
nation of the angle between the south and training jetties by extending 
the training jetty to the outer end of the south jetty (plan 1 in Fig. 
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3-54) completely eliminated the crosscurrent. Shorter extensions of the 
training jetty reduced the strength and duration of the crosscurrent but 
did not eliminate it. 

d. Training Structures--Delaware River. 

(1) Project. Rehabilitation of existing dikes. 

(2) Reference. U.S. Army Waterways Experiment Station (1956, 
1964). 

(3) Laboratory. WES. 

(4) Test Period. April to November 1963. 

(5) ·Problem. Reedy Island Dike (Fig. 3-55), constructed in 
1887 to 1917 to a total length of 17,000 feet, was designed to concen-
trate flow into the main channel east of Reedy Island and thus reduce 
serious shoaling that occurred in that part of the estuary at the time 
the dike was constructed. Pea Patch Dike, constructed in 1930-34 to a 
total length of 19,000 feet, and Pennsville Dike, constructed in 1942-43 
to a length of 5,000 feet, were built for the same basic reasons. At the 
time of the model studies all three dikes were seriously deteriorated, and 
estimates for rehabilitating the structures to design conditions showed 
that expenditures of $5 million each would be required to restore Reedy 
Island and Pea Patch Island Dikes, and $1,500,000 to restore Pennsville 
Dike. 

(6) Purpose o~ Model Study. Model tests were conducted to de-
termine: (a) The effects of Reedy Island and Pea Patch Island Dikes on 
hydraulic conditions in the estuary, and if the flow regimen so required, 
the extent of dike rehabilitation necessary; and (b) the additional bene-
fits that would be derived from restoring deteriorated sections of Penns-
ville Dike to a crest elevation of about 2 feet above MHW rather than to 
the elevation of mean tide level. 

(7) The Model. The Delaware Estuary model (Fig. 3-56) reproduced 
the entire tidal part of Delaware Bay and River from the Capes to Trenton, 
New Jersey, to linear scales of 1:1,000 horizontally and 1:100 vertically. 
Before the dike studies, the entire model had been carefully adjusted and 
verified for tides, tidal currents, and salinity conditions throughout the 
full range of freshwater inflows. 

(8) Test Procedures. All three dikes were subjected to hydrau-
lic tests for existing and design conditions, and for essentially a com-
pletely deteriorated condition of each dike. After these tests were 
completed and the results analyzed, further tests were made with certain 
parts of the dikes restored to design conditions and other parts left in 
a deteriorated state. 
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Figure 3-55. Locations of Delaware River dike.s (_a£ter U.S. Army 
Engineer Waterways Experiment Station~ 1964). 
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(9) Summary of Test Results. Close examination of flow pattern 
photos and velocity measurements showed conclusively that all of Reedy 
Island Dike could be allowed to deteriorate without adverse effects on 
hydraulic conditions or shoaling. The tests also showed that most of 
Pea Patch Island Dike could likewise be allowed to deteriorate without 
adverse effects; however, the results suggested that sufficient benefits 
would accrue from maintaining the upstream 3,300 feet of the dike to de-
sign grade to justify the cost of rehabilitation and maintenance. Tests 
of the Pennsville Dike showed conclusively that this structure should be 
rehabilitated and maintained to the design conditions. These tests re-
sulted in a total savings of about $9,100,000 ($5 million for rehabili-
tation of Reedy Island Dike, and $4,100,000 for rehabilitation of the 
unnecessary 15,700 feet of Pea Patch_ Island D1ke), and showed· that allow-
ing the Reedy Island Dike and part of Pea Patch Island Dike to deteriorate 
would have no adverse effects on hydraulic or shoaling conditions in the 
estuary. 

e. Disposal ISlands-..:.~1atagorda Bay. 

(_1) Project. Deepening existing navigation channel from 12 feet 
to a 36-foot-deep new entrance, and location of dredged-material disposal. 

(2) Reference. Simmons and Rhodes (1966). 

(3) Laboratory. WES. 

(4) Test Period. December 1959 to September 1962. 

(5) Problem. Matagorda Bay is located on the Texas coast be-
tween Galveston and Corpus Christi, and until a 36-foot-deep navigation 
channel to Point Comfort was authorized by Congress, navigation in the 
bay was limited to a 12-foot-deep channel for barge tows and small craft. 
The deep-draft project for Matagorda Bay is unique in that, instead of 
the channel being gradually deepened a few feet at a time as has been 
the case in most estuarine navigation projects, the channel was dredged 
in one operation from -12 feet or less to a project depth of -36 feet. 
Because of the large quantity of material to be dredged in the initial 
excavation of the channel, and since the dredged material could not be 
distributed widely in the bay because of potential redistribution of 
the material to the channel and possible adverse effects on marine life, 
the question of proper selection of dredge-disposal areas was a highly 
important one. 

(6) Purpose of Model Study. The model study was conducted for 
the design of a deep-draft navigation channel. Studies were conducted 
to determine the optimum locations for dredged-material disposal during 
initial excavation and subsequent maintenance dredging of the channel. 

(7) The Model. The Matagorda Bay model was of the fixed-bed 
type. It reproduced to linear scales of 1:1,000 horizontally and 1:100 
vertically the prototype area shown in Figure 3-57. The model was about 
200 feet long, 225 feet wide, and covered an area of about 30,000 square 
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Figure 3-57. Matagorda Bay model (after Simmons and Rhodes, 1966). 

feet. Tides and tidal currents were reproduced by a primary tide gener-
ator located in the Gulf of Mexico part of the model and a secondary tide 
generator located at the model limit of the channels which connect Mata-
gorda Bay and Espiritu Santo Bay to the west. This secondary generator 
reproduced the discharge exchange between the two bays which results 
from tidal action in each of the bays. 

(8) Test Procedures. The model was operated with both saltwater 
and freshwater so that density effects on current velocity distribution in 
the deep channels would be reproduced, and the effects of the deep-draft 
project on the salinity regimen of the bay system could be determined. 

(9) Summary of Test Results. The alinement of the new entrance 
channel, as developed during the model study, is shown in Figure 3-58. 
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After numerous tests, it was determined that a chain of disposal islands, 
generally following the east side of the navigation channel and with sub-
stantial openings between adjacent islands (Fig. 3-58), would neither 
result in adverse effects on circulation patterns nor cause undesirable 
crosscurrents in the navigation channel. In the area between Matagorda 
Peninsula and a point about opposite Port O'Conner, the disposal islands 
had to be oriented so that the long axes were parallel to the predominant 
current directions; this increased the widths of openings between adjacent 
disposal islands to prevent further restriction of the entrance to the bay 
and the production of crosscurrent velocities and patterns which might be 
detrimental to navigation (Fig. 3-59). 

f. Submerged Disposal Areas--James River. 

(1) Project. Evaluation of existing open-water disposal areas 
adjacent to 35-foot-deep navigation channel. 

(2) Reference. Boland and Bobb (1975). 

(3) Laboratory. WES. 

(4) Test Period. March 1969 to September 1970. 

(5) Problems. For a number of years the U.S. Army Engineer 
District, Norfolk, has been using the open-water disposal technique to 
dispose of material dredged during maintenance of the existing James 
River navigation channel extending from deep water in Chesapeake Bay 
some 100 miles to the city of Richmond, Virginia. It was necessary to 
determine if the areas used for disposal between Newport News and Hope-
well were performing satisfactorily in terms of retaining the placed 
dredged material and to obtain some idea of the life expectancy of the 
respective areas. 

(6) Purpose of Model Study. The study was conducted to deter-
mine if the areas used for dredged-material disposal were performing 
satisfactorily and to determine their life expectancies. Alternate 
disposal areas were evaluated as necessary. 

(7) The Model. The existing James River model was used (see Fig. 
3-48). Adjustment of the model to reproduce prototype tides, currents, 
and salinities was accomplished before conducting the study, and no addi-
tional adjustment for this purpose was required. However, shoaling veri-
fication in the problem area had not been accomplished, and tests were 
conducted to demonstrate the capability of the model to reproduce known 
prototype shoaling characteristics. Gilsonite was selected as the appro-
priate model sediment. 

(8) Test Procedures. The tests involved placement of lightweight 
sediments (gilsonite) in the disposal areas, tracing patterns of movement 
from such areas, and defining the areas where sediments moving from the 
disposal areas would deposit. If the test results indicated a probable 
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Figure 3-59. Surface current patterns around disposal islands, 
Matagorda Bay (Simmons and Rhodes, 1966). 
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excessive rate of return of dredged material to the channel from the 
existing disposal areas, the tests were expanded to include studies of 
alternate areas in the same general vicinity to determine if more suit-
able areas could be defined. For the disposal area tests, the gilsonite 
water mixture was dumped into the disposal area in the model in a manner 
to simulate prototype disposal operations. The daily prototype dredge 
advancement rate was simulated in the model injection operation. 

(9) Summary of Test Results. At the Goose Hill shoal reach, 
material was placed about 1,600 feet south of, and parallel to, the navi-
gation channel. The results of tests in which material was placed only 
in the upstream half of the present disposal area (Fig. 3-60) indicated 
that only a very small part of the material from this area returns to the 
navigation channel. Test results for the downstream half of this disposal 
area indicated a substantial return of material to the navigation channel 
(Fig. 3-61). However. a test conducted ~n which the material was placed 
in a proposed disposal area on the opposite (north) side of the channel 
and it was found that no material returned to the navigation channel. 

g. Flushing--San Diego Bay. 

(1) Project. Proposed second entrance to bay. 

(2) Reference. Fisackerly (1974). 
(3) Laboratory. WES. 

(4) Test Period. May 1967 to September 1968. 

(5) Problem. At the present time, the only connection between 
the Pacific Ocean and San Diego Bay is Zuniga Channel, located at the 
northwestern end of the bay. Since the more recent navigation facilities 
are located in the southeastern part of the bay, and more are planned for 
the near future in that area, a second entrance would greatly reduce the 
transit time through the bay for commercial vessels and would alleviate 
some traffic congestion in Zuniga Channel. Because the flushing rate 
of San Diego Bay is extremely low, it was hoped that a second entrance 
would expedite flushing and therefore improve the quality of the bay 
water. 

(6) Purpose of Model Study. This study was conducted to deter-
mine the feasibility of, and the optimum location for, a second entrance 
into San Diego Bay and the effects of such an entrance on the tidal 
heights, current velocities, and circulation patterns throughout the 
bay and in the second entrance. 

(7) The Model. The physical model used for this study repro-
duced all of San Diego Bay and a part of the Pacific Ocean outside the 
bay (Fig. 3-62). The model was of fixed-bed construction and was built 
to linear-scale ratios of 1:500 horizontally and 1:100 vertically. The 
model was 125 feet long, 100 feet wide, and covered an area of about 
12,000 square feet. 
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(8) Test Procedures. A thorough study of salinity observations 
made throughout San Diego Bay showed that the maximum variation in salin-
ity from surface to bottom, from one side to the other, and from the 
entrance to the south end is only 0.5 part per thousand, which indicates 
a well-mixed estuary with no significant density currents. Therefore, 
the use of both freshwater and saltwater in the model was unnecessary, 
and the model was operated only with freshwater. After the usual hydrau-
lic verification of tides and tidal currents, a dye-dispersion experiment 
conducted in the prototype by the Federal Water Quality Administration 
(now Environmental Protection Agency) was duplicated in the model, and 
the results showed that dispersion rates and patterns in the model were 
very similar to those observed in nature (see Fig. 3-40). After this had 
been established, additional dispersion tests were conducted in the model 
for existing conditions and for the two possible second entrances (see 
Fig. 3-62i. The model dispe.rsion tests involved discharging equal quan-
tities of a fluorescent dye at three injection point locations (see Fig. 
3-62) for 15 diurnal tidal cycles (24.84 hours each), then terminating 
the releases and continuing model operation for an additional 35 diurnal 
tidal cycles to observe dispersion of the dye. 

(9) Summary of Test Results. The results of the three tests are 
summarized in Figure 3-63 which shows dye concentrations at given stations 
throughout the bay at tidal cycles 15, 30, and 45 (dye was released during 
the first 25 tidal cycles) for each test. The curves labeled "base test" 
represent existing conditions; curves for plan 1-C represent the northerly 
of the two second entrances tested, and curves for plan 6 the southerly of 
the second entrances. The test results indicated an overall improvement 
in flushing characteristics throughout the bay for both plans tested, 
although dye concentrations were increased during certain phases of the 
dispersion tests in certain areas for both plans. Dye concentrations 
for plan 1-C were generally significantly lower than those for plan 6, 
although the peak concentrations for plan 1-C were higher than those for 
plan 6 in the central part of the bay at higher high water slack and in 
the extreme southern end of the bay at lower low water slack. 

For both plans, the tidal range in the southern part of the bay was 
reduced by about 0.5 foot; the elevation of high water was lowered while 
the elevation of low water was raised. Maximum velocities in the north-
ern part of the bay were generally reduced by 60 to 80 percent; in the 
southern part the velocities were relatively unchanged or showed increases 
in the immediate vicinity of the proposed second entrance. A nodal point 
developed in the central part of the bay where there was little horizontal 
water movement at any time during the tidal cycle. The current pattern 
photos showed that the nodal point during the ebb tide was about 6,000 
feet south of that during the flood tide. Thus, a net southward circu-
lation was created, with a net inflow through the existing entrance and 
a net outflow through each of the proposed second entrances. 

h. Water Quality--New York Harbor. 

(1} Project. Proposed inlet to Sandy Hook Bay. 
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(2) References. McNair and Hill (1972); Section VII,S,a of 
this report. 

(3) Laboratory. WES. 

(4) Test Period. January 1969 to February 1970. 

(5) Problem. The principal purpose of the new inlet was to 
provide a safer and shorter route for recreation and charter boats be-
tween the Shrewsbury-Navesink River complex and the popular fishing 
grounds lying offshore and to the southeast. Boats presently travel 
north through Sandy Hook Bay, around the tip of Sandy Hook, then south 
to the fishing grounds. The proposed inlet would reduce travel distance 
and time by more than 50 percent and would provide a safer passage by 
eliminating the need to pass through the rough waters of Sandy Hook Bay. 
The proposed inlet would be constructed across Sandy Hook Peninsula about 
5 miles south of the entrance to New York Harbor (Fig. 3-64). The new 
inlet, known locally either as Shrewsbury or Sandy Hook Inlet, had pro-
posed dimensions of 250 feet in width and 15 feet in depth at MLW. Be-
fore making the final decision on whether to construct the new inlet, it 
was essential to know its effects on tides, currents, salinities, tem-
peratures, and the flushing characteristics of Sandy Hook Bay and the 
Shrewsbury-Navesink River complex so that effects of the project on 
environmental factors throughout the area could be fully evaluated. 

(6) Purpose of Model Study. The model studies were conducted 
to determine the effects of the inlet on (a) water quality in Sandy Hook 
Bay and the Shrewsbury and Navesink Rivers from the viewpoints of public 
health, recreation, and fish and wildlife; (b) flooding within the areas 
as a result of normal tides and hurricane surges; (c) recreational boat-
ing and commercial navigation; (d) general shoaling characteristics and 
maintenance requirements; (e) the optimum location and length of jetties 
at the ocean end of the proposed inlet; and (f) transmission of wave 
energy through the inlet into Sandy Hook Bay. 

(7) The Model. Two physical models were used for the studies. 
The first was an undistorted 1:100-scale model (Fig. 3-65) of the area in 
which the new inlet would be constructed, including appropriate parts of 
the ocean and bay approaches to the inlet. This section model was about 
65 feet long and 30 feet wide. A comprehensive discussion of the section 
model is presented in Section VII. The second model used was an existing 
comprehensive model of New York Harbor (Figs. 3-3 and 3-66) constructed 
to linear ~cales of 1:1,000 horizontally and 1:100 vertically. The model, 
extended for this study to include the Shrewsbury-Navesink Rivers and 
appropriate offshore areas, was about 500 feet long, covered an area of 
about 25,000 square feet, and was equipped with a primary tide generator 
in the ocean and secondary tide generators in Long Island Sound and the 
upstream end of the Hudson River. 

(8) Test Procedures. The section model was used to define the 
hydraulic characteristics of the proposed inlet, to study the details of 
channel and jetty locations and dimensions, and to determine the amount 
of wave energy that would be transmitted through the new inlet into Sandy 
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Hook Bay, with specific reference to the locations of marinas near High-
lands, New Jersey. The comprehensive model was used to determine the 
effects of the new inlet on normal tides, hurricane surges, tidal cur-
rents, salinities, temperatures, and the concentrations of pollutants in 
the study area for various input sources of pollution. 

(9) Summary of Test Results. The following results of the 
model tests are summarized to provide a quick appraisal of the effects 
of the new inlet on various environmental factors. Table 3-4 shows the 
effects of the new inlet on average salinities in the major compartments 
of the study area (Sandy Hook Bay, Shrewsbury River, and Navesink River). 
The maximum change in average salinity amounted to about 0.3 part per 
thousand. · 

Table 3-4. Effects of plan 3 on average salinities. 

Test 
Chlorides 1 

Sandy Hook Bay Navesink River Shrewsbury River 

Base 16.0 14.3 14.9 
Plan 3 16.1 14.0 15.1 

1 Parts per thousand. 

The effects of the new inlet on normal tides at three locations in 
the study area are shown in Figure 3-67 (note that normal tides were 
essentially unaffected). The effects on water surface elevations for a 
test involving reproduction of the November 1950 hurricane surge in the 
harbor are shown in Figure 3-68. The maximum elevation of the surge was 
not changed by the new inlet, but outflow through the new inlet allowed 
surge elevations in Sandy Hook Bay to drop slightly faster than for 
existing conditions. 

Figure 3-69 shows current velocities over a complete tidal cycle at 
three locations in the study area (see Fig. 3-64 for location of sta-
tions). Current velocities were not changed significantly by the new 
inlet, although the time phasing of the current at a station near the 
new inlet (R2-W) was modified. This information, together with the tidal 
data, show conclusively that the new inlet would not change existing flow 
rates and volumes of inflow and outflow between Sandy Hook Bay and Shrews-
bury and Navesink Rivers. The inflow and outflow control would remain in 
the relatively small channel connecting Sandy Hook Bay with the Shrewsbury 
and Navesink Rivers, and dredging of the new inlet would not change this 
control section in any way. 

Figure 3-70 shows the effects of the new inlet on the rate of change 
in temperature in the study area for conditions simulating an upwelling 
of cold ocean water off Sandy .Hook (a fairly common occurrence). The 
rate at which water temperatures decreased in the study area because of 
such upwelling was essentially the same with the new inlet installed as 
for existing conditions, thus indicating that the new inlet would have no 
significant effects on water temperature. 

158 



()1 
<.0 

kLr::LL-_:_~-c-~·-r:AN1o1Y~H~ooiK3e~A~Y~~~1~~ ~ - --~:-':-
___ BASE TEST ~..... • - 1"-- f'. 
---- PLAN 3 ~'-' -_- ·- 1---·- , - "'~ _: = 't:l=S=!:=-- -2~ --__ - 1.-...,--,,;._--+'-+ ---~---t-+--+---+-f--- -t- - - - :--' ~ 

I - - - ~ - ~ -- ~- - - -+ '--I-- r--. -
0 -+ . --- +- - - -
-~~-'- --t-H-- --- 1-----·-

o I 2 3 ~ 10 12 0 

~ 7--f----- f i RUMSON -1---- ·-- -=-J= 

i 6'~~~~~~~~~~~~~~~~~~~~~ * 5 
·- -- H -+ 1-t- -~· . ~~ 

';- '-'-I---- --+= -'- -{- -r-- -..J..-F--- - f-f- c- - - ~;;:--
~ 3 . +-- - - ,-,:...o . -~"" ~. ~s;r- '- :.L ---- ~.--''"'- - i-t-1-~~ 
~ 2i=t=f-- --~---: t--' --1-t-
:5 I ' • 

~ 0 1-
~ -1 -r- J I- -t - -:111±~ 

0 I Z 3 4 5 I 7 a t 10 II 12 0 

.;.LITTLE SILVER CREEK+ 
~~__:--· -,_ . l :::..,..;.-

jJ;::t: -r-t-+ 

·I 
0 3 • 5 6 1 a t -1o 12 0 

TI~E,HOURS AfTER ~OON"S TRANSIT or 70TH ~ERIDIAH 

U:GEND 
--- BASE TEST 

--- PLAN3 

SHREWSBURY INLET STUDY 

EFFECTS OF PLAN 3 ON 
TIDAL HEIGHTS 

Figure 3-67. Effects of Shrewsbury Inlet 
on tides (after McNair and 
Hill, 1972). 

14 
; l I SANDY HOOK BAY -+-

121 LEGEND i t - ;. ----i- -j- -+- t-----+--
~ETEST - 1-t- -t- ---' • r--t-

: --- PLAN 3 j - f- -!- L -j- ·:"'\- ---:-

:~ --· -;- ..- : - i - ; -~ -:~- ~~- ~"I~ 
or-~ • • 1 - -t- --~- --t-H-H-+-t-H 

·2 --I i +- -I - 1 -+--~----~- -j- -+- -j- -t-H 

10 

o 2 • 1 a 10 120 2 • 6 a 10 120 

~ , .. 
" itWtt ~ 12 -
6 

! 
:> 

-
1-

~rr I - --· ·- ~ 

10 120 

~·~~·~-E~i~•g~~~-~L~ITIT~L~E~s;lt.:Iv~E~R~c~R~E~E~K~gi~~~~ 12 
10 --t - j 1-1----t-- -+ - -+- -, 
a+ -H-+- + 
I-+--- --j- I-:: -:- -t - - ~-- -~--j_-1 . ~~-
• --~- --'- ~- ; - -+ 1-·- --+- ~-..... 
2--1 ~- _,__ ' ~ - --t 

0 
-2t:H· 1- -·rt -H=tittt i--D::tt:i:ttt 

o 6 a 10 120 2 • 6 a 10 120 
TI~E,HOURS AfTER ~OON"S TRANSIT or 74TH ~RIDIAH 

U:GEND 
--- BASE TEST 
---PLAN 3 

SHREWSBURY INLET STUDY 

EFFECTS OF PLAN 3 ON 
STORM TIDES 

NOVEMBER 1950 SURGE 
MINUS PREDICTED TIDE 

Figure 3-68. Effects of Shrewsbury Inlet 
on surges (after McNair and 
Hill, 1972). 



5 
4 

c3 
0 
32 .... 

I 
0 

m2 
a> 
'-"3 

4 
5 
0 

-
.... 

V- .... 

2 3 4 5 

R2-W-

t"'"-. -~ 
" ........ t--I-

~ r-. 

6 6 9 10 II 12 0 

!_ ~ ·--------- -M~-1------ -1---------'\ ·- --------
~ -1-------~----t---------~--t---1--
>-' I -f-- -- ----:.;F..---···- ---· -- 1--·---·---c--1-· "-- -- -

!::""
2

Hmm~mmm um 
~··'3 -
> 4 

5C:t=tj~~~=1=1=t=t=t=tt--=t~-=t~=t-~~~~t=t=t=~ 
0 2 3 4 5 6 8 9 10 II 12 0 

-- --· . -If- -- - . -'\ . 1-

~ ~ -- -- ··- -· . v -- -- -- -~---r--..,r-
4~~~~~--~~--~-~~~~~---+-+-+-+-~~1-!-~~~-4-+--+·---+--+~~ 
5~~~~~~~~~~----~-~--~----~-~-~~-~--~----~-~--~···~-~-~~~--~-~~--~ 
0 2 3 4 5 6 7 8 9 10 II 12 0 

TIME, HOURS AFTER MOON'S TRANSIT or 74TH MERIDIAN 

LEGEND 
--- BASE TEST 
---PLAN 3 

SHREWSBURY INLET STUDY 

EfFECTS OF PLAN 3 ON 
SURFACE CURRENT VELOCITIES 

Figure 3-69. Effects of Shrewsbury Inlet on velocities 
(after McNair and Hill, 1972). 

160 



C) I 

SHREWSBURY RIVER- MIOOEPTH 

ts 
z !"""--- ---::: ~ < -... 
0 
0 

----~---- ---- i---
CliO -- -:::> -z 
i ... ~ ...__ NAVESINK RIVER- MIOOEPTH 

~5 
a: ... ---- .. -= i='=-
:( 
0 
~0 
Ill 
::f 
0 u 
' ens ... u z 

!"-... _ ... ---- ..:::....-.. --... 
a: ... :::o 
0 ... 
a: 
:::> 
1-
<5 a: ... 
a.. 
::f ... ----
1-

0 

--'---
0 2 3 4 

MODEL TEST CONDITION 
TIDE RANGE AT SANOY HOOK 
OCEAN SALINITY CHLORIDE 
HUDSON RIVER INFLOW 
RARITAN RIVER INFLOW 

5.8FT 
18.3PPT 

12POO lt:Ys 
1770 tt.Ys 

- ----~----.. ____ 
~---- "'---- ... 

SANDY HOOK BAY - SURFACE 

----~---

SANOY HOOK BAY - BOTTOM 

----~----r-----r-----r----
5 e 7 a g 

CYCLES AFTER REMOVAL OF BARRIER 

~ 
~ WITHOUT INLET 
,._ __ _. WITH INLET 

NOTE: OCEAN TEMPERATURE THROUGHOUT 
TEST = 56.0 F0 

10 II 12 13 14 

NEW YORK HARBOR MODEL 
SHREWSBURY INLET STUDY 

15 

EFFECTS OF PLAN 3 INLET ON 
AVERAGE TEMPERATURES 

SANDY HOOK BAY 
SHREWSBURY AND NAVESINK RIVERS 

Figure 3-70. Effects of Shrewsbury Inlet on temperatures (after McNair and Hill, 1972). 



Three separate tests were made to evaluate the effects of the new 
inlet on pollution concentrations in the study area. Test results are 
summarized in Table 3-5. One pollution source was simulated in Raritan 
Bay (see Fig. 3-64 for location of release point), representing the 
effluents discharged from the Middlesex County Trunk Sewer Outfall. 
Pollution concentrations from that source were lower in all three of 
the major water bodies of the study area with the new inlet installed; 
this showed that the new inlet would reduce the influx of Raritan Bay 
wastes to the study area. Table 3-5 presents the results of a similar 
test series, but simulating the major sewer outfalls in Upper New York 
Bay (see Fig. 3-64). For this source of pollution, concentrations in all 
three major water bodies of the study area were increased. Table 3-5 also 
presents the results of the third pollution test series, for which the 
local sources of pollution input in the Shrewsbury and Navesink Rivers 
were simulated (see Fig. 3-64.). For conditions of these local sources, 
concentrations throughout the study areas we!e substantially reduced. 

Table 3-5. Effects of plan 3 on average dye eoricentrations.1 

Test Sandy Hook Bay Navesink River Shrewsbury River 

Raritan Bay 2 

Base 186 99 102 
Plan 3 174 (-6 pet) 94 (-5 pet) 96 (-6 pet) 

Upper New York Bay 2 

Base 1,039 649 694 
Plan 3 1,072 (+3 pet) 862 (+33 pet) 854 (+23 pet) 

Navesink River 2 

Base 55 372 82 
Plan 3 45 (-18 pet) 285 (-24pet) 39 (-53 pet) 

Shrewsbury River 2 

Base 71 129 634 
Plan 3 48 (-33 pet) 75 (-42 pet) 356 ( -44 pet) 

1 Dye concentrations in parts per billion; 
Initial concentrations= 100,000 parts per billion. 

2Pollution source. 

The reduction in pollution concentrations in the study area from the 
Raritan Bay source is attributed to the fact that tidal flow in and out 
of the new inlet reduces the present exchange of flow between Lower New 
York Bay and Sandy Hook Bay; therefore, less of the polluted water of 
Lower New York Bay is drawn into the study area. The increase in pollu-
tion levels in the study area from Upper New York Bay pollution sources 
is caused by pollutants (from this source) which disperse largely into 
the ocean; a small percentage of this waste is then transferred from the 
ocean to the study area by tidal exchange through the new inlet. The 
peak dye concentration thus arrived in the study area later during the 
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plan test than during the base test. Subsequent analysis of the data by 
the Environmental Protection Agency (EPA) indicated that, because pollut-
ants actually decay with time, water quality in the area would actually 
be improved as a result of the delay in arrival time. The substantial 
reduction in pollution from local sources is caused by pollutants flow-
ing out through the new inlet during ebb currents but not completely 
returning during the subsequent flood currents; thus, the rate of flush-
ing of such pollutants is much faster with the new inlet in place. In 
summary, the new inlet would reduce pollution concentrations in the study 
area from all of the three principal sources. 

It is emphasized that the actual test data obtained from the model 
were very comprehensive in nature. Tides, current velocities, and 
salinities were measured at hourly intervals or less over complete tidal 
cycles at many stations throughout the study area, and current velocities 
and salinities were measured at several points in the vertical at each 
station. In the dye-tracer tests simulating pollutants, surface and 
bottom samples were obtained for analysis at more than 100 stations in 
and adjacent to the study area. 'Time-exposure photos showing surface cur-
rent patterns and velocities were obtained at hourly intervals throughout 
the tidal cycle in the new inlet and in all adjacent areas where flows 
could be affected by the new inlet. All of these test data were furnished 
to Federal, State, and local agencies concerned with the effects of the 
inlet on the water quality. 

i. Hurricane Surge Protection--Galveston Bay. 

(1) Project. Construction of a hurricane surge protection 
barrier. 

(2) References. Marinos and Woodward (1968); Reid and Bodine 
(1968); Brogdon (1969); Bobb and Boland (1970a, 1970b); Sager and McNair 
(1973a, 1973b); and Section VII,8,b of this report. 

(3) Laboratorr. WES (physical models); U.S. Army Engineer Dis-
trict, Galveston, and Texas A&M University (mathematical model). 

(4) Test Period. January 1965 to April 1970. 

(5) Problem. The Texas coast frequently experiences hurricane 
suz:ges; therefore, consideration had to be given to protection of this 
area from inundation resulting from storm surges. A long-range plan was 
developed by the U.S. Army Engineer District, Galveston, to investigate 
the feasibility of construction of such protection with the initial effort 
directed toward the problems surrounding the Galveston Bay complex. The 
design of an adequate protection system involves not only reducing water 
heights resulting from hurricane surges, but many other factors such as 
salinity conditions in the bay, effects of the plan on flushing and cir-
culation characteristics, fish and wildlife, navigation requirements, and 
flooding of the bay during periods of high upland discharge. 

(6) Purpose of t-1odel Study. The physical model studies were 
conducted to (a) determine the effects of all proposed structures on 
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normal tides and hurricane surge heights upstream and downstream from 
barrier sites, current velocities throughout the bay system, the salinity 
regimen of the bay, and the rates of diffusion and flushing of pollutants 
discharging into the bay; and (b) provide data that were in turn used to 
calibrate and improve the numerical model and its capability of predict-
ing surge elevations at other locations along the Texas coast. 

(7) Physical Models. At the conception of the Galveston Bay 
surge study, an existing model of the Houston Ship Channel (Fig. 3-71), 
constructed to scales of 1:60 vertically and 1:600 horizontally, was 
available for studies on barrier effects on normal tides, currents, 
salinities, and dispersion patterns throughout the bay and to determine 
the number and position of tidal openings in that part of the barrier 
crossing the bay. This model did not reproduce the entire bay complex 
and was not equipped with the necessary apparatus for generating hurri-
cane surges. Because it was not economically feasible to add this capa-
bility and expand the model, a second general model was constructed for 
the sole purpose of investigating the effects of the hurricane barriers 
on surge elevations resulting from a hurricane approaching from the gulf. 
Since a greater degree of distortion was possible for this type of inves-
tigation; the model was constructed to scales of 1:100 vertically and 
1:3,000 horizontally. This model (Fig. 3-72) was referred to as the 
Galveston Bay hurricane surge model. Each of the general models was 
equipped with the necessary apparatus to satisfactorily reproduce normal 
tides, current velocities and patterns, and freshwater inflow. In addi-
tion, the Houston Ship Channel model was capable of reproducing salinity 
intrusion and flushing characteristics, and the Galveston Bay surge model 
was equipped with a hurricane surge generator. Several section models 
were constructed in a flume (Fig. 3-73) to determine the discharge char-
acteristics of the existing barrier beaches and the proposed navigation 
and tidal barrier openings. The undistorted-scale section models were 
constructed to a scale of 1:100; the distorted-scale section models were 
constructed to the same scales as the Houston Ship Channel model or the 
Galveston Bay surge model, as appropriate. 

(8) Test Procedures. Before initiating testing for the bar-
rier studies, each model had been adjusted to satisfactorily reproduce 
all pertinent prototype phenomena. The Galveston Bay surge model was 
adjusted using tide and velocity information obtained in the Houston 
Ship Channel model and hurricane surge elevation data collected by U.S. 
Army Engineer District, Galveston, personnel during Hurricane Carla. 
The prototype hurricane data were first subjected to a numerical anal-
ysis, in which the effects of local wind and normal tide were removed. 
The Galveston Bay surge model was then adjusted to reproduce these modi-
fied prototype surge data. Each navigation opening and typical tidal 
openings to be tested were first calibrated in an undistorted-scale sec-
tion model to determine the discharge characteristics. The openings 
were then subjected to similar tests in a distorted-scale section model. 
During these latter tests, the size or shape of the model openings were 
adjusted to achieve the same discharge characteristics as determined in 
the undistorted-scale calibration tests. Photos of the undistorted- and 
distorted-scale models of the Alpha barrier navigation opening are shown 
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in Figure 3-74. Various barrier beach sections were also subjected to 
undistorted-scale flume tests to determine the appropriate discharge 
characteristics for use in the mathematical model. Similarly, the 
Houston Ship Channel model· was subjected to detailed tests to determine 
the discharge characteristics of the entrance and barrier beaches for 
use in the mathematical model. 

(9) Summary of Test Results. The testing program in the surge 
model consisted of tests with two major barrier plans, designated Alpha 
and Gamma. The locations of the two plans and two representative tide 
gages are shown in Figure 3-75. The Alpha plan barrier was located 
generally just behind the gulf beaches and would protect all low-lying 
areas adjacent to Galveston Bay complex and tributaries. The Gamma plan 
barrier was located about 9 miles upstream from the entrance and afforded 
no protection to the barrier beaches or other low-lying areas downstream 
of the barrier, including Galveston. These two barriers were tested with 
gated and ungated navigation openings for three hurricane surge condi-
tions. Since the tidal flow gates would be closed by the time a hurri-
cane surge came inland, only navigation openings in the barriers were 
involved in surge tests. 

Figure 3-76 shows a comparison of three hurricane surge histories 
at a point near the Galveston Bay entrance. One of the hurricane surges 
investigated represented a hypothetical (design) surge resulting from a 
large radius, slow translation (LRST) hurricane that would generate a 
maximum surge of about 10.5 feet at the Galveston Bay entrance about 100 
hours after the wind field arrived at the Continental Shelf. This type 
of hurricane, even though the peak elevation was lower than the large 
radius, high translation (LRHT) hurricane, resulted in higher surge ele-
vations landward of the barriers. This is attributed to the slow approach 
speed of the storm, which allows a gradual water level buildup behind the 
barriers as a result of the long period of flow through the navigation 
opening. Typical results of tests conducted with this slow storm and the 
Gamma and Alpha barriers are shown in Figures 3-77 and 3-78, respectively. 

The results of studies conducted on the Galveston Bay surge model 
indicated that both the Alpha and Gamma hurricane barrier schemes would 
effectively protect upstream areas from damage caused by hurricane surges 
originating in the Gulf of Mexico. The degree of protection afforded 
would be significantly greater with a gated navigation opening than with 
an ungated opening. The ungated Alpha barrier would provide better pro-
tection than the ungated Gamma barrier. 

The Houston Ship Channel model (Fig. 3-71) was used to investigate 
the effects of the two barrier plans (Alpha and Gamma) on tides, currents, 
salinities, and dye dispersion within the bay system. Tests conducted 
with the proposed Alpha design plan (Fig. 3-79) indicated no significant 
effects on tidal elevations, ranges, or times. Maximum current veloci-
ties in the navigation opening would be about 4.7 feet per second. Tests 
further showed that a 20-percent reduction of total area of tidal pas-
sages proposed in the original design caused this maximum velocity to be 
increased to about 5.1 feet per second (which is considered about the 
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Figure 3-74. Alpha plan navigation structures, Galveston Bay 
(Sager and McNair, 1973a). 
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Figure 3-77. Effects of Gamma plan on LRST surge, 
Gal vest on Bay (after Brogdon, 1969). 
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Figure 3-78. Effects of Alpha plan on LRST surge, 
Galveston Bay (after Brogdon, 1969). 
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maximum allowable for safe navigation), with no significant effects on 
salinity conditions and on dispersion patterns or rates. 

The Gamma barrier (Fig. 3-80) as originally designed would cause 
tidal ranges downstream of the barrier to increase, the mean tide level 

II 

to lower, tidal ranges upstream of the barrier to reduce, the tidal prism 
upstream to reduce, salinities upstream of the barrier to reduce, and con-
centration of the effluent from the ship channel upstream of Morgan Point 
to increase (all changes were slight). However, dispersion patterns were 
relatively unaffected and maximum current velocities were below the maxi-
mum allowable. The test results showed that the total cross-sectional 
area of the tidal passages was not sufficient. Both design barrier plans 
were subjected to further testing to determine the configuration and 
total cross-sectional area of the tidal passages required to achieve the 
minimum effects on conditions within the system. 

j. Upstream Flow Regulation--Delaware River. 

(1) Project. Regulation of Delaware River freshwater discharge 
by construction and operation of the proposed Tocks Island Dam. 

(2) References. U.S. Army Engineer Waterways Experiment Station 
(1956); Simmons, Harrison, and Huval (1971). 

(3) Laboratory. WES. 

(4) Test Period. July and September 1966. 

(5) Problem. Since operation of the proposed Tacks Island Dam 
would modify the annual freshwater discharge characteristics of the Dela-
ware River, it was necessary to determine the environmental impact of 
such action. 
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(6) Purpose of Model Study. The model study was conducted to 
determine the influence of modified freshwater inflow on the salinity 
regimen of the Delaware River estuary. 

(7) The Model. The existing Delaware River model (Fig. 3-56) 
was used; model scales were 1:1,000 horizontally and 1:100 vertically. 

(8) Test Procedures. A detailed salinity reverification of the 
Delaware River model was accomplished before conducting the tests, using 
freshwater inflows and salinities measured in the prototype between 1 
March and 30 November 1965. In the test to determine the effects of 
Tacks Island Dam on salinity conditions in the estuary, the observed 
1965 freshwater hydrograph was modified to reflect the program of stor-
age and release that would have been followed if Tocks Island Dam had 
been in operation during 1965. 

(9) Summary of Test Results. When all necessary field measure-
ments were available, tests were conducted in the Delaware River model 
to determine what revisions (if any) were needed to reproduce the actual 
rate of advance of the salinity front and the maximum upstream location 
of the 250 isochlor for conditions of the 1965 drought. During this 

, drought, a prolonged period of very low flow (about 2,000 cubic feet per 
second) occurred. After the initial check showed unsatisfactory agree-
ment with the maximum extent of salinity intrusion, the U.S. Army Engi-
neer District, Philadelphia, determined that an additional 200 cubic feet 
per second entered the river between Trenton and Torresdale as ground-
water and well-water dis charges. This is an insignificant part of the 
12,000 cubic feet per second mean Delaware River flow at Trenton. How-
ever, 200 cubic feet per second is critical when drought flows occur on 
the order of 2,000 cubic feet per second. The model was found to correctly 
reproduce both the rate of advance and the maximum location of the 250 
isochlor when this additional freshwater was introduced into the model. 

With the exception of short-term fluctuations in prototype salinities, 
caused primarily by winds and other meteorological effects not simulated 
in the model tests, the agreement between model and prototype salinities 
was very close throughout the test period. Figure 3-81 shows a comparison 
of the location of the 250 parts per million chloride concentration (iso-
chlor) in the model and prototype for the duration of the test with the 
natural 1965 hydrograph. The solid line in the figure shows the exact 
location of the 250 isochlor at high water slack in the model throughout 
the test, as determined from measurements made every second tidal cycle; 
the solid black points represent the locations of this concentration at 
high water slack in the prototype, as determined by the U.S. Army Engi-
neer District, Philadelphia, on a monthly basis. The open points in 
Figure 3-81 represent the approximate locations of the 250 isochlor as 
determined from surface salinity profiles made in the prototype by sev-
eral agencies during the test period. Comparison of model and prototype 
salinity time histories at selecte.d stations for this reverification are 
shown in Figure 3-34. The agreement between model and prototype salin-
ities was well within acceptable limits for the entire period of the test. 
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The natural and adjusted hydrographs for the Delaware River estuary 
are shown in the upper part of Figures 3-81 and 3-82. The lower part of 
Figure 3-81 shows .the changes in location of 250 isochlor for the test 
period as a result of simulated operation of the reservoir; Figure 3-82 
shows the change in salinity at high water and low water slacks at Dela-
ware Memorial Bridge, Chester, and Fort Mifflin. Note that both high 
water slack (maximum) and low water slack (minimum) salinities at all 
three locations were reduced by the regulated hydrograph, thus showing 
that salinities would be reduced generally in the upstream part of the 
estuary during the low flow season. The 250 isochlor was not moved as 
far downstream during the high inflow period of the regulated hydrograph 
as for the natural hydrograph; however, the maximum upstream location for 
the 250 isochlor for the regulated hydrograph was almost 8 miles farther 
downstream than for the natural hydrograph. Thus, while maximum salin-
ities in the upstream part of the estuary would be significantly reduced 
by flow regulation (advantageous for water use), minimum salinities in 
the lower estuary would be·increased (may be undesirable for marine life 
and oyster predator control). · 

k. Freshwater Supply-Salinity Control--Vermilion Bay. 

(1) Project. Construction of a salinity control barrier in 
Vermilion Bay. 

(2) Reference. U.S. Army Engineer Waterways Experiment Station 
(1959). 

(3) Laboratory. WES. 

(4) Test Period. December 1955 to December 1966. 

(5) Problem. Vermilion Bay (Fig. 3-83) is located on the 
Louisiana coast between Morgan City and Lake Charles. The bay has a 
deep and narrow connection to the Gulf of Mexico through Southwest Pass 
on the south, and a second wide and shallow connection through West and 
East Cote Blanche Bays and Atchafalaya Bay to the east and southeast. 
The Vermilion River, a relatively small stream, discharges into the 
northeast side of Vermilion Bay; the Atchafalaya River, which carries 
a large freshwater discharge at all times, and Wax Lake Outlet discharge 
into Atchafalaya Bay. 

The Vermilion River is used extensively as a source of water for 
irrigating rice. During dry seasons, when most irrigation water is used, 
the rate of pumping from the Vermilion River often exceeds the riverflow, 
and saltwater from Vermilion Bay moves rapidly upstream and eventually 
reaches the pump intakes. Considerable damage to the rice crop may then 
result, either from lack of water needed by the rice if pumping is cur-
tailed, or from the salinity of the water pumped into the ricefields if 
pumping is continued. Historical salinity data show that the entire bay 
complex is freshened during the high discharge season on the Atchafalaya 
River, which usually extends from about February through June. After the 
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high discharge period, salinities throughout the bays increase gradually, 
usually reaching a maximum in about September or October (also the period 
of high use of irrigation water). These data also indicate that the pri-
mary source of saltwater into Vermilion Bay is through Southwest Pass, 
with a secondary source through Atchafalaya Bay and East and West Cote 
Blanche Bays. Therefore, the possibility was considered that closure 
of Southwest Pass would reduce the rate of influx of saltwater into 
Vermilion Bay to such an extent that pumping from the Vermilion River 
could be continued for an appreciably longer period of time than is now 
possible. 

(6) Purpose of Model Study. The principal objectives of the 
model study were: (a) to determine whether the closure of Southwest 
Pass would reduce salinities in Vermilion Bay to concentrations permis-
sible in irrigation; (b) if so, to determine the effects on the reduced 
salinities of withdrawing 10,000 cubic feet per second for irrigation 
and industrial use from the north and west parts of the bay; and (c) to 
obtain data for use, if needed, in evaluating the effects of the South-

·west Pass closure on fish and wildlife. 

(7) The Model. The Vermilion Bay model (Fig. 3-83) reproduced 
a part of the Gulf of Mexico, all of Atchafalaya Bay, East and West Cote 
Blanche Bays, Vermilion Bay, the lower reaches of the Atchafalaya and 
Vermilion Rivers, and the lower reaches of other streams which contrib-
ute freshwater to the bay complex. The model was constructed to linear 
scales of 1:2,000 horizontally and 1:100 vertically. 

(8) Test Procedures. Tides were reproduced by a tide generator 
located in the Gulf of Mexico part of the model, which also contained 
provisions for reproducing littoral or alongshore currents from either 
direction. All freshwater tributaries were equipped with weirs for 
metering freshwater inflow, and the model was operated with the Gulf of 
Mexico part filled with saltwater to the salinity scale of 1:1. Because 
the entire bay complex is quite shallow, usually less than 12 feet in 
depth, surface wind waves play a significant role in the vertical mixing 
of saltwater and freshwater, and this effect had to be reproduced in the 
1nodel to reproduce accurately the salinity regimen of the prototype. 
Since the reproduction of the wind waves in the distorted-scale model 
was infeasible, the mixing effects were simulated by oscillating fans 
positioned to blow in a random pattern on the model water surface. 

Two conditions of freshwater inflow were selected for test purposes: 
the first used prototype freshwater inflow data for 1954 (which repre-
sented a year of low inflow), and the second used inflow data for 1955 
(which represented a year of normal flow). For both conditions, the 
model was first operated with Southwest Pass open to establish the 
salinity regimen for existing conditions, and then the pass was closed 
and the model test was repeated to establish the regimen following clo-
sure of the pass. 
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(9) Summary of Test Results. Figure 3-84 shows the salinity 
distribution of the bay system at the time of peak salinities for the 
low inflow year with Southwest Pass open; Figure 3-85 shows the salinity 
distribution at the time of peak salinity under similar inflow conditions 
with the pass closed. Data presented in these two figures show that 
closure of Southwest Pass reduced the maximum salinity along the west 
side of Vermilion Bay and near the mouth of the Vermilion River from 
about 15.0 to about 2.0 parts per thousand, or a reduction in maximum 
salinity of almost 90 percent. The time of maximum salinity at the loca-
tion was also delayed from September to January (not shown in the figures), 
which would ca~se the.time of occ1.1rrence of maximum salinity to be delayed 
until well after the end of the irrigation season instead of occurring 
within the irrigation season. As a result, the salinity reduction 
afforded by the plan in the critical irrigation season was greater than 
90 percent. Although this plan has not been constructed in nature, the 
model tests have demonstrated the benefits that would accrue to irriga-
tion interests. 

1. Thermal Discharges--James River. 

(1) Project. Construction of a nuclear power generating plant. 

(2) Reference. Pritchard (1967). 

(3) Laboratory. WES (physical model tests); Pritchard-Carpenter, 
Consultants (collection and analysis of model data). 

(4) Test Period of Physical Model. July and October 1966. 

(5) Problem. The Virginia Electric and Power Company was con-
structing the Surry Nuclear Power Station on the James River estuary. 
The construction site is located approximately 30 miles above the mouth 
of the. James River at Old Point Comfort and 55 miles below Richmond, 
Virginia. Hog Point is the northernmost point of a peninsula formed by 
a large bend in the James River estuary (Fig. 3-86). The site of the 
power station extends across the central part of the peninsula, the river 
forming both the eastern and western boundaries of the site. The penin-
sula to the north of the site is a low-lying area of tidal marshes, tidal 
channels, and islands which serve as a wildfowl refuge, and terminates at 
Hog Point. 

A design of the cooling water discharge system was necessary to ffiln1-
mize the impact of the waste heat on the estuarine environment (particu-
larly the nearby seed oysterbeds) and to minimize the return of waste 
heat to the cooling water intake. The cooling water intake and discharge 
were to be located on opposite sides of Hog Point. 

(6) Purpose of Model Study. The study was conducted to deter-
mine the probable effect of the discharge of waste heat from the con-
denser cooling water at the Surry Nuclear Power Station on the distribu-
tion of temperature in the adjacent James River estuary. 
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Figure 3-84. High salinity survey, Southwest Pass open, Vermilion Bay 
(after U.S. Army Engineer Waterways Experiment Station, 
1959). 
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Figure 3-85. High salinity survey, Southwest Pass closed, Vermilion Bay 
(after U.S. Army Engineer Waterways Experiment Station, 
1959). 
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(7) The Model. The existing James River model (see Fig. 3-48) 
was used for this study; model scales were 1:1,000 horizontally and 1:100 
vertically. The model was operated by WES personnel; the data were 
collected and analyzed by Pritchard-Carpenter, Consultants. 

(8) Test Procedures. Two series of model tests were conducted 
to define the extent of the thermal plumes from the station in order to 
determine whether the discharge point should be on the upstream or down-
stream side of the island. The water temperature observations made in the 
physical model were adjusted analytically (Pritchard, 1967) to correct for 
the difference in surface heat exchange coefficients between model and 
prototype and wind effects (which were not reproduced in the model). 

One of the main purposes of the first series of tests was to deter-
mine the degree of mixing produced by discharging the condenser cooling 
water as a jet having an initial velocity equal to or larger than the 
tidal velocity in the estuary. On the basis of these studies, it was 
determined that a discharge velocity of 6 feet per second would be most 
suitable for design of the condenser discharge structure. 

Tests were conducted during this series with a simulated heat rejec-
tion at the condensers of 5.2 x 109 British thermal units per hour, cor-
responding to a single 850-megawatt unit, and at 12 x 109 British thermal 
units per hour, corresponding to a total of 1,764 megawatts electrical 
power production. Temperatures in the model were measured using a rapid 
response thermistor bead mounted on a motor-driven trolley structure which 
ran across the model on a 16-foot-long aluminum bean. A single run con-
sisted of setting the beam across the model at a designated cross section, 
and running the thermistor sensor across the model to obtain a plot of 
temperature versus lateral distance made on a strip-chart recorder. At 
each location, runs were made each 1.5 hours throughout a tidal cycle. 
During the July test series, a total of 496 temperature runs was made. 

For the second test series, improvements were made in the temperature 
measuring system so that two thermistor bead sensors were towed across the 
model on each run. The sensors were placed 18 inches apart, representing 
a prototype distance of 1,500 feet. Near the discharge structure, one run 
provided data for two adjacent temperature cross sections. Farther away 
from the discharge, where the horizontal temperature gradients were small, 
the two simultaneous sections provided a check on the consistency of the 
data. About 489 temperature runs were made, each consisting of at least 
one (and in many cases two) record of surface termperature across a 
section of the estuary. 

In a special test to determine the surface heat exchange coefficient 
for the model, Cobham Bay was blocked off from the rest of the model by 
a long rubber dam. Motor-driven paddle wheels were mounted in the en-
closed area to circulate the water at a speed corresponding to the mean 
tidal current. Thermistor bead temperature sensors were placed at sev-
eral locations in the enclosed water area. Water from this area was cir-
culated through the heaters until the temperature in the enclosed area 
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was 11° Celsius (20° Fahrenheit) above the ambient water temperature in 
the adjacent model. A temperature-time record was then made as the water 
in the enclosed basin cooled. The rate of cooling provided a measure of 
the surface heat exchange coefficient. 

Because the tests continued over several days during each series, the 
·base or ambient temperature of the water in the model varied. Therefore, 
it was necessary to monitor the water temperature in the model in areas 
which were sufficiently removed from the station site so that the tempera-
ture of these areas represented the ambient water temperature. During 
both series of tests, fixed thermistor bead temperature sensors were 
placed in the model at selected positions upstream and downstream from 
the plant site. 

(9) Summary of Test Results. For plan 1, the intake point was 
located about 8,000 feet offshore in about 20 feet of water on the down-
stream side, and the discharge was through a canal emptying into Cobham 
Bay on the upstream side. The excess temperature distributions at the 
times of high and low water slacks of the tidal cycle for conditions of 
a 2,000-cubic foot per second freshwater riverflow are shown in Figure 
3-87. Although the thermal plume (1° Celsius isotherm; not shown in the 
figure) extended downstream to the intake point at low water slack, the 
intake point was located at the bottom and was unaffected by the surface 
temperature. 

For plan 2, the intake point was located about 3,000 feet offshore 
in about 10 feet of water in Cobham Bay on the upstream side, and the 
discharge canal emptied into the main channel on the downstream side. 
Figure 3-88 presents test results similar to those for plan 1. In this 
case, the thermal plume at low water slack extended for a considerable 
distance downstream and would alter temperatures in valuable seed oyster-
beds. The upstream extent of the plume at high water slack did not in-
fluence temperatures at the intake point. 

On the basis of the model results, the discharge canal was located 
on the upstream side of the power station to avoid potential detrimental 
effects to the seed oysterbeds. 

m. Definition of Existing Conditions--Delaware River. 

(1) Project. No specific project was related to this study. 

(2) References. U.S. Army Engineer Waterways Experiment Station 
(1954, 1956). 

(3) Laboratory. WES. 

(4) Test Period. December 1950 to March 1954. 

(5) Problem. Tests are often conducted in a model to define 
hydraulic and salinity regimens for conditions where prototype data are 
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EXCESS TEMP, °C 
JAMES R. INFLOW= 2000 ft 3/s 
HIGH WATER SLACK 
PLAN 1 

EXCESS TEMP, °C 
JAMES R. INFLOW= 2000 ft3/s 
LOW WATER SLACK 
PLAN 1 

Figure 3-87. Excess temperature distributions, Surry Nuclear 
Power Station, plan 1, James River · 
(_after Pritchard, .1967). 
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EXCESS TEMP, °C 
JAMES R. INFLOW= 2000 ft 3/s 
HIGH WATER SLACK 
PLAN 2 

EXCESS TEMP, °C 
JAMES R. INFLOW= 2000 ft 3/s 
LOW WATER SLACK 
PLAN 2 

Figure 3-88. Excess temperature distributions, Surry Nuclear 
Power Station, plan 2, James River 
(after Pritchard, 1967). 
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unavailable. The tests may be necessary because of the high cost of 
obtaining field data (compared to the cost of obtaining the data in an 
existing model), or because the transient and uncontrollable prototype 
conditions prohibit the definition of quasi-steady-state conditions from 
field data. Such studies obviously cannot be made until the hydraulic 
and salinity verifications of the model have been completed. 

Salinity intrusion in the Delaware River estuary constitutes a serious 
problem when freshwater discharge conditions are such that saltwater in-
trudes upstream beyond the Delaware-Pennsylvania State line, since up-
stream from this point the river water is used extensively for industrial 
purposes. The maximum salinity concentration that can be tolerated by 
certain industries located on the river is on the order of 50 parts per 
million of chlorine (50 isochlor). When the salinity of the river water 
at the plant sites exceeds this value, either the water must be treated 
chemically to remove the objectionable constituents or water of satis-
factory quality must be obtained from another source. Either method is 
very expensive because of the large quantities of water involved. 

(6) Purpose of Model Study. A series of tests was conducted in 
the Delaware River model to determine the effects of each principal factor 
known or believed to affect the nature and extent of salinity intrusion in 
the estuary. 

(7) The Model. The Delaware River model (Fig. 3-56) was a fixed-
bed type with scales of 1:1,000 horizontally and 1:100 vertically. 

(8) Test Procedures. For most of these tests, constant fresh-
water inflows were used. 

(9) Summary of Test Results. It had long been recognized that 
freshwater discharge into the Delaware River estuary was the major factor 
governing the extent of salinity intrusion therein, since saltwater has 
intruded as far upstream as Philadelphia during periods of extremely low 
freshwater discharge and has been forced as far downstream as Artificial 
Island during large floods. However, the proper correlation of the ex-
tent of salinity intrusion with freshwater discharge has never been possi-
ble, since the freshwater discharge in the prototype rarely, if ever, 
remains stable for a suffic~ent period of time to produce an equivalent 
stable salinity regimen. Therefore, one of the problems for the model 
study was determination of the relationship between sustained freshwater 
discharge and stable salinity conditions over a fairly wide range of 
freshwater discharges. The results of such tests would show the sus-
tained freshwater discharge required to hold the critical salinity con-
centration (50 isochlor) at the Delaware-Pennsylvania State line. 

Six tests were conducted in the model to determine the relationship 
between sustained freshwater discharge and salinity distribution through-
out the estuary for mean tide conditions. These tests involved reproduc-
tion of sustained freshwater discharges in the Delaware River including 
the Schuylkill River of 5,000, 7,000, 9,000, 10,600, 13,000, and 16,475 
cubic feet per second. 
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Bottom salinity distribution curves at high water slack for all fresh-
water discharges tested are shown in Figure 3-89. The curves were devel-
oped from detailed information to clearly show the effect of sustained 
freshwater discharge on horizontal salinity distribution throughout the 
estuary and the horizontal shift of a given isochlor with change in fresh-
water discharge. 

Results of these tests determined that sustained freshwater discharges 
of about 12,000 and 10,600 cubic feet per second would hold the 50 and 100 
isochlors, respectively, at the Delaware-Pennsylvania State line. Addi-
tional tests were conducted to determine the length of time required to 
reestablish the 100 isochlor at the State line following periods of mean 
(16,475 cubic feet per second) and low (2,000 cubic feet per second) dis-
charge (results are shown in Fig. 3-90). 

Tests to determine the effects of tidal range on salinity distribu-
tion throughout the estuary were conducted for conditions of mean fresh-
water discharge (16,475 cubic feet per second) and of low freshwater 
discharge (5,000 cubic feet per second). The tests for mean freshwater 
discharge were made to determine the effects of tidal range on salinity 
distribution for normal conditions; the tests for low freshwater dis-
charge were made to determine the effects of tidal range for critical 
conditions of salinity intrusion (when the salinity front was well up-
stream from the Delaware-Pennsylvania State line). Tests were conducted 
for neap, mean, and spring tides. The results are summarized in Figures 
3-91 and 3-92 and indicate that the extent of salinity intrusion in the 
estuary increases slightly as the tidal range decreases. The differences 
in salinity at any given point in the estuary for the various tidal ranges 
were less for the tests of low freshwater discharge than for the tests of 
mean freshwater discharge. 

Mean annual sea level at the entrance to the Delaware River estuary 
rose about 0.5 foot between about 1920 and 1950. To determine the effect 
of changes in sea level of this order of magnitude on salinity intrusion 
and distribution throughout the estuary, tests were made for the 1948 
mean sea level and with the sea level raised 0.5 foot above and lowered 
0.5 foot below the 1948 level. Each of these tests was made for mean 
conditions of tide and freshwater discharge. 

Bottom salinity distribution curves at high water slack for the three 
elevations of sea level indicate that the extent of salinity intrusion in 
the estuary increases as sea level rjses (Fig. 3-93). Other characteris-
tics of the salinity distribution curves for the three conditions appear 
to be identical. The upstream shift of equal isochlors as sea level 
rises is believed to be attributable to corresponding increases in cross-
sectional area of the estuary with increase in sea level. 

7. Time and Cost Estimates. 

A generalization of the time and cost requirements for estuary models 
is difficult because of the wide variety of model sizes, problems to be 
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Figure 3-89. Effects of freshwater discharge on salinity profiles, Delaware River 
(after U.S. Army Engineer Waterways Experiment Station, 1954). 
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Figure 3-90. Time required to reestablish salinity conditions at State line, Delaware River 
(U.S. Army Engineer Waterways Experiment Station, 1954). 
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Figure 3-91. Effects of tidal range on salinity profiles for mean freshwater discharge, Delaware River 
(after U.S. Army Engineer Waterways Experiment Station, 1954). 



<.D 
OJ 

z 
0 
:::i ..... 
i 
"' ... ... .. .... 
"' c ... 
!: ... z c 
0 ..... 

I 
:z: 
u 

100,000 

$0,000 
.00,000 
30,000 

20,000 

10.000 

' ~.000 

I 1.000 

liOO I 

100 I 

50 I 

' 10 

5 

. 
'. '' i . 

I 
! 

. ' 
; . 

I I; j 

·I i 

~l' ; I 

'' 
1 r 
I 
I· t 

.. II 
. ! i II 

II I; ! I 
' ; fl./; 

I /:'i 

:~:1 

/ill 
'' 

'' IiI ' II: 
II 

I! I 

I 
1 
I 

I 

I 

. 
I ,. I 

~ r 

~ II 
' ; 

I I 

I 

i 

~~ ·~ ~ ~., 

i ~~; ~~, ~~ 
"~ ~~ 'l'-' 

-

I ' I 
I ,_ 

' 

'. . ;·r ·-· ·:lq· 
I I I ; i 

TD.T .l! ll i i; 
NEAP TIDE Iii 
MEAN TIDE ! 'I: I': SPRING TIDE f l; 

'' 
' . 1; 

'; 
'' ! ~ 

! ; 
! . 

I ' 
; ' 
I 

I I. 
i 

; 

I 

~ I ~~ I. 

~~I i ~ 

qll ~~ I. 
~-1 

.,, I!, ., 

' '; 

I I II 
I r 

! i II : ~ I -I 
' ~ 

i 

.. : 
i 
' 

~ . : I 
' 

' .. I 

:! i I 
! • I I 

i l II 
I I! I 

... ; 
I 

' 
. i i 

; 

iii 

~~-
:i::. 
:t ~---:-
~~ I 
'-"ili 

' 00,000 

~0.000 

.00,000 
30,000 

20,000 

10,000 

5.000 

z 
0 
:::i ..... 

1,000 2 
"' ... ... 

500 ~ 

00 

50 

0 

5 

"' c ... 
z ... z c 
3 :z: 
(,) 

I ·- ---0 50 100 1!.10 200 2~ 300 3!>0 .000 4!>0 
1000_-FT CHANNEL STATIONS FROM ALLEGHENY AVENUE~ PHILADELPHIA 

NOTE• FRESH WATER DISCHARGE REFERRED TO IS THE TOTAL 
FRESH WATER DISCHARGE AT AND INCLUDING THE 
SCHUYLKILL RIVER. CURVES REPRESENT BOTTOM 
SALINITIES AT HIGH WATER SLACK. SUMP SALINITY• 
15,460 P/M CHLORINE. TO CONVERT P/M CHLORINE 
TO P/M TOTAL SALT MULTIPLY BY 1.81. 

MODEL STUDY OF DELAWARE RIVER 

EFFECTS OF TIDAL RANGE ON 
BOTTOM SALINITY AT HIGH WATER SLACK 

FRESHWATER DISCHARGE•5,000 ft3fs 

Figure 3-92. Effects of tidal range on salinity profiles for low freshwater discharge, Delaware River 
(after U.S. Army Engineer Waterways Experiment Station, 1954). 
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investigated, and amount of detail required from test results. Estuary 
models generally vary in size from about 5,000 to 60,000 square feet, 
excluding extremes such as the Gastineau Channel model (1,600 square feet) 
and the Chesapeake Bay model (340,000 square feet). The cost of model 
design and construction varies not only with the area of the model but 
also with the complexity of the model geometry (i.e., pier slips, braided 
channels, etc., as opposed to relatively flat bay bottoms, straight chan-
nels, etc.). Design and construction costs by WES have been on the order 
of $12 to $15 per. square foot (March 1976); however, this does not normally 
include the (direct) cost of major appurtenances (such as tide generators, 
wave generators, hurricane surge generators, water supply pumps, etc.), 
the model shelter, water supply sump, or model instrumentation. These 
items are obtained with plant funds, and WES is reimbursed by indirect 
charges to all projects. Construction time also varies with both the 
size and complexity of the model (generally 1 to 8 months). Most of the 
model design is accomplished before initiating model construction; how-
ever, the design effort is usually continued into the early stages of 
construction. The design is usually initiated 1 to 3 months before con-
struction. If prototype hydraulic, salinity, and shoaling data are avail-
able, they can be analyzed during this period. · 

After completion of the model construction, a substantial period of 
time is required for model verification. Since this is a trial-and-error 
process, it is difficult to predict the time and cost required even for a 
specific case. The time required for hydraulic and salinity verification 
varies from about 3 to 15 months, depending on the size of the model, the 
complexity of the estuary, the amount of prototype data available, the 
number of conditions (combinations of tide and freshwater discharge) to 
be reproduced, the skill of the model personnel, and "luck." Operating 
costs during this period will vary from about $8,000 to $15,000 per month 
(March 1976) depending on the number of operating personnel, the amount 
of support (shops, molding, photography, drafting, etc.), and the amount 
of materials (especially salt) required. Fixed-bed shoaling verification 
can also be a lengthy process requiring from 2 weeks to 3 months for each 
reach to be studied. Monthly costs for shoaling verification will often 
be 10 to 20 percent less than during hydraulic and salinity verifications 
because fewer operating personnel are required. 

The testing program for a single study will generally require from 
1 month to 1 year. However, several studies will probably be conducted 
during the life of any one model. Operating costs will average about 
$10,000 to $15,000 per month (March 1976). Costs may be significantly 
higher during extensive water quality studies because of the greater 
personnel and data reduction requirements. 

After completion of a model study the results are either published 
in a single comprehensive report or in a series of reports on specific 
studies conducted in the model. Test results are furnished to the spon-
sor in preliminary form as soon as they are available. Preparation and 
publication of a final report usually requires about 6 months at a cost 
of approximately $10,000 (March 1976). 
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The Columbia River estuary model (48,000 square feet) was construc-
ted in 1961-62. Design and construction required about 11 months at a 
cost of approximately $230,000. Hydraulic and salinity verification 
required about 15 months at a cost of approximately $125,000. Shoaling 
verifications were performed at various channel reaches during individual 
studies. Testing for about 20 separate studies was carried out over about 
6 years. Total cost of the model was approximately $1.2 million. 

The Mobile Bay model (30,000 square feet) was constructed in 1972. 
Design and construction required about 4 months at a cost of approxi-
mately $153,000; hydraulic and salinity verification required about 12 
months at a cost of $77,000. Testing to develop the best plan for 
dredged-material disposal areas for the proposed Theodore Ship Channel 
required 11 months and $113,000; preparation and publication of the 
final report cost $10,000. The total cost was approximately $353,000. 
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1. Introduction. 

IV. COASTAL HARBORS 

by 
R.Y. Hudson 

A port consists of a harbor with the necessary marine terminal facil-
ities for the mooring of vessels during loading and unloading, and for the 
storage of goods awaiting transshipment. A harbor is an area of water 
that is protected from wave action to the extent that vessels are pro-
vided safe anchorage and satisfactory mooring, loading, and unloading 
conditions. Coastal harbors are either natural or artificial. Natural 
harbors are located in bays or other coastal indentations that provide 
complete or partial protection from storm wave action. Natural harbors 
with only partial protection may require the construction of breakwaters 
for additional protection from wave action. Artificial harbors are created 
by the construction of breakwaters when the selected location is not pro-
tected by natural coastline .configm;ations. Harbors are also classified 
according to use; e.g., harbors of refuge, military harbors, fish harbors, 
large commercial harbors which are usually a part of a port complex, and 
small-craft harbors. Small-craft harbors are either harbors of refuge or 
marinas (American Society of Civil Engineers, 1969; Dunham and Finn, 1974). 
Harbors of refuge are usually located o~ a remote coastal area and are 
designed especially for boats in distress and for the transient boater. 
Marinas are small-craft harbors with the required facilities to moor and 
service recreational boats. Combining the commercial venture and the 
recreational aspects of small-craft harbors, marinas provide a logical 
location for the sale, outfitting, repair, and manufacture of pleasure 
craft. 

Until recently, commercial harbors were located in coastal areas 
where oceangoing commerce and inland river, rail, or motor transporta-
tion systems were adequate and in adequately protected waters with depths 
to accommodate the number and size of vessels required to service the 
industry of the hinterland area. For this type of harbor, the functions 
of the design engineer consisted primarily in (a) the layout of the har-
bor facilities to provide vessels entering and leaving the harbor with 
adequate turning basins and navigation channels, (b) the location and 
structural design of the necessary piers and ·wharfs, and (c) the location 
and structural design of any required breakwaters to ensure adequate pro-
tection of moored vessels from wave action. Although the science of har-
bor design, especially small-craft harbors (Dunham and Finn, 1974), has 
progressed rapidly in recent years, the work of the designer has become 
more complex. The lack of good natural harbor sites and the constantly 
increasing size and draft of new ships (especially the tanker fleet of 
private industry), complicate the selection of a suitable coastal area 
which provides adequate depths (either natural or dredged), is near 
existing trade routes, and is in an area where the existing raw materials 
and industry can supply interstate and foreign commerce to the extent 
necessary to support a large harbor-port complex. To locate a site for 
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such a harbor is not only difficult, but the necessity to design the har-
bor to provide adequate protection for the larger ships from wave action 
becomes more acute. In addition, the problem of keeping harbor and port 
accommodations in balance with the requirements of "superships," now in 
operation or proposed, is international in scope ~nd importance. 

A great interest in small-boat ownership has developed in recent 
years. About 50.5 million people in the United States participated in 
recreational boating in 1976, more than 10 million boats used U.S. water-
ways and harbors, and about 6,000 small-craft harbors, and yacht and 
boating clubs provided berthing spaces and other services to boat owners 
(Cahners Publishing Co., Inc., 1977). 

The problems of harbor design in providing adequate protection from 
wave action include: (a) Location of the harbor to ensure that the maxi-
mum possible protection from wave action is obtained; (b) determination 
of the location, alinement, height, and type of breakwater required to 
provide adequate wave protection; (c) determination of the best location, 
orientation, and dimensions of navigation openings to provide vessels 
safe and easy passage into and out of the harbor without impairing the 
wave protection characteristics of the harbor works; and (d) the position-
ing of spending beaches and other forms of wave absorbers inside the har-
bor area. Except for the deepwater harbors required for the new and large. 
deep-draft vessels, either in use or proposed, the engineer is seldom con-
sulted in the selection of sites for large commercial harbors, since most 
locations have been determined by industrial, transportation, and other 
economic requirements. However, in the case of small-craft harbors, the 
engineer is more likely to be employed at the start of the project, and 
is in a good position to provide the proper technical input to the prob-
lems of site selection. The first step in the solution of harbor prob-
lems is to select the types of waves for which protection will be required, 
and to obtain enough information relative to wave dimensions, directions 
of approach, and frequency of occurrence to enable the judicious selec-
tion of design wave characteristics. The complexity of wave action phe-
nomena and the complicated geometry of most harbors cause difficulty in 
obtaining adequate answers to design problems strictly by analytical 
means. Thus, the hydraulic scale model is commonly used as an aid in 
the planning of harbor development, and in the design and layout of break-
waters and wave absorbers to obtain optimum protection from wave action. 

In designing harbors, the engineer is concerned with the (a) short-
period waves generated by stormwinds (those generated by local or near-
local storms are usually referred to as "sea," and waves generated by 
distant storms, when they arrive at or near shore, as "swell") with 
periods from about 1 to 25 seconds and heights from about 1 to 40 feet 
or more; (b) intermediate-period waves with periods from about 25 seconds 
to 2 minutes; and (c) long-period waves from about 2 minutes to 1 hour. 
The origins of the intermediate- and long-period parts of the wave spectra 
that generate forced oscillations in harbor basins, which in turn may 
cause troublesome or damaging ship or boat surging, are not specifically 
known; however, the origins are believed to be the result of atmospheric 
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pressure differentials, wind setup, surf beats, shelf resonance, edge 
waves, internal waves, and tsunamis. The heights of the intermediate-
and long-period waves range from about 1 inch to 3 feet for the forced 
oscillation, seich-type waves, and up to 30 feet or more for tsunamis. 
Tides are also long-period waves, but they are seldom reproduced in· 
harbor wave action models. Instead, selected stillwater levels, repre-
senting high and low stages of the tide, and considering the effects of 
local wind setup and hurricane surge, are used for testing. Waves are 
also conveniently classified according to the ratio of water depth to 
wavelength, d/A, called relative depth. Eagleson and Dean (1966) 
suggested the following classification (Table 4-1) of small-amplitude 
waves according to relative depth. 

Table 4-1. Classification of small-amplitude waves 
(Eagleson and Dean, 1966). 

Range of d/A. Wave type 

0 to 0.05 Shallow-water waves 
0.05 to 0.5 Intermediate-depth waves 
0.5 to oo Deepwater waves 

Shallow-water and deepwater wave? are also referred to as long and 
short waves, respectively. The classification according to the wave 
period is useful because the magnitudes of movements (roll, pitch, heave, 
surge, sway, and yaw), for vessels moored elastically at piers in the 
ordinary manner, are sensitive to the period of the incident waves meas-
ured in terms of the resonant periods of oscillation of the moored vessel. 
Likewise, amplitudes of the oscillations of the water masses in harbor 
basins are sensitive to the period of the incident waves measured in terms 
of the resonant periods of oscillations of the basin waters. According 
to Wilson (1967), the critical oscillations for ordinary-sized ships 
moored in commercial harbors with elastic lines lie in the intermediate-
period wave range from about 25 seconds to 2 minutes. Raichlen (1968) 
states that the critical oscillations for the ordinary-sized boats that 
moor in small-craft harbors lie in the short-period wave range of about 
10 seconds and less. The classification of waves according to relative 
depth is useful because the wave velocity and the degree of refraction 
of waves approaching a problem area from deep wate~ through water of de-
creasing depth is a function of the d/A ratio. The phenomenon of wave 
diffraction is also a function of relative depth. 

The perimeter walls of most harbor basins are usually prime wave 
reflectors, and the reflection coefficient increases as the.wave period 
increases. Thus, for intermediate- and long-period waves the harbor 
boundaries are nearly perfect wave reflectors, and, standing-wave systems 
are generated in the harbor basins for such waves with little reduction 
in energy due to friction. Such waves oscillating in harbor basins are 
usually called seiches, a French term which was used originally to desig-
nate the free oscillations of relatively long-period standing waves in 
lakes or other enclosed bodies of water. Seiches in lakes were usually 
caused by the piling up of water on the windward side of the lake (wind 
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setup), due to the tractive force of stormwinds blowing over the water 
surface in one direction, and the consequent release of the water when 
the wind shifted in direction or was reduced in speed over a short period 
of time. However, common usage of seiche now applies to both free and 
forced oscillations of enclosed and semienclosed bodies of water. Seiches 
in harbor basins are forced oscillations with periods that are generally 
determined by the periods of the incident waves which enter the basins 
from the ocean area surrounding the harbor, rather. than the natural or 
free oscillation periods of the basin. A resonant oscillation occurs 
when the period of the forcing oscillation is equal to the period of the 
fundamental (gravest mode) or a harmonic of the natural period of oscil-
lation of the basin waters. Water oscillations with periods greater than 
those of the third harmonic of the fundamental are believed to be rare, 
except for harbor basins that are somewhat rectangular in shape, because 
the energy in the higher harmonics can be dissipated more easily by im-
perfect reflections from the irregular boundaries. Standing wave systems 
with periods in the intermediate- and long-wave range have large horizon-
tal ~xcursions in the nodal areas, even when the vertical amplitudes are 
as small as 6 inches to 1 foot. Ships moored elastically in or near the 
nodal areas of such oscillations in a harbor basin are subjected to oscil-
latory forces that can cause mooring lines to break and damage the ship 
or pier or, at a minimum, make loading or unloading of cargo difficult 
or impossible. The resonant motion of a moored vessel is a function of 
the vessel's mass and the length, number, position, and elasticity of 
the mooring lines. Thus, resonant ship motions may occur when the water 
masses in the harbor basin are not oscillating in a resonant mode. How-
ever, the worst conditions for the shipowner would be when both the harbor-
basin waters and the moored ship were oscillating in resonance with the 
forcing oscillations from outside the harbor. 

The above discussion shows that the designer of a harbor faces a for-
midable task where relatively large vessels are moored elastically for 
loading and unloading cargo, and where the harbor is exposed to rela-
tively long-period waves. From a practical approach, the designer should 
determine the wave energy spectrum that exists outside the harbor and then 
select water depths and horizontal dimensions of the harbor basins to de-
tune the basins from the peaks in the intermediate- and long-period part 
of the energy spectrum of the outside waves. The detuning of the harbor 
basins is difficult, if not impossible, except for one or two of the inci-
dent wave periods, because the basin geometry and dimensions are largely 
determined by the requirements of ship navigation into and out of the 
different harbor basins, the required turning basin areas, and the water 
depths necessary to accommodate the larger, deep-draft vessels. For 
optimum mooring conditions, the harbor designer should be able to detune 
the oscillating characteristics of the moored ships from both the periods 
of the outside forcing function and the resonant periods of the water 
masses in the harbor basins. This stage of the detuning process, to be 
successful, would require that the energy spectrum of the forcing oscil-
lation contain a minimum of peaks, and that the harbor designer has both 
the authority to. establish the method of ship mooring and the technical 
information and ability to determine the characteristics of the mooring 
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system required to reduce ship oscillations sufficiently to meet the 
surge criteria for different classes of ships and loading conditions. 
Unfortunately, little reliable data are available from which to obtain 
the answers to this problem. More theoretical and experimental investi-
gations are needed to provide the design engineer with the necessary tools 
to solve the harbor-basin and ship mooring design problems. 

Theoretically, the problems of designing small-craft harbors are 
closely related to those problems for the relatively large, commercial 
vessel harbor, but the short-period part of the wave energy spectrum is 
the important consideration when the harbor is used to berth small craft. 
This is especially. true for marinas where the boats are for recreational 
use and are moored by the average boater and left unattended except for 
the weekend or longer periods of time. However, more prototype wave data 
are generally available, mostly from hindcast studies, and with the proper 
selection of breakwater position, length, crest height, and degree of im-
perviousness, and if adequate space is allowed for the use of wave abs·orb-
ers in the critical parts of the harbor perimeter, the wave climate in the 
berthing areas can usually be reduced satisfactorily. The problems of 
devising satisfactory mooring methods for small craft are not as intrac-
table as are those for the larger ships, although the problems are some-
what similar in their theoretical aspects. Raichlen (1968) provides some 
valuable information for use as a guide in mooring small craft, but addi-
tional studies are needed to place the solution of small-craft mooring 
problems on a sounder scientific basis. 

~; 

2. Similitude Relations. 

a. Geometrically Similar (Undistorted-Scale) Models. Ideally, all 
harbor wave action model studies that are performed to determine optimum 
plans for providing adequate wave protection for moored vessels should be 
conducted using models constructed geometrically similar to their proto-
type harbors. Fortunately, the size and depth of most harbors and the 
order of magnitude of the horizontal dimensions of short-period storm 
waves (periods usually range from about 2 to 5 seconds for lakes of small 
to moderate size, about 5 to 10 seconds for large lakes and near-local 
ocean storm waves, and about 10 to 20 seconds for severe storm waves 
generated in ocean areas located a considerable distance from the harbor) 
are such that undistorted-scale models can be used. Few harbors are of 
a size and depth to be feasible for use in undistorted-scale models for 
intermediate- and long-period waves. In nature, surface wind waves are 
propagated by the restoring forc.e of gravity, and surface. te11sion and 
friction forces, although present, are not usually of sufficient magni-
tude to affect wave action significantly within the areas reproduced by 
scale models. Thus, harbor wave action models where short-period wind 
waves cause a problem are designed in accordance with the Froude model 
law and are constructed geometrically similar to their prototypes. After 
the linear scale, Lr, has been selected, the model-to-prototype relation-
ships necessary for model design, construction, and operation, the inter-
pretation of model results and the transference of model test data to 
corresponding prototype'units can be derived in terms of the linear scale 
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from the Froude model law, and simple relationships for area, volume, 
force, etc., as follows: 

(1) Velocity. Velocity ratios are obtained directly from the 
Froude model law (eq. 2-9, Section II) 

from which 

and 
( 4-1) 

(2) Time. Since length equals velocity times time, 

L 
V = __! = (g L ) 1/2 r T r r r 

and 

T = L1/2 0 -1/2 = __.!. 
(

L )1/2 
r r or gr (4-2) 

(3) Force. Since force equals mass times acceleration, 

( 4-3a) 

Substituting the values of Vr and Tr from equations (4-1) and (4-2) 

(4) Weight. Weight equals volume times specific weight; 
therefore, 

(5) Energy. Energy is a force times distance; therefore, 

Er = FrLr = Li'Yr . 
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Similarly, for area, volume, discharge, and pressure, 

and 
Q = LS/2 r r 

(4-6) 

(4-7) 

(4-8) 

(4-9) 

Essentially, gr = 1 and this should be considered when referring to the 
model scales (derived above) in Table 4-2. The similarity relations for 
undistorted wave models, derived by the method of differential equations, 
are also presented in Section !!,3. 

Table 4~2. Derived model scales. 

Characteristic Dimension Model~to-prototype scale 

Length L Lr 

Area L2 Ar = L2 r 

Volume L3 - L3 vr = r 

Time T Tr = LI/2 r 

Velocity L/T vr = Ll/2 r 

Discharge L3/T Qr = tS/2 r 

Force F Fr = L~'Yr 
Weight F Wr = L~'Yr 
Pressure F/L2 Pr = Lr'Yr 

Energy FL Er = Li'Yr 

b. Geometrically Dissimilar (Distorted-Scale) Models. .Linear-scale 
distortion (where the horizontal length scale is not the same as the 
scale of vertical lengths) is used in hydraulic models of harbor wave 
action problems when the wave periods, and also wavelengths, are of a 
magnitude that requires the use of excessively large models, and when 
the water depths in the prototype are such that the use of an undistort-
ed scale would result in depths in the model so small that the friction 
effects would be excessive. The use of distorted-scale models also pro-
vides easier measurement of wave heights, especially for long-period, 
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seiche-type waves which have small wave heights in the prototype. Thus, 
distorted scales are used when the departure from geometric similarity 
serves a definite purpose, and the use of the model is limited to those 
problems for which the resulting scale effects are minor. The accuracy 
of such models depends primarily on the degree of scale distortion and 
the prototype water depths relative to wavelength. 

For long, shallow-water waves of small amplitude, and 0 < d/X < 0.05, 
in which the wave velocity is given by the relation 

v = (gd)112 , ( 4-10) 

distorted-scale models reproduce wave refraction and diffraction and 
resonant periods accurately. For all types of waves, the bottom-friction 
effects in distorted-scale models are less than those in undistorted mod-
els. Wave reflection effects are increased by scale distortion. For 
long waves, the velocity scale can be determined directly from equation 
(4-10) as follows (eq. 2-9, Section II); 

V m - ~~ dm)l/2 
vP - \g; dP 

or, since gm = gp, and all vertical lengths 
measured in accordance with the depth ratio; 

dm (Lv)m 
- =-- , 
dp (Ly)p 

vr = (1-y)l/2 . 
r 

CLv) in the model are 
i.e., 

( 4-11) 

This is the same relationship that is obtained by use of the Froude 
model law with the water depth as the linear dimension. If the hori-
zontal lengths are designated Lh, the scale of horizontal lengths as 
(Lh) ml (Lh)p = (Lh) r' and the distortion factor (a number greater than 
unity) as OF, then 

DF = ( 4-12) 

Based on the designations above, the time ratio is derived as follows: 

or 
(Lh)~/2 

Tr - (DF)l/2 • (4-13) 
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The derivations above are for the special case in which the waves 
are of sufficient length relative to depth that the wave velocity is a 
function only of gravity and the water depth. In the general case, for 
small-amplitude waves, 

v = (~ 27Td)l /2 
21T tanh T ( 4-14) 

and the velocity ratio, with gm = gp, is 

( 4-15) = i\p 21rdp • 
tanh "A 

p 

Thus, since wavelength is a horizontal dimension, 

(4-16a) 

~ 
27Td )1/2 

tanh :.::....:E... 
i\p 

(4-17a) 

Also, since (eq. 4-12) 

(1-v)r = dm X i\n DF-- ....J:... 
- ILh) dp i\n1 ' ,- r 

equation (4-16) becomes 

~ 
---)1/2 27TdpDF 

anh \ V = (L \ I /2 ---:..,---:..:E.I;;...._!__ 
r h)r ( 27Td )1/2 

tanh? 
p 

(4-16b) 
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and equation (4-17a) becomes 

( 
271'd )1/2 

tanh? 
p ( 4-17b) 

( 
271'd DF)1/2 • 

tanh ~ 
p 

These equations show that, for intermediate-depth waves, the velocity 
and time ratios are dependent on the local prototype relative depths, 
the horizontal scale, and the distortion factor. Thus, for wave periods 
and depths such that 0.05 < d/A < 0.5, scale distortion has the effect 
of distorting the wave refraction patterns compared with the prototype 
patterns and those obtained from models with undistorted scale. 

Distorted-scale models of waves that fall within the category of 
intermediate-depth waves can be used to obtain the correct refraction 
patterns as the waves approach a harbor, but then the accuracy of the 
resonance conditions within the harbor basins is sacrificed. The refrac-
tion patterns in a distorted-scale model and the prototype will be sim-
ilar if 

or 

and 

Since 

gT2 271'd A.=- tanh~ 271' 1\ 

and, in accordance with equation (4-18), 

271'd 
tanh?= 

p 
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(4-19) 

(4-20) 

( 4-21) 

(4-22) 

( 4-23) 



Thus, equation (4-22) reduces to 

T2 = {ql T2 p ~ m ( 4-24a) 
r 

or, to obtain similar refraction patterns, model-to-prototype, in 
distorted-scale models, 

3. Model Design. 

(4-24b) 

a. Field Data Required. The following information and field data 
are needed for hydraulic model studies of harbor wave action problems: 

(1) Statistical data describing the wave environment. 

(2) Tide data referred to a standard datum. 

(3) Accurate depth contours within the harbor area and 
outside the harbor to a sufficient depth seaward to allow the 
construction of refraction diagrams or orthogonals from deep 
water to the harbor area for the different deepwater.directions 
of wave approach. The depth contours should be referred to the 
same datum as that used for the tide data. 

( 4} Topographic and hydrographic maps of the harbor and 
adjacent land area showing locations of all pertinent harbor 
and shoreline structures. The maps should be referred to the 
same horizontal control and vertical datum as those used to 
show depth contours. 

(5) Construction details of existing and proposed break-
waters, jetties, wave absorbers, seawalls, piers, and docks. 

(6) Details of existing and proposed plans for the dredging 
of turning basins and navigation channels. 

(7) The resonant wave periods for both surge and sway (fore-
and-aft motion of the vessel parallel to the dock line and side-
ways motion perpendicular to the dock line, respectively) of all 
types and classes of large vessels expected to moor in the har-
bor. The resonant wave periods should be obtained for the type 
of mooring-line assembly used for each type and class of vessel. 
For small craft it is usually unnecessary to obtain resonant 
wave periods for motions other than those of surge fore and aft. 

(8) The maximum allowable wave height for each type and 
class of vessel as a function of wave period. 
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Items (1) to (6) provide data needed to design and construct the 
model and select the test waves and stillwater level conditions. Items 
(7) and (8) provide information for analyzing the test data to obtain 
the best harbor-basin arrangement and the most efficient breakwater plan 
for reducing wave action conditions within the harbor to tolerable levels 
for the types and sizes of vessels that will moor in the harbor basins. 
The ideal harbor for the movement of moored vessels is a harbor where 
the geometry and depths are such that the water masses in individual 
basins within the harbor are not tuning to any of the incident wave 
periods, and where moored vessels are not excited to resonant oscilla-
tions by the incident waves. Waves in nature are complex and contain 
different wave periods in the same train. The size, shape, and depths 
of harbor basins are also determined primarily by the type and size of 
vessels that frequent the harbor. Thus, all resonant phenomena cannot 
be excluded by avoiding the harbor-basin dimensions that are critical 
to incident wave periods. Likewise, it is not possible to exclude from 
the harbor all vesse1s that are of a size that, with the normal mooring-
line assembly, are excited to abnormal oscillations by the forcing func-
tion of the incident waves. Some relief can be obtained by variations 
in the elasticity, size, and tautness of lines, but the necessity of 
allowing for changes in tide level makes it difficult without sophisti-
cated mooring tension apparatus. 

The short-period wave data needed for harbor wave action models are 
similar to those required for stability models of coastal structures 
(see Sec. VI). The significant deepwater wave heights and periods 
(H 1t3 and T1,3 , respectively) from the different directions of approach 
are usually selected for use in testing, and these deepwater waves are 
projected into the positions of the wave generator by existing wave re-
fraction techniques. However, for complicated inshore bathymetry, wave 
refraction and shoaling effects become more complex, and there is a need 
for a more reliable method of selecting shallow-water test-wave dimen-
sions and directions for both stability and harbor wave action model 
studies. The heights of intermediate- and long-period waves that cause 
objectionable surge oscillations of moored ships are relatively small, 
even in harbor basins that are excited by resonant wave periods. Thus, 
it is difficult and usually impractical, to obtain model input data for 
such waves in areas other than those within the harbor basins or imme-
diately outside the breakwaters. Measurable wave heights are generally 
easier to obtain in the antinodal areas where the vertical motion of the 
water is maximum; however, this may pose a problem for any but the most 
simple geometry in mooring areas. If the mooring area is in the form of 
a slip where the adjacent docks are impervious to the flow of water, a 
simple two-dimensional oscillation of the s·tanding wave system occurs, 
and a wave gage in the shoreward end of the slip is in an antinodal area 
and near enough to the ships docked in the slip so that there should be 
good correlation between the recorded heights and periods of the waves 
and the surge amplitude of the ships. When the mooring basin geometry 
is more open and complex in plan form, the positions of the nodal and 
antinodal areas are item functions of the wave period, and the selection 
of satisfactory gage locations becomes difficult. Considerable help in 
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the location of intermediate- and long-period wave gages can be obtained 
from mathematical models where the modes of oscillation of the harbor 
areas for different wave periods are plotted by digital computer 
techniques. 

The resonant wave periods of vessels that frequent a harbor can be 
obtained from model studies of individual vessels in which the vessel's 
shape, size, mass distribution, and weight, and the characteristics of 
the mooring-line assembly, are reproduced to acquire dynamic similarity, 
model-to-prototype. This information should be complemented by prototype 
wave data correlated with actual vessel observations with respect to the 
severity of surge oscillations. Both types of data are difficult, expen-
sive, and time consuming to obtain, and sufficient data of these types 
can seldom be acquired to allow accurate analysis of harbor wave action 
problems. Without this information, the harbor wave action model will 
reliabily show which of several plans is the best for intermediate- and 
long-period wave action in the different basins of the harbor, but it 
cannot ensure that the best of several plans will be satisfactory for 
the surge and sway of vessels moored elastically at docks within the 
harbor. This situation is also true for short-period waves in small-
craft harbors, at least in principle. However, experience has shown 
that small-craft harbors are usually satisfactory, with respect to the 
breaking of lines and boat damage, if the wave heights in the harbor 
basins can be reduced to about 1 foot or less. Raichlen (1968) has 
stated that the motions of small craft may be reduced by the proper 
design of mooring systems and the imposition of certain mooring restric-
tions, rather than the drastic and expensive reduction of wave energy 
that is allowed to enter the harbor basins. 

The tsunami data needed for the conduct of a harbor wave action model 
are essentially the same as those needed when the waves are short- or 
intermediate-period waves. Design and operation of the model and the 
interpretation of model test results require that the frequency of occur-
rence of tsunamis with different periods and wave heights, from the dif-
ferent directions of approach, be available for locations in the ocean 
corresponding to· the shallow-water positions of the wave generator. How-
ever, tsunamis in the open ocean are so long and their heights so small 
that deepwater tsunami data are exceedingly difficult to obtain and such 
data, sufficient for harbor model studies, are not presently available. 
Since the tsunami problem areas of the United States are limited to the 
west coast and to some coasts of Hawaii, considerable data are available 
for these areas. These data consist of the frequency of occurrence for 
tsunamis of different heights and periods as measured in bays, coastal 
zones, and harbors in the problem areas (Cox, 1964; Wiegel, 1965). The 
directions of the wave fronts at the ocean limits of a proposed model 
are determined by wave refraction studies in which the wave rays are 
proje.cted .from the earthquake epicenters where the major tsunamis origi-
nate. A digital computer program, written specifically for tsunami re-
fraction, has been used in a study concerning the design of a proposed 
tsunami model of Crescent City Harbor, California (Keulegan, Harrison, 
and Mathews, 1969). 
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b. Selection of Linear Scale. 

(1) Short-Period Waves. Coastal harbor models in which the 
problem involves the protection of mooring basins from the attack of 
short-period wind waves are designed in accordance with Froude's law 
and are constructed geometrically similar to the prototype harbor. The 
linear scale is selected. so that internal friction and surface tension 
forces are negligible, comp_ared with gravity forces. The linear scale 
should also be selected so that the reduction of model wave heights by 
bottom friction in the viscous boundary layer is negligible, or is such 
that the lack of similarity of the friction forces, model-to-prototype, 
can be corrected by analytical and experimental methods. The harbor 
wave action model must usually reproduce the complete prototype harbor, 
with enough upcoast and downcoast distances to allow the littoral current 
to generate, and with enough ocean area to allow the waves to generate in 
depths of water so that the refraction of waves, between the wave gener-
ator and the harbor, will reproduce correctly. Thus, in most instances, 
a prototype area of considerable size must be reproduced in the model; 
since economical considerations require the selection of a linear scale 
so that the model will be as small as possible consistent with the need 
for accurate test results, a trade-off situation between cost of model 
construction and the magnitude of scale effects is usually encountered. 
The linear scale must also be selected so that model wave heights obtained 
in the problem areas are of sufficient magnitude for accurate measurement. 
Experience has shown that, considering the size of harbors, the depths of 
water, the wave dimensions encountered, and the type of wave gages and 
model shelter area usually available (and considering other factors men-
tioned above), the linear scales selected for harbor wave action models 
where short-period waves are the cause of the problem are usually within 
the range of about 1:75 to 1:150, model-to-prototype. 

(2) Intermediate- and Long-Period Waves. The intermediate- and 
long-period waves of primary interest to harbor wave action conditions 
are the relatively long-period, small-amplitude'waves with periods rang-
ing from about 20 or 25 seconds to 2 to 3 minutes. For ordinary commer-
cial vessels, the critical range of wave periods for vessels moored with 
the-commonly-used elastic mooring-line assemblies is between about 25 
seconds and 2 minutes. During the last decade, vessels of about 250,000-
ton displacement or more have been constructed and placed in operation. 
When harbors become available that have sufficient navigable depths to 
accommodate these large vessels, the range of critical wave periods will 
increase unless more sophisticated mooring assemblies are devised. How-
ever, the problems of selecting linear scales and designing hydraulic 
models for study of mooring problems should not be affected appreciably. 
TI1e selection of linear scales and the design of harbor models for 
intermediate- and long-period waves are more difficult than the problems 
encountered when the model study involves only short-period wind waves. 
There are several reasons for this situation. One reason is that the 
ocean area that should be reproduced in the model increases with wave-
length, and wavelength increases as the square of the wave period for 
deepwater waves and for intermediate-depth waves at equal relative 
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depths, and with the product dl/2T for long waves. The wave steep-
nesses of intermed.iate- and long-period waves are also small, and this 
results in nearly perfect reflection of these waves from beach slopes 
as flat as about· 1:100. This causes problems of scale selection in two 
ways: (a) Since longer period waves easily reflect from the beach and 
harbor areas of the model, and because it is infeasible to reproduce a 
sufficiently large ocean area to allow complete tests before the reflec-
ted waves reach the wave generator (located along the boundary of the 
ocean area of the model), and because waves of long period and small 
steepness are difficult to absorb without appreciable reflection from 
the face of the absorber, a large part of the ocean area reproduced in 
the model (including the area in front of the wave generator) must be 
filled with wave-absorber material; and (b) the periods of long waves 
and the resulting high reflection coefficients even on flat beach slopes 
result in the phenomena of bay and shelf resonance which, in turn, if 
the harbor is located on a continental shelf or in a bay, or both, can 
make it necessary to include the bay and shelf in the modeled area. If 
the shelf is comparatively narrow, long-period oscillations of the shelf 
waters may occur within the range of critical wave periods of the moored 
ships. Biesel and Le Mehaute (1955) have stated that when the shapes of 
both the coast and the shelf are complex, the use of a small preliminary 
model may be necessary to reproduce a large part of the coast and shelf 
together with a considerable part of the adjacent ocean area seaward of 
the shelf. 

Because of the situation discussed above, and the ever-present eco-
nomical and practical considerations, the use of distorted-scale models 
is necessary in most instances. In such models the vertical and hori-
zontal linear scales are unequal, and 

A few harbor models with the problem of intermediate-period waves have 
been conducted using undistorted scales of about 1:100; however, most 
of these studies are conducted using distorted scales. The vertical 
scales for such models usually range from about 1:50 to 1:100, and the 
distortion factor is usually from about 3 to 5; e.g., the Los Angeles-
Long Beach Harbor model designed and constructed in 1972 had a vertical 
scale of 1:100 and a horizontal scale of 1:400. For preliminary models 
where the modes of oscillation are of primary interest, and where the 
waves and water depths are such that the long-wave velocity relation, 
V = (gd)l/2 , is applicable, the horizontal-scale ratio can be decreased 
and the distortion factor increased. The degree to which the model can 
be reduced in size and depth is dependent on the accuracy desired. For 
waves and water depths where the long-wave velocity relation is not 
applicable, and where the wave velocity' is a function of both water 
depth and wavelength, the error in wave refraction increases as the wave 
period decreases for a given distortion factor. 
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c. Scale Effects. 

(1) Short-Period Waves and Undistorted, Linear-Scale Models. 
Although harbor models with the problem of short-period waves are de-
signed in accordance with Froude's law and are constructed geometrically 
similar to the prototype, the conditions of similitude are not met com-
pletely in most instances because friction forces cannot be modeled 
correctly. Waves are attenuated by surface tension, internal friction, 
and friction in the bottom boundary layer. Friction effects also reduce 
the amount of wave energy that is transmitted through pervious coastal 
structures such as rubble-mound breakwaters and jetties. Bottom friction 
and the energy loss as waves are transmitted through rubble-mound break-
waters are exaggerated in harbor models and these phenomena constitute 
the major scale-effect problems in the design of short-period, wave 
action models. If the linear-scale ratio (Lr) is too small, surface 
tension can affect the wave velocity, resulting in errors in wave refrac-
tion, and internal friction can considerably reduce the wave heights. 
The effects of surface tension on wave velocity are shown in Figure 4-1. 
According to Keulegan (1950a), the expression for the variation of wave 
height with time, due to internal friction, is 

(4-25) 

and, if t' is the time required to reduce the wave height 50 percent, 

t, = 0.0088 ~2 ( 4-26) 

In terms of wave period (T) and the distance of wave travel in time 
t', (x), and with a temperature of 21° Celsius (70° Fahrenheit) 
(v = 1.059 x 10- 5), equation (4-26) reduces to 

5 I. 27Td)3 
xp = 111,7 50 T \tanh T . ( 4-27) 

The effects of internal friction on the reduction of wave height for 
relatively small wave periods are shown in Figure 4-2. The figure shows 
that the effects of surface tension and internal friction can be made 
negligible in harbor wave action models by the proper selection of linear 
scale. The law of variation of the wave height with distance due to fric-
tion in the viscous boundary layer for a train of progressive oscillatory 
waves in a rectangular channel of uniform cross section, is (Keulegan, 
1950b) 

(4-28) 
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where 

(X = _1_ (7T7!.) 1/2 (A sinh ~ + 27TBJ 
VB T A sinh 41rd + 47Td 

A 
( 4-29) 

and 

v = wave velocity 

B = flume width 

Hl = wave height at Xp = 0 

H2 = height after the wave has traveled a distance Xp in water 
of depth d. 

If the flume width is many times greater than the water depth, equation 
(4-29) reduces to 

(4-.30) 

which is the same as that of Eagleson and Dean (1966). According to 
Keulegan (personal comunication, 1977) the values of a as determined 
from equation (4-30) should be increased about 25 percent, or 

( 4-.31) 

This increase is deemed necessary because of the energy losses due to 
the contamination of the water surface by dust and oily molecules. The 
effects of bottom friction in harbor wave action models, including the 
suggested 25-percent increase in a, are shown in Figures 4-3 and 4-4. 
The figures show that (a) effects of bottom friction in the prototype 
(linear scale of 1:1) are negligible within the area and travel distances 
reproduced in ordinary wave action models; (b) linear scales less than 
about 1:100 can seldom be used; (c) energy loss due to bottom friction 
becomes appreciable as the water depths become small; and (d) wave heights 
measured in harbor wave action models should be corrected to minimize the 
scale effects due to bottom friction. The correction coefficients can be 
calculated from equations (4-28) and (4-31). 

If rubble-mound breakwaters and wave absorbers are modeled geometri-
cally similar to their prototype structures, there is relatively more 
wave reflection from the model structures and relatively less wave trans-
mission through the model structures compared with the prototype, unless 
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the model scale is large enough to ensure that the motion is fully tur-
bulent in the model. For most harbor model studies, the linear scales 
are relatively small and the scale effects in wave reflection and trans-
mission are appreciable. Le Mehaute (1965) stated that scale effects 
for both wave reflection and transmission can be reduced by using model 
quarrystone sizes in the protective cover layers and the core material 
larger than those determined by the linear scale of the model; i.e., 

( 4-32) 

where D is the effective stone diameter, Lm/L the linear scale, and 
K a coefficient greater than one. The value ofP K for the armor units 
in the protective cover layer, the characteristics of which determine the 
reflection coefficient for a rubble breakwater or wave absorber with a 
given slope, is not the same as the value of K for the core material, 
which determines to a large extent the wave transmission characteristics 
of the breakwater. This is especially true if the crest of the core 
material section is high relative to the total height of the structure •. 
The values of K, for both wave reflection and wave transmission through 
the voids of the breakwater or wave absorber, can best be determined by 
experiment. Approximate values of K for wave transmission can be ob-
tained from a nomograph by Le Mehaute (1965) based on analytical con-
siderations and available experimental data (Fig. 4-5). The variables 
of this nomograph are defined as follows: 

~H/~L is the gradient of the head loss through the voids in 
the core material part of the breakwater section. ~H is the 
height of the incident wave, Hi, and ~L the average width of 
the core material section. Dp is the effective quarrystone di-
ameter of the prototype core material in centimeters, and is 
taken to be the 10 percent smaller than qU:arrystone from the core 
material gradation curve. P is the porosity of the core material 
(0 < p < 1). 

Le Mehaute (1965) assumes that the gradation curves of the core material 
in model and prototype are the same, or Pm = P~. The use of the nomo-
graph to estimate the size of model core mater1al necessary to minimize 
the scale effects in wave transmission through the voids of a breakwater 
core (scale effects are assumed to be negligible insofar as transmission 
through the outer armor-unit cover layers are concerned) is given in the 
following example. 
Given: 

(Hi)P = AH = 15 ft, 

D.L = 50 ft, 
Lm 

= 1 
LP 100' 

DP = 0.50 ft = 15.2 em, and 
pp = 0.35. 

223 



I 

E 
--' 
"?.. 
--' 

1000 

100 

10 

'' 

Figure 4-5. 

10-5 
5 3 

P p (em) 

Similitude of permeability for core material, geometrical similar models 
(Le Mehaute, 1965). 



Then, 
-LlH o3p5 = 5150 X (15.2)3 X (0.35)5 LlL P 

= 0.30 X 3512 X 0.00525 

= 5.53 cm3 . 

From Figure 4-5, for the above-calculated value of (6H/6L)D~P 5 and a 
linear scale of 1:100, K = 5.0. Using this value of K ana equation 
(4-32), the diameter of the 10 percent smaller than stones in the model 
core material is 

D = 5.0 X 0.5 0 025 f 
m 100 = · t • 

The other stones in the model core material would be increased in size 
in the same proportion. 

Keulegan (1973) has given the following equations for wave trans-
mission through model and prototype rubble-mound structures in core 
materials with a porosity of 0.46. The equations for wave transmission 
through prototype structures, when Rn > 2000, are 

and 

(Hi) (Hi\ (Ll L) 
H1 = 1 + '>'p 2ci)P T P . 

p 

(A) ~ T2)4/3 'Yp = 2.11 5 gd 2 . 
P A P 

( 4-33) 

( 4-34a) 

The corresponding equations for.wave transmission through model struc-
tures, when 20 < Rn < 2000, are 

(Hi)2/3 = (Hi)2/3 (Ll L) 
H 1 + '>'m 2d A tm m m 

(4-35) 

and 

(vT)l/3 (A) f. T2)4/3 
'Ym = 14.7 DAm D m ~d A2 • 

m 
(4-36a) 

If the relations above are generalized for the effects of porosity, 
assuming, as suggested by Le Mehaute, that the function of porosity is 
F(P) = P- 5 , equations (4-34a) and (4-36a) become 

(4-34b) 
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and 

= p-~ (vT)l/3 (~) ( T2)4/3 
'Y m 1. 52 A 2 D m ~d A 2 • 

m m 

In the above equations by Keulegan, the Reynolds number is 

where 

H· 1 = 
Ht = 
d = 
T = 
\) = 
D = 

ll.L = 
g = 

incident wave height 

PHi AD 
Rn = 2dTv ' 

transmitted wave height 

water depth 

wave period 

kinematic viscosity 

characteristic linear dimension 
smaller than quarrystone in the 

of the 10 percent 
core material 

average width of the core material section 

acceleration of gravity 

P = porosity of the core material; i.e., 

p = 

(4-36b) 

( 4-37) 

(4-38) 

where subscripts T and v refer to total volume and volume of voids, 
respectively. The use of Keulegan's equations to minimize scale effects 
in wave transmission is based on the requirement that, to obtain simi-
larity, 

( 4-39) 

Thus, prototype values of Hi, T, d, A, P, ll.L, and D are substituted in 
equations (4-33) and (4-34b) to determine (Hi/Ht) . This value (from 
eq. 4-39 equals (Hi/Ht) )» together with the model values of Hi, T, d, m 
A, ll.L, and v, is then substituted in equations (4-35) and (4-36b) to 
determine the required value of Dm. The corresponding value of K can 
then be determined from equation (4-32). 
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The methods of Le Mehaute (1965) and Keulegan (1973) for the deter-
mination of K are compared in Table 4-3. The experiments by Keulegan 
were conducted using stones of nearly equal diameter with a porosity of 
0.46. Thus, for ease of calculation, the comparison was made using a 
porosity of 0.46 for both the model and prototype core material. A more 
reasonable value for Pp for quarry-run core material is about 0.35 to 
0.40, depending on the gradation. The linear scale of the model, used 
in the comparison, was 1:100, and the viscosity was 1.059 x 10- 5, cor-
responding to a temperature of 21° Celsius (70° 'Fahrenheit). 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 4-3 show that the porosity and size of the core ma-
terial quarrystone have an appreciable effect on the wave transmission 
coefficient (Hi/Ht)· 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 Pm/Pp and Dm/Dp to obtain practical solutions to the 
problem of minimizing scale effects in wave transmission through rubble-
mound breakwaters. Generally, the problems of obtaining dynamic similar-
ity for wave transmission through rubble-mound breakwaters should be the 
subject of future analysis and experimentation. However, until the re-
sults of these studies become available, such scale effects are consid-
ered to be reduced appreciably by Le Mehaute's nomograph and Keulegan's 
equations, and by the proper selection of linear scale. The most accu-
rate of the two methods is unknown; however, it is presently recommended 
that the value of K used in the model design should be the average of 
the values obtained by the two methods, or 

dp 

(ft) 

IS 
IS 
IS 
1S 
30 
30 
30 
30 
45 
45 
4S 
4S 

K = 

Table4-3. Values· of K according to Le.Mehaute (1965) and Keulegan (1973) for 
undistorted-scale models, Lr = 1:100, 

Tp (~)p 
1 1 

Dp KL KK KL 
(ft) 

-
(s) (ft). KK 

s 7.S 0.2S 6.0 4.6 1.30 
s 7.S 0.7S 3.S 2.7 1.30 

10 7.S 0.2S 6.0 4.2 1.43 
10 7.S 0.7S 3.S 2.S 1.40 
10 IS.O 0.2S s.s 4.0 1.38 
10 15.0 0.75 3.0 2.3 1.3I 
I5 I5.0 0.25 5.S 3.9 1.41 
15 lS.O 0.75 3·.o 2.3 1.31 
IS 2S.O 0.25 5.0 3.7 1.3S 
15 2S.O 0.7S 2.7 2.2 1.23 
20 2S.O 0.25 5.0 3.6 1.39 
20 25.0 0.7S 2.7 2.2 1.23 

-· 
1 Subscripts L and K refer to Le Mehaute and Keulegan, respectively. 
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A similar relation can be established for the core of rubble-mound sta-
bility models to ensure that the pressures in the underlayers, which may 
affect the stability of the ·armor units in the protective cover layer, 
are in similitude. The linear scales of such models usually range from 
about 1:40 to 1:50. 

In harbor wave action model studies where short-period waves are 
studied, scale effects in wave reflection from the outer breakwaters are 
usually not critical. In such studies, waves reflecting from the outer 
breakwaters can be reduced satisfactorily by wave absorbers around the 
ocean perimeter of the model and in front of the wave generator. How-
ever, when reflected waves from the breakwaters affect the test results 
adversely, the increase in wave reflection from the breakwaters due to 
scale effects can be reduced by wire-mesh screens placed on the ocean-
side of the structure. The quarrystone in the protective cover layers 
of the breakwaters would then be sized in accordance with the linear 
scale of the model. The proper value of the reflection coefficient 
would be obtained by special two-dimensional tests in a wave flume. In 
these special tests the model would be as large as possible, preferably 
with a linear scale between 1:10 and 1:20, depending on the size of the 
prototype structure, the prototype water depth and wave dimensions, the 
dimensions of the available wave flume, and the capacity of the wave 
generator. 

(2) Intermediate- and Long-Period Waves and Distorted-Scale 
Models. When the problem involves intermediate- and long-period seiche-
type waves, harbor models must reproduce a large ocean area because of 
the long wavelengths involved and because the absorption of reflected 
waves in the ocean area of the model requires the reproduction of large, 
additional ocean areas to provide space for the wave absorbers and filters 
needed to absorb the reflected waves. Exceptionally large absorber-filter 
areas are required in such models because waves with large periods and 
small heights are difficult to absorb without considerable reflection 
from the outer boundaries of the absorber or filter material. The neces-
sity of reproducing such large areas in seiche-type models and the ever-
present need to conserve funds require a selection of relatively small 
linear scales. The use of small linear scales results in excessive 
bottom friction losses in the model, relative to the small losses in the 
prototype, if geometrically similar models are used (see Figs. 4-3 and 
4-4); therefore, distorted linear scales are usually adopted to reduce 
the friction effects. The use of the distorted-scale model, in which 
the horizontal scale (Lh)r is smaller than the vertical scale (Lv)r' 
also allows the use of larger wave heights in the model. This increase 
in model wave heights provides an easier measurement of waves. In undis-
torted linear-scale models, major scale effects are related to bottom 
friction effects and the energy loss as waves are transmitted through 
the voids of rubble breakwaters and wave absorbers. In distorted-scale 
models the effects of bottom friction on the reduction of wave heights 
with travel distance are reduced in magnitude as a result of the in-
creased depths and decreased distances of wave travel, compared with UTI-
distorted models. However, the bottom s.lopes and the slo~es of coas·tal 
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structures (such as rubble-mound breakwaters, jetties, and wave absorbers) 
are steeper in distorted-scale models than in the prototype or in geo-
metrically similar models; this causes increased wave reflections in 
distorted models. Scale effects in wave diffraction and refraction may 
occur in distorted models, depending on the degree of distortion and the 
ratios of depth to wavelengths that must be reproduced. The total effects 
of energy loss by friction (including damping due to bottom and internal 
friction, entrance losses and losses in the voids of rubble-mound break-
waters, and wave absorbers around the perimeter of harbor basins) also 
cause scale effects in the amplification factor and the sharpness, or 
Q value, of frequency-response curves at resonance. Therefore, special 
efforts must be made to devise methods of reducing such scale effects as 
much as possible. Although the effects on test results due to procedures 
of model operation cannot be strictly classified as scale effects, the 
maximum peak values of frequency-response curves can be in error if the 
increment is too large between wave periods used in the tests. 

Bottom friction effects are usually negligible in distorted-scale 
models; however, in instances where deemed necessary the reduction of 
wave height with distance of wave travel can be determined from the 
equations developed by Keulegan (1950b); i.e., equations (4-28) and 
(4-31). Scale effects due to wave reflection from beach slopes and all 
types of reflective surfaces can be reduced somewhat by the distortion 
of wave heights; i.e., the arbitrary increase of wave heights compared 
with values obtained by application of the vertical scale of the model. 
This partial reduction of the reflection coefficient is explained by 
the arbitrary increase in wave heights which results in the increase 
of values of wave steepness, H/A, and by the reflection coefficient 
which decreases as the wave steepnes·s increases. For structures that 
are located where their reflection coefficients are critical to the 
problem being investigated (especially rubble-mound structures in which 
the reflection coefficients are exaggerated because of scale effects 
related to the lack of fully turbulent flow in the voids of the struc-
ture), the reflection coefficients can be reduced satisfactorily by 
wire-mesp screens placed on the structure slopes, together with a mod-
erate increase in the size of the quarrystones in the outer cover layers 
of the structure. As in the case described for geometrically similar 
models, the proper values of reflection coefficients in the model should 
be determined by the conduct of special, two-dimensional flume tests. 
Tests would first be made with a large linear scale, in which the 
Reynolds number is large enough to ensure fully turbulent flow to deter-
mine, as nearly as possible, the reflection coefficients of the prototype 
structures. Tests would then be conducted on the corresponding model 
structures to determine .the optimum combination of wire-mesh screen (or 
other types of wave filters that have low reflection coefficients) and 
th.e use of disto~ted (enlarged) quarrystone sizes in the structures. 

1he similitude of refraction can be maintained in distorted-scale 
models when the waves are long enough relative to depth that the wave 
velocity is given by the relation V = (gd)l/2 (see Sec. IV,2,b). Biesel 
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and Le Mehaute (1955) have shown that this equation is valid within 
about 5 percent when 

d < 0.2T2 ( 4-41) 

where d and T are in feet and seconds, respectively. It was also 
shown that, on distorted-scale models and with prototype quantities d 
and T, equation (4-41) becomes 

(4-42) 

The utility of this equation is in model design. Most distorted-scale, 
harbor wave action models are conducted to determine the optimum harbor 
basin and breakwater arrangements to ensure satisfactory mooring and 
navigation conditions. For such problems, the critical wave periods 
range from about 20 to 200 seconds. By use of equation (4-42), the maxi-

, mum depths that can be reproduced in the model areas where wave refrac-
tion is important to the problem can be quickly determined. Table 4-4 
gives the maximum depth for accurate wave refraction for common values 
of T and DF as determined from this equation. Since the degree of 
distortion allowable is limited by the reflection error that can be 
tolerated, after correction to the extent possible by the procedures 
described earlier, nearly all model studies of this type· show that it 
is infeasible to select model scales such that refraction will be modeled 
correctly for all wave periods. Determination as to whether the degree 
of error in the refraction patterns is acceptable is made by comparing 
computed refraction patterns for the distorted and undistorted conditions 
(Eagleson, 1960). In the design and operation of distorted-scale models 
(designed as discussed above), the transference equations for velocity 
and time are (from eqs. 4-11 and 4-13): 

V = (L )1/2 r v r 
and 

for the special case where the d/A ratio is such that the wave velocity 
is given by the relation V = (gd) 112 • For the general case, where the 
relationship (from eq. 4-14) 

(
rrA 2rrd)1/2 

V = ~tanh-2rr A 
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Table 4-4. Values of (dP)max as a function of Tp and DF. 
-DF 

Tp 2.0 3.0 4.0 5.0 

(d") t' max 
(s) (ft) 
20 20.0 8.9 5.0 3.2 
25 31.2 13.9 7.8 5.0 
30 45.0 20.0 11.3 7.2 
45 101.0 45.0 25.3 16.2 
60 180.0 80.0 45.0 28.8 
75 281.0 125.0 70.3 45.0 
90 405.0 180.0 101.0 64.8 

120 720.0 320.0 180.0 115.0 
180 1,620.0 720.0 405.0 259.0 
210 2,205.0 980.0 551.0 353.0 
240 2,880.0 1,280.0 720.0 461.0 

must be used to obtain the correct values for wave velocity, the equa-
tions (from eqs. 4-16b and 4-17b) 

( 
27Td ·~1/2 

tanh T 
p 

and 

must be used. The use of these relationships does not provide similar-
ity of refraction for those conditions of d/A where the wave velocity 
is not given accurately by the relation V = (gd) 112, as explained above; 
however, this use does ensure that the wavelengths on the model are scaled 
accurately by the horizontal linear scale (Lh)r. This ensures accurate 
simulation of wavelengths relative to harbor-basin dimensions, which en-
sures correct simulation of modes of oscillation in the basins for all 
wave periods and, therefore, the occurrence of resonance at correct wave 
periods. 

The use of the applicable equation (4-13) or (4-17a), if the equation 
V = lgd)l/2 can be used with sufficient accuracy in wave velocity calcula-
tions, also ensures accurate simulation of wave diffraction. However, 
if a distorted-scale model is operated in such a way as to obtain accurate 

231 



refraction patterns as the waves approach the harbor and shoreline, by 
using the distorted time scale (from eq. 4-24b) described in Section 
IV,2,b, 

T = (L )1/2 r v r 

then the resulting wavelengths are longer than those obtained by applica-
tion of the horizontal linear scale of the model, and accurate simulation 
of modes of oscillation and resonance in the harbor basins is not achieved. 
The use of this method of obtaining similarity of refraction in the ocean 
and beach areas of the model also results in the loss of similarity of 
diffraction. Similarity of diffraction requires that the linear scales 
for horizontal distances on the model be equal to the wavelength scale, 
or 

(4-43) 

Rubble-mound breakwaters and wave absorbers in distorted-scale models 
have distorted slopes that are steeper than their counterparts in geomet-
rically similar models. Therefore, the scale effects in·wave reflection 
are increased in distorted-scale models compared with undistorted-scale 
models. Scale effects in wave transmissi'on ·are also appreciable in 
distorted-scale models. The nomograph in Figure 4-5 can be used to 
determine the size of the model core material required to obtain sim-
ilarity of wave transmission if the inverted linear scale, Lp/Lm, on 
the vertical axis is replaced by 

and the relation between Dm and Dp, equation (4-32), is replaced by 

D 
__!!! = K(4) . Dp r 

(4-44) 

These changes are reflected in Figure 4-6. 

Keulegan's (1973) equations for wave transmission through rubble-
mound structures (eqs. 4•33, 4-34a, 4-35, and 4-36a) can also be used to 
minimize scale effects of wave transmission in distorted-scale models if 
equation (4-44) is used to determine the relation between Dm and Dp· 
The use of Keulegan's equations are simplified somewhat for wave periods 
and depths in which the wave velocity is given with sufficient accuracy 
by the relation V = (gd)l/2 • This is because the term for long waves 
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in equations (4-34a), (4-34b), (4-36a), and (4-36b) is equal to unity. 
The methods of Le MeHaute and· Keulegan for the determination of K have 
been compared in Table 4-5 for common values of Pp, (~L)p, Dp, dp, Tp, 
and (Hi)p, a distortion factor of 4, a vertical scale of 1:100, and a 
kinematic viscosity corresponding to a temperature of 21° Celsius (70° 
Fahrenheit). The values of (~L):e and dp were 45 and 30 feet, respec-
tively. Values of pp, Dp, Tp, and (Hi)P. were 0.40 foot; 0.25, 0.50, and 
0.75 foot; 60, 120, and 180 seconds; ana 1.0 and 2.0 feet; respectively. 
It was assumed that Pm = Pp· 

Table 4-5. Values of K according toLe Mehaute and Keulegan for distorted-scale models.1 

dp Tp (Hi)p Dp K2 KK 2 KL L 
(ft) (s) (ft) (ft) KK 
30 60 1.0 0.25 17.0 6.6 2.58 
30 120 1.0 0.25 17.0 6.6 2.58 
30 180 1.0 0.25 17.0 6.6 2.58 
30 60 1.0 0.50 12.0 4.9 2.45 
30 120 1.0 0.50 12.0 4.9 2.45 
30 180 1.0 0.50 12.0 4.9 2.45 
30 60 1.0 0.75 9.5 4.2 2.26 
30 120 1.0 0.75 9.5 4.2 2.26 
30 180 1.0 0.75 9.5 4.2 2.26 
30 60 2.0 0.25 14.8 6.3 2.35 
30 120 2.0 0.25 14.8 6.3 2.35 
30 180 2.0 0.25 14.8 6.3 2.35 
30 60 2.0 0.50 10.5 4.7 2.24 
30 120 2.0 0.50 10.5 4.7 2.24 
30 180 2.0 0.50 10.5 4.7 2.24 
30 60 2.0 0.75 8.5 3.9 2.18 
.30 120 2.0 0.75 8.5 3.9 2.18 
30 180 2.0 0.75 8.5 3.9 2.18 

1{Lh)r = 1:400; (Lv)r = 1:100. 
2 Subscripts L and K refer to Le Me haute and Keulegan, respectively .. 

As in the case of short-period waves and geometrically similar models, 
the problems of obtaining dynamic similarity for wave transmission in 
distorted-scale models should be further investigated; meanwhile, the 
results of investigations by Le Mehaute (1965) and Keulegan (1973) can 
be used to minimize the scale effects to the extent that satisfactory 
results can be obtained for most practical problems. Because of the 
difference in the results of the two methods, and because it is not 
known which of the two methods is the most accurate, the values of K 
used in design of model structures are again recommended to be the aver-
age of those calculated by the two methods in accordance with equation 
(4-40). 
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A form of scale effect in models where intermediate and long waves 
are investigated is caused by the reflection of wave energy from the 
ocean boundaries of the model. It is common practice to use wave absorb-
ers around the ocean boundaries of the model and in front of the wave 
generator. If these absorbers are not adequate, the wave energy that 
is radiated from the harbor and wave reflections from breakwaters and 
adjacent beaches will be trapped in the ocean basin part of the model 
and will distort the amplification factors or the frequency-response 
curves of the harbor basins. Considerable work relating to this problem 
has been accomplished by Ippen and Raichlen (1962), Goda and Ippen (1963), 
Ippen and Goda (1963), Keulegan (1968), and others, but satisfactory de-
sign procedures to ensure sufficient absorption of wave reflections from 
the ocean boundaries of harbor wave action model studies of intermediate-
and long-period waves are not presently available. 

Another form of scale effect in intermediate- and long-period wave 
action models is the differences in the response characteristics of har-
bor basins, model-to-prototype, caused by the lack of similarity in the 
dissipation of wave energy in harbor basins. Lee and Raichlen (1971) 
described this problem and concluded that sufficiently accurate answers 
are not currently available to design engineers and that additional re-
search in this area is needed. 

4. Model Construction and Operation. 

a. Construction. Harbor wave action models are constructed in shel-
ters to provide protection against the elements and to ensure that air-
flow across the water surface does not form ripples or small gravity 
waves. Such extraneous waves are within the range of wave heights meas-
ured in the model, and may, therefore, interfere with obtaining accurate 
test data. The height of shelter for this type of model should be such 
that good photos of wave patterns can be obtained. Except for models of 
small harbors with limited problem areas, camera heights of 30 to 40 feet 
are preferred. Harbor wave action models are constructed of sheet steel, 
sheet aluminum, or masonite templets graded to an accuracy of about ±0.002 
foot. The templets are placed about 2 to 3 feet apart in the offshore 
ocean areas where the depth contours ·are generally regular and the.re are 
no abrupt bottom slopes, and about 0.5 to 1.5 feet apart in the more rug-
ged and irregular parts of the harbor area. The space between the tem-
plets is filled to about 0.2 foot of the top with sand, the sand is 
compacted, and the remaining space between the sand bed and the tops of 
the templets is filled with a cement mortar mix using mason sand with 
one part cement and three parts sand. Because wave height reduction 
with distance traveled in harbor wave action models occurs primarily by 
energy loss in the viscous boundary layer at the rigid bottom, and be-
cause dissipation of energy is not a function of bottom roughness if the 
roughness elements do not extend beyond the viscous boundary layer, a 
slick, metal-troweled finish of the cement mortar mix is unnecessary. A 
semislick finish is usually used. Figure 4-7 shows a harbor model under 
construction where masonite screeds were used in the offshore areas and 
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sheet-aluminum screeds were used alongshore. Harbor structures in the 
model are constructed of various materials depending on the type of pro-
totype structure. ·Rubble-mound breakwaters, jetties, and wave absorbers 
are constructed of quarrystone or concrete blocks, and the sizes of the 
material are adjusted as necessary to obtain approximate similarity of 
wave reflection and transmission coefficients. Impervious, vertical-wall 
breakwaters and jetties are reproduced in concrete; and piers supported 

. by piles are reproduced using a sheet metal or wood top with heavy-gage 
wire or solder rod used as piling. The perimeter walls of the model are 
usually constructed of brick. A freshwater supply is preferable because 
of the.necessity to keep the model as clean as possible. Leakage of water 
from the model is minimized by an elastic sealer which is applied to the 
upper part of the templets and in all joints and cracks in the model. 

b. Operation. 

(1) Short-Period Wave Models. Before actual model operation is 
begun, prototype wave data for deepwater conditions are transferred to 
the outer contour limits.of the model by wave-refraction techniques; the· 
wave directions and heights for the range of wave periods that occur in 
nature and are important to the problems under consideration, are then 
selected for use in the investigation. The dimensions and directions 
selected for the test waves must ensure a realistic test of the improve-
ment plans proposed or devised during the model study to permit accurate 
determination of the optimum plan. In most harbor model studies the 
reproductton of tidal variations in the water surface is unnecessary. 
Therefore, it is customary to use selected stillwater levels for the 
different tests. The stillwater levels should be selected so that the 
various wave-induced phenomena that are dependent on water depths are 
accurately reproduced in the model. These phenomena are the refraction 
of waves within the harbor area, the overtopping of harbor structures by 
wave action, the reflection of wave energy from harbor structures, and 
the transmission of wave energy through porous structures. A few of the 
most important factors contributing to selection of the optimum model 
stillwater level are: (a) The maximum amount of wave energy that can 
reach a given area will ordinarily do so during the period of a severe 
storm that coincides in time with the highest water level normally ex-
perienced in the area; (b) severe storms moving onshore are character-
istically accompanied by an additional increase in the normal water level 
due to wind setup and mass transport, whereas storms moving offshore tend 
to lower the water level; and (c) a relatively high stillwater level in 
the model is beneficial in minimizing the effects of bottom friction, 
which can be excessive in shallow areas of small-scale models. There-
fore, in consideration of the various factors contributing to and 
affected by the stillwater level in the prototype, and in view of the 
tendency toward more conservative results from the model investigation, 
a model stillwater level should be selected that closely approximates 
the higher water stages that normally prev'ail during severe storms in 
the p'rototype. This entails the study of water level records in the 
prototype localityj with proper attention given to the higher levels 
experienced in the area in the past. The test data obtained during the 
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testing program include wave height measurements at several selected 
locations throughout the harbor area, photos of wave patterns (as shown 
in Figs. 4-8 and 4-9), float measurements to obtain current patterns due 
to breaking waves, and visual observations of wave action in the model. 
Wave heights are measured by electrical wave height gages and are re-
corded electrically with multichannel oscillographs. The waves are pro-
duced by the displacement of water incident to the periodic motion of a 
wave generator in the form of a plunger, flap, or bulkhead. A wave gen~ 
erator with a trapezoidal plunger is shown in Figure 4-10; a vertical 
bulkhead generator is shown in Figure 4-11. 

(2) Intermediate- and Long-Period Wave Models. Operation of 
these models is similar to short-period wave models, except that the 
phenomenon of harbor-basin resonance becomes a primary problem that must 
be taken into consideration. Effects of the damping coefficient on the 
response curve (where the amplification factor is plotted versus the wave 
frequency or wave period) must be determined and care must be taken to 
obtain, as nearly as possible, similarity of friction in the harbor 
basins. Wave heights are measured as before and the modes of oscilla-
tion are determined for each wave period that is judged important to the 
problem under consideration. Currents at navigation openings and other 
restricted areas in the harbor also become important for the long-period 
wave part of the spectrum, and these currents are usually measured in 
model studies of this type. 

5. Examples of Model Studies Conducted. 

A large number of undistorted, short-period wave action model studies 
have been conducted worldwide, including about 35 at WES. Model studies 
of the intermediate- and long-period seiche-type have been smaller in 
number; only five were conducted at WES. Only a few model studies on 
tsunamis protection have been conducted; the only one in the United States 
was conducted by the U.S. Army Engineer Division, Pacific Ocean, concern-
ing proposed breakwater plans of Hilo Harbor and the city of Hilo, Hawaii, 
for protection from tsunami damage (Palmer, Mulvihill, and Funasaki, 1967). 

Selected examples of investigations concerning short-, intermediate-, 
and long-period model studies are discussed below. 

a. Harbor Wave Action Studies, Short-Period Waves, and Undistorted-
Scale Models. 

(1) Marina del Rey, Venice, California. 

(a) Project. Improvement in wave conditions. 

(b) Reference. Brasfeild (1965). 

(c) Laborato!l· WES. 

(d) Test Period. January to May 1963. 
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Figure 4-8. Wave patterns and base test conditions, Lorain Harbor 
model (Wilson, Hudson, and Housley, 1963). 
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Figure 4-9. Wave patterns and proposed plan, Lorain Harbor model 
(Wilson, Hudson, and Housley, 1963). 
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Figure 4-10. Wave generator with a trapezoidal plunger. 
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(e) Problem. Marina del Rey, a small-craft harbor designed 
to provide mooring for about 6,500 vessels, is located in Santa Monica. 
Bay about 15 miles southwest of downtown Los Angeles (Fig. ·4-12). The 
harbor is exposed to wind waves generated from all deepwater directions 
between west-northwest and south-southwest. After construction of the 
harbor, waves entering the 1,000-foot-wide entrance channel were observed 
to reflect off the vertical, concrete perimeter walls of the harbor, re-
sulting in intolerable wave conditions in several of the harbor basins. 

(f) Purpose of Model Study. The model study was conducted 
to investigate the existing wave conditions within the marina, and to 
determine the optimum plan for reducing the wave heights in the harbor 
basins to an acceptable level (less than 2 feet). 

(g) The Model. The tests were conducted in a three-
dimensional, undistorted-scale, geometrically similar replica of the 
existing harbor basins and jetties with enough area seaward and on either 
side of the navigation opening to allow proper reproduction of the inci-
dent waves (Fig. 4-13). The area of the model was approximately 15,000 
square feet, equivalent to about 3 square miles in the prototype. The 
model was constructed of cement mortar to a linear scale of 1:75 (Fig. 
4-14). Scale selection was based on the depths of water required in the 
model to prevent excessive bottom friction effects, the absolute size of 
the model waves, the capability of the existing wave generators as com-
pared with those required as a function of model scale, the cost of model 
construction, efficiency of model operation, and the dimensions of the 
available shelters. After selection of the linear scale, the model was 
designed and operated in accordance with Froude's law. Model waves were 
generated by a 40-foot-long wave generat.or with a trapezoidal-shaped, 
vertical-motion plunger. Regular, monochromatic waves were used in the 
tests. Wave heights at selected locations in the model, measured by 
electrical wave·height gages, were recorded on chart paper by a six-
channel oscillograph. 

(h) Test Procedures. From tide level data for the Los 
Angeles area, the average of the highest tides during each month of a 
4-year period (1958-1961) was +6.5 feet mean lower low water (MLLW) 
(U.S. Coast and Geodetic Survey, 1958-61). This value was used in the 
model tests to minimize the effects of bottom friction. Available deep-
water wave data (National Marine Consultants, 1960; Marine Advisers, 
1961) prepared from hindcasting techniques were used, in conjunction 
with information from the preparation of refraction diagrams, to obtain 
the characteristics of shallow-water waves for use at the position of 
the wave generator in the model. Because of the urgency of the project 
(wave action in the harbor was preventing use of large areas of the wave 
basins and was causing damage to some of the perimeter walls), preliminary 
refraction diagrams were used to position the wave machines during initial 
stages of model operation. After completion of the refraction study, the 
previously selected wave directions were found to correspond closely to 
those calculated; therefore, they were used throughout the remainder of 
the testing program to avoid repetition of that part of the testing 
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NOTE' CENTER LINE OF MAIN CHANNEL WAS ESTABLISHED 
AS FOLLOWS: --
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Figure 4-14. Marina del Rey model after construction (Brasfei ld, 1965). 



program. Table 4-6 shows the deepwater wave directions, the correspond-
ing shallow-water directions, the actual wave generator directions used 
in the tests, and the wave periods and wave heights selected for the 
various wave directions. The procedures to evaluate the various plans 
tested included: (a) comparison of average maximum wave heights recorded 
at selected locations in the main channel and individual basins, (b) ex-
tension of these data into tables of estimated durations of wave heights 
at the selected locations, and (c) visual observations. Data were ob-
tained for base test (existing) conditions and with various improvement 
plans installed in the model. Wave height data were adjusted to compen-
sate for the greater rate of wave height attenuation in the model, as 
compared with the prototype, by the application of Keulegan's (1950b) 
equation. In recording wave heights in the individual basins in the 
model, two gages were positioned along each sidewall (Fig. 4-15) and 
were moved along the middle one-third of the wall length as necessary 
to coincide with the loop points of the standing wave patterns. This 
technique ensured that the maximum wave heights in the area of each 
gage would be recorded. In the analysis of test results, the maximum 
sustained wave heights recorded at each gage location (main channel and 
individual basins) were selected for the computations which, in effect, 
resulted in conservative results from the analysis. In the case of the 
main channel gages, the maximum wave heights for each gage were averaged 
from three or more similar tests; for the basins, the wave height data 
utilized were the averages of the maximum wave heights recorded at the 
four gages in each basin. 

Table 4-6. Selected test wave conditions, Marina del Rey model. 
Wave conditions Shallow-water test waves 

Direction 
(prototype dimensions) 

Deep water Shallow water Wave machine Period Height 
(s) (ft) 

W.N.W. 292°30' 267°15' 264°19' 8 13 
W.N.W. 292°30' 267°15' 264°191 12 9 
W.N.W. 292°301 267°15' 264°19' 16 9 
w. 270°001 258°30' 255°19' 8 11 
w. 270°00' 258°301 255°19' 12 9 
W. 270°00' 258°30' 255°19' 16 9 

247°30' 243°151 1 w.s.w. 240°19' 8 9 
. 247°30' 243°15' 1 w:s.w. 240°19' 12 8 

w.s.w. 247°30' 243°15' 240°19'1 16 9 
s.w. 225°00' 228°40' 225°19' 12 8 
s.w. 225°00' 228°40' 225°19' 16 8 

. s.s.w. 202°30' 210° 45' 210°19' 8 8 
s.s.w. 202°301 210°451 210°19' 12 8 
s.s.w. 202°30' 210°45' 210°191 16 8 

1 Az1muth of centerlme of entrance to the main channel. 
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Figure 4-15. Positioning wave gages, Marina del Rey model (Brasfeild, 1965). 



(i) Plans Tested. Before testing the various improvement 
plans, base test data were obtained in the main channel and each basin 
as previously described and as shown in Figure 4-15. The term "base 
test" is used to denote a test performed with existing prototype con-
ditions installed in the model. These test results are used to judge 
the efficacy of proposed improvement plans by comparing the results of 
tests with improvement plans installed in the model with comparable base 
test data. Tests were first conducted using eight different offshore, 
detached, rubble-mound breakwater plans located either 500 or 700 feet 
from the seaward ends of the existing jetties. These breakwaters were 
straight structures, placed perpendicular to the centerline of the main 
channel, with a crown elevation of +22 feet MLLW (nonovertopping) and 
varying in length from 1,000 to 2,200 feet. The elements of a typical 
straight breakwater plan are shown in Figure 4-16. Tests were also con-
ducted using a straight breakwater reach with angled wings of various 
lengths and angles on each end. The structures ranged from 1,800 to 
2,325 feet in length including the wings. The center sections were 
either 640 or 700 feet seaward of the jetty ends and were perpendicular 
to the centerline of the main channel. The wings angled shoreward with 
deflection angles of from 10° to 30°. The crown elevation of the wings 
varied from +13 to +22 feet MLLW, and the crest of the center sections 
was either +20 or +22 feet MLLW. The elements of the best wing-type 
breakwater tested are shown in Figure 4-17. Several combinations of 
berm width and length of a rubble-mound wave absorber, placed along the 
east side of the main channel north and south of the Coast Guard pier, 
were also tested tv determine the optimum dimensions of such a structure 
for reducing wave action in the harbor basins. The elements of these 
plans are shown in Figure 4-18. 

(j) Summary of Test Results. The wing-type breakwater was 
found to be better than the other types tested; the best type is shown in 
Figures 4-17 and 4-19. Test results showed that this plan would provide 
the desired reduction of wave action at the entrance, in the main channel, 
and in the individual harbor basins by preventing about 95 percent of the 
short-period wave energy from entering the harbor. Construction of this 
plan was recommended. 

(2) Vermilion Harbor, Ohio. 

(a) Project. Improvement in wave conditions at the 
Vermilion Harbor entrance and river channel leading to the mooring 
areas in lagoons. 

(b) Reference. Brasfeild (1970). 

(c) Laboratory. WES. 

(d) Test Period. August 1968 to July 1969. 

(e) Problem. Vermilion Harbor is located on the south 
shore of Lake Erie at the mouth of the Vermilion River, about 37 miles 
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west of Cleveland, Ohio, and 21 miles east of Sandusky, Ohio (Fig. 4-20). 
The harbor includes the lower 3,600 feet of the Vermilion River, numerous 
artificial lagoons, and a channel of approach from the lake. Local inter-
ests requested improvements to Vermilion Harbor that included (a) con-
struction of protective structures to provide a safe entrance to the har-
bor under moderate to fresh gale conditions, and (b) dredging of the river 
channel above the existing Federal project limit to provide adequate depths 
for navigation. The entrance to Vermilion Harbor is exposed in varying 
degrees to storms generating waves from directions ranging clockwise from 
west to northeast. The storm waves break in the relatively shallow water 
inside and immediately outside the entrance piers, making navigation diffi-
cult and dangerous during moderate storms and preventing use of the harbor 
as a harbor of refuge. 

(f) Purpose of Model Study. The model study was conducted 
to (a) determine the extent of wave action in the harbor for existing con-
ditions and after installation of the proposed revisions, (b) test and 
develop other remedial plans for alleviation of undesirable wave action 
at the harbor entrance and in the channel approaching the lagoons, and 
(c) determine whether modifications could be made to the proposed plans 
that would result in significant reduction in construction costs and 
still provide adequate protection from wave action in the problem area. 

(g) The Model. The Vermilion Harbor model was designed in 
accordance with Froude's law and wa$ constructed geometrically similar 
to the prototype at a linear scale of 1:75. The model, molded in cement 
mortar, reproduced approximately 1 mile of the Lake Erie shoreline, the 
harbor and lagoons to a point about 3,000 feet upstream in the Vermilion 
River, and sufficient underwater contoured area to permit generation of 
waves and wave-front patterns from all significant directions of wave 
approach to the harbor. Vertical control in model construction and 
operation was based on the low water datum for Lake Erie, which is 568.6 
feet above mean water level at Father Point, Quebec (International Great 
Lakes Datum, 1955). Horizontal control was referenced to coordinates of 
the State of Ohio Lambert Projection, North Zone, U.S. Geological Survey. 
Lake bottom contours were reproduced to an approximate prototype depth of 
22 feet. A sloped transition extended downward from the contoured area 
to the wave generator pit, which was at an elevation of -60 feet. The 
entire area of the model was about 8,800 square feet, representing nearly 
1.8 square miles in the prototype (Fig. 4-20). Model waves were generated 
to scale by a bulkhead-type wave generator 52 feet in length. The waves 
were produced by the displacement of water incident to the horizontal 
periodic motion of the vertical bulkhead. The bulkhead speed and dis-
placement were infinitely variable within sufficient ranges to generate 
waves of the periods and heights found in Lake Erie when reduced by the 
length and time scales of the model. The wave generator was also mounted 
on retractable casters that enabled the generator to be positioned to 
propagate waves from the required directions. Wave heights in the model 
were measured by electrical, printed-circuit staff gages and were recorded 
electrically with a multichannel oscillograph. Photography was also used 
to record comparative wave patterns that were obtained for individual test 
conditions. 
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(h) Test Procedures. A model stillwater level should be 
selected that closely approximates the higher water stages that normally 
prevail during severe storms in the prototype. This requires the study 
of water level records in the prototype locality, with proper attention 
given to the higher levels experienced in the area in the past. Water 
levels in Vermilion Harbor are determined by the water surface elevation 
of Lake Erie, which can vary monthly and also yearly. These seasonal and 
annual variations in the water level are related to volumetric changes in 
the lake, which are principally caused by precipitation, evaporation, and 
runoff. The usual pattern of seasonal variation of water levels in the 
Great Lakes consists of highs in summer and lows in late winter. The 
highest monthly average level is usually recorded in June and the lowest 
in February, though seasonal fluctuations have occasionally caused no-
ticeable departures from this pattern (U.S. Army Engineer District, Lake 
Survey, 1952). Wind setup and seiches, which can cause the water level 
at a particular locality to vary daily and also hourly, are relatively 
short-period fluctuations superimposed on the longer variations in lake 
levels. These short-period oscillations are due to a tilting of the lake 
surface generally caused by wind and possibly by differentials in baro-
metric pressure. Large short-period rises in local water level are asso-
ciated with the most severe storms which generally occur in the winter 
months when the lake level is usually low; thus, the probability of a 
high lake level and a large wind setup or seiche occurring simultaneously 
is relatively small. A stillwater level of +3.0 low water datum (LWD) was 
selected for use in the model study. This value was determined by combin-
ing the average water level of Lake Erie during the ice-free period (+2.1 
feet LWD) with an assumed 0.9-foot short-period rise in local water level 
due to wind setup. The entrance to Vermilion Harbor is exposed in vary-
ing degrees to storm waves from directions ranging clockwise from west to 
northeast. The most severe wave action at the harbor entrance is caused 
by storms from the north and northeast. Measured wave data on which to 
base a comprehensive statistical analysis of wave conditions were not 
available for the Vermilion area; however, records were available from 
which statistical wave hindcast data could be compiled. These records 
were U.S. Coast Guard wind data for a 6-year period (1946-1951) at Lorain 
Harbor, Ohio (11 miles east of Vermilion Harbor), and it was assumed that 
winds with similar characteristics could be expected to occur at Vermilion. 
The frequency of occurrence of winds of varying velocities from the dif-
ferent directions of storm approach has been compiled for the normal navi-
gation season on Lake Erie (April to November). The characteristics of 
waves that could be expected to approach Vermilion Harbor were determined 
by applying these wind data and the fetch lengths corresponding to each 
direction to the theory of wave hindcasting. The deepwater wave charac-
teristics were converted to shallow-water values, at the position of the 
model wave generator, by wave refraction techniques. Wave height, period, 
and direction characteristics used in the model tests (selected from the 
wave data obtained as previously discussed) are presented in Table 4-7. 
The data obtained during the testing program included (a) wave height 
measurements at several selected locations throughout the harbor area 
and the river channel, (b) photos of wave patterns, and (c) visual obser-
vations of wave action in the model. Wave heights measured in the model 
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Table 4-7. Selected test wave conditions, Vermilion Harbor model. 
Wave period Deepwater waves Shallow-water test waves 

Direction Height Direction Height 
(s) (ft) (ft) 
5 w. 6 N. 70°15' W. 4 
6 w. 8 N. 70°15' W. 4 
6 N.W. 6,8 N. 38°30' W. 6,8 
7 N.W. 7, 9,11 N. 38°30' W. 6,8,10 
7 N. 7,9 N. 01°00' E. 6,8 
8 N. 7,9, 11 N. 01°00' E. 7,9,11 
7 N.E. 6,8 N. 30°00' E. 6,8 
8 N.E. 7,9,11 N. 30°00' E. 6,8,10 

were corrected to compensate for the increased rate at which bottom 
friction attenuates waves in the model as compared with the prototype. 
Keulegan's (1950b) attenuation equation was used to calculate coeffi-
cients for this procedure. 

(i) Plans Tested. Base tests were performed with existing 
prototype conditions installed in the model. The plans for improvement 
tested in the model consisted of variations in the number, length, and 
orientation of cellular sheet steel pile breakwater structures that would 
prevent excessive wave energy from reaching the entrance to the harbor. 
Brief descriptions of the various plans tested are given below; dimen-
sional details are shown in the referenced figures. 

1 Plan 1. This plan consisted of two structures with 
an aggregate length of 948 feet, set in an arrowhead pattern to form a 
200-foot navigation entrance about 500 feet lakeward from the ends of 
the existing channel piers (Fig. 4-21). 

2 Plans 2, 3, and 4. These plans involved variations 
in the elements of plan 1. For plan 2, a 115-foot extension was added 
to the north end of the west breakwater, angled to protect the naviga-
tion entrance from north to northeast waves. One circular cell and con-
necting section were added to this configuration at the south end of the 
east breakwater for plan 3; an additional cell and connecting section 
were added for plan 4. (Fig. 4-22.) 

3 Plan 5. This plan consisted of one 608-foot-long 
structure located approximately perpendicular to the entrance channel 
centerline and 300 feet lakeward from the outer end of the east channel 
pier (Fig. 4-23). 

4 Plans 6, 6A, and 6B. These plans involved varia-
tions in the elements of plan 5. For plan 6, one breakwater cell was 
added to the east end of the plan 5 structure. For plan 6A, quarrystone 
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was placed around the east end of the plan 6 breakwater and around the 
end of the east channel pier to break up reflecting and diffracting waves 
around those structures. Additional stones were placed around the west 
end of the breakwater and around the end of the west channel pier for 
plan 6B. (Fig. 4·-23.) 

5 Plan 7. This plan consisted of one 608-foot-long 
breakwater located approximately perpendicular to the entrance channel 
centerline and 200 feet lakeward from the outer end of the east channel 
pier (Fig. 4-24). 

6 Plans 7A and 7B. These plans involved variations 
in the elements of-plan 7. For plan 7A, three breakwater cells and 
connecting sections were added to the west end of the plan 7 structure. 
For plan 7B, one of these cells was removed, and the other two were 
angled 30° toward the south. (_Fig. 4-24.) 

(j) Summary of Test Results. 

1 Under existing conditions, Vermilion Harbor is ex-
posed to severe wave attack from all directions clockwise from west to 
northeast. Resulting wave heights in the harbor area are of such magni-
tude as to severely restrict the use of the harbor and boat-mooring 
lagoons. 

2 The most severe wave conditions 1n the harbor area 
are caused by storm waves approaching from the north to northeast 
directions. 

3 The proposed plan of improvement (plan 1) will not 
provide sufficient-protection for full use of the harbor. 

4 Either plan 7A or 7B will provide the protection 
desired from wave action at the entrance to the river channel, up the 
channel, and in the entrances to the boat-mooring lagoons; however, 
since plan 7B uses one less cellular unit it should be more economical 
to construct. 

b. Harbor Wave and Surge Action Studies; Intermediate- and Long-
Period Waves; and Undistorted- and Distorted-Scale Models. (Since the 
need for model studies concerning tsunamis is rare and little is known 
about the methods of modeling this complicated phenomenon, the descrip-
tion of a tsunami model is omitted. However, seiche and tsunami models 
are discussed in the following references: Knapp and Vanoni, 1945; 
Hudson, 1947 and 1949; Hudson and Wilson, 1949; Palmer, Mulvihill, ,and 
Funasaki, 1967; Chatham, 1968.) 

Monterey Harbor, California. 

(a) Project. Enlargement of existing harbor at Monterey, 
California, by construction of additional breakwaters to provide safe 
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anchorage for the commercial fishing fleet and additional facilities for 
pleasure craft. Development of the inner harbor area by construction of 
several moles to provide additional shelter for small~craft berthing 
facilities and land areas suitable for resort motels, restaurants, and 
related commercial activities. 

(b) Reference. Chatham (1968). 

(c) Laboratory. WES. 

(d) Test Period. May 1966 to November 1967. 

(e) Problem. Monterey Harbor is located at the southern 
end of Monterey Bay about 100 miles south of San Francisco, and is ex-
posed to short-period, distant storm waves from the deepwater direc-
tions clockwise between west and northwest and local storm waves from 
the north direction (Fig. 4-25). Occasionally, these waves are of suf-
ficient magnitude to damage fishing boats and harbor facilities and to 
cause mooring difficulties for sm~ll craft in exposed areas of the har-
bor. Intermediate- and long-period waves of considerable magnitude also 
occur in Monterey Bay, and such waves are capable, under certain circum-
stances, of a substantial increase in amplitude in some harbor areas due 
to resonance phenomena. Thus the proposed breakwaters and inner harbor 
structures should be designed to provide the maximum protection from 
short-period waves at minimum cost; further, the proposed construction 
should not amplify the intermediate- and long-period surge waves that 
occur in the harbor. Since the accurate prediction of the behavior of 
waves in a harbor is not possible by analytical methods, the need for 
a hydraulic model investigation was indicated. A field study was neces-
sary to determine the wave conditions that occur in the harbor area 
(Marine Advisers, 1964); an analytical study was also conducted to de-
termine the feasibility of a model study to resolve the intermediate-
and long-period surge problems. The model study was determined feasible 
(Wilson, Hendrickson, and Kilmer, 1965). 

(f) Purpose of Model Study. The model study was conducted 
to determine whether the proposed harbor revisions would provide adequate 
protection from intermediate-, long-, and short-period wave and surge 
action. It was desired that the intermediate- and long-period waves that 
occur in the harbor area not be amplified by resonance to such an extent 
that the resulting wave heights and currents in the navigation openings 
and inner harbor basins would constitute a hazard to small craft. Another 
objective of the model investigation was to determine whether suitable de-
sign modifications of the proposed plans could be made that would reduce 
construction costs significantly and still provide adequate protection 
from wave action. Presently (1976), no established criteria are avail-
able from which satisfactory conditions in a small-craft harbor can be 
assured for waves with periods greater than about 25 seconds. However, 
observations in the small-craft harbor at Santa Cruz, California (Magoon 
and Sarlin, 1970), indicate that waves with periods of 80 seconds to 10 
minutes with heights of about 1.0 to over 4.0 feet occur frequently in 
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that area, but that mooring conditions are considered satisfactory. 
Further, although difficulties resulting from surge currents have been 
reported in the entrance to the existing marina in Monterey Harbor, navi-
gation and mooring conditions in the marina are generally considered to 
be acceptable. Thus, for this investigation, surge conditions in the 
existing marina and in the proposed additional small-craft basins in 
Monterey Harbor were assumed to be satisfactory if intermediate- and 
long-period wave heights and resulting currents in the existing and pro-
posed basins and entrances do not exceed those that presently occur in 
the existing marina. Adequate criteria have not yet been developed to 
ensure satisfactory navigation and mooring conditions in small-craft har-
bors for short-period waves (waves with periods from about 5 to 20 seconds). 
However, when resonant surge conditions occur for small craft moored in 
present-day marinas, small wave heights can result in the breaking of 
mooring lines when the craft are incorrectly moored. In this study, 
satisfactory conditions are assumed if short-period wave heights do not 
exceed 1.5 feet in the inner basins and 4.0 feet at the basin entrances 
and in the fairway. 

(g) The Model. Results of a feasibility study (Wilson, 
Hendrickson, and Kilmer, 1965), showed that the wave periods of concern 
were likely to be less than 3 minutes and certainly less than 7 minutes. 
Therefore, the vicinity of Mussel Point (about halfway between Point 
Pinos and Monterey; Fig. 4-26) was selected as the seaward limit of the 
model. Further, the intermediate- and long-period wave energy moving 
across the rim of the deep submerged canyon on the northern edge of the 
Continental Shelf (for the southern part of the bay) was concluded to be 
insignificant and the generation of intermediate- and long-period waves 
from this direction would be unnecessary. Thus, a side boundary for the 
model, normal to the coast from near the inlet to Laguna del Rey, would 
not seriously interfere with the oscillating regime, provided that enough 
wave-filter material was installed along the wall to prevent wave reflec-
tion. For the same reason, it was recommended that wave-filter material 
be placed in front of the wave generator. The recommended limits for a 
surge action model of Monterey Harbor were established as shown in Fig-
ure 4-26, with two wave-generator units to reproduce the correct direc-
tions of approach of the intermediate- and long-period waves south of 
Mussel Point. On the basis that the prototype harbor area to be modeled 
was about 104 by 104 feet, a horizontal linear scale of 1:200 was sug-
gested for a convenient model size of 50 by 50 feet. A vertical scale 
of 1:120 was also suggested, which would give a distortion factor of 
1.67 for the model. The maximum water depth in the marina (about 16 
feet) would then be about 0.13 foot in the model, which is considered 
an adequate working depth in the inner basin. Wilson, Hendrickson, and 
Kilmer (1965) considered the 1.67 distortion factor as satisfactory for 
reliable reproduction of long-period waves down to about 30 seconds. 
However, because the model would also be used to study the effects of 
short-period waves (in the range of 5 to 20 seconds), and because these 
waves can best be investigated in undistorted models, a 1:120 linear 
scale was used for both the horizontal and vertical dimensions. The · 
design and operation of the model were based on the recommendations in 
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the feasibility report and were in accordance with Froude's model law 
(Raichlen, 1968); the scale relations are given in Table 4-8. 

Table 4-8. Monterey Harbor model scale relations. 
Characteristic Dimension 1 Model-to-prototype scale 

Length L Lr = 1:120 

Area L2 Ar = L; = 1 : 14,400 

Volume L3 vr = q = 1:1,728,000 

Time T Tr = L!/2 = 1:10.95 

Velocity L/T V =L1/2 = 1·1095 r r · · 
1 Dimensions are in terms of length (L) and time (T). 

Scale effects due to wave transmission through the rubble-mound break-
waters were reduced by increasing the quarrystone sizes in the model by 
a factor of two, compared to the sizes obtained by appl~cation of the 
linear scale (see Sec. IV,3,c). Wave heights measured in the model were 
corrected due to the effects. of bottom friction by use of Keulegan's 
(l950b) equation. The model was molded in cement mortar and reproduced 
the entire harbor area and underwater contours to an offshore depth of 
160 feet; enough of the offshore area was included to permit generation 
of both long- and short-period test waves from the selected model direc-
tions of wave approach. The total area reproduced in the model was 
approximately 7,800 square feet, representing about 4 square miles in 
the prototype. Several layers of wave-absorber material were placed 
around the seaward boundaries of the model and in front of the vertical-
faced wave generator to reduce the effects of wave reflection on model 
test results. The intermediate- and long-period model waves were gener-
ated to scale by two sections of a vertical-bulkhead wave generator. The 
two sections had a total length of 56 feet and were positioned to repro-
duce the average curvature of a long-period wave front bent by refraction 
as it traveled through shallow water to the harbor area (Fig. 4-27). The 
generator, by use of universal couplings between sections, operated from 
a single power source. The horizontal movement of the vertical bulkhead 
caused a periodic displacement of water incident to this motion. The 
bulkhead speed and displacement were infinitely variable over the range 
necessary to permit generation of model test waves. For the short-period 
phase of the investigation, the two wave generator sections were combined 
into one straight 56-foot generator mounted on retractable casters to en-
able the generator to be positioned to generate waves from more than one 
test direction. To provide room for the wave generator to generate test 
waves from the north (azimuth 360°) direction, the outer re~ches of the 
molded area were modified so that underwater contours were reproduced 
only to an offshore depth of 120 feet (Fig. 4-28). 

(h) Test Procedures. The mean diurnal range of the astro-
nomical tide at Carmel, California, near Point Pinos and adjacent to 
Monterey Harbor, is 5.2 feet; the maximum range is 9.7 feet. Mean higher 
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high water (MHHW) is 5.2 feet above MLLW. Because of the low probability 
that an extreme wind tide, a high astronomical tide, and extreme storm 
waves would occur simultaneously, the selection of a stillwater level some-
what less than the maximum recorded tide appeared reasonable. Accordingly, 
the MHHW stage of +5.2 feet was selected as representative of conditions 
normally expected to occur during a severe storm, and this stillwater level 
was used for all tests conducted in the model. Since Monterey Harbor is 
subject to the action of intermediate-, long-, and short-period waves, it 
was necessary to incorporate these wave types into the testing program. 
Little is known about the basic causes of surging in Monterey Bay. Wave-
refraction diagrams that were drawn for incident waves from south-southwest 
clockwise to west-northwest indicated that regardless of the deepwater di-
rection all long-period waves reach Monterey Harbor from practically the 
same direction. An analytical study of the intermediate- and long-period 
oscillations was conducted in the Monterey Bay area for the possibility of 
related response in Monterey Harbor. Based on· these results, the proto-
type wave periods selected for the intermediate- and long-period phases 
of the model study were T = 35, 38, 41, 44, 47, 51, 55, 60, 66, 72, 80, 
88, 97, 100.2, 114, 124, 132, 138, 144, 158, 172, 185, 205, 225, 234, 
257, 280, 305, 330, and 360 seconds. The short-period waves (Table 4-9) 
were selected from National Marine Consultants (1960) and a refraction 
diagram study. In evaluating the various design plans tested, corres-
ponding model data (i.e., test results using similar input test conditions 
with different plans installed) were compared to determine the relative 
effectiveness of each individual plan. The long-period wave phase of 
the study included the comparison of: (a) Both maximum and average wave 
heights recorded in the individual harbor basins; (b) current velocities 

-in the harbor basins and entrances; (c) modes of oscillation in the bay 
area; (d) frequency-response data for the various basins; and (e) time-
expos'ure photos of float movement in critical areas. Visual observations 
during model testing and test notes aided in the analysis. In the short-
period wave phase of the study, the relative merits of the various plans 
tested were evaluated by (a) comparison of wave heights at selected loca-
tions in the harbor, and (b) extension of the wave height data into tables 
showing the estimated duration of waves of various magnitudes that can be 
predicted at the selected locations. Visual observations, photos of wave 
crest patterns, and test notes were also used in the short-period wave 
test analysis. In the wave height data analysis, the average height of 
the highest one-third of the waves recorded at each gage location was 
selected for the computations. The direction and magnitude of surface 
currents in the model were measured by taking time-exposure photos of 
surface floats from camera positions directly above the model harbor 
area. From these photos, the progress of the floats over one wave cycle 
was measured relative to a horizontal grid system painted on the model 
floor, and the corresponding velocities were computed. Wave heights at 
selected locations in the model were recorded on chart paper by an elec-
trically operated oscillograph. The input to the oscillograph was the 
output of electrical wave height gages that measured the changes in the 
water surface elevation with respect to time. The electrical output of 
each wave height gage was directly proportional to the submergence of the 
gage in the water. 
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Table 4-9. Selected short-period test wave conditions, Monterey Harbor model,! 

Wave period Deepwater waves Selected shallow-water test waves 

T Direction Height Direction Height 
(s) (ft) (ft) 

7 W.N.W. 11 N. 35° W. 7 
N.W. 9 N. 35° W. 7 

9 N.W. 13 N. 35° W. 9 
11 w. 19 N. 35° W. 7 

W.N.W. 15 N. 35° W. 7 
N.W. 9 N. 35° W. 7 
N.W. 17 N. 35° W. 13 

13 w. 21 N. 35° W. 7 
W.N.W. 17 N. 35° W. 7 
N.W. 9 N. 35°W. 7 
N.W. 19 N. 35° W. 13 

15 w. 25 N. 35° W. 7 
W.N.W. 11 N. 35° W. 7 
N.W. 9 N. 35° W. 7 
N.W. 17 N. 35° W. 13 

17 w. 25 N. 35° W. 7 
W.N.W. 11 N. 35° W. 7 
W.N.W. 21 N. 35° W. 13 
N.W. 9 N. 35°W. 7 

8 N. 9 N. 9 
N. 12 N. 12 

1 Prototype dimensions. 

(i) Plans Tested. Tests were first performed with existing 
prototype conditions installed in the model (Fig. 4-29). Before tests of 
the various improvement plans, comprehensive base test data were obtained 
in the harbor and bay area and then used as a base to determine the rela-
tive efficacy of the various improvement plans. Model tests were conduc-
ted using two basic harbor configurations: double entrance (plan 1, Fig. 
4-30) and single entrance (plan 2, Fig. 4-31). Typical sections of the 
various breakwater and revetment structures are shown in Figure 4-32; 
breakwater, mole, and basic designations are shown in Figure 4-33. 

(j) Description of Tests. For the long-period wave phase 
of the investigation, the wave generator was calibrated using the Marine 
Advisers' (1964) data for sensor No. 1. In each individual wave period, 
the wave generator stroke was adjusted until the required wave height was 
recorded at the location of sensor No. 1 (gage 37 in the model). The 
corresponding input wave at the wave generator was then used for all 
subsequent base tests and tests of the two improvement plans. Prelimi-
nary mode of oscillation tests was conducted in which wave heights were 
measured over the entire bay area of the model for base test and plan 1 
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conditions to determine if installation of the plan would cause any sig-
nificant changes in the modes of oscillation in the model bay area. 
Measurements were made over a horizontal grid system, and contours of 
equal wave heights were drawn so that the various loop and node points 
could be distinguished. These tests used prototype wave periods of 35, 
45, 55, 120, 130, 170, 180, 200, 230, and 255 seconds. Wave heights and 
surface currents were measured in the harbor basins and entrances for 
base test, plan 1, and plan 2 over the entire range of wave periods from 
35 to 360 seconds. During each test where surface currents were measured, 
several hundred surface floats (approximately 1 inch square and 1/8 inch 
thick) were distributed throughout the harbor area, and time-exposure 
photos were taken of current movement over one wave cycle (one wave 
period). Frequency response tests were conducted to determine if any 
of the harbor basins responded to specific wave periods. In these tests, 
comprehensive wave height measurements were made in each of the basins 
for the entire range of wave periods (35 to 360 seconds). Time-exposure 
photos were also used to determine the degree of response of the harbor 
basins for t~e various wave periods. Short-period wave tests were con-
ducted with base test conditions and plans 1 and 2 installed in the 
model for the entire range of test waves listed in Table 4-9. Wave 
height measurements were made in all of the harbor basins and basin 
entrances. 

(k) Summary of Test Results. 

1 The modes of oscillation in the bay area for base 
test conditions and with the proposed plan 1 installed were generally 
similar; the wave input into the harbor was reproduced with sufficient 
accuracy. 

2 Intermediate- and long-period wave and current con-
ditions in the harbor were approximately the same for either plan 1 or 
plan 2, and either plan offered a slight improvement over conditions in 
the existing harbor. 

3 Intermediate- and long-period wave and current con-
ditions in the newly formed basins of plans 1 and 2 compared favorably 
with those in the existing marina, indicating that, to the extent that 
present conditions in the existing marina are considered acceptable, con-
ditions in the proposed additional basins were also satisfactory. 

4 The harbor basins responded to some extent to several 
of the intermediate- and long-period waves tested; however, no serious 
resonance was noted. 

5 For short-period wave heights, both plans (1 and 2) 
offered an improvement over existing conditions and neither plan appeared 
significantly better than the other. 

6 Short-period wave heights in the marina, west basin, 
midbasin, and mooring area I of the east basin were considered acceptable 
for either plan 1 or plan 2. 
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7 During periods of attack by exceptionally high short-
period storm waves~ wave heights in mooring areas II and III of the east 
basin and in the fairway should exceed those generally accepted as safe 
for the navigation and the anchorage of small boats. 

8 Reducing the length of the detached north breakwater 
by amounts up to 300 feet had little effect on wave heights in the east 
basin. However, wave heights in the east entrance to the harbor increased 
considerably, and serious overtopping of mole E occurred for all reduc-
tions in length greater than about 50 feet. 

6. Cost and Time Estimates. 

a. Harbor Wave Action Models, Short-Period Waves. In the conduct 
of short-period, harbor wave action models, the sponsoring agency usually 
furnishes the required field data at the outset of the study. These data 
include deepwater wave statistics, refraction diagrams from which the 
deepwater data can be converted into shallow-water wave data at the posi-
tions of the wave generator, tidal data, wind setup information, topo-
graphic and underwater contour data, and detailed plans of all existing 
and proposed harbor structures. Since the laboratory usually has the 
necessary wave generator on hand and adequate shelter space, the cost of 
these items and the costs of obtaining the necessary field data (listed 
above), are not included in the laboratory cost and time estimates for 
short-period, wave action models. Most harbor wave action model studies 
in which short-period waves are the primary problem involve the following 
work items: 

(1) Preliminary model design and cost estimate, and neces-
sary travel, conferences, and correspondence before authoriza-
tion to conduct the model study. 

(2) Final model design. 

(3) Model construction. 

(4) Calibration and adjustment of wave generator and wave-
measuring apparatus for the selected test conditions. 

(5) Conduct of model tests, including modifications of the 
model in accordance with the different plans, computer time, 
drafting and photography as required, preparation of monthly 
progress reports, and model demonstrations and conferences with 
representatives of the sponsoring agency (obtaining and process-
ing of motion picture film showing wave action conditions in a 
harbor are sometimes requested as a special item; however, these 
costs are not included in the cost estimates). 

(6) Analysis of test results after testing has been com-
pleted; preparation for and hosting of a final conference at 
which time the test results are presented and discussed. 
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(7) Preparation of the first draft of final report (usually 
sent to the sponsoring agency for review and comment). 

(8) Preparation, publication, and distribution of the final 
report. 

(9) Return remaining funds to the sponsor after completion 
of the study. 

The cost of performing harbor model studies in which short-period 
waves are the cause of concern varies from about $50,000 to $180,000 
depending on the size of the model and the number of plans investigated. 
Two typical studies completed at WES (September and November 1975) cost 
$117,000 and $84,000. The model areas were 16,000 and 14,000 square 
feet, respectively; operation times (after model construction) were 8 
and 5 months, respectively. The total costs of performing the Vermilion 
Harbor model study, conducted during August 1968 to July 1969, was 
$70,000. The model area was 8,800 square feet and the operation time 
was 6 months. The costs of operation and construction have increased 
considerably .since 1969. The estimated costs of the Vermilion Harbor 
model study in 1976 are given in Table 4-10. Although the costs of 
performing harbor wave action model studies have increased, the time 
required to operate such models has decreased since an automated data 
acquisition and control system has become available. 

Table 4-10. Estimated cost (1976) ofVermilion Harbor model study. 
Item Estimated time Estimated cost 

Preliminary model design, etc. 2.0wk $ 2,100 
Model design (final) 1.0 mo 4,200 
Model construction 2.0 mo 46,200 
Calibration of wave machine and wave gages 1.0 wk 1,600 
Model operation 5.0 mo 31,400 
Analysis of data and conference 3.0wk 4,700 
Report (preparation and publication) 6.0mo 6,300 
Total 15.4 mo $96,500 

b. Harbor Wave Action Models, Intermediate- and Long-Period Waves. 
The costs of conducting seiche-type model studies are greater than those 
for short-period waves because: . 

(a) Collection of the necessary prototype wave data is more 
difficult and time consuming; 

(b) analysis of the prototype data (in a form that can 
be used to design and operate the model and analyze the test 
results) is more difficult and will normally require the use 
of a computer; 
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(c) a theoretical study where the modes of oscillation and 
resonant periods of the bodies of water (bay and shelf resonance) 
surrounding the problem area are determined, is usually required 
before the model can be designed; 

(d) the longer wavelengths require a larger area of the 
surrounding ocean waters to be included within the model 
boundaries; 

(e) a large volume of low-reflection, wave absorber-filter 
material must be used around the ocean boundaries of the model; 
and 

(f) the testing program is usually very tedious and time 
consuming because of the large number of wave conditions that 
must be investigated. 

The Monterey Harbor wave and surge action model study, which involved 
short-, intermediate, and long-period wave investigations, cost about 
$121,000. The area of the model was 7,800 square feet and the operating 
time was 7 months. The investigation was performed in 1966-67. The cost 
of such a study in 1976 would be about $170,000, exclusive of the costs 
of collecting the necessary prototype data and the performing of a theo-
retical study to ensure a sound basis of designing and operating the 
model. 
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V. COASTAL EROSION 

by 
Robert W. Whalin and C.E. Chatham, Jr. 

1. Introduction. 

This section discusses hydraulic models of coastal erosion. A model 
study of this type is a three-dimensional investigation which involves 
littoral transport, onshore-offshore transport, and possibly scour or 
erosion around structures. The discussion is limited to coastal ero-
sion problems not involving tidal inlets; thus, the major forcing func-
tion of concern is that due to wind-wave action. A movable-bed model 
study is needed to investigate the effect of coastal or offshore struc-
tures on shoreline evolution, the stability of beach modifications (e.g., 
the construction of perched beaches; Chatham, 1972; Chatham, Davidson, 
and Whalin, 1973), and the design of functional structures for preventing 
coastal erosion. Shoreline dynamics and engineering problems resulting 
from coastal erosion are well documented (Bagnold, 1940; Krumbein, 1944; 
Keulegan, 1945; Brown, 1950; Bascom, 1951; Beach Erosion Board, 1954; 
Shinohara, 1958; Le Meh.aute and Brebner, 1961; Eagleson, Glenne, and 
Dracup, 1961, 1963; Eagleson, 1965; Inman, 1965; Inman and Frautschy, 
1965; Caldwell, 1966; Ippen, 1966; Johnson, 1919, 1956, 1957, 1959, 1966; 
Inman, Komar, and Bowen, 1968; Bijker and Svasek, 1969; Saville, 1969; 
Einstein, 1948, 1971; Yalin, 1972; and Silvester, 1959, 1974). 

A completely quantitative movable-bed model investigation of coastal 
erosion appears to be impractical within the present state-of-the-art~ 
However, movable-bed scale-model investigations of several types of 
coastal erosion problems are feasible and can be conducted in such a 
way that useful, and sufficiently accurate, information can be obtained 
for design purposes. If adequate prototype data are available, and veri-
fication procedures in the model are successful, an investigator should 
have confidence in the results of coastal erosion models (e.g., as in 
the movable-bed river models investigation by Vernon-Harcourt). 

A satisfactory movable-bed scale-model investigation is perhaps the 
most difficult type of model study to perform. Some examples of labora-
tory movable-bed model studies include: U.S. Army Engineer Waterways 
Experiment Station (1943); Bagnold (1947); Saville (1950); Rector (1954); 
Watts (1954); Shinohara (1959); Shinohara and Tsubaki (1959);.Iwagaki and 
Noda (1962); Savage (1959, 1962); Inman (1963); Sitarz (1963); Kalkanis 
(1964); Bonnefille and Pernecker (1965); and Nayak, 1970. A study of the 
physical processes involved in beach erosion by wave action (Manohar, 
1955; Eagleson and Dean, 1961; Collins, 1963; Vanoni, 1964; Eagleson, 
1957, 1959, 1965; and Galvin, 1967) would lead to an appreciation of 
these difficulties. There is a transition from one basic regime of bound-
ary flow to another as sediment motion outside the surf zone is compared 
to sediment motion in the surf zone; thus, exact dynamic similitude of 
the dominant physical processes in both regimes simultaneously (using the 

284 



same model fluid and the same model laws for reproducing the waves, cur-
rents, and bottom material for both regimes) is impossible. Other effects, 
such as edge waves, rip currents, the directional spectrum, the long-wave 
environment, and the prototype sediment-size distribution and amount of 
sorting (Longuet-Higgins, 1953), must all be considered at least to the 
point of showing that they are unimportant at the particular location 
being studied. Other questions also arise concerning both scale effects 
(Bijker, Stapel, and de Vries, 1957; Diephius, 1957; Saville, 1957) and 
operational techniques that should be used in the model. 

An alternative to a completely movable-bed model is the fixed-bed 
model using relatively small quantities of tracer material to qualita-
tively indicate shoaling patterns. Such model studies are less expen-
sive to conduct and, depending on the problem studied, may be only 
slightly less useful than completely movable-bed models. Tracer studies 
can be particularly well adapted to existing fixed-bed models (perhaps 
originally constructed for another type of study) where shoaling infor-
mation is desired. · 

At the present time, movable-bed scale modeling of coastal sediment 
transport should be considered an art rather than a science. Although 
the development of this art is difficult, it can be useful when fully 
understood and appreciated. Le Mehaute (1962) expresses some interesting 
and informative thoughts on this subject and Simmons (1950) discusses the 
contribution of hydraulic models to coastal sedimentation studies. As 
discussed below in the similitude for movable-bed models, a number of 
similitude relations have been developed, each containing its own partic-
ular assumptions and constraints. The derivation of these scaling rela-
tions varies from completely empirical to completely mathematical. Hence, 
the investigator is immediately at the crossroads, because many choices 
are available and probably one of several will suffice provided the cor-
rect art is applied to model operation. The objective of additional 
applied research on coastal erosion should not be to develop the artist's 
techniques but to further the science. Several areas where additional 
study is necessary are delineated in this section; however, this does not 
mean that sufficiently accurate model studies cannot now be performed, 
but· rather it indicates that comprehensive planning and serious thought 
are required to conduct such studies. More importantly, it means that 
the conduct of this type of model should not be rushed. Adequate time 
and funds must be allocated to assure that accurate model results are 
obtained. 

2. Similitude Relations. 

The similitude relations for movable-bed models are discussed in 
numerous sources; some of the more detailed discussions include Allen 
(1947); Sedov (1959); Goddet and Jaffry (1960); Valembois (1960); 
Langhaar (1962); Bijker (1967), Fan and Le Mehaute (1969); Le Mehaute 
(1970); Yalin (1962, 1963, 1971); Kamphius (1972); and Noda (1972). 
Only the main points relative to similitude relations, rather than com-
plete discussions of the subject, are presented in this section. This 
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discussion of model scales is based on Noda (1972) and Le Mehaute (1970); 
two tables and a figure taken directly from Noda and Le Mehaute contain 
their symbols which were not converted to conform with the other sections 
of this report. (Symbols used only in this section are specifically 
identified in the Symbols and Definitions of the Appendix.) 

The basic philosophy for movable-bed scale-model investigations 
is founded on the physical laws responsible for the dynamic processes 
involved and the understanding of these phenomena to ensure that the 
relative magnitudes of all dominant processes are the same in model 
and prototype. This is an impossible task for movable-bed scale models, 
since most of the fluid processes involved are complicated by nonlinear 
fluid behavior, turbulence, and complex boundary conditions. Thus, the 
complicated combination of forces that occur in the prototype cannot 
always be reproduced exactly in the model. In such instances, an attempt 
is made to reproduce the dominant processes with the anticipation that 
other forces are small. In attempting to develop similitude relations, 
the idea of reproducing the dominant physical processes may be abandoned 
and attention turned to an attempt to maintain similitude of the beach 
profiles and longshore transport rates. 

This section discusses some of the pertinent coastal processes and 
important parameters in deriving similitude relations. The first of 
these is the beach profile where considerable effort has been expended 
in explaining the existence of summer and winter beach profiles. Motion 
of the water itself is important in determining the beach profile. Sedi-
ment characteristics are acutely important in determining the motion in-
duced by wave action. Accurate modeling of cohesive sediments is assumed 
to be beyond the present state-of-the-art; therefore, attention is focused 
on noncohesive sediments. A sediment is described by its median diameter, 
050 , and the specific weight, y. The relative specific weight y' of 
a material is defined by y' = (ys - yf)/yf, where Ys is the specific 
weight of the sediment and Yf the specific weight of the fluid. Hydro-
dynamic properties of the sediment are usually represented by the fall 
velocity which is related to the drag coefficient, fluid density, particle 
volume, and projected area of the particle normal to its direction of 
motion. Initiation of sediment motion is extremely important in modeling 
sediment transport. For steady-flow conditions, the classical Shields 
criterion is the required similitude relation; however, it is questionable 
whether the Shields criterion is valid for initiation of sediment motion 
in the coastal zone since the processes are much more complicated than 
that of steady uniform flow. 

Four basic parameters must be chosen in the construction of a movable-
bed scale-model law: the horizontal scale A; the vertical scale ~; 
the sediment size, Dso (median diameter); and the specific weight of 
the sediment Ys· The functional relationships among these four para-
meters, which result in identical model and prototype beach profiles, 
changes in beach profiles, and longshore transport rates for identical 
spatial and temporal wave and tide conditions, are the desired model laws. 
Numerous model laws can be postulated from various assumptions regarding 
the physical processes governing sediment motion. 
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Possible model laws prepared by Noda (1972) are presented in Table 
5-l; several of the possible scale-model laws are derived from various 
combinations of seven derived similitude conditions. 

The table shows several uncertainties. Noda includes a column for 
assumed conditions to clear up any discrepancies resulting from uncertain-
ties in the basic seven conditions of similitude. An interesting column 
in Table 5-l is for ny' = n0 = nw = 1 which gives the scale-model rela-
tions when a prototype material is used. Noda uses this table to guide 
his experimental testing program where he first concludes that condition 
four is the proper one and then proceeds to derive a completely empirical 
model law based on similitude of equilibrium beach profiles in the breaker 
zone. Several proposed model laws are shown in Table 5-2. A considerable 
number of uncertainties obv~ously exist relative to the proper similitude 
laws for movable-bed models. The inherent basic problems are discussed 
further in Section V,6. 

3. Model Design. 

a. Prototype Data Required. An important step in conducting a 
movable-bed scale model of coastal sediment transport is to obtain the 
essential prototype data, and to assure that the data quality is suffi-
cient for use as a basis of model verification. Data of the quantity 
and quality considered necessary for exact model verification have never 
been obtained; however, the acquisition and analysis of such data and the 
use of the data for model verification are within the present state-of-
the-art. Collection of the following prototype data is considered 
essential: 

(1) A detailed sediment-size distribution over the entire 
area of interest (both offshore, beyond the breaking zone for 
the largest waves considered important, and alongshore). 

(2) A computational estimate of yearly and monthly net 
longshore transport. Wave statistics should be used to per-
form this computation along with refraction, shoaling, and 
breaking criteria. The selection of a suitable formula for the 
longshore velocity must be largely subjective at the present 
time, and the use of two or three formulas may be warranted to 
obtain the best possible selection. These computations serve 
to (a) illustrate which part of the wave climate is responsible 
for the majority of the longshore transport (even if the accuracy 
of the total computation is incorrect, the relative contribution 
of each component of the wave climate should be approximately 
correct); (b) indicate the months during which the majority of 
sediment is transported; (c) indicate the relative importance of 
the long wave climate (which may be more important on the west 
coast than the east and gulf coasts); (d) allow an appreciation 
of the large quantities of material that can be transported in 
each direction even though the net transport may be quite small; 
and (e) indicate the relative importance of major storms and 
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Table 5-2. Comparison of various approaches for determination of basic scale 
ratios of a coastal movable-bed model. 

Source Basic relations Method of derivation 

Goddet and J affry n = fl-17/20n8/S Sediment motion due to com-0 ... 
( 1960) ------- bined action of waves and 
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Note: Although this basic relation was noted to be in error, it was not corrected. 
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hurricanes. Under certain circumstances, the major shoreline 
evolution is likely the result of infrequent but disastrous 
events such as hurricanes. 

(3) All available survey data (profiles) and aerial photos 
of the shoreline to help understand the existing problems, or to 
anticipate the problems in construction of a proposed structure 
or topographic modification. 

(4) Accurate simultaneous measurements of the wave environ-
ment and sediment transport (both onshore-offshore and along-
shore). These measurements are the integral parts of the data 
necessary for model verification. Measurements of the accuracy 
and extent desirable for model verification have never been 
obtained; however, it is realistic to obtain such data. The 
length of time of the measurements must extend over an erosion 
and accretion period and hopefully over a period of both high 
and low littoral transport. Thus, the longshore transport com-
putation described is also used to select the optimum time of 
year for the prototype data acquisition effort to have the de-
sired erosion and accretion periods occur within the shortest 
possible time interval. A reasonable estimate of the time re-
quired for acquisition of the desired data is 1 to 3 months. 
The wave measurements must be accurate and must include the 
directional spectrum. Although both the planning and analysis 
are difficult, it is definitely within present capabilities. 
One reason that past attempts at measuring the directional spec-
trum have been of limited success is the lack of sufficient re-
dundancy in the number of wave sensors to validate the statistics 
and to prevent the results from becoming questionable when one or 
two sensors develop problems. These measurements should be made 
just outside the breaking zone for the largest waves anticipated. 
A system similar, or one identical to that used by the U.S. Army 
Engineer Waterways Experiment Station (WES) in the Los Angeles-
Long Beach Harbors study (Pickett, Durham, and McAnally, 1975) 
is recommended. The WES system consisted of pressure transducers 
with ranges of 25 and 50 pounds per square inch, and with a very 
accurate response. A minimum of problems occurred during a year's 
use, and all data were recorded in digital form on magnetic tape. 
One tape contained approximately 5 days of data for 15 sensors 
at a sample rate of one sample per second. The sample rate was 
flexible and could either be increased or decreased as the sit-
uation required. Careful planning of the sensor spacing is 
required to ensure both the desired accuracy and resolution; 
measurement of atmospheric pressure is also required. All data 
should be analyzed during periods of rapid erosion, accretion, 
and littoral transport. Segments of data should be analyzed at 
least every 6 hours during the entire test program. These data 
would be used for input to the wave generator during model veri-
fication. In addition to the wave sensor data, photos should be 
taken periodically each day to show the wave breaking angle and 
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location (used as backup data to determine whether the analysis 
techniques are yielding the desired results). Note that the 
measurement system recommended includes the measuring of tidal 
heights. Since the sensors do not filter, all filtering is 
accomplished analytically during the data analysis. 

The measurement of sediment transport, onshore-offshore and along-
shore, is probably the most difficult problem in obtaining adequate 
prototype data required for model verification. Although the accuracy 
of sediment transport measurements (or the most practical way to make 
them), is difficult to determine, a carefully planned measurement program 
is considered to result in sufficient accuracy for model verification. 
Some type of tracer measurement will probably yield the best data; how-
ever, the program must be more extensive than any conducted to date. 
Profiling of the beach and offshore area beyond the breaker zone is re-
quired at as close an interval as ,possible (once a day is desirable). 
The planning of a detailed sediment transport measurement program is 
difficult, and the best method is not as obvious as in the case of wave 
measurements. However, rapid advances are being made in the area of 
oceanographic and estuarine surveying and mapping. 

b. Selection of Model Scales and Materials. As discussed previously, 
the complete similitude of all dynamic processes involved in the movement 
of coastal sediment is impractical. The modeling of cohesive bottom sedi-
ments is not discussed in this section because it is considered beyond the 
present state-of-the-art. Modeling of the motion of noncohesive sediments 
(sands and cobbles) presents a formidable task in itself. As shown pre-
viously, similitude of certain dynamic processes fixes the relation be-
tween model and prototype linear dimensions, material characteristics, 
and other factors. Therefore, no particular set of scale-model laws for 
coastal sediment models is recommended at the present time. Each of the 
scale-model laws in Table 5-l is believed to have its own special area of 
application, and the selection of the appropriate set of equations (model 
laws) for a particular problem largely depends on the experience and ex-
pertise gained by a particular group of laboratory personnel in perform-
ing movable-bed scale-model tests. 

In arriving at a set of scale-model laws to be applied for a given 
problem at a specific location, the following items must be analyzed: 

(1) Existing prototype wave environment •• This includes 
monthly wave statistics (numerical wave hindcasts are prefer-
able), the incidence of severe storms on the west coast of the 
United States and the Great Lakes, and the incidence of hurri-
canes on the east and gulf coasts of the United States. 

(2) Computation of the prototype longshore transport (possi-
bly using several different approaches). 

(3) Size of the prototype area to be studied. 
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(4) Type and size distribution of prototype bottom material. 

(5) Size and capabilities of model test facilities. 

(6) Model test materials either available or readily 
procured. 

(7) Accuracy to which model test results are desired. 

(8) Funds available to conduct the study. 

(9) Time available to conduct the study. 

(10) Qualified personnel available for assignment to the 
study. 

The above items are not necessarily compatible; i.e., funds or time 
available to conduct the study may not be commensurate with the desired 
accuracy of the experimental results. However, after full consideration 
of the above items, a set of wave-flume experiments is recommended before 
final selection of the scale-model laws. These tests would be two-
dimensional beach profile tests where it would be attempted to reproduce 
the dominant existing beach characteristics (relative to onshore-offshore 
transport) using several different scaling relations and beach materials. 
After a particular set of scale-model laws (and consequently linear scales 
and bottom material) is selected, it is recommended that the same law be 
applied using a larger model (and consequently a different model material) 
and that wave-flume tests be conducted to ensure reproducibility of re-
sults and establish confidence in the selected scaling relations (at least 
for onshore-offshore transport). 

At this point in the investigation, a set of scaling relations has 
been tentatively selected and the recommended prototype data have been 
obtained (to the best possible extent). A bottom material and tentative 
model scales (for the three-dimensional, movable-bed model) have also 
been selected. Before proceeding further, one more step in assuring the 
accuracy of model results is necessary. An average bottom profile should 
be used to construct a test section of straight parallel bottom contours. 
Tests should be conducted with waves at an angle to this test section and 
measurements made of the longshore transport and the evolution of the 
model bottom topography. Model test results should then be compared 
with either those predicted or those measured during the prototype data 
acquisition phase of the study. After confirmation of the longshore 
transport, the investigator is ready to proceed to the model operation 
phase of the study and in particular to model verification. 

4. Model Operation. 

a. Verification of the Model. The first and most important step 
in conducting a quantitative, movable-bed scale-model investigation of 
coastal erosion or coastal sediment transport is model verification. 
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Enough data should be obtained during prototype data acquisition to 
verify that the hydraulic model accurately reproduces the prototype fea-
tures of interest. Thus, it is essential that the prototype data of 
bottom evolution (erosion, accretion, and littoral transport) are accu-
rate and that the corresponding incident wave conditions (height, period, 
and direction) are known. 

Initial verification efforts should be directed toward reproducing 
the most severe short-term prototype erosion. Hopefully, this would com-
prise a storm period of perhaps 1 to 2 days where the wave direction re-
mained relatively constant and only a slow variation in height and period 
occurred. If adequate prototype data were acquired on the erosion rate 
and littoral transport rates, then attempts can be made to verify the 
short-term erosion properties of the hydraulic model. However, numerous 
problems will arise and the sensitivity of the erosion response of the 
model must be correlated with changes in incident wave characteristics 
(height, period, and direction). The model response must not vary sig-
nificantly within the accuracy of prototype measurements of wave height 
and bottom evolution. If significant model variations are recorded with-
in the accuracy of the verification data, then either the prototype data 
quality must be improved or the model is too sensitive, and different 
scales and model materials are probably required. 

After verification of short-term, large-scale erosion characteristics, 
verification of shoreline accretion is necessary. This is usually a 
longer term process and may be interrupted by changes in wave direction 
and possibly by either small or large storms causing additional erosion. 
An effort should be made to precisely reproduce the prototype wave and 
tide characteristics during this period. Successful verification of the 
accretion phase of the prototype measurement period is a major step. 
Littoral transports are also measured and correlated with the prototype 
data taken during these periods. 

The next phase of the model verification is to ascertain if correct 
littoral transport rates are occurring. There will be some periods during 
the prototype data acquisition phase where waves are at an extreme angle 
to the shoreline. If the wave heights are significant, then a rapid long-
shore transport of material will take place. 

Finally, verification of the prototype beach behavior for the entire 
measurement period should be attempted. If this is accomplished, the 
investigator can then be confident of the hydraulic model results. 

Although this brief discussion of model verification does not include 
the numerous problems involved, it is considered adequate for the present 
state-of-the-art. 

b. Operational Constraints of the Model. Any scale-model investiga-
tion has its limitations and operational problems; however, a completely 
movable-bed scale-model study contains more than its share of operational 
problems. Some of these problems and constraints are: 
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(1) Model Boundaries. Any model must have some artificial 
boundaries; however, this presents several problems in a movable-
bed model. Sediment must be injected artificially at the proper 
rate and at the proper location (relative to the shoreline) 
along one lateral boundary and the sediment must be removed at 
the other boundary. The other alternative (usually impractical) 
is to make the model area large enough to study the area of 
interest before the model walls introduce any undesirable model 
effects. Lateral model boundaries are also responsible for 
introducing a model circulation (due to interruption of the long-
shore current and transport). This circulation can be compen-
sated for by providing sufficiently effective energy absorbers 
at the model boundaries or perhaps by allowing a return channel 
for water to flow from one model boundary to the other. Inject-
ing and removing water at the model boundaries through the appli-
cation of a type of manifold system has been postulated by some 
investigators as a method of solving this problem; however, the 
method usually introduces more problems than it solves. 

The seaward boundary of the model may also provide a possible 
source of undesirable model effects. If the wave generator pro-
duces a wave behind it, this energy must be effectively absorbed. 
If there is a nonnegligible reflection coefficient from the model 
beach and underwater topography, then rereflection of this energy 
by the wave generator must be avoided. In most cases this can be 
accomplished by using wave filters in front of the wave generator. 

Since the linear scales of the model will be distorted, re-
flection coefficients from the shoreline will be exaggerated. 
The grain size of the model material will also be too large, 
and the permeability of the model sediment is expected to be 
too large. Thus, the model bed will dissipate too much wave 
energy. Therefore, these two scale effects tend to compensate 
each other. 

Another possible model boundary effect is the reinforcement 
of model edge waves due to the lateral boundaries. Edge wave 
reinforcement tends to increase model rip currents. The effect 
of linear-scale distortion on rip currents should be further 
investigated, as well as the effects of artificial bottom 
material on rip current velocities. 

(2) Wave Generator Characteristics. In practice, all wave 
generators have certain inherent limitations. Waves can be gen-
erated over a definite range in wave periods without gear changes 
or modifications, and there is a finite limit to a generator 
stroke, which limits the wave height that can be generated~ Wave 
generators designed to produce monochromatic waves usually tend 
to generate more energy at harmonics of the fundamental frequency 
as the stroke increases. Spectral wave generators have the same 
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limitations in addition to other problems which deal only with 
the generation of spectral waves; however, they are more diffi-
c~lt to define. 

(3) Remolding of bottom topography. After completion of 
a test, one operational constraint is remolding of the bottom 
topography. Since the topography may have changed, the entire 
model area must be checked and remolded. During testing, segre-
gation by size frequently occurs if the model material is not 
uniformly sized, necessitating remixing before remolding. 

c. Selection of Test Conditions. Selection of test conditions is a 
relatively straightforward procedure. The first task is to obtain wave 
hindcast data for the area of interest. Secondly, the littoral transport 
rates should be computed for each segment of the wave climate. These 
computations are not expected to be extremely accurate, but they should 
yield an accurate picture of the relative importance of each part of the 
wave climate concerning the transport of bed material. The above data, 
along with those analyzed during the prototype data acquisition study, 
should be adequate to allow an intelligent selection of test conditions. 
The normal wave climate should be tested with particular emphasis on each 
segment which produces a significant contribution to the yearly transport 
rates in each direction. 

Depending on the prototype data acquired, it may be necessary to 
either produce a wave spectrum in the model or to generate monochromatic 
waves from more than one direction. 

d. Model Measurements. The primary model process of interest is 
bottom evolution as a function of incident wave conditions, tide level, 
and duration of wave conditions. Therefore, measurement of erosion and 
accretion rates, bottom profiles, and longshore transport rates are de-
sirable. Accurate measurements of incident wave heights and tidal heights 
(especially during model verification) are necessary. Model measurements 
of wave heights and currents in shallow water and inside the surf zone 
may also be necessary. 

Profiling of the model topography is extremely important and tedious 
if not performed automatically. Several devices (acoustic and laser) are 
well suited for this task. All data should be recorded on magnetic tape 
for automatic data processing. 

Model measurements of onshore-offshore and littoral transport are 
certainly as difficult as they are in the prototype. Either fluorescent 
or radioactive tracers could be used satisfactorily in conjunction with 
an automatic counter operating in much the same manner as the profiler. 
If a device of this nature does not prove feasible, model sediment traps 
may. have to be devised. An excellent measure of the total longshore 
transport rate can be ascertained from the amount of sand injected at 
one boundary and then removed at the other boundary after equilibrium 
conditions are established. 
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e. Analysis and Interpretation of Results. Although many questions 
remain unanswered relative to the conduct of satisfactory movable-bed 
scale models of coastal sediment transport, such investigations are con-
sidered feasible. The degree of confidence for such studies is largely 
dependent, for each individual case, on the success of the prototype data 
acquisition program, flume tests required for scale selection, and the 
model verification phase. 

5. Fixed-Bed Tracer Models. 

Fixed-bed hydraulic models have long been recognized as an extremely 
valuable tool in studying the effects of coastal construction projects on 
wave, tide, and current conditions. In recent years, the use of rela-
tively small quantities of sediment tracer material in fixed-bed models 
has generally been accepted as the most reliable and least expensive 
method of studying sediment transport due to wave and tidal action. In 
practically all cases, the results of such studies are considered qual-
itative rather than quantitative. 

In general, movable-bed model laws require distorted scales unless 
the sediment in the model is the same as in the prototype (i.e., sand). 
However, these laws can be adapted to undistorted-scale fixed-bed models 
for the selection of tracer materials, and the scaling relations of Noda 
(1972) are used as an example. 

Noda indicates a relationship or model law among the four basic scale 
ratios: the horizontal scale, A; the vertical scale, ~; the sediment-
size ratio, n0 ; and the relative specific weight ratio, ny' (see Fig. 
5-l). These relationships were determined experimentally from a wide 
range of wave conditions and beach materials and are valid mainly for 
the breaker zone. Therefore, if there is an interest in longshore and 
onshore-offshore sediment transport (which occurs mostly in and around 
the breaker zone), this appears to be a most appropriate scale relation. 

Tracer material is selected for undistorted-scale models by the 
following procedure. Using the characteristics of the prototype sedi-
ment (grain-size distribution, specific weight, etc.), the vertical model 
scale is assumed correct and, for a specified material, the median grain 
size and horizontal scale are computed. Next, the horizontal scale is 
assumed correct and, for the same material, the median grain size and 
vertical scale are computed. This procedure is repeated for several 
materials and results in a range of median grain sizes for each material. 
Preliminary model tests are conducted with the different sizes and based 
on these test results, judgment, past experience, and knowledge of sedi-
ment movement in the prototype, the most realistic tracer material is 
selected (i.e., the engineer is practicing art rather than science). 
This procedure has proven effective in evaluating the movement and 
subsequent deposits of sediment in several three-dimensional models 
at WES; typical case histories are described belm-.r. 

Exa~les of Model Studies Conducted. 

(1) Port Orford Harbor, Oregon. 
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Figure 5-l. Graphic representation of model law (Noda 1972). 
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(a) Project. Breakwaters for wave protection and preven-
tion of shoaling. 

(b) Reference. Giles and Chatham (1974). 

(c) Laboratory. WES. 

(d) Test Period. July 1972 to October 1973. 

(e) Problem. Severe· shoaling of Port Orford Harbor began 
shortly after construction of a 600-foot-long breakwater in 1968. This 
breakwater (built to provide wave protection for the existing pier) inter-
cepts and traps the south-to-north littoral transport when waves are from 
the south and alters current patterns when waves are from the north so 
that the north-to-south littoral currents cannot move sediment out of the 
harbor. Extensive maintenance dredging has been required. 

(f) Purpose of Model Study. The model study was conducted 
to (a) compare prebreakwater and existing breakwater conditions to deter-
mine the causes and sources of harbor shoaling, and (b) develop cost-
effective remedial plans to eliminate shoaling at the pier without sig-
nificantly increasing wave action. 

(g) The Model. The undistorted, 1:100-scale hydraulic 
model reproduced the entire harbor area, approximately 3 miles of shore-
line, and underwater contours to an offshore depth of -60 feet (Fig. S-2). 
The total area reproduced in the model was approximately 10,300 square 
feet, representing about 3.7 square miles in nature. 

(h) Test Procedures. Tests consisted of measuring wave 
heights and wave-generated currents, obtaining photos of wave, current, 
and shoaling patterns, and visual observations. Using the procedures 
discussed previously for the scaling relations of Noda (1972), crushed 
coal (median diameter, 0.55 millimeter; specific gravity, 1.30)· and nylon 
(median diameter, 3.0 millimeters; specific gravity, 1.14) were selected 
as tracer materials to simulate the prototype sand (median diameter, 0.21 
millimeter; specific gravity, 2.65). 

(i) Plans Tested. Initial tests were conducted for pre-
breakwater and existing breakwater conditions to determine the causes 
and sources of harbor shoaling. Improvement plans consisted of modifi-
cations to the existing breakwater (removing sections, lengthening, rea-
linement, etc.) and installation of new breakwaters near Fort Point and 
Battle Rock. 

(j) Summary of Test Results. Test results indicated that 
(a) the source of sediment was the area seaward and to the east of Battle 
Rock; (b} the modification of the existing breakwater was not a viable 
alternative; and (c) a new 1,100-foot-long breakwater extending from Fort 
Point would be required to completely prevent harbor shoaling. Shoaling 
patterns for existing conditions and the recommended plan are shown in 
Figures 5-3 and S-4. 
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(2) Cattaraugus Creek Harbor, New York. 

(a) Project. Jetties for wave protection, passage of flood-
flows and ice, and prevention of shoaling. 

(b) Reference. Battin and Chatham (1975). 

(c) Laboratory. WES. 

(d) Test Period.- May 1974 to April 1975. 

(e) Problem. Stream discharges on Cattaraugus Creek move 
sediment (sand and gravel) downstream where it is deposited on a delta 
at the creek mouth. Wave action from Lake Erie rearranges this material 
to form a bar across the creek mouth. This bar restricts navigation and 
provides a natural barrier, resulting in the formation of ice jams and 
flooding of the low-lying surrounding area. 

(f) Purpose of Model Study. The model study was conducted 
to develop the most cost-effective jetty arrangement at the creek mouth 
which would prevent shoaling, provide wave protection, and allow the 
passage of floodflows and ice. 

(g) The Model. The undistorted, 1:75-scale hydraulic model 
reproduced the lower 5,400 feet of the creek channel and underwater con-
tours in Lake Erie to offshore depths ranging from -38 feet on the north 
to -18 feet on the south (Fig. 5-5). The total area reproduced in the 
model was approximately 16,380 square feet, representing about 3.3 square 
miles in the prototype. 

(~) Test Procedures. Tests consisted of measuring wave 
heights, wave- and stream-generated currents, and water surfac·e profiles 
for various stream discharges; obtaining photos of wave, current, and 
shoaling pat:terns; and qualitative investigations of ice-jamming tenden-
cies using a low-density polyethylene material to simulate ice fragments. 
Using the procedures discussed previously for the scaling relations of 
Noda (1972), crushed coal and granulated nylon were selected as tracer 
materials to simulate the prototype sand (median diameter, 0.25 milli-
meter; specific gravity, 2.65). Initial model tests indicated that 
relative deposits for these two materials were almost identical. The 
main difference was that the larger nylon particles were more sensitive 
to wave action and, in general, did not deposit on the beach or form bars 
as readily as coal. Considering the behavior of the two materials and 
field observations of shoaling at the existing harbor, it was decided 
that the crushed coal more reliably reproduced the prototype shoaling 
patterns and coal was used for all subsequent tests. 

(i) Plans Tested. Tests were conducted for one jetty 
arrangement with the entrance oriented to the southwest and for several 
modifications of length, orientation, type (sheet pile or rubble mound), 
etc. of a jetty arrangement with the entrance oriented to the north. 
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(j) Summary of Test Results. The model accurately repro-
duced existing shoaling patterns (i.e., a bar across the entrance) as 
shown in Figure 5-6. The originally proposed jetty arrangement with 
the entrance oriented to the southwest resulted in shoaling in the har-
bor entrance. The best jetty configuration tested (shown in Fig. 5-7) 
prevented shoaling, provided adequate wave protection, and allowed the 
passage of floodflows and ice. 

6. Recommendations for Further Research. 

Considerable work is obviously required before the design and opera-
tion of quantitative movable-bed scale-model investigations of coastal 
sediment transport become routine. However, considerable optimism re-
garding the success of such an endeavor is apparently justified. Because 
of the pressing national need for shoreline protection and preservation, 
as well as the need to acquire a reliable assessment of the effects of 
coastal and offshore construction (such ~s deepwater superports, offshore 
airports, or offshore nuclear powerplanvs) on shoreline evolution, it is 
imperative that satisfactory accuracy in modeling capability be developed 
to the fullest extent possible. A few specific areas requiring further 
research are: 

(a) Determine the effect of model sediment-size distri-
bution on equilibrium beach profiles and longshore sediment 
transport. Since the median diameter of model sediments is 
important, the immediate questions are whether the model sedi-
ment can be of uniform size, must the sediment have precisely 
the same particle-size distribution as the prototype, or is 
some scaling relation required other than merely that involving 
the mean particle diameter. 

(b) Perform a comprehensive and thorough experimental and 
analytical investigation of the scale-model laws proposed by 
Noda (1972). These laws show promise in some areas but are 
lacking in others; however, the approach appears to have merit 
and should be pursued further. 

(c) Perform additional experimental and analytical tests 
(after completion of (a) and (b) above) to derive a recommended 
scale-model law based on similitude of equilibrium beach pro-
files and, if possible, on longshore transport rates. 

(d) Perform the required prototype data acquisition and 
analysis effort for a suitable site. 

(e) Attempt to verify the laws developed in (c) above 
with the data obtained in (d). 

(f) Investigate the effects of model linear-scale dis-
tortion and bottom material on edge wave development and rip 
current intensity, and attempt to ascertain when (if at all) 
their reproduction in the model is necessary. 
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Figure S-6. Typical shoaling pattern at Cattaraugus Creek 
for existing conditions. 
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Figure S-7. Typical shoaling pattern at Cattaraugus Creek 
for recommended plan of improvement. 
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(g) Investigate the model effects of using monochromatic 
waves or a wave spectrum to obtain equilibrium beach profiles 
and longshore transport rates. 

(h) Evaluate the importance of the long-wave components 
of the spectrum in the transport of bottom sediment. 

(i) Complete a comprehensive three-dimensional, movable-
bed scale-model study based on the research areas above. Hope-
fully, this will establish the necessary scale-model laws, con-
fidence in scale-model results, and procedures for subsequent 
efforts. 

(j) Conduct a postconstruction verification study of the 
scale-model results. This requires extensive prototype meas-
urements, and perhaps fairly extensive additional scale-model 
tests. 

7. Summary. 

Movable-bed scale-model investigations of coastal erosion and coastal 
sediment transport phenomena are probably the most difficult hydraulic 
models to conduct. However, such model studies are feasible in certain 
circumstances; careful planning is required, and the acquisition of ex-
tensive and accurate prototype data is necessary. Numerous scale-model 
laws can be derived by making various assumptions regarding the physical 
processes governing sediment motion. 

The most important phase in this type of scale-model study is to ob-
tain the quantity and quality of prototype data required for model ver-
ification. Some of the many problems that must be dealt with in model 
operation are model circulation, type of bottom sediment, model size, 
and rapid measurements and remolding of bottom topography. Although 
nearly quantitative movable-bed scale-model investigations of some 
coastal erosion and coastal sediment transport problems are considered 
feasible, a considerable amount of additional applied research is neces-
sary before such studies become routine. 
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1. Introduction. 

VI. STABILITY OF COASTAL STRUCTURES 

by 
R.Y. Hudson 

The economic design of a stable coastal structure is a difficult prob-
lem involving the complex interaction of waves and structure. Waves may 
be of the short-period type generated by storm winds with periods from 
about 1 to 25 seconds and heights from about 1 to 40 feet or more; or 
waves may be of seismic origin (tsunamis), which are long waves with per-
iods ranging from about 5 to 35 minutes and heights nearshore up to 30 
feet or more. The magnitude and distribution of wave pressures on coast-
al structures yary with the type and geometry of the structure, the depth 
of water and bottom configuration immediately seaward of the structure, 
the stage of tide relative to the crest of the structure at the time the 
wave action occurs, and the wave dimensions. Since accurate determina-
tion of wave forces on other than structures of simple shape in rela-
tively deep water cannot be calculated, hydraulic models are commonly 
used to obtain sufficiently accurate data from which to make engineering 
decisions. 

This section discusses the design, operation, accuracy, utilization 
of test data, and costs of hydraulic models, the results of which are 
used for optimum designs of coastal structures concerning their stability 
under wave attack. The types of structures considered are (a) rubble-
mound breakwaters, jetties, and wave absorbers; (b) vertical-wall break-
waters and jetties; (c) composite breakwaters; (d) seawalls; and (e) 
floating, pneumatic, and hydraulic breakwaters. 

Rubble-mound breakwaters, jetties, and wave absorbers are used exten-
sively where the depths are not prohibitive and suitable quarrystone is 
available locally or within transporting distance at competitive prices. 
These structures are also used if the foundation materials are such that 
the stability of a vertical-wall structure would be endangered. Rubble-
mound structures can be constructed in stages if the natural foundation 
material is incapable of supporting the weight of the completed structure 
without considerable settlement, with enough lapse of time between the 
stages to allow settlement to take place. Rubble-mound wave absorbers 
may be used inside harbors to reduce the wave action to acceptable levels. 
Rubble wave absorbers are similar in construction to rubble breakwaters 
except that they may have flatter slopes, a thicker cover layer with a 
maximum of voids, and they are usually backed by a vertical, impervious 
bulkhead. 

Vertical-wall breakwaters and jetties may be more economical when 
the foundation material is firm, homogeneous, and not easily scoured. 
Vertical-wall breakwaters may also be used as additional pier facilities 
if enough top width is provided and overtopping can be prevented. The 
foundation is seldom such that a vertical-wall, gravity-type structure 
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can be placed directly on the bottom without special preparation of the 
foundation material. Thus, the bottom material may be prepared by placing 
riprap in layers until adequate bearing pressures are obtained. When the 
water depths are appreciable, and when the economics and purpose of the 
structure permit, a rubble-mound base for the vertical wall may be placed 
on the bottom to an elevation that comprises a considerable part of the 
water depth. Th1s rubble mound with the vertical wall which surmounts 
the rubble is called a composite breakwater. Breakwaters protect mooring 
areas from wave action, whereas jetties are structures extending from 
shore to prevent shoaling of channels by littoral material, or constructed 
at the mouth of a river or tidal inlet to confine the flow and deepen and 
stabilize the entrance channel. Jetties as breakwaters may be either a 
rubble-mound, vertical-wall, or composite-type of structure. 

Seawalls are structures that separate land and water areas; in har-
bors they are frequently bulkheads on the landside and breakwaters on 
the seaside. Seawalls may also be either vertical-wall, rubble-mound, 
or composite-type structures. 

Floating breakwaters, as the name implies, are floating structures 
(usually fixed in place by mooring cables) designed to prevent passage 
of all but a minimum, allowable percentage of the wave energy. The 
structures must extend deep enough into the water to be effective, and 
must have a natural period of oscillation that is large relative to the 
period of the selected design waves to prevent large oscillations and 
the consequent generation of waves by the structure itself. Floating 
breakwaters are not widely used because they are usually not efficient 
wave reducers except for the conditions of relatively deepwater and 
short-period waves. However, these breakwaters offer several advantages, 
compared to fixed structures, such as mobility, ease of installation, 
elimination of littoral drift and scour problems that are sometimes 
caused by the construction of fixed impervious structures, freedom from 
foundation problems, and relatively small initial and maintenance costs. 

The pneumatic breakwater consists of a bubble screen that is generated 
by compressed air passing through a submerged perforated pipe, and rises 
to the surface in the form of air bubbles. While rising to the surface, 
the air bubbles induce a vertical current which, in turn, produces hori-
zontal currents away from the bubble screen on the surface in both the 
upstream and do\~stream directions and toward the screen near the bottom. 
The surface current moving against the direction of wave propagation pro-
duces some attenuation of the waves. 

The hydraulic breakwater is similar in principle to the pneumatic 
breakwater, except that the surface currents are generated by forcing 
water through a perforated pipe or nozzle system. Pneumatic and hydrau-
lic breakwaters, like the floating breakwater, are only effective for 
relative deepwater and short-period waves. 

The erosive action due to waves and currents of beach material in 
the toe areas of rubble-mound and vertical-wall breakwaters and jetties, 
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and in front of seawalls, is not discussed in this section. However, 
scour is sometimes a problem in the stability of coastal structures, 
and when model studies (conducted in accordance with the scale-model 
techniques and transference equations discussed in Section V) or field 
experience indicate that scour due to wave action is likely to endanger 
the stability of these structures, the area of scour may be covered with 
a riprap blanket. The stability of the blankets can be determined by 
model studies of the type used to test the stability of rubble break-
waters, jetties, and wave absorbers. 

2. Similitude Relations. 

a. Rubb le-.Mound Structures. When a rubble-mound breakwater, jetty, 
or wave absorber with a given geometry (crest width, crest height above 
or below the stillwater level, number of layers and size of stones in the 
underlayer system, height of the impervious core material above or below 
the stillwater level, and the depth below stillwater level to which the 
armor units in the protective cover layer extend) are subjected to the 
attack of gravity water waves, the stability of the armor units is a 
function of the following variables: 

d = depth of water in which the structure is situated, 
measured at the seaside toe 

D = percent damage to the cover layer caused by waves of 
a given height, as measured by the number of armor 
units displaced compared with the total number of 
armor units in the cover layer 

g = acceleration due to gravity 

H = height of waves that attack the structure 

C~c)a = characteristic linear dimension of the armor units 

Vw = velocity of water that impinges on and flows around 
individual armor units in the area where damage to 
the cover layer occurs 

a = angle of seaside slope, measured from the horizontal 

S = angle of incidence of wave attack 

A = shape of armor units 

e = angle of bottom slope seaward of the structure, 
measured from the horizontal 

A = wavelength 

~ = dynamic viscosity of water in which the structure is 
situated 
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= 

Pa = 

Pw = 

characteristic linear dimension of the surface 
roughness of armor units 

mass density of armor units 

mass density of water in which the structure is 
situated 

Thus, by the ~ theorem (see Sec. II), 

and 
(6-la) 

(6-lb) 

The forces imposed on individual armor units by the flow of water 
caused by wave action are inertia, form drag, and surface drag (viscous 
shear). The inertia forces result from the pressure gradient in the 
water (Allen and Russel, 1958). Since gravity forces are also involved, 
and are predominant for this type of phenomenon, stability models of 
rubble-mound structures are designed based on Froude's law. For such 
models the inertia forces, relative to gravity forces, s~ale down cor-
rectly; the form drag forces, relative to gravity forces, scale down 
nearly correctly, depending on the form of armor unit, its weight, and 
the size of wave; and viscous forces scale down incorrectly. For the 
armor units, the viscous forces can be made negligible if the linear 
scale is selected so that the Reynolds number, Rn, is not too small. 
However, for the smaller underlayer rock, it is difficult at times 
(depending on the height of the design wave) to select a scale so that 
the viscous forces in the underlayers are negligible. 

In equation (6-lb) the Froude number and the density ratio can be 
combined, since the stability of the armor units is determined to a 
considerable extent by the relative magnitudes of the form drag and 
submerged weight of the armor units. Since it can be shown that equa-
tion (6-lb) has been solved for the combined terms, 

Equation (6-lc) is the basis for design and operation of stability models 
for use in general testing of rubble-mound breakwaters, wave absorbers, 
and jetties exposed to wave action. 

The desired relationships, model-to-prototype, for similarity of 
stability of the armor units, Dm = Dp, will be obtained if each ~ term 
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in equation (6-lc) has the same value in both the model and the prototype 
for a particular form of breakwater s~ction and a particular set of wave 
conditions; i.e., 

and 

t(£:)-L = [(Q:)·t 

(¥)m =(¥)p 

(~t =(~)p 

[(::j:] = [~] 
. m p 

~ =ap 
{3m = f3p 

.8m = .8p 

e =e m p 

(6-2a) 

(6-2b) 

(6-2c) 

(6-2d) 

(6-2e) 

(6-2£) 

(6-2g) 

(6-2h) 

(6-2i) 

(6-2j) 

(6-2k) 

Since stability models of rubble-mound breakwaters are designed based on 
Froude's law and are constructed geometrically similar with undistorted 
linear scales, all the above-listed relationships can be satisfied for a 
particular set of test conditions except for those indicated by equation 
(6-2c) (Reynolds number) and equation (6-2g) (surface roughness of indi-
vidual armor units}. The effects of surface roughness of the ordinary 
quarrystone and concrete armor units are negligible in full-scale proto-
type structures, and they can be made negligible in the model by use of 
relatively smooth-surfaced armor units .. For stability models with linear 
scales, Lm/~, where the model velocities and armor-unit sizes are too 
small, the vi~cous effects are accentuated and the scale effects may no 
longer be negligible. Tests to determine the scale effects in the 
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stability of armor units, as a function of Reynolds number, have been 
conducted (see Sec. VI,3,c). In tests where the reflection of waves 
from, and the transmission of waves through, rubble-mound structures 
are studied, the scale effects also vary with Reynolds number. Studies 
to determine model design procedures to minimize the scale effects have 
been discussed by Le Mehaute (1965); the results of tests concerning this 
aspect of model design were also reported by Keulegan (1973). 

Since the velocity, Vw, of the waves or of the water particles that 
impinge on armor units during wave attack are not easily measured during 
the conduct of breakwater stability tests, Vw can he conveniently elimi-
nated from equation (6-lc) by the relation Vw = f(gH) 1/2.. .Other helpful 
substitutions are v = ~/Pw, Ya = Pag, and (tc)a = kvCWa1Ya) 11 3 , 

where 

v = kinematic viscosity 

= specific weight 

= weight of the armor unit 

shape coefficient such that W = k -3y (t ) 3. a v a c a = 

After making these substitutions, ·equation (6-lc) becomes 

(6-3a) 

Considering that the model structures would be constructed geometrically 
similar to hypothetical or proposed prototype structures; assuming that 
the model structure and wave dimensions are such that the Reynolds number 
is large enough to render the viscous forces negligible, and that the 
surface texture of the model armor units are sufficiently smooth, relative 
to that of the prototype units; and then recognizing that the shape of 
armor unit, ~' anrl the manner in which armor units are placed in the 
cover layer of the structure (placing technique, Pt) are important parts 
of the condition of geometrical similarity (relatively small variations 
in placing technique can cause relatively large variations in the stabil-
ity of armor units), and that the seaward slope of the breakwater, wave 
absorber, or jetty face, a, is an important variable in both the sta-
bility and cost of the structure, the basic equation used for guidance in 
the testing of specific or hypothetical structures reduces to 

(6-3b) 

This relation is the same as that used by Hudson (1958) in a general test-
ing program to determine the function f 11 11 for an idealized breakwater 
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trunk section situated in relatively deep water with no overtopping of 
the structure, for nonbreaking waves approaching the breakwater with an 
angle ·Of incidence~ S, of goo, for random placement of stone armor 
units, and for various values of H/A, d/A, a, and D. The term on the 
left side of the equality sign, which was derived using a combination of 
the dynamic and dimensional analysis methods, was designated the stability 
number, Ns. It was found that, for the selected test conditions, 

from which 
N5 = (K cot cv.)113 

'Y H3 
W = a 

a K('Yahw- 1)3 cot ex 

(6-4a) 

(6-4b) 

and, K = F(8,Pt,D). Tests in which S =goo and both partially breaking 
waves and waves breaking directly onto the breakwater slope are used 
should show in a~cordance with equation (6-3b), that 

(6-5) 

Information obtained from the generalized tests is used primarily for 
purposes of preliminary design. In the final design of a proposed struc-
ture where the geometry of the structure section is planned according to 
local conditions and the purpose of the structure, scale model studies 
are often necessary to ensure that the structure will provide the desired 
protection at a minimum of cost. 

b. Vertical-Wall (Impervious) Breakwaters and Jetties. When vertical-
wall, gravity-type breakwaters or jetties are situated in depths of water 
(relative to the wave dimensions) such that the waves do not break on the 
face of the structure, when the height of the structure is such that all 
but minor overtopping is prevented, and when the angle of wave approach 
S is goo, the pressure intensity as a function of·elevation (in the ver-
tical plane of the structure face) can then be calculated by using either 
the equations of Sainflou (Sainflou, 1g2s; Hudson, 1g53) (first order of 
approximation) or of Miche (Miche, 1g44a; Kamel, 1g68a) (second order of 
approximation) for the "clapotis" (a French term that refers to the phe-
nomenon in which a series of progressive waves is reflected by a vertical 
surface perpendicular to the advancing waves and produces standing waves 
seaward of the structure). Sainflou's equations give conservative results 
and his pressure curve, modified to simplify calculations, is considered 
adequate for design in most instances. However, if the geometry of the 
breakwater is more complex (e.g., with the upper part of the seaward face 
sloping, as suggested by Van de·Kreeke and Paape (1g64) and Lundgren (1g62) 
to reduce the effects of wave forces on the stability of·the structure), 
the angle of wave attack is less than goo, or if there is considerable 
overtopping, model tests are necessary for an accurate determination of 
the wave forces on the structure. Such models are designed and operated 
by Froude's law. 
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When vertical-wall breakwaters of the type discussed above are situ-
ated where the bottom slopes seaward and in depths only slightly greater 
than the wave heights, the waves are no longer completely reflected but 
are partially destroyed orbitally and can break on the structure with re-
sulting shock pressures that are much higher in intensity and much shorter 
in duration than those caused by the clapotis-type of wave motion. In 
this case the phenomena are so complex that an adequate analytical solu-
tion has not been possible, and it is necessary to rely on scale-model 
tests. The magnitude of shock pressures formed by breaking waves varies 
greatly with the form of the waves as they make contact with the break-
water. The following factors are of primary importance in determining 
the magnitude, duration, and disposition of the pressures formed by 
breaking waves on impervious breakwater surfaces: 

(a) The wave dimensions, angle of wave approach, water depth 
at the toe of the strUcture, the bottom slope seaward, and the 
reflective characteristics of the structure determine the wave-
form when contact is made with the structure face. 

(b) The concentration of entrained air in the water as the 
wave impinges on the structure face and the pressures in the 
bubbles of entrained air. 

(c) The pressures in air pockets that may be trapped between 
the structure face and the wave front when contact is made with 
the structure face. 

(d) The pressures in air cushions formed by \V'ave fronts and 
the wall to allow the escape of air upward or laterally. 

Thus, flow phenomena can be assumed a function of 

d = depth of water in which the structure is situated, 
measured at the seaside toe 

Ew = modulus of elasticity of the water 

E~m = bulk modulus of the breakwater material 

g = acceleration due to gravity 

H = height of wave that breaks on the structure 

k = adiabatic constant of air 

p = pressure intensity on the vertical wall 

Pat = atmospheric pressure 

T = wave period 

S = angle of incident wave attack 
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e = angle of bottom slope seaward of the structure, measured 
from the horizontal 

= wavelength measured in depth d + ~d corresponding to the 
breaking depth 

ll = dynamic viscosity of the water 

Pbm = mass density of the breakwater material 

Pw = mass density of the water in which the structure 
situated 

cr = surface tension of the water 

Thus, in accordance with the rr theorem 

f(d, g, H, T, e' ~' fl, a, Pw' Ew, Ebm' Pbm' p, Pat' k) = 0 

p- Pat = f'(d, g, H, T, e, ~' fl, a, Pw' Ew, Ebm' Pbm' k) = 0 
Pat 

and 

is 

(6-6a) 

(6-6b) 

With geometrical similarity and similar test conditions, model-to-prototype, 
and considering that viscous shear forces are negligible with respect to 
gravity, inertia, pressure, and elastic forces, the functional relation 
for use in guiding the testing program and correlating test data is 

(6-6d) 

The above discussion and functional relations show that the extremely 
complex interactions of the water, compressed air, and·capillary forces 
cause difficulty in determining approximate equations for correcting 
model results to minimize errors in transferring the results to proto-
type quantities. However, it is believed that the model should be de-
signed and operated based on Froude's law and the test data transferred 
to prototype terms using approximate methods of reducing the resulting 
scale effects to a minimum. The method suggested by Lundgren (1969) is 
adopted. According to Lundgren the three breaking waveforms that cause 
shock-type pressures with intensities greater than those of the clapotis 
are generally similar to the ventilated, compression, and hammer types of 
shock pressures shown in Figure 6-1. 

(1) Ventilated Shock. If the wave front approaches the vertical 
wall so that the air between the wave front and the wall is able to escape 
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Figure 6-1. Types of shock pressures on vertical-wall breakwaters 
(after Lundgren, 1969). 
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entrapment, the ventilated type of shock pressure occurs. Although some 
scale effects are involved because the acoustical velocity EwiPw was 
assumed infinite (actually a function of the concentration of bubbles in 
the water), the primary forces in the ventilated shock phenomenon are in-
ertial and gravitational. Thus, the impulses and the pressures can be 
transferred from the model to the prototype with enough accuracy on the 
basis of Froude's law. 

(2) Compression Shock. If the wave front approaching the wall 
is concave in shape, the crest part of the front can reach the wall first, 
trapping an air pocket and producing a compression shock. This phenomenon 
involves a very complicated process and only the impulses can be trans-
ferred from model-to-prototype on the basis of Froude's law. Lundgren 
(1969) recommends the use of an equation derived by Mitsuyasu (1966), who 
used the water-piston model of Bagnold (1939), as a "compression model 
law" for the interpretation of model-test results when the compression 
type of pressure curve with respect to time is obtained. This equation 
is 

(P )2/7 (P )-5/7 p gH max + 0.4 ~ - 1.4 = K-w-
Pat Pat Pat 

(6-7) 

where Pmax is the maximum pressure developed on the vertical wall by 
the compression shock phenomenon, and K is a dimensionless constant 
equal in model and prototype. A convenient method of using equation 
(6-7) in the interpretation of model results, as recommended by Lundgren, 
is to: 

(a) Plot a curve calculated from equation (6-7) with values 
of CPmax - Pat)IPat on one axis and values of PwgH/Pat' a dimen-
sionless wave height, on the other axis; 

(b) use the model test data, enter the curve with the 
value of CPmax)m and determine the corresponding value of 
the model dimensionless wave height (Hdim)m; 

(c) multiply (Hdim)m by Lp/Lm to obtain the dimension-
less value of the prototype wave (Hdim)p; and 

(d) enter the curve with the value of (Hdim)p and deter-
mine the corresponding value of the prototype pressures 
[CPmax - Pat)IPatJp, from which CPmax)p is calculated. 

(3) Hammer Shock. In the discussion of compression shock pres-
sure, the phenomenon was such that the maximum pressures which are possi-
ble to obtain when a plane wave front impinges on a plane breakwater 
surface could not be generated because of the cushioning effects of the 
trapped air pocket. However, in rare instances the wave front may be so 
plain that a real water hammer occurs. In this case, the theoretical 
maximum pressure that occurs is a function of the elasticity of the 
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breakwater material and the compressibility of the water. In this theory 
the effects of the air that is usually trapped are ignored. According to 
Kamel (1968b) the maximum shock pressure that can occur is given by the 
relation 

where 

= 

Pbm and Pw = 

= 

= 

theoretical maximum pressure 

mass densities of the breakwater material and the 
water (respectively) 

acoustical velocities of the shock front in the 
material and the water (respectively) 

velocity of the water (wave front) impinging on 
the structure 

(6-8) 

Kamel performed special tests where plates of different types of metal 
were dropped on both glassy and disturbed water surfaces, and the result-
ing pressures were recorded electrically. His results showed that, be-
cause all the air could not be evacuated from the area between the plate 
and the water surface at the instant of impact, the recorded pressures 
were never more than about 50 percent of the theoretical. Considering 
that a prototype breakwater surface will never be as smooth and regular 
as the test plates, that a storm wave front will never be as plane as the 
glassy water surface used in the tests, and that a prototype wave at the 
instant of breaking will contain large amounts of trapped air in the form 
of bubbles, pressures more than O.Spt are believed unlikely to occur 
for a full-scale structure. Therefore, model studies for determining the 
maximum shock pressures on breakwaters are considered unnecessary. How-
ever, such tests, designed and operated by Froude's law, can give valuable 
information as to the relative magnitude of water-hammer shock pressures 
for different geometric shapes of the breakwater. 

(4) Shape of Pressure Curves and Model Design. The above dis-
cussions showed that the method of model design and interpreting the re-
sults varied wit~ the type of phenomena causing the wave pressures (ven-
tilated shock, compression shock, and hammer shock). The type of pheo:-
nomena involved in·a particular model study can be determined by observ-
ing the shapes of the recorded pressure curves. The pressure curves for 
the ventilated and compression shock are similar in shape, varying in the 
rate of pressure rise and the maximum pressure. The water-hammer shock 
curve has a very fast rising front and a very high maximum pressure com-
pared with the ventilated and compression shocks. Figure 6-2 shows the 
shapes of the compression- and hammer-shock pressure curves as recorded 
in wave-flume tests by Hayashi and Hattori (1958). 
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Figure 6-2. Compression- and hammer-shock pressure curves 
(after Lundgren, 1969). 

c. Composite Breakwaters and Jetties. For the composite type of 
breakwater or jetty where the rubble base is of considerable height rela-
tive to the depth of water (Fig. 6-3), the rubble base absorbs a larger 
part of the incident wave energy than the vertical wall absorbs, when 
situated only on a filter blanket, and a larger percent of the waves can 
break on the vertical-wall part of the structure. However, the same types 
of pressure curves can be formed as for the simple vertical-wall type. 
Therefore, for a composite structure, the model should be designed in 
the same manner as for the vertical wall, except that the rubble-mound 
base part would be designed according to Froude's law, with scale-effect 
corrections for the viscous shear in a manner similar to that for sta-
bility tests of rubble-mound breakwaters (see Sec. VI,2,a and 3,c). 

d. Seawalls. Since seawalls may be either rubble mound, vertical 
wall, or composite structures Cor constructed similar to vertical-wall 
structures except that their seaside face is in the form of steps or is 
concaved seaward), the forms of the attacking waves can be any of those 
discussed previously (clapotis, ventilated shock, etc.). Thus, for the 
composite breakwater or jetty the model design procedures would be the 
same as those discussed in Section VI,2 and VI,3. 

e. Floating Breakwaters. The methods by which floating breakwaters 
reduce incident wave heights to provide a measure of protection to the 
harbor area are reflection, forced instability, out-of-phase damping, 
destruction of orbital motion, and viscous damping (Bulson, 1964). Except 
for rare occasions (e.g., the formation of portable harbors for military 
use), the use of floating breakwaters of any type is not very practical 
unless the wave environment consists of short-period waves of moderate 
height and water depths that are deep relative to wavelength. For such 
a wave environment, a practical type of breakwater structure is one that 
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Figure 6-3. Example of composite-type breakwater. 
reflects a part of the incident wave energy and reduces the transmitted 
wave heights further by out-of-phase damping. Some of the incident wave 
energy is converted into heat by turbulence, primarily by waves breaking 
onto the top of the structure. For the structures to be effective, cross 
sections must be designed so as to combine a large mass, with as large a 
mass moment of inertia as possible, and a relatively small restoring force, 
to obtain large periods of roll, pitch, and heave relative to the periods 
of the incident waves. These factors, and the necessity of reducing 
mooring-line forces to a minimum, make it difficult to design the struc-
tures to meet local conditions. Three floating breakwaters of the out-
of-phase damping type (shown schematically in Fig. 6-4) are: the rectan-
gular box, the cross or Bombardon (used during the invasion of France in 
World War II), and the A-frame tested by Brebner and Ofuya ( 1968). The 
A-frame floating breakwater is an example of the type of cross section 
designed to obtain a relatively large mass moment of inertia with a mini-
mum of mass. 

Although gravity, inertia, elastic, surface tension, and viscous 
shear forces exist in a moored floating breakwater assembly, it is not 
possible or necessary to design the model to be dynamically similar for 
all of these forces. The waves and breakwater structure are modeled 
according to Froude's law. The structure is constructed geometrically 
similar to its prototype, and with the correct weight and mass distribu-
tion so that the correct buoyancy and mass moments of inertia are modeled 
correctly. The linear scale is selected so that the waves and model break-
water (thus Reynolds number) are as large as possible, and the scale effects 
due to nonsimulation of the surface tension and viscous forces are assumed 
negligible. Thus, the time and velocity scales are 

(6-9) 
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Figure 6-4. Examples of out-of-phase damping types 
of floating breakwaters. 
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The scales for wave forces, and the weights of the structure and of 
the mooring cables, when modeled by Froude's law, are 

(6-10) 

The elastic properties of the mooring cables are modeled by the Mach-
Cauchy law; i.e., for elongation, 

(6-lla) 

where A is the cross-sectional area of the cable and E is the modulus 
of elasticity of the cable. Thus, 

(6-llb) 

In equation (6-llb), it was assumed that both the weight and the 
elasticity of the cable are important variables. However, if the cables 
were heavy steel chain links, then the elastic effects would be negligi-
ble, but flexibility of the linkages and the weight per unit length of 
the chain must be scaled correctly. The flexibility would be modeled by 
using small chain links as in the prototype, and the weight of the chain 
mooring line would be modeled by equation (6-10). However, if the proto-
type mooring cable were a relatively lightweight elastic rope, the weight 
scale would only be approximated, and the elastic, elongation properties 
would be modeled by equation (6-11b). If a relatively heavy, stiff steel 
cable were used as mooring line, the weight and bending forces could be 
appreciable. In this case the weight of the cable would be scaled by 
equation (6-10), and the bending properties would be scaled from the 
force scale (eq. 6-10), and the deflection formula 

kFL3 
..1=--EI (6-12) 

where I is the area moment of inertia of the cable cross section, and 
k is a constant that depends on the end restraints and the distribution 
of loading forces along the cable length, which distribution is assumed 
to be equal in model and prototype. Based on these considerations, and 
that 6m/6p = Lm/Lp, since the model is geometrically similar to the 
prototype, the transference equation for cable bending is 

(6-13) 
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f. Pneumatic Breakwaters. Pneumatic breakwaters reduce incident 
wave heights by generating horizontal surface currents, a part of which 
flows counter to the orbital velocities of the oncoming waves. The hori-
zontal surface currents are generated by the action of vertically rising 
air bubbles discharged from a pipe manifold system placed on or near the 
bottom. The waves from which protection is desired are propagated by the 
restoring force of gravity and are, therefore, modeled from Froude's law. 
However, since the generation of the counter. surface currents, on which. 
the reduction of wave action depends, is the result of rising air bubbles, 
viscous shear and surface tension forces must be considered. According to 
Kurihara (1956), the viscous forces in the turbulent area where the sur-
face currents encounter the orbital velocities of the waves are also in-
volved to some extent in the reduction of wave heights. Thus, pneumatic 
breakwater models must be designed and operated based on model laws that 
consider the forces of inertia, gravity, viscous shear, and surface 
tension. Pressure forces are also involved in the bubble formation. 

When waves pass through a bubble screen, with the manifold located on 
the bottom, the reduction in wave heights may be assumed a function of the 
following variables: 

where 

H· 1 

Ht 

:\ 

d 

g 

Pair 

Pw 

Pat 

]..1 

cr 

= 
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= 

= 

= 

= 
= 

= 

incident wave height 

transmitted \vave height 

incident wavelength 

depth of water 

acceleration of gravity 

quantity of air emerging per second per foot from the 
orifices of the manifold; the quantity of free air 
delivered by the compressor to the manifold system per 
foot of manifold is 

I. ) _ (Pat + Pwgd) 
\Qair at - Qair . pat 

mass density of air 

mass density of the water 

atmospheric pressure 

dynamic viscosity of the water 

surface tension of the water 
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from which, by dimensional analysis, 

f(Hi' Ht' A, d, g, Qair, Pair• Pw, Pat' Jl., a)= 0 (6-14a) 
and 

Ht - \Hi i Pair Pwgd gl/3ct Qair ad ) 
H. - f A ' A ' p ' p ' 2/3 ' v ' 2 ' 

1 w at Qarr PwQair 
(6-14b) 

If a model study could be conducted in which (for individual test condi-
tions) all the TI terms within f' were held constant, then 

(6-15) 

However, only the first five TI terms in f' can be held constant, 
simultaneously; therefore, before accurate transference equations can 
be determined for use in a model study, special scale-effect tests must 
be conducted over a wide range of values of the last two TI terms to 
determine · 

(6-16) 

where the subscripts refer to model-to-prototype ratios. The reduction 
ratio should be determined as a function of the two TI terms in f" for 
a range of values of Hi/A and d/A that occur in the prototype. · 

Each value of d used in the scale-effect tests would correspond to 
another model; therefore, the linear scales of the models, one to another, 
would be 

(6-17) 

in both the vertical and horizontal directions. Thus, the tests would 
correspond to model studies using undistorted linear scales. This ensures 
that Hi/A and d/A would be constant,.model-to-prototype, for the same 
selected prototype test conditions. The third TI term, PairiPw, would 
be held constant during scale-effect tests by using air and water as the 
two fluids for all tests. For the fourth TI term to be constant 

(pwgd) = ~pwgd) 
\Pat Pat m p 

(6-18a) 

since CPw)m = CPw)p and gm = gp, 

(Pat)m - dm Lm 
(Pat)p - dp = LP ' (6-18b) 
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This required condition can be attained by installation of an airtight 
cover on the test flume so that the air pressure above the water surface 
can be adjusted in accordance with the linear scale. In addition, for 
the fifth ~ term, 

(~) =~~) Q2/3 Q2/3 
arr m rur p 

(6-19a) 

from which 

(6-19b) 

dther model-to-prototype ratios derived from the above relations are 
equation (6-9), 

and 

(6-20) 

where 

T = time 

v = velocity 

y = pwg 

Pw = pressure at any depth z below the water surface 

g. Hydraulic Breakwaters. Hydraulic breakwaters reduce wave heights 
in the same manner as pneumatic breakwaters, except that the horizontal 
surface currents are generated by water jets formed by forcing water 
through a series of nozzles in a pipe situated at or near the mean still-
water level, and alined so that the currents generated are opposite in 
direction to the incident wave velocities. Thus, the important forces 
that must be modeled are inertia, gravity, and viscosity; the variables 
are presumed to be Hi, Ht, A, d, g, Qw, Pw, and ~~ where Qw is the 
quantity of water emerging from the orifices per second per foot of mani-
fold (cubic feet per second per foot). From dimensional analysis, 

r(Hi, H1, A., d, g, Qw, Pw• ll) = 0 (6-2la) 

and 

(6-2lb) 
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Since only three of the four ~ terms in f' can be held constant, 
model-to-prototype, special scale-effect tests must be conducted over a 
wide range of:values of the Reynolds number term, Qw/v, to determine 

~;), = r·(~), . (6-21cl 

As in the pneumatic breakwater tests, each depth d would correspond to 
another model, and from equation (6-17), 

Lm dm 
LP = dp 

which would ensure that, for the same selected prototype conditions, 
Hi/A and d/A would remain constant during the scale-effect tests. 
Also (eqs. 6-19a and 6-19b) 

~~) =~&) ~2/3 . ~2/3 
w m w p 

from which 
(~w)m = (dm\2/3 =(LmY/3 
(~w)p \dp} Lp} · 

Other ratios that can be derived from the above relations are, as in the 
pneumatic breakwater tests (eqs. 6-9 and 6-20), 

Tm ~ V m =(Lm\1/2 
TP VP LP/ 

and 

For these tests, CPa)m = CPa)p and water would be used for the test fluid. 

3. Model Design. 

a. Field Data Required. In the design of hydraulic models, it is 
important that adequate information is available about the prototype so 
that major problems confronting the field design engineer are clearly 
understood by the laboratory engineer. The purpose and scope of model 
studies should be determined to the extent possible at the outset. Model 
design and the testing program can then be better directed toward solution 
of those parts of the overall problem that are the most critical and are 
best suited for investigation by a hydraulic model. In addition to gen-
eral information about the design problems (to determine the purpose and 
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scope of the model investigation), the design, construction, and opera-
tion of stability models of coastal structures exposed to wave action 
require (a) detailed info:rmation on the geometry of the structure and 
materials of which the structure will be composed, (b) information con-
cerning the bottom materials upon which the structure will be situated 
(except for floating, pneumatic, and hydraulic breakwaters which require 
no foundation), (c) the bottom contours along the alinement of the struc-
ture and seaward of the structure to a water depth of nearly one-half the 
maximum wavelength, and (d) statistical data to determine the frequency 
of occurrence of waves with different heights and periods at the struc-
ture site. 

Although accurate wave data are required to ensure that stability 
of a structure is obtained by a safe and efficient design, adequate wave 
records at the site are seldom available. However, when wave records are 
available, or if recorders are installed especially for a particular pro-
ject from which the needed statistics can be prepared, the methods of 
analysis and presentation of the data as proposed by Draper (1966) are 
suggested. In the absence of wave records near the site of a proposed 
structure, the necessary statistical wave climate data can be determined 
by the forecasting and hindcasting techniques for deepwater stations off-
shore of the structure site (see Bretschneider, 1966 and U.S. Army, Corps 
of Engineers, Coastal Engineering Research Center, 1977). The deepwater 
wave data must then be transferred to the site of the proposed structure, 
which is usually located in shallow water relative to wavelength (except 
for floating, pneumatic, and hydraulic breakwaters), taking into consid-
eration the effects of refraction, diffraction, reflection, and bottom 
friction phenomena. This can be done analytically either by graphical 
or computer methods (Bretschneider and Reid, 1953; Johnson, 1953; Dobson, 
1967; Whalin, 1971; U.S. Army, Corps of Engineers, Coastal Engineering 
Research Center, 1977). The results of these studies will provide wave 
heights, wavelengths, and directions of approach at the site of the struc-
ture (or at the outer ocean limits of the model if a three-dimensional 
model study is conducted) as a function of the corresponding deepwater 
wave conditions. In most model studies concerned with the stability of 
coastal structures, the wave statistics can be presented in the form of 
frequency. of occurrence data for the significant wave heights and wave 
periods (H 1l 3 , T1; 3). However, for some studies the effects on the 
structure of irregular wave trains which more closely represent the 
characteristics of actual prototype wind-generated waves must be de-
termined. Prototype wave-spectra data are necessary for tests of this 
type. The maximum waves that can attack a coastal structure is depend-
ent on the wave steepness, H/A, relative depth, d/A, slope of the 
bottom seaward of the structure, and the geometry and percent voids of 
the structure (Miche, 1944b; Danel, 1952; Kishi, 1959; Jackson, 1968; 
Weggel, 1973; U.S. Army, Corps of Engineers, Coastal Engineering Research 
Center, 1977). 

Floating, pneumatic, and hydraulic breakwaters are generally impracti-
cal except for conditions where the water depths are large compared with 
wavelength. Thus, detailed bottom contour data (used for wave refraction 
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studies) are seldom required for model studies of these structures. Sta-
tistics of the wave dimensions, directions, and frequency of occurrence 
of local, wind-generated waves are the type of wave data needed for these 
studies. Some floating breakwater studies may require wave spectra data. 
However, wave data of significant wave dimensions should be adequate for 
most studies of pneumatic and hydraulic breakwaters. Information con-
cerning the densities and weight distribution of the materials used to 
construct the breakwater, together with details of the geometry and 
dimensions of the structure is needed for calculation of the mass moments 
of inertia for both the transverse and longitudinal axes. Data are also 
needed concerning the mooring cables (length, diameter, mass density, and 
modulus of elasticity) and the cable assembly (number of cables and the 
positions of attachment to the structure). 

The conduct of stability models of rubble-mound breakwaters, jetties, 
wave absorbers, seawalls, and the rubble-mound bases of composite break-
waters requires details of the structures' overall geometery and the 
characteristics of the armor units, underlayer rock, and core material. 
For some studies, it can be determined before the model study whether 
quarrystones of sufficient size and density to withstand the attack of 
the largest expected waves are available at competitive prices. Model 
tests are necessary in other studies to determine whether quarrystones 
are adequate as armor units, or whether concrete armor units of special 
shape are required. For quarrystone armor units, the expected shapes, 
the densities, and the estimated percentages of different size stone that 
will be obtained from the quarrying of selected rock formations within 
shipping or hauling distances of the prototype site are required; for 
concrete armor units, the shape of unit and density of concrete are re-
quired. Information is also needed as to the extent and frequency of 
damage that the structure can tolerate, and the economical and social 
consequences if damage were to occur to the point of failure. The latter 
information can affect the selection of design waves, and indicate the 
desirability of conducting tests in which the wave height is correlated 
with the amount of damage to the structure. The cost of repair versus 
the cost of constructing a breakwater or seawall that is not expected to 
be damaged can then be estimated from the test results, the construction 
and repair costs, and the interest rates during the economic life of the 
structure. 

The normal water depths at the structure site and the range of water 
surface elevations about the selected stillwater level are important vari-
ables in the design of coastal structures (especially rubble-mound, com-
posite, and vertical-wall structures), selection of design waves, and 
selection of model test conditions. Thus, statistical data of tidal 
ranges, wind setup, or storm surge are necessary for the design and effi-
cient operation of stability models for all types of coastal structures. 

b. Selection of Linear Scale. In the design of coastal structure 
models, it is desirable to obtain dynamic similarity with an accuracy 
sufficient for the needs of the design engineer, at the least possible 
cost of construction, operation, and analysis of test results. The 
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linear scale affects appreciably both the cost and the accuracy of test 
results, and should be selected, to the extent possible, so that viscous 
and surface tension forces are negligible compared with gravity forces. 
Economy dictates that the models be as small as possible; however, if a 
model is too small it may be difficult to adjust the test data analyti-
cally so that the results are of sufficient accuracy. 

(1) Rubble-Mound Breakwaters, Jetties, Wave Absorbers, and 
Seawalls. Rubble-mound stability models are designed and operated based 
on Froude's law, and the scale effects are minimized as much as possible 
by selecting the largest practical size of model, relative to the proto-
type size. Within the limits prescribed by the need for accurate results, 
selection of scale is based on such practical considerations as the size 
of model armor unit available (compared with the estimated size of proto-
type armor unit required for stability), depths of the available wave 
flumes (compared with the prototype depths), and the capability of avail-
able wave generators (compared with the prototype wave dimensions). In-
sofar as possible, it is better to err on the conservative side. The 
linear scales that have been used with considerable success in the past, 
and can be used as a guide, range from about 1:5 to 1:70, model-to-
prototype, depending primarily on the prototype water depths and wave 
dimensions relative to the dimensions of available wave flumes and the 
wave generator capacity. With the large wave flume (15 feet wide, 20 
feet deep, and 635 feet long) at CERC, which has a wave generator capa-
ble of generating waves up to 6 feet in height, it is possible to conduct 
stability tests on rubble-mound structures using linear scales from about 
1:5 to 1:10, depending on the prototype water depths and wave dimensions. 
These tests are expensive, however, and this facility is used mostly for 
basic research and for the solution of special problems. Tests in the 
large wave flume have also been useful in establishing the bases for 
determining correction coefficients for scale effects (obtained for 
similar models of smaller size). A large number of rubble-mound sta-
bility tests and model studies have been conducted at WES during the 
past 30 years, most of which were conducted in a wave flume 5 feet wide, 
4 feet deep, and 119 feet long with a wave generator capable of generat-
ing waves up to nearly 1 foot in height. The linear scales of the model 
studies ranged from 1:30 to 1:68, with most of the studies conducted at 
scales from 1:40 to 1:50. 

(2) Vertical-Wall and Composite Structures. Model studies are 
seldom necessary for vertical-wall breakwaters or jetties that will be 
situated in water depths sufficient to prevent the breaking of waves on 
the structure face, if the waves approach with an angle of incidence of 
90°, or nearly so, and if there is no appreciable overtopping of the 
structure. For these conditions the theories of Sainflou (1928) (also 
Hudson, 1953; and Kamel, 1968a) and Miche (1944a) (also Kamel, 1968a) .are 
adequate for determination of wave forces. In conditions where breaking 
waves occur, where the face of the structure is irregular, or where appre-
ciable overtopping occurs, model studies usually determine the disposition 
and intensity of pressure over the face of the structure and the quantity 
of overtopping water. 
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The selection of linear scales for vertical-wall stability models is 
based partly on practical considerations, such as size and capability of 
available wave flume and wave-generating facilities. Another factor in 
scale selection is· the size, sensitivity, response characteristics, and 
range of pressures over which. available pressure transducers will operate 
with sufficient accuracy for purposes of the model study. When pressure 
transducers are used, the intensity of pressure must be measured simul-
taneously at different locations over the structure face so that the 
maximum total force can be calculated. Another method is the use of 
strain gages to measure the overturning moment and the vertical and hori-
zontal force components, from which the stability of the structure in 
overturning and sliding can be calculated (Leendertse, 1962). Several 
research studies have been conducted which determined the magnitude of 
breaking wave pressures and impulses on vertical-wall surfaces (Bagnold, 
1939; Mitsuyasu, 1966; Garcia, 1968; Kamel, 1968b). A few model studies 
have also been conducted concerning the measurement of wave forces due to 
breaking waves (Lundgren, 1962; Jackson, 1966; Nagai, 1968). The linear 
scales of these models ranged from about 1:20 to 1:50. 

(3) Floating Breakwaters. The selection of linear scales for 
floating breakwater studies is, at times, based on the structure size, 
water depth, and wave dimensions in the prototype, versus the size of 
available wave flume and wave generator capability. However, prototype 
floating breakwaters are usually impractical except for relatively deep 
water and short wavelengths (in this respect the floating breakwater is 
similar to the pneumatic and hydraulic breakwaters), and the structures 
are not unusually large in cross section. Thus, if the structures were 
freely floating, the models could be of considerable size, relative to 
their prototype. However, the structures must be moored, in most in-
stances with elastic cables, and the selected model scale may also be 
based on the similarity requirements of the mooring-line assembly. Most 
of the model studies conducted have used linear scales between 1:6 and 
1:27 (Jackson, 1964; Davidson, 1971a). 

(4) Pneumatic Breakwaters. A patent for a device to protect 
coastal areas and structures from water waves by a controlled flow of 
compressed air from a submerged pipeline was obtained by Philip Brasher 
in 1907 (U.S. Patent No. 843926); the device was installed at Crotch 
Island, Maine, in 1908 (Laurie, 1952). Other installations were made 
in Maine and Massachusetts in 1908, 1911, and 1912, and in El Segundo, 
California, in 1915 (Scientific American, 1916). These installations 
were credited with various degrees of success, but the estimates of wave 
height reductions were mostly subjective. Full-scale tests have been 
made in England (Evans, 1955; Heath, 1959; Bulson, 1961), Japan (Kurihara, 
1955, 1956), Russia (Bogolepoff, 1937; Teplov, 1958; Radionov, 1960), and 
the United States (Sherk, 1960); experimental and theoretical investiga-
tions have been conducted in several countries (Schiff, 1943; Carr, 1950; 
Wetzel, 1955; Taylor, 1955; Bulson, 1968) in which the effectiveness of 
pneumatic breakwaters was studied in wave flumes using water depths of 
less than 1 foot to about 35 feet. However, a comprehensive series of 
controlled tests to determine the quantity of compressed air required to 
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provide desired percentage reductions in wave height, for various wave 
height, wavelength, and water depth combinations as a function of the 
Re~1olds and Weber numbers, has not been performed. As a result, accurate 
transference equations to determine the horsepower requirements for pro-
posed full-scale installations are not available, and there is a consider-
able divergence of opinion as to the effectiveness and feasibility of 
full-scale pneumatic breakwaters. 

The nature of the compressed air-bubble screen phenomena and the types 
of facilities required to assemble a pneumatic breakwater are such that it 
is not necessary to perform model studies for other than the most complex 
prototype installations. However, additional laboratory tests should be 
conducted, using a wide range of test conditions and small, medium, and 
large wave flumes, to determine transference equations and scale-effect 
data that can be used by the design engineer for application to particu-
lar prototype situations. The test results would also indicate the lin-
ear scales to be used for model studies that may be deemed necessary for 
particular, complex, prototype installations. For each series of tests 
in the proposed investigation, values of the wave height reduction co-
efficient, Ht/Hi, should be obtained for values of d/A from about 
0.05 to 0.5 and for values of Hi/A from about 0.01 to 0.10. The tests 
should be conducted by the procedures outlined in Section VI,2,f based 
on equations (6-14) to (6-20). To prevent exaggeration of the effec-
tiveness of the pneumatic breakwaters, the transmitted wave height, Ht, 
should be measured a distance landward of the bubble screen where the 
horizontal current generated by the bubble screen is essentially zero. 

(5) Hydraulic Breakwaters. Although the pneumatic breakwater 
was invented in 1907, the mechanism by which the reduction of wave heights 
is achieved was apparently not understood until Thijsse performed a few 
tests at Delft, Netherlands, in 1936 (Evans, 1955) and suggested that the 
wave reduction was caused by water currents generated by the rising air 
bubbles. In 1942, Taylor showed mathematically that a current directed 
against oncoming waves should stop all waves shorter than those of a 
certain critical length (Taylor, 1955), and White investigated the prob-
lem experimentally in 1943, using both air bubbles and water jets to gen-
erate the horizontal water currents (Evans, 1955). Carr (1950) conducted 
tests at the University of California in 1950 to investigate wave reduc-
tion by horizontal water currents generated by both the pneumatic and 
water-jet methods. Since 1950 several hydraulic breakwater investiga-
tions have been conducted, mostly in the United States. These tests 
were performed in wave flumes using water depths ranging from about 0.3 
to 4.5 feet (Wetzel, 1955; Herbich, Ziegler, and Bowers, 1956; Williams, 
1960; Williams and Wiegel, 1961; Nece, Richey, and Rao, 1968). However, 
no known full-scale hydraulic breakwater tests have been made. Several 
experimental investigations have been conducted to determine the ability 
of the hydraulic breakwater to reduce wave heights, and a few tests have 
been made to determine the effects of linear scale on the required dis-
charge from the jet manifold to obtain specified reductions in wave height. 
However, more information is needed to obtain transference equations for 
the design engineers to accurately determine the horsepower requirements 
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for proposed prototype installations. The range of wave dimensions and 
water depths, and the wave gage position for measuring the transmitted 
wave heights, should be the same as those suggested for the pneumatic 
breakwater tests (Sec. VI,3,b). The test procedures should be according 
to equation (6-21) (Sec. VI,2,g). 

c. Scale Effects. For complete dynamic similarity between model and 
prototype, the ratio of inertia forces of the two systems must be equal 
to the ratio of the resultant of all forces acting on the two systems 
(eq. 2-6), the ratio of the inertia forces of the two systems must be 
equal to the ratio of individual component forces (eq. 2-7), and the two 
systems must be geometrically similar. These conditions of similitude 
cannot be met completely as explained below and in Section II. The de-
viations of model test results from corresponding prototype behavior, 
caused by the lack of complete dynamic similarity, are known as scale 
effects. For coastal structure models the predominant force involved 
is usually gravity, and the models are designed and operated based on 
Froude's law. Thus, the scale effects to be considered when the test 
results are analyzed and transferred to prototype values are caused by 
the lack of similarity, model-to-prototype, of the other forces involved; 
i.e., viscous, surface tension, and elastic forces. 

The conditions for similitude discussed above are imposed on the 
laboratory engineer by the laws of fluid dynamics. Other factors that 
influence the accuracy of model test results (and must be considered in 
addition to those due to scale effects) in model design and operation 
are: 

(a) Type of wave generator and the distance between the 
generator and the test structure. 

(b) Distance between the test structure and the wave 
absorber used in the shoreward end of the wave flume. 

(c) Reflection coefficient of the wave absorber. 

(d) Type, magnitude, and duration of attack of the 
test waves. 

(e) Stillwater level selected for testing. 

(f) Manner of determining the amount of damage to the 
test section when it is a rubble-mound structure. 

(g) Accuracy with which the wave dimensions are measured. 

(h) Other test conditions that must be selected by the 
laboratory engineer based on available prototype data and 
experience with similar model studies previously conducted. 

Fan and Le Mehaute (1969) refer to the similitude relations dictated by 
the laws of mechanics as conditions of similitude, and conditions that 
can be specified by the laboratory engineer as criteria of similitude. 
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(1) Rubble-Mound Structures. Surface tension and elastic forces 
do not affect the stability of full-scale, rubble-mound structures in the 
field, and they are also negligible in hydraulic models of such struc-
tures. Viscous forces are also negligible for full-scale structures, 
but they become important in the model if the model is too small. For 
practical reasons, all rubble-mound stability models cannot be made of 
sufficient size to eliminate scale effects due to the lack of similar-
ity of the viscous forces. Therefore, special tests have been necessary 
to determine the effects of linear scale and obtain scale-effect correc-
tion coefficients for the prediction or transference equations derived 
based on Froude's law. One such series of tests was conducted by Hudson 
and Jackson (1953) where a rubble-mound breakwater similar in cross sec-
tion to that of an existing breakwater in San Pedro Bay, California (Fig. 
6-5), was modeled and tested by the Froude law using linear scales of 
1:30, 1:45, and 1:60. The test results are compared one to the other, 
and with storm damage to the San Pedro breakwater (Figs. 6-6 and 6-7). 
These results indicate that for the linear scales, prototype wave di-
mensions, and breakwater armor units used in these tests, the Froude law 
is sufficiently accurate for use in the design of such models. Other 
tests, the results of which can be used to determine the scale effects 
and corrective coefficients, were conducted by Dai and Kamel (1969). 
Their data, plotted to show the relation between Ns and Rn, are 
given in Figure 6-8; the data points that are in the range of values of 
Rn between 5.0 x 105 and 1.0 x 106 were obtained from tests conducted 
in the large wave flume at CERC, using waves up to 4 feet in height and 
armor units weighing up to 162 pounds. The averge value of the stability 
number as determined by the CERC data can be used as prototype values to 
obtain approximate corrective coefficients (Ns)~/(Ns)m· However, more 
data points are considered necessary for Reynolas numbers from about 
3. 0 x 104 to 1. 0 x 106 to ensure that accurate values of the ratio 
(Ns)p/CNs)m are obtained. 

A few investigations have been conducted from which the effects on 
test results of some of the "criteria of similitude" can be estimated; 
however, little quantitative information is available concerning these 
effects, and more data of this type are needed. There is also a need to 
standardize the model design and test procedures so that the differences 
in the test results for similar model studies obtained in different lab-
oratories can be reduced to a minimum. 

(2) Vertical-Wall Structures. When nonbreaking waves attack a 
vertical-wall impervious structure, the phenomena can be modeled with 
negligible scale effects. Since accurate pressure measuring and record-
ing apparatus are available, and with the use of modern wave flume and 
wave-generating facilities, wave pressures can be determined with enough 
accuracy for design purposes when such model studies are necessary. When 
the attacking waves break directly on vertical-wall structures, shock 
pressures occur and cause scale effects that are difficult to define 
and measure. The magnitude and duration of shock pressures can be meas-
ured with enough accuracy using presently available pressure cells and 
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MATERIAL. 

Figure 6-5. Prototype breakwater, similar to the existing breakwater at San Pedro Bay, California 
(Hudson and Jackson, 1953). 
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after stabilization (Hudson and Jackson, 1953). 
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CENT BY WEIGHT TO BE IN PIECES OF ONE TON OR MORE EACH. 

CLASS C MATERIAL A MOUND OF DREDGED SAND SURMOUNTED BY A MOUND OF DREDGED CLAY. 

MODEL BREAKWATER 
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(Hudson and Jackson, 1953). 
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electric recorders; however, the scale effects due to variations in the 
concentration of entrained air in model waves, compared to prototype . 
waves and the difficulties of generating model waveforms that correspond 
to the complex wave spectra of prototype waves, cause large variations 
in individual pressure measurements that are difficult to interpret as 
prototype shock pressure impulses. Research is needed to accurately 
determine the effects of model scale and operating procedures on the 
model-to-prototype transference equations for breaking wave pressures. 

(3) Floating Breakwaters. Scale effects in the oscillating 
characteristics of floating structures are negligible if care is taken 
to construct the breakwater geometrically and dynamically similar. The 
elastic and weight properties of the mooring lines can be modeled with 
enough accuracy in most cases. The largest errors that occur in this 
type of model study are those obtained by using monochromatic waves and 
the necessity of using two-dimensional rather than three-dimensional 
model structures. Most tests of floating structures are conducted in 
this manner for economic necessity. Studies are needed to determine the 
variations in test results for floating breakwaters with and without 
mooring restraints, for the conditions of two-dimensional, monochromatic 
waves compared with those using selected wave spectra and three-dimensional 
floating structures. 

(4) Pneumatic Breakwaters. A considerable number of model and 
prototype studies have been done to determine the efficacy of pneumatic 
breakwaters. However, the prototype tests were not performed over a 
sufficient range of the primary variables, and the model studies have 
not been conducted so that accurate transference equations with known 
scale effects can be determined. Additional research is urgently needed 
to determine scale effects with sufficient accuracy that the design engi-
neer can calculate, for a proposed installation, the quantity of free air 
that must be delivered by a compressor to the manifold system to obtain 
the required reduction in wave height to ensure satisfactory mooring con-
ditions. These scale-effect tests should be performed under the suggested 
program of tests outlined in Section VI,2,f. 

(5) Hydraulic Breakwaters. Hydraulic breakwaters are similar to 
pneumatic breakwaters in that the mechanism that effects a reduction in 
wave height is a system of horizontal currents. Scale-effect tests are 
needed to obtain accurate data conce1ning the discharge of water from the 
orifices of the manifold system required for•the required reduction of 
wave heights. However, the tests required are not as numerous or as 
complicated as those needed for pneumatic breakwaters. The scale-effect 
tests for hydraulic breakwaters should follow the suggestions given in 
Section VI,2,g. 

4. Model Operation. 

a. Selection of Test Conditions. In general, test conditions selected 
for model studies concerning the stability of coastal structures are deter-
mined by the type of structure under consideration, the purpose and scope 
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of the model study, the available statistical data describing the wave 
environment, and other factors that infl~ence the severity of wave attack. 
The need for a model study, the type of structure required for optimum 
performance, and the purpose and scope of the model study are usually 
determined at the time preliminary designs are made, based on theoreti-
cal and experimental information available in the literature and field 
data already available or obtained especially for the particular investi-
gation. If, during preliminary design, it is not possible to decide 
which type of structure will best serve the purpose for which the ·struc-
ture is to be constructed, the purpose and scope of the model study could 
be enlarged to include tests to determine comparable designs of two or 
more types of structures so that the most economical structure could be 
selected. A typical testing program will include tests of the structures 
as originally envisioned by the design engineer, and tests of any modifi-
cations in design developed during the course of the investigation. 

Test c·ondi tions for model studies must be selected based on consid-
erations of all the variables that affect the structure's ability to per-
form an intended function at a minimum cost and with a minimum risk factor. 
For the types of structures under consideration, the important variables 
generally include (a) the shape and size of the structure, (b) the mate-
rials used in construction, (c) the shape, size, and density of the armor 
units (if a rubble-mound structure), (d) the stillwater depth· at the· sea-
ward toe of the structure, (e) the bottom slope seaward from the struc-
ture toe, (f) the range of astronomical tide, and (g) the largest wind 
setup or storm surge (or setdown) expected to occur with sufficient fre-
quency that it should be added to the high tide (and subtracted from the 
low tide) conditions selected for the testing program. For floating 
breakwaters the testing program will usually include tests with differ-
ent types of mooring conditions. In the case of floating, pneumatic, 
and hydraulic breakwaters (which are usually ineffective for conditions 
other than deepwater and short-period waves), the tidal range$ magnitude 
of wind setup or storm surge, and the bottom slope seaward of the struc-
ture are not important variables for the proper functioning of the struc-
ture or the selection of test conditions. In the selection of test waves 
for rubble-mound, vertical-wall, composite, and seawall types of coastal 
structures, the possibility that the design engineer might recommend a 
structure that would not be completely stable for the maximum storm wave 
condition should be considered. This could occur if it is judged less 
expensive to repair the structure after the occurrence of severe storms 
than to select a design wave to keep the strUcture from being damaged 
during its economic life. 

The largest and most destructive wave that can attack a rubble-mound 
or vertical-wall structure is a function of the wave dimensions in deep 
water, the bottom contours between deep water and the structure site, 
water depth at the structure toe, bottom slope seaward of the structure 
toe, and the seaside slope, crest height, and porosity of the structure. 
Experiments to determine the limiting heights of both breaking and non-
breaking waves that can attack typical rubble-mound breakwater sections 
have been conducted by Jackson (1968) and Weggel (1973). Similar tests 
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for vertical-wall breakwaters and nonbreaking waves were conducted by 
Danel (1952). However, for model studies of some structures where the 
maximum wave that can attack has not been determined and estimates of 
the maximum waves based on depth limitation (Hmax = 0.78d) are not ade-
quate for use as design waves, special tests must be performed to deter-
mine the maximum waves that can attack the test structures. Such waves 
should be determined for both high and low design water levels, using 
selected wave periods within the range of periods that occur in the pro-
totype wave environment. Tests by Danel (1952) and Jackson (1968) were 
conducted using simple, monochromatic wave trains of constant height. 
Model tests of proposed structures to determine the maximum wave that 
can reach the structure, and stability tests to determine the optimum 
design of such structures using the maximum breaking waves, have also 
been conducted using simple wave trains of regular height and period. 
Tests of this type using irregular wave trains would be difficult to 
conduct in such a way as to ensure that the selected test-wave spectra 
included the wave height-wave period combination that corresponds to the 
maximum wave that could attack the structure, unless the maximum wave 
had been determined previously using the simple type of wave train. 

b. Generation of Test Waves. 

(1) Short-Period Wave Generators. In stability models of coastal 
structures where the major forces are due to short-period, wind-generated 
waves, the test waves are generated by the periodic displacement of water 
in a wave flume. Water is displaced by a vertical plunger, a horizontal 
bulkhead motion, or a rigid plate hinged at the bottom and driven by a 
crank and rod .attached near the top of the plate. The latter is referred 
to as a flap generator. Most other types of mechanical generators incor;_ 
porate the characteristics of one or more of the above-listed generators. 
The pneumatic-type wave generator, in which the periodic displacement 
of water is accomplished by the variation of pressure above a body of 
water in a confined pneumatic chamber, has also been used to generate 
short-period waves; however, this type is probably better suited for the 
generation of long waves, such as seiches, surges, tides, and tsunamis. 
Wave generators may be used to produce simple wave trains of nearly con-
stant height and period, or they can be programed to generate irregular 
waves of variable height and frequency. Irregular waves can also be gen-
erated in a wind-tunnel type of wave flume by the action of wind blowing 
over the water surface, or by the combined action of wind and a mechan-
ical or pneumatic generator. 

Equations for determining the wave heights generated by the various 
wave machines are use.ful in designing new generators, in selecting linear 
scales for proposed models using existing generators, and in reducing the 
work required to calibrate existing generators for use in model tests. 
Equations based on the complete linear wave generator theory have been 
derived for the piston and flap generators (Ross and Bowers, 1953), but 
these equations do not apply to the plunger type and are not strictly 
applicable for waves of large steepness (experiments by Ursell, Dean, and 
Yu (1958) showed that the measured wave heights generated by a piston 
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generator were about 10 percent less than indicated by small-amplitude 
theory for wave steepnesses between 0.045 and 0.048; for steepnesses 
between 0.002 and 0.03 the experimental values were only 3.4 percent less 
than the theoretical). The wave height that a generator produces can 
also be estimated with sufficient accuracy, for the purposes mentioned 
above, by using an equation based on a simple wave generator theory. 
This equation, derived by equating the volume displaced by the wave gen-
erator in one-half of a wave period to the elevated volume in one-half a 
wavelength of a sinusoidal wave, is 

H = 27r V 
A. w (6-22) 

where A is wavelength and Vw is the volume of water, displaced per 
foot length of generator in one-half the wave period, that is used in the 
generating of that part of the wave train that travels toward the test 
section (some generators displace water in .both directions depending on 
the type and shape of the generator; and all have some leakage between 
the generator and the flume walls and bottom). Since Vw = SC~c)G - 8Vw, 
where S is the generator stroke, C~c)G is a characteristic linear 
dimension of the generator, and 8Vw is the leakage volume, 

(6-23) 

With proper care !:::.Vw can be reduced to such an extent that, for the pur-
poses discussed above, it can be ignored. For the shapes of gener~tors 
shown in Figure 6-9, ~alvin (1964) gives the following values for (~c)G: 

Generator 

Piston 
Flap 
Cylindrical plunger 
Prismatic plunger 

d 
d 
r 
b + h tan a. 

The terms S, d, r, b, h, and a. are as shown in Figure 6-9. Galvin's 
experiment showed that observed values of wave height were in good agree-
ment with those calculated from equation (6-23)', except for the flap-type 
generator. Ursell, Dean, and Yu (1958), state that the equation for the 
flap generator (derived on the basis of the complete linear wave .generator 
theory and which agrees with the equation derived on the basis 'of· the sim-
ple theory for values of 2Tid/A < 1) should be as applicable as the equa-
tion derived for the piston-type generator. The lack of verification of 
the theory for the flap generator was considered the result of effects 
not accounted for in the theory, such as leakage around the edges of the 
generator, motion of the generator which was not simple harmonic, or other 
effects. Additional research is needed to determine whether the flap gen-
erator theory is as accurate as the theories for the other generators and 
to determine the effects of leakage and other factors on the generated 
wave heights. 
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The above discussions of wave generators show that, except for the 
flap generator, even the simple theory is accurate enough for determining 
wave heights for the design of new generators, in selecting linear scales 
for proposed models, and as a basis for correlating test results to reduce 
the work required to calibrate a generator. Ho.wever, for model studies of 
coastal structures, the wave generator should be calibrated as accurately 
as possible, over the ranges of the variables used in the testing program, 
and under the conditions that exist in the wave flume. The calibration 
curves obtained should be checked at regular intervals. 

The horsepower required to operate a wave generator must be suffi-
cient to supply the power necessary for generation of the waves, includ-
ing the waves generated in the rear of the generator, leakage around the 
edges of the generator, and the inertia and friction forces of the gen-
erator assembly. The required wave power as determined from wave theory 
is 

Wave power = Group Velocity x Wave Energy 
Wavelength 

from which the wave horesepower per foot of generator is 

_ k 1 2 A. 
( 

4rrd ~ 
WHP- 550 16 'YwH V + shlh. 4~d 

where Yw is specific weight of water, V is the wave velocity 

(~ 2rrd)112 
v= 2rr tanh T 

and k is a coefficient that is a function of the generator shape. 

(6-24) 

(6-25) 

k = 2 for the piston, flap, and cylindrical plunger, less than 2 for 
the prismatic plunger, depending on the value of b, and can be made 
less than about 1.5 by inclining the bottom part b of the plunger 
toward the wave direction, and placing a fixed vertical plate within 
about 0.5 inch of the rear face of the plunger. Experiments conducted 
at CERC (Madsen, 1970) indicate that leakage around the edges of a gen-
erator can cause a considerable reduction in wave height if care is not 
taken to reduce leakage to a minimum. However, if the use of zero-
linkage gaskets are attempted, the friction factor may increase the 
horsepower requirements appreciably. Thus, an acceptable compromise 
must be determined. The horsepower required to operate the wave gen-
erator, excluding that required for the wave power alone (eq. 6-24), is 
difficult to calculate accurately, varies considerably with the type of 
generator, and is usually estimated from previous experience. The ratio 
of the motor horsepower (mhp) to the wave horsepower (whp) varies with 
the inertia of the generator, wave period, friction, leakage, and ability 
of the machine to generate a pure sinusoidal wave. The peak power re-
quired can be reduced considerably by an inertia (fly) wheel. Typical 
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values of the mhp to whp ratio for wave generators in use at different 
laboratories (using values of k in equation 6-24 of 1.5 and 2.0 for 
plunger and flap generators, respectively) are presented in Table 6-1. 

(2) Tsunami Generators. Tsunamis are seismic sea waves caused 
by submarine earthquakes and volcanic eruptions of the ocean floor. The 
explosion of an atomic bomb underwater can also generate a tsunami. An 
active seismic belt extends around a major part of the Pacific Ocean with 
all bordering c~astal zones subject to the attack of tsunamis. These dis-
turbances travel in a series of waves of long lengths and periods, at the 
speed of · 

v = (gd)l/2 • (6-26) 

Tsunamis in the open ocean have lengths as much as 100 miles or more, and 
can travel at speeds in excess of 600 miles per hour, depending on the 
depth of water; their heights in the open ocean are unknown, but probably 
do not exceed 1 or 2 feet~ As tsunamis approach shoTe, shoaling effects 
cause a decrease in speed and wavelength and an increase in height. The 
heights of tsunamis can be greatly increased in bays if the bay's config-
uration and bottom contours are such that resonance is obtained between 
the period of the incident waves and the natural period, or one of the 
harmonics of the water mass in the bay. Tsunami wave periods from 5 to 
60 minutes are common, and wave heights on the Pacific coast were as high 
as about 20 feet at Crescent City, California, in 1964 (Keulegan, Harrison, 
and Mathews, 1969), and about 35 feet at Hilo Harbor, Hawaii, in 1960 
(Eaton, Richter, and Ault, 1961). Heights of nearly 100 feet have been 
reported in Japan (Ichiye, 1958). Vllien tsunamis approach shore, in the 
water depths where coastal structures are located, two types of phenomena 
may occur, depending on the steepness of the wave front. If the steepness 
is large the front advances in the form of a wall of water, or bore, and 
breaks in the manner of surf where the water depth is approximately equal 
to the bore height. For smaller steepnesses the tsunami appears as a rise 
in sea level, and will simply overflow the land area if the rise above 
mean sea level is of sufficient height relative to the elevation of the 
coastal aTeas. Thus, coastal structures should be designed to withstand 
the frontal attack of bores with steep fronts and the overtopping of these 
structures due to either type of tsunamis where the height is sufficient 
to cause overtopping. 

Theoretical and experimental investigations of three types of bore 
generators (piston, gate, and pneumatic) were made by Shen (1965); a 
theoretical study of pneumatic wave generators. was made by Keulegan 
(1966). Based on these studies, the pneumatic generator is considered 
the most practical for use in wave flumes to determine the stability of 
coastal structures that will be subjected to the attack of tsunamis. 
This type of generator consists of a pneumatic tank similar to that 
shown in Figure 6-10. The upper part of the tank has a constant cross 
section, and the lower part transforms gradually into a horizontal nozzle. 
The angle of expansion of the nozzle is small enough to prevent separation 
of flow. Water is drawn into the tank with a vacuum pump to the height 
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Table 6-1. Values of mhp/whp for various wave generators. 

Laboratory d Hmax T 1 mhp/whp 
(ft) (ft) (s) 

Piston generator 

CERC 14.50 6.00 14.0 
CERC 1.20 0.67 3.5 
University of California 2.10 0.50 1.0 
University of California 5.20 1.00 2.0 
University of California 4.40 0.80 1.4 
University of California 0.70 0.25 0.6 

Flap generator 

C.H.L., France 3.94 0.98 3.5 
MIT 2.50 0.80 3.0 
N.H.L., Chatou 4.93 1.48 2.0 
N.H.L., Chatou 8.21 1.64 3.0 
Osaka University 6.60 1.60 3.0 
Osaka University 2.60 0.70 1.5 
Osaka University 4.30 1.30 3.0 
Queen's University 4.25 0.83 2.0 
Queen's University 4.25 0.83 2.0 
Queen's University 3.28 0.50 1.4 
Technical University of Denmark 2.62 0.92 1.2 
University of California 0.90 0.60 1.3 
University of Minnesota 4.50 1.67 1.9 
WES 3.00 1.00 3.0 

Piston-flap combination 

C.H.L., France 3.28 0.98 3.5 
MIT 1.50 0.60 2.0 
N.H.L., Chatou 5.57 1.64 5.0 
N.R.C., Canada 3.00 1.50 2.3 
N.R.C., Canada 3.00 1.65 2.3 

Plunger generator 

MIT 1.00 0.21 1.5 
University of Hawaii 6.00 3.00 3.0 
University of Minnesota 1.00 0.27 0.6 
WES 3.00 0.75 1.0 
WES 3.00 0.75 1.0 
1 Wave period corresponding to the maximum wave height that can be 
generated in water depth, d. 

2 Irregular waves. 
3 Waves generated with wind blower. 
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Figure 6-10. Pneumatic bore generator. 

necessary for generation of the model tsunami. The pressure in the air 
chamber above the raised water is then below. atmospheric. To generate 
the wave, the water in the tank is discharged by allowing air to enter 
the chamber through several ports, the areas of which may be varied as 
required by removable circular-orifice plates. Each port is fitted with 
valves actuated by microswi tches to cont.rol the rate of air entering the 
pneumatic chamber by programing a sequence of opening and closing each 
port. This results in a variation of the port area as a function of 
time so that, with proper calibration, reproduction of the selected bore 
height, shape, arid duration of overtopping of the test structure can be 
obtained. Design of the tank height and length with enough head and 
water volume available to generate the maximum wave can be accomplished 
by the equations derived by Keulegan (1966), 

_ H /gd)1/\ (, 3 H) d 2k2 - d h - d v -4 d "f 
w 

2k2 - (gd)l/2 ( l H) 
kl - (1 + f)Q 1 + 2 d 

11 APo- 11Pi 
~ = 1- k1 - 2k2 t · and - k !1p

0 
' llp

0 
- 1 
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(6-28) 

(6-29) 

(6-30) 



Ap0 = pg(hw- d) 

KCdA 

co 'Yl/2 (. Pat )1/2 
K = (vair)o Apo 'and Cd = 1 

u2 = (gd)l/2 ~ (t -i ~) 
v = (gd)112 (t + ~ ~) 
oQ = VtH 

(4\2 H 
f= 0.83\5} d 

The term~ ~n the above equations are defined as follows: 

A = area of ports prorated per foot of· chamber width, ft 2 

coefficient of discharge for orifice 

(6-31) 

(6-32) 

(6-33) 

(6-34) 

(6-35) 

(6-36) 

(6-37) 

velocity of sound for outside air, ft/s; cat= 49.1(6) 1/2, 
where e temperature in degrees Rankin = 460 + °F. 

D = depth of narrowest part of the nozzle, ft 

d = undisturbed depth of water at nozzle mouth, ft 

f = friction factor of nozzle 

g = acceleration of gravity, ft/s 2 

H = wave height at nozzle mouth, ft 

= 

= 

= 

p = 

elevation of pneumatic chamber ceiling (height of tank), ft 

elevation of water in the pneumatic chamber at the start of 
the wave, ft 

width of pneumatic chamber in horizontal direction, ft 

pressure in pneumatic chamber, measured relative to 
atmospheric pressure, lb/ft2 
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Po 

v 

CVair)
0 

y 

Ap 

p 

= 

= 

= 
= 

= 

atmospheric pressure outside of pneumatic chamber, 
lb/ft2 

wave particle velocity at nozzle mouth, ft/s 

wave velocity, ft/s 

initial volume of air in pneumatic chamber per foot of 
chamber length = R- (hT - hw) X 1.0' ft3 

ratio of specific heats, for air y = 1.40 

= suction pressure in pneumatic chamber during the subse-
quent wave motion, lb/ft 2 

= suction pressure in pneumatic chamber at the beginning 
of wave motion, poundals/ft2 

= initial suction pressure in pneumatic chamber to 
raise water to height hw, lb/ft2 (6.p0 is a posi-
tive quantity) 

= fall of water surface in pneumatic chamber, ft 

= density of water, lb/ft3 

Application of the above equations to the aesign of a pneumatic gen-
erator for use in a three-dimensional tsunami model of Hila Bay, Hawaii, 
is discussed by Keulegan (1966). The generator actually used in the Hila 
Bay model study is described by Palmer, Mulvihill, and Funasaki (1967). 
The use of equations (6-25(to (6-37) in the design of the pneumatic gen-
erator for a two-dimensional, wave flume study concerning the stability 
of a proposed rubble-mound tsunami barrier for the protection of Hila 
Harbor (with details on the use and calibration of the generator and 
wave flume) is presented by Kamel (1967). 

c. Construction of Model Structures. 

(1) Rubble-Mound Structures. Rubble-mound breakwaters, jetties, 
seawalls, and wave absorbers in nature are usually constructed with a 
core material consisting of quarry-run stones, two outer layers of se-
lected armor stones and enough intermediate underlayers to provide pro-
tection to the core material, and good bedding for the armor stones. The 
armor stones are of sufficient weight to withstand the forces of the se-
lected design wave, the first underlayer stones ar~ slightly larger than 
that required to prevent leaching of the underlayer ~aterial through the 
voids in the armor stones (usually about one'-:tenth the weight of the 
armor stones), and the quarry-run core material is composed of that part 
of the blasted rock not used in the underlayers or for armor stones. 
Quarry-run stones usually vary from 10 pounds or less to about 4 tons, 
depending on the type of rock, method of blasting, and the design wave 
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height. According to Quinn (1972), a quarry consisting of fine-grained 
basalt may break into relatively small pieces in sizes only about 6 per-
cent heavier than 8 tons; however, a quarry composed of hard anorthosite 
(a type of diorite), by special drilling patterns has produced relatively 
large pieces, as much as about 12 percent in sizes between 8 to 15 tons 
and about 15 percent larger than 15 tons. Twenty-ton stones are about 
·the largest size that can be quarried economically in enough quantities 
for armor stones. When the design wave height requires a size of armor 
stone that cannot be quarried economically near the proposed structure, 
it becomes necessary to use one of the several available types of molded 
concrete armor units for which accurate stability coefficients have been 
determined. 

There are several methods of constructing rubble-mound structures in 
the field, depending on the type of structure, the size of the armor units, 
the depth of water, the degree of wave protection during construction, and 
the equipment available for placing the material. When water depths per-
mit, the core and underlayer materials that are underwater are usually 
dumped from scows, the armor units are usually placed individually from 
a floating plant by crane using a sling, and the underlayer stones upon 
which the armor units rest c·an be placed from a scow· (if the 'stones are 
not too large) or from a floating plant by crane using an orange-peel 
type of grapple. Special techniques may be used in the placing of stone 
armor units to increase the stability of the cover layers against wave 
action, such as placing all long-axis stones with the longer axis perpen-
dicular to the face slope, and using special care in the nesting of each 
armor rock; however, it is usually too expensive to ensure that such 
placing will be accomplished satisfactorily in the prototype except for 
that part of the structure that is above water. Thus, most rubble-mound 
structures are designed and constructed using a random or pell-mell type 
of placement technique. Certain shapes of concrete armor units can be 
placed in a regular pattern to greatly increase the stability coefficient, 
but the required placing techniques for these units are also expensive, 
and such methods are not presently in common use. The required placing 
techniques for some of the concrete armor units have been, or can be de-
veloped in the laboratory, and as marine contractors accept these special 
placing techniques, their use should become more frequent. Therefore, the 
construction of small-scale, rubble-mound structures for use in hydraulic 
model investigations duplicates as closely as possible the techniques 
used in the field. 

Scale models of rubble-mound structures are constructed in a wave 
flume on a sand base. The core material, underlayer stones, and armor 
units are placed with the flume dewatered (Fig. 6-11). The core material, 
which usually consists of crushed basalt or limestone, sized and graded to 
represent the material that will be used in the field using the proper 
scale relationships, is saturated with a hose and then compacted with a 
hand trowel to simulate natural compaction resulting from wave action 
during construction of the full-scale structure. The underlayer material 
is placed by shovel and smoothed to grade by hand without compaction or 
the rearranging of individual stones. The armor units are placed by hand 
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to simulate the type of placing technique used in construction of the pro-
totype structure. Most armor units are randomly placed without attempting 
to obtain an interlocking action between units. Before each series of 
tests, each newly constructed test section is subjected to a few waves of 
sufficient height to provide a slight shaking down and consolidation of 
the armor units and underlayer material. This is done under the assump-
tion that a prototype structure will be subjected to waves of progres-
sively greater height at the outset of a given storm, and that it will be 
unusual for the design storm wave or one of greater height to occur imme-
diately after construction has been completed. 

The preparation of the material for construction of scale models of 
rubble-mound structures, except for the core mater.ial, is tedious, time 
consuming, and because of the labor involved, expensive. After the core 
material has been crushed, it is sized by a power-shaker type of seive 
assembly. Some of the smaller sizes of the underlayer material are also 
sized by the power shaker, with the unusually long pieces removed by hand. 
Model armor units that simulate full-scale quarrystone armor units are 
usually crushed basalt or limestone and handpicked and sized with a chip-
ping hammer and weighed on a torsion balance with a sensitivity of one-
tenth of a gram. Model armor units that simulate full-scale concrete 
armor units of special shape (tetrapods, tribars, dolosse, etc.) are 
molded of aluminum-magnesium alloy, zinc-magnesium alloy, polyester fiber-
glass premix material, or a mixture composed of sulfur, silicon, and barite 
or sand. A typical mixture is composed of 90 percent Cylcap (a commercial 
name for a sulfur-silicon compound) and 10 percent barite, or 78 percent 
Cylcap and 23 percent Ottawa sand. Units molded with this mixture have 
a specific weight of about 140 pounds per cubic foot. This mixture must 
be heated to a temperature between 110° and 116° Celsuis (230° and 240° 
Fahrenheit), and special precautions must be taken to prevent the breath-
ing of fumes if overheating of the mixture occurs. Because of the dif-
ficulty and expense of obtaining and sizing stone armor units and the 
molding of special armor-unit shapes, all the units prepared for model 
studies and research projects are retained for future use. The sizes and 
weights of the units on hand at a particular time, together with the sizes 
and weights of prototype units estimated to be required for a proposed 
project, determine to a considerable extent the model scale selected for 
a proposed model study. 

(2) Vertical Wall Structures. Vertical-wall structures in the 
model may be constructed of wood, with a special section for pressure 
cells and wave rods constructed of steel (Fig. 6-12); the structures may 
also be constructed partly of wood and filled with gravel with a cap 
molded of concrete (Fig. 6-13), or of transparent plastic. Because the 
structures are usually simple in cross section, fabrication is not diffi-
cult unless they are relatively small and do not provide enough space for 
the required instrumentation. This situation can result in the use of 
larger models. 

(3) Floating Breakwaters. Full-scale floating breakwaters may be 
formed of log rafts, steel A-frame with steel pontoon outriggers, rectan-
gular pontoons constructed of wood, steel, or concrete, steel or concrete 
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pipes lashed together, or an assembly of auto tires, rubber spheres, 
or other material. Some of these structures requir~ built-in flotation 
chambers which may be filled with polystyrene. Model structures are at 
times fabricated from the same materials used for the prototype, but 
most model materials are different from the prototype. However, in all 
cases the outside geometry and total weight of the prototype structure 
must be reproduced from the length and weight scales, and the moments of 
inertia about the different axes must be reproduced properly. Thus, any 
variations between model and prototype values caused by the use of model 
material different from the corresponding prototype material must be con-
sidered in the calculations involving geometric, kinematic, and dynamic 
reproduction of the prototype structure in the model. Figure 6-14 shows 
cross sections of a floating breakwater proposed for a prototype instal-
lation at Oak Harbor, Washington, together with the corresponding cross 
section used in the model (Davidson, 197la). 

10FT 1.004 FT 

WOOD DECKING WOOD 

- -- --- .- -
1- 1-
II. II. 
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...: 1- "' .... 
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PROTOTYPE STRUCTUR::: 1 '1 0-SCALE MODEL 

Figure 6-14. Model reproduction of a proposed floating breakwater 
(after Davidson, 1971a). 

d. Measurement of Waves and Wave Forces. 

(1) Measurement of Wave Characteristics. The wave height and 
wave period are usually required measurements in model studies concerning 
the stability of coastal structures. With a known wave period and depth 
of water, it is more convenient and usually more accurate to determine 
wavelength using the equation 

aT2 2 d '\=..2..!...-t h 11' 
1\ 211' an T . (6-38) 

which is based on the linear theory for progressive waves. Although wave 
heights may be measured approximately by eye with a graduated scale, they 
are usually determined with electronic wave gage apparatus and recorded 
on an oscillograph or magnetic tape. The wave period may be determined 
by a stopwatch, or by a photoelectric counting device if more accuracy is 
required. If the waveform is also desired in some model studies, it can 
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be determined satisfactorily in some instances by the electronic wave 
gage apparatus and the oscillograph. In other studies, if determination 
of waveforms are desired when breaking on a structure, high-speed photog-
raphy may be used. The direct measurement of particle velocity is seldom 
necessary in model studies of coastal structures. However, in research 
studies of wave-induced sediment motion (which may affect the stability 
of coastal structures by erosion at the toe of the structures) or in 
basic studies of wave forces on the structures, the kinematics of the 
water particles are of fundamental importance. Orbital velocities in 
progressive waves have been measured by introducing neutrally buoyant 
particles in the waves and photographing their motion by a high-speed 
movie camera (Marlow, 1957). This method was determined fairly accurate, 
but it was not considered completely satisfactory because the points of 
measurement could not be controlled; the effort in obtaining photos and 
the reduction and analysis of data were difficult and required consider-
able time and effort. As a result, other methods of measuring orbital 
velocities have been investigated, including the hot-wire anemometer, 
the thermistor, and the hot-film sensor (Eagleson and Van de Watering, 
1964; Ko1pak and Eagleson, 1969). 

Wave height measuring devices for model use consist of a wave gage, 
a power supply, an amplifier and control system, and an oscillograph 
(Fig. 6-15). This apparatus measures changes in water surface elevation 
with respect to time by measuring and recording the corresponding varia-
tions in current flow with respect to time by resistance or capacitance 
wave gages. The first wave gages used at WES were the step-resistor type, 
but most laboratories now use the two-wire or printed-circuit resistor 
gages or the one-wire capacitance gages. The capacitance wave gage has 
been described by Killen (1952), Campbell (1953), Tucker and Charnook 
(1954), Ippen and Eagleson (1955), and Moore (1964). The development of 
the printed-circuit gage was described by Hanes (1957), who listed the 
following advantages and disadvantages of the four types of wave gages. 

(a) Step-Resistor Gage. Advantages are good linearity, 
rugged construction, and simplicity of operation. Disadvantages 
are high cost of construction and of auxiliary equipment, dis-
tortion of wave shape, obstruction of wave fronts, difficulties 
in maintaining waterproofness, and relatively poor accuracy. 

(b) Two-Wire Electrode Gage. Advantages are low cost of 
wave gage construction, minor obstruction of wave fronts, good 
linearity and accuracy over small ranges of wave height, and 
long service life. Disadvantages are high cost of auxiliary 
equipment, distortion of wave shape due to finite distance 
between elements, and small ranges of linearity. 

(c) Capacitance Wave Gage. Advantages are good linearity 
and dynamic response, minor obstruction to wave fronts, and low 
cost of wave gage construction. Disadvantages are high cost of 
auxiliary equipment and the requirement of a bridge network of 
capacitors and resistors (which must be accurately matched), 
that is sensitive to temperature variations. 
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(d) Printed-Circuit Gage. Advantages are low cost of wave 
gage construction (constructed of printed-circuit board on For-
mica grade FF-91, selected because of a low moisture absorption 
characteristic), good linearity and dynamic response, and neg-
ligible obstruction to wave fronts. Disadvantages are the 
necessity to electroplate the surface of the rod with silver 
and the difficulty of maintaining clean surfaces during opera-
tion. Deposits on the rods cause a shift in the null point of 
the bridge and a distortion of the calibration curve. 

The above characteristics of wave height measuring assemblies reflect 
the experience of instrumentation engineering during the period 1952 to 
1964. Since that time, many improvements have been made in electronic 
circuits and the use of different materials. Thus, the design of wave 
gage instruments has changed considerably in recent years; the best 
method of obtaining up-to-date information concerning the best designs 
of the instruments is to contact the electronic design and development 
engineers in the different laboratories that use the devices, such as 
CERC, WES, Massachusetts Institute of Technology (MIT), University of 
Iowa, National Research Council, Ottawa, Canada, and the manufacturers 
of commercial instrumentation. 

The prototype wave data needed for the basis of model design and 
operation, and the analysis of test results, are obtained by hindcasting 
techniques and the direct measurement of the wave heights and periods. 
CERC has used wave gages since 1948 to obtain prototype wave data. Two 
basic types of gages are used in the field: the step-resistance staff 
gage and the underwater pressure-sensitive gage. Three step-resistance 
gages that have been developed are a series type for use in freshwater, 
a parallel type for use in saltwater, and a relay type for use in water 
where wide ranges of salinity occur. The pressure gage can be used in 
water of any salinity. Details of these gages, including theory of opera-
tion, techniques of fabrication, calibration, installation, and mainte-
nance, are discussed by Williams (1969). 

(2) Measurement of Wave Forces. Breakwaters and other coastal 
structures were designed and constructed long before reliable information 
was available concerning the magnitude and distribution of the forces that 
occur on the structures due to wave action. However, the tremendous forces 
exerted on coastal structures by storm wave action was recognized by early 
designers, as evidenced by descriptions in the literature of damages that 
occurred and by attempts to measure the magnitude of the wave forces on 
structures. According to Gaillard (1904), Thomas Stevenson was the first 
to measure wave forces in 1842 and continued the measurements for many 
years. The first wave pressures measured at WES were for a model study 
to determine pressures on a vertical-wall breakwater subjected to non-
breaking waves (Hudson, 1942). 

Measurement of the pressures exerted on coastal structures by breaking 
waves requires pressure transducers with characteristics matched to the 
characteristics of wave pressure phenomena. The extremely short duration 
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of the peak pressure pulse requires a transducer with a frequency response 
exceeding about 1,000 cycles per second (1 kilohertz). The transducer 
must have a good transient response and an amplitude range matched to 
the wave dimensions used in the tests. This may require a capability of 
measuring from 100 to 1,000 pounds per square inch, although the model 
waves are only a few inches in height. Another important factor in 
transducer selection is the need to avoid distortion of the pressure 
pulse by changes in the shape or stiffness of the test structure that 
result from the installation of the transducer in the face of the test 
structure. Experiments at WES during the period 1963 to 1968 used two 
types of pressure transducers in model tests of breaking wave pressure--
the miniature flush diaphragm strain gage and the miniature piezoelectric 
pressure transducers. The transducers were selected on the basis of phys-
ical size and frequency response characteristics, and because of the ex-
perience with similar transducers in a large number of experiments where 
pressures due to water shock were measured. The flush diaphragm cells 
used were commercially available CEC Model 4-312 units. The piezoelec-
tric cells were fabricated at WES from zirconate ceramic elements. De-
tails of the experimental procedure and the equipment used in the tests 
to determine pressures on vertical-wall structures due to breaking waves 
were reported by Ross (1955), Garcia (1968), and Kamel (1968b). 

Pressure measurements are useful in understanding the nature of wave 
action on structures. For nonbreaking waves when sufficient simultaneous 
measurements will allow determination of the shape of the pressure curve 
in the vertical, the total force per unit length of the structure can be 
estimated with enough accuracy for design purposes. However, pressure 
measurements alone, which provide time-pressure histories on relatively 
small areas of the breakwater face, are not sufficient for determining 
the force time histories needed to design structures to withstand the 
forces of breaking waves. These forces have ~een measured in the lab-
oratory by Carr (1953, 1954a, 1954b) and by Leendertse (1962) using a 
three-component wave force balance. The measured quantities were the 
·norizontal·component of force, the vertical component of force, and the 
total moment about an arbitrary horizontal reference axis. Forces on · 
vertical, inclined, and stepped barriers were investigated by Carr. The 
geometry of the force balance is shown in Figure 6-16, where R is the 
resultant force on the barrier; T is the horizontal component of the 
resultant force; L is the vertical component of the resultant force; 
Mp is the moment of the resultant force about the fixed balance pivot; 
x and y are the horizontal and vertical distances of the pivot from 
the toe of barrier; M is the moment of the resultant force about the 
barrier toe (M = ~ + Ty + Lx); e is the angle of inclination of the 
resultant force frbm the horizontal; and c.p. ·is the center of pressure 
distance (i.e., the perpendicular distance from the barrier toe to the 
line of action of the resultant). The vertical and horizontal forces and 
the moment about the fixed balance pivot were measured by shop-fabricated· 
force-sensing cells of 1,000-pound capacity. The cells consisted of heat-
treated stainless-steel bars with a milled flat gage section (about 0.375 
inch wide and 0.08 inch thick) bonded by four Baldwin Type AB-7 gages. 
Two gages were bonded on each side, one parallel and one transverse to 
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~he gage axis. By using matched gages, and by connecting all four gages 
in a bridge circuit, cancellation of the bending strain and temperature 
drift was obtained. 

..._ ...... ...... ... __ 
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Figure 6-16. Geometry of a wave force balance (Carr, 1954a). 

e. Analysis and Interpretation of Results. It is important that the 
analysis and interpretation of test results are carried out concurrently 
during the test program. This procedure allows the changing of test con-
ditions and the general thrust of the program as may be indicated by the 
results of tests as they are performed. The field design engineer should 
be kept informed of the test results during the tests so that necessary 
revisions in structure design can be made and tested. In this way the 
number of tests to obtain the best overall design can be reduced to a min-
imum. The required coordination between the field design engineer and the 
laboratory engineer can be accomplished by telephone, conferences, and 
those data included in progress reports. The end product of all model 
studies is a report that presents the test data and the analysis and in-
terpretation of the test results. Thus, preparation of the testing pro-
gram, conduct of the tests, and the analysis of test results should be 
done based on the requirements of a good technical report (Smart, 1967). 

The use of dimensional analysis in the design of hydraulic models and 
in the preparation of testing programs was discussed in Section II,2 and 
Section VI,2. Dimensional analysis is also useful in the correlation, 
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analysis, interpretation, and the presentation of experimental data. The 
most important advantage gained in dimensional analysis techniques is the 
reduction of the number of variables in a problem. If only two variables 
are involved in a problem, a single curve can be used to describe the 
functional relationship; if three variables are involved, a family of 
curves relating two of the variables with constant values of the third 
variable (the varying parameter) is required. As the number of variables 
increase further, the number of families of curves also increases. Thus, 
without dimensional analysis to group the variables into a smaller number 
of dimensionless terms (the values can be used to plot curves for analysis 
and presentation of the data in a more precise form), it would be impossi-
ble in many cases to perform model tests economically or to present experi~ 
mental data in a way that would allow easy interpretation. The application 
of functional relationships can also facilitate the detection of random 
errors in test data, as contrasted to the less likely situation where a 
complete set of data may be erroneous because of faulty recording appara-
tus or the use of an incorrect datum. 

The correct interpretation of a set of measurements from an engineer-
ing or scientific experiment is often more difficult than performing the 
tests and obtaining the observations. The accuracy of the measurements 
depends on the precision of the instruments used and on the observers 
dependability and skill. "Precision" refers to the degree of mutual 
agreement among independent measurements of a single quantity when meas-
urements are repeated; "accuracy" refers to the agreement of the measure-
ments with the absolute or true value. When a large number of observations 
are made of quantities that are supposedly identical, such as the still-
water depth in a wave flume, these data can be plotted as a frequency 
graph (number of observations versus the measured value of water depth), 
to derive a normal distribution curve from which, with-certain necessary 
assumptions, the standard deviation from the mean and the probable error 
can be calculated (Murphy, 1950). The curves and indexes of precision 
can be obtained, for example, for the weight and specific weight of armor 
units in rubble-mound stability tests, and the heights and periods of test 
waves. However, the wave height can vary considerably with respect to 
time and from test to test due to transverse oscillations, circulation 
due to mass transport, reflected waves from the test structure, and dif-
ferences in starting positions of the wave machine plunger. In wave 
pressure measurements, the pressures due to nonbreaking waves can also 
vary considerably because of variations of wave height with respect to 
time and variations in the reflection coefficients due to variations in 
overtopping. The variations in pressures caused by breaking waves can 
be large because of the nature of the phenomena itself, as well as the 
variations of the wave heights with respect to time as noted above. 
Therefore, the interpretation of these data must consider the precision 
of the instruments used in the observations, and the degree to which the 
variations are inherent in the prototype phenomena. 

The interpretation of test results from rubble-mound stability models 
is difficult even when care is taken in the construction of the test sec-
tions and the measurements of the wave conditions. The construction of 
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test sections is costly both in terms of time and money, and to repeat 
the tests a sufficient number of times to obtain data that can be ana-
lyzed on a statistical basis is usually not feasible. Unfortunately, 
the shape of the armor units, the placement of the armor units, and the 
waveforms which impinge on the structure slope are also important varia-
bles in stability of the structure. The waveform is a function of the 
wave height and period and the phase relations between the incident and 
reflected waves. Thus, large variations in stability often occur between 
successive tests when there are no discernable differences in the test 
conditions. When differences in stability occur, there is no recourse 
but to repeat the test. The question then arises, because a large num-
ber of repeat tests may not be feasible, as to which set of test results 
is the most representative of the conditions-that will occur in the proto-
type considering the difficulties of reproducing the prototype wave trains 
in the model and duplicating the placing techniques to be used by the con-
tractor in constructing the prototype breakwater. These and perhaps other 
factors result in a situation where more than 100 percent variation has 
occurred in the stability coefficient for a particular type of armor unit 
and breakwater section; i.e., K in equation (6-4b), obtained by two 
different laboratories with comparable facilities and personnel. 

5. Utilization of Hydraulic Models. 

a. Problems Susceptible to Model Analysis. Hydraulic models should 
be used only if the phenomena involved are too complicated and not under-
stood sufficiently to allow solution of the problems by theoretical study, 
or have not been solved by systematic experiments already conducted. How-
ever, a large number of problems in hydraulic engineering cannot be solved 
satisfactorily without the aid of scale models. Most physical systems can 
be studied by scale models if valid scaling laws are available. Scaling 
laws for problems involving the stability of coastal structures (derived 
in Section VI,2) have shown that the stability of structures subjected to 
the forces of wave action can be investigated successfully if the scale 
effects, resulting from the incorrect reproduction of viscous forces, can 
be made negligible by use of relatively large models. Because of the high 
cost of providing a shelter and constructing and operating the model, 
smaller models can also be used when enough experimental data are avail-
able for wave forces on the structure as a function of Reynolds number. 
As indicated in Section VI,2, adequate scale-effect data are not presently 
available for all types of coastal structures. However, nearly all of the 
major problems concerning the stability of coastal structures are believed 
to be susceptible to scale-model analysis after experimental data become 
available. 

b. Advantages and Disadvantages of Hydraulic Models. The engineer 
uses scale models for more reliable solutions to design problems than can 
be derived by mathematical analysis. When an existing structure is not 
performing satisfactorily, or when a proposed structure cannot be designed 
adequately by analytical means, together with information in the litera-
ture, the use of a scale model may be indicated. Generally, scale models 
can be regarded as a type of analog for solving differential equations of 
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fluid motion with a given set of rather complicated boundary conditions. 
In many instances the models help the designer to better understand the 
nature of the problem to be solved. Model studies are usually expensive 
compared to the costs of conducting theoretical investigations and should 
not be used when purely analytical methods will give reliable solutions. 
However, the cost of scale-model studies is often low compared with the 
cost of the prototype structure, including the consequences of structure 
damage or failure that may occur as the result of underestimating the 
wave forces imposed on the structure. Thus, because the justification 
of many model studies is mostly an economic one, it is usually easier to 
justify a model study if the project is large and important. Conversely, 
smaller projects may not afford the cost of a scale model, although the 
project may concern extremely complex phenomena that defy analysis by 
theoretical means alone. A disadvantage of some model studies is the 
cost and time necessary to conduct the tests. However, the importance 
of conducting model studies of coastal structures cannot be overstated. 
In many instances the studies are more than just a good investment; they 
can prevent disastrous errors in prejudging the performance of the proto-
type structure, and they usually result in considerable savings in design 
and construction. 

This section has emphasized the importance of model studies in deter-
mining the forces imposed on coastal structures so that they can be de-
signed to successfully withstand those forces. Model studies can also be 
performed so that the optimum construction methods and schedules can be 
selected. The results of stability tests on scale models can be used, in 
conjunction with applicable economic factors, such as the economic life 
of the structure, frequency of occurrence of the selected design wave, 
initial cost of construction, subsequent repair costs, and the interest 
rate, to obtain the optimum design for the structure. The results of 
such a comprehensive study can be negative, indicating that construction 
of the proposed structure would not accomplish the intended purpose, un-
less the structure was enlarged or strengthened to increase construction 
costs appreciably. 

The scope of usefulness of scale models as discussed in this section 
is very broad, and the advantages are considerable both from the technical 
and economical viewpoints. It should be emphasized that although most 
stability models can be designed, constructed, and operated with the re-
sults interpreted to provide sufficiently accurate results for the purpose 
of the investigation, the laboratory engineer conducting the investiga-
tions must have considerable experience, familiarity with basic wave 
mechanics, and engineering judgment. 

c. Examples of Model Studies Conducted. Many model studies have 
been conducted in laboratories worldwide on the stability, wave trans-
mission, and overtopping characterisitics of coastal structures (rubble-
mound, vertical-wall, composite, and floating types). A smaller number 
of full-scale model studies, theoretical investigations, and flume ex-
periments have been conducted to determine the horsepower required per 
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foot of structure and the efficacy of pneumatic and hydraulic breakwaters 
in preventing the transmission of wave energy into areas where protection 
was desired from storm wave action. 

Selected examples of such investigations are discussed below. Reports 
on a few model studies and experimental investigations pertaining to the 
stability and wave-transmission characteristics of coastal structures are 
referenced in the examples. 

(1) Rubble-Mound Breakwater Trunk; Nonbreaking Waves. 

(a) Example of a Typical Study. 

1 Project. Proposed rubble-mound breakwater, Burns 
Waterway Harbor, Indiana. 

2 Reference. Jackson (1967). 

3 Laboratory. WES. 

4 Test Period. April to July 1966. 

5 Problem. Burns Waterway Harbor was proposed for 
· construction on the south shoreline of Lake Michigan, 15 miles east of 
Indiana Harbor, Indiana, to consist of north and west breakwaters, east 
and west outer bulkheads, inner bulkheads, and an outer harbor area with 
east and west inner harbor mooring areas (Fig. 6-17). The harbor would 
be exposed to storm waves from the northerly directions with heights to 
about 13 feet and periods to about 11 seconds. The maximum water depth 
along the toe of the breakwater was about 43 feet referred to low water 
datum (LWD) for Lake Michigan and the selected high water level for test-
ing was +4 feet LWD. · 

~ Purpose of Model Study. The model study was con-
ducted to determine the stability of the proposed breakwater designs, to 
develop alternate designs if necessary, and to investigate the effective-
ness of the proposed breakwater in reducing transmitted wave energy. Two 
basic designs were investigated, one with tribar armor units and the other 
with generally rectangular limestone blocks from quarries near Bedford and 
Bloomington, Indiana. Since the majority of the proposed designs involved 
a protective cover layer of the limestone blocks, determining whether this 
type of stone (in the sizes and shapes available) could provide the re-
quired stability using the random-placing technique was desired. 

7 The Model. Stability and wave transmission tests 
were conducted with section models of the proposed structures in a wave 
flume 119 feet long, 5 feet wide, and 4 feet deep. A plunger-type wave 
generator was used and wave heights were recorded using two-wire resistor 
rods, an amplifier and control system, and an oscillograph similar to the 
one shown in Figure 6-15. The model was designed and operated based on 
Froude's law. The linear scale of the model was 1:35, model-to-prototype. 
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This scale was selected based on the size of available tribar units for 
the tests, compared with the estimated size of the required prototype 
armor unit, using equation (6-4b) and a value of K = 10, and the capa-
bility of the wave generator compared with the wave heights required in 
the model tests. Although the selected design wave for the proposed 
structure was 13 feet in height with a period of 11 seconds, test waves 
larger than the design wave should always be used to obtain sufficient 
damage to indicate the degree of risk involved in the use of the selected 
armor unit weight. The design wave selected is equal to the significant 
wave. In a natural wave spectrum, the height of the significant wave is 
exceeded by 13 percent of the waves which may reach heights as much as 
1.87 (H 1~). After the linear scale was selected, the required model 
limestone armor units were obtained from the Bloomington quarry and sawed 
to model sizes and shapes estimated from a survey of the available stones 
stockpiled at the quarry. The specific weights of the water and the lime-
stone armor units were the same, model-to-prototype, according to the 
similarity requirements based on Froude's law. However, the specific· 
weight of the molded tribar armor units was 140.4 pounds per cubic foot; 
the specific weight of the concrete armor units in the prototype was 
assumed to be 150 pounds per cubic foot. The relations between the 
weights and specific weights for these units, model-to-prototype, were 
determined from the following derived transference equation: 

where 

subscript m = model quantity 

subscript p = prototype quantity 

= weight of armor unit in pounds 

= specific weight of armor unit in pounds per 
cubic foot 

= specific gravity of an armor unit relative:·to 
the water in which the breakwater is situated 
(i.e., Sa= YaiYw where Yw is the specific 
weight of the water) 

(6-39) 

Details of the test section using the tribar armor units are shown in 
Figure 6-18. Although seven different sections were tested where the 
limestone blocks were used as armor un~ts, the major differences in the 
sections concerned the placing method of the armor units. Figure 6-19 
shows a section of uniformly placed limestone blocks; Figure 6-20 shows 
a section of randomly placed limestone armor units. Table 6-2 gives the 
weights of the tribar and limestone armor units, the underlayer units, 
and the core stone. 
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Table 6-2. Model and prototype breakwater material. 
Breakwater material Weight of tribar and stone 

Model 
(lb) 

w (tribar) 0.30 
w (stone) 0.47 to 0.75 
W/2 (stone) 1 0.23 to 0.46 
W/3 (stone) 0.14 to 0.46 
W/10 (stone) 0.04 to 0.07 
W/2 (stone)2 0.02 to 0.04 
Core stone 12 X lo-s to 21 X 10-4 

1 Used under the limestone armor units. 
2 Used under the tribar armor units. 

Prototype 
(lb) 

1,500 to 3,000 
1,000 to 1,500 

5 to 90 

(ton) 

5 
10 to 16 

5 to 10 
3 to 10 

Table 6-3 gives the gradations of the limestone blocks used in the 
model tests for the armor units and underlayers, based on estimates of 
the available stockpiled units for the prototype structure. 

Table 6-3. Prototype stone gradation. 
Type of stone Prototype weight Pet. by weight 

(ton) 

w 10 30 
12 30 
14 30 
16 10 

W/2 5 33 
8 33 

10 34 

W/3 3 25 
5 25 
8 25 

10 25 

8 Test Procedures. The stability of each breakwater 
test section was determined by constructing the section in the wave flume 
and subjecting it to the attack of test waves, varying in period from 7 
to 11 seconds and in height from 5 to 20 feet (prototype dimensions), 
for durations varying from a few minutes to about 6 hours prototype time. 
Tests were made using stillwater levels of +4.0 and 0.0 feet LWD, corre-
sponding to water depths at the lakeside toe of the structure of 47 and 
43 feet, respectively. The behavior of the test section and the extent 
of damage were determined by visual observation. Design waves for the 
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no-damage criterion (i.e., the largest waves that did not remove nested 
armor units from the test sections) were also determined in this manner. 
Waves slightly smaller than the selected design waves did, at times, 
remove a few loose armor units without endangering the stability of the 
structure. Photos were made of most wave conditions and breakwater sec-
tions were tested. The wave heights generated on the harborside of the 
breakwater by wave energy transmitted through and over the breakwater 
were measured at two positions from the structure, one at a distance of 
A/2 and another at a distance of one wavelength, measured from the 
centerline of the structure. Breakwater design requires, in addition 
to accurate data concerning the stability of the armor units, quantita-
tive data concerning the thickness and percent voids of the armor-unit 
layers. Measurements were made on the model sections to determine the 
percentage of voids in the armor layers tested. The thickness of each 
armor layer was determined from soundings made before and after placing 
of the armor units; the total weight of the armor units was determined 
by weighing the total number of armor units used. The total square feet 
of surface area of the armor-unit part of the test section was also de-
termined. The shape and placing coefficient and the porosity in the 
cover layers were then determined from the equations 

(
w )1/3 

t = nkAP 'Y: (6-40) 

and 

(6-41) 

where 

t 

kliP 
p 

= 

= 

= 

the thickness (ft) of n layers of stones of weight 
Wa (lb) and specific weight Ya (lb/ft 3) 

the shape-placing coefficient 

the porosity (P < 1.0) 

Wa = the total weight (lb) of armor units in a cover layer of 
thickness t required for a given surface area A (sq ft) 

The experimental values of kfip and P for the limestone blocks, ran-
domly placed with n = 2, were 1 and 0.41, respectively. Corresponding 
values of k6p and P for tribar armor units (randomly placed with 
n = 2), obtained from previous tests, were 1 and 0.54, respectively. 

2_ S,ummary of Test Results. Stability tests of the tri-
bar armor-unit section (Fig. 6-18) using a stillwater level of +4 feet LWD 
showed that the armor-unit part of the section would be stable for waves 
to about 16 feet in height; however, for waves 14 feet in height some of 
the W/2 stones were displaced. It was decided that the W/2 stone 

377 



should be increased in weight by about 50 percent. A model design wave 
height of 16 feet was selected for the test structure, which corresponded 
to a value of 14.9 for K in equation (6-4b). The results of the wave 
transmission tests are shown in Figure 6-21. The figure also shows that 
the transmission coefficient, Ht/Hi, varies with the wave period, in-
creasing as the wave period increases. The maximum transmitted wave 
height of 3 feet for the selected prototype design wave height, based 
on the prototype wave climate of 13 feet, was considered satisfactory 
for the type of ships that would use the harbor. The stability tests 
of the breakwater section using uniformly placed limestone blocks (Fig. 
6-19) showed that the largest waves tested (18 feet in height) did not 
remove any of the armor units from the structure; however, damage to the 
W/2 stone section began at the 11-foot height, and several of the W/3 
stones on the harborside were displaced by 12-foot waves. Also, because 
of the smooth surface and lack of voids in the armor-unit section, the 
runup and overtopping increased and the waves generated on the harborside 
increased to about 4.5 feet for the 13-foot prototype design wave. Thus, 
for these reasons, and because it was not considered practical in the 
prototype to place the armor units below the water level in the same 
manner as in the model, this plan was not considered suitable for use 
in constructing the full-scale structure. After testing several break-
water sections with limestone armor units randomly placed, it was decided 
that the section shown in Figure 6-20, in which randomly placed limestone 
blocks were used, would be satisfactory at Burns Harbor. This structure 
was considered stable for waves as high as 18 feet when tested with a 
stillwater level of +4 feet LWD. This corresponds to a value of K of 
14.0 in equation (6-4b), using an assumed effective value of Wa of 13 
tons. When tested using a stillwater level of 0.0 foot LWD, the struc-
ture was stable for a maximum wave of 15 feet in height, which corresponds 
to a K of 8.1. The rather high values of K for the tribars and the 
limestone armor units were caused by the large amounts of overtopping for 
the high stillwater level and the larger wave heights tested. The trans-
mitted wave heights for the most stable section tested (Fig. 6-20) are 
shown in Figure 6-22 for both the +4 and the +0.0 stillwater levels. The 
transmitted wave heights corresponding to the 13-foot prototype design 
wave were 3 and 2 feet for stillwater levels of +4.0 and 0.0 feet, 
respectively. 

(b) Example of a Minimum Study. 

l Project. Proposed expansion of Monterey Harbor, 
Monterey, California. 

2 References. Davidson (1969) and Chatham (1968). 

3 Laboratory. WES. 

4 Test Period. September 1969. 

5 Problem. Monterey Harbor is located at the southern 
end of Monterey Bay about 100 miles south of San Francisco, and is exposed 
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to short-period, distant storm waves from the deepwater directions clock-
wise between west and northwest, and local storm waves from the north 
(Fig. 6-23). The magnitude of these waves is sometimes sufficient to 
damage fishing boats and harbor facilities, causing mooring difficulties 
for small craft in exposed areas of the harbor. It was proposed to en-
large the existing harbor by constructing one or more additional break-
waters to provide safe anchorage within the harbor. The problem of 
concern in this study was the design of a tribar cover layer for a part 
of the proposed north breakwater. It had been considered that a concrete 
cap on the crown of a breakwater was needed if molded concrete armor units 
were to be used for structures where overtopping was expected. However, 
tests conducted in 1966 in connection with a proposed rubble-mound break-
water at Nassau Harbor, Bahamas (Hudson and Jackson, 1966), indicated that 
tribar armor units do not necessarily require a concrete cap to ensure 
that the overtopping waves do not damage the breakwater crown. There-
fore, a model study was considered necessary to check the stability of 
the proposed Monterey Harbor breakwater since the crest elevation, inten-
sity of wave action, and the size of the armor units at Monterey Harbor 
were not the same as those at Nassau Harbor. 

~ Purpose of Model Study. This investigation was con-
ducted to determine the stability of the proposed cover layer and heights 
of waves transmitted through and over the east end of the proposed north 
breakwater at Monterey Harbor (Fig. 6-24). It was desired to determine 
the stability of the structure using the selected design wave in the 
prototype studies (15-second wave, 18 feet in height), and the heights 
of transmitted waves for the design wave conditions and for 17-second 
waves up to 16 feet in height. 

7 The Model. Stability and wave transmission tests 
were conducted on a 1:40-scale model of the proposed prototype section 
in a flume 119 feet long, 5 feet wide, and 4 feet deep. The model was 
designed and operated by Froude's law, and the linear scale was selected 
on the basis of the size of armor.units available compared with those 
proposed for the prototype section (12 tons), the water depth in which 
the prototype structure would be placed (36 feet MLLW), and the capability 
of the wave generator. The stillwater level used for testing (MHHW),, 
which is +5.2 feet MLLW, was selected as being representative of condi-
tions normally expected to occur during severe storms. Both the damage 
to the crest of a structure of the type being tested, and the heights of 
waves generated on the harborside of the structure due to wave-trans-
mission and overtopping, are larger for the higher stillwater levels. 
The maximum waves that can attack such a structure also increase as the 
water depth increases. A plunger-type wave generator was used and wave 
heights were measured using electrical wave gages and a recording 
oscillograph. 

8 Test Procedures. The test section (Fig. 6-25) was 
subjected to waves~ measured without the structure in place, of 15-second 
period ranging in height from 2 to 21 feet and 17-second waves ranging 
from 2 to 18 feet in height. During construction of the test section, 

381 



Figure 6-23. 

0 

t 
-N-

~ VICINITY MAP 
SCALE IN MILES 

20 

MONTEREY HARBOR 

SCALE IN MILES 
5 

40 60 

10 

Location map, Monterey Harbor, California (Chatham, 1968). 

382 



(JJ 
00 
(JJ 

N + 

+ 

N + 

Figure 6-24. 

~ 
0 
z 

+ 

W£ST BASIN 

BR£AKWAT£R 

+ 

MID-BASIN 

+ + + 

+ 

SCALES IN FEET 

PROTOTYPE 
5 'l!- - ,.: '?o 

MODEL ':.. - ,! w 

Breah,rater, mole, and basin designations, Monterey Harbor model (Chatham, 1968). 



(,)J 
CD 
.p. 

® 
,._:,: ~ 

.·. :< <:·.:·~~·:: ~:.·::\::~·~·::-.- ~·??': ~ : 

SEASIDE 

12·TON TRIBARS 

MLLW 

G) WAVE GENERATOR 

@ MONITOR WAVE GAGE 

@ TEST STRUCTURE 

@ TRANSMITTED WAVE GAGES 

@ PERMEABLE ABSORBER 

-·---- ---- ---------

ELEVATED VIEW OF TEST FLUME 

HARBORSIDE 

MLLW 

,'' ---~ ~ -40 FTMLLW 

BREAKWATER TEST SECTION PROPOSED FOR 
MONTEREY HARBOR, CALIF. 

STATION 18-ffiO TO 31+60 

Figure 6-25. Layout of test flume and details of breakwater test section, breakwater stability and 
transmission tests, Monterey Harbor, California (Davidson, 1969). 



all the armor units were carefully placed at random so that each armor 
unit within the trench formed by the A-3 rocks at MLLW on the harbor-
side of the structure was placed in such a way as to be nested with a 
firm support. This procedure had previously been necessary to obtain 
stability of breakwaters with armor units randomly placed over the top 
and down the back side of the crest of structures and subjected to appre-
ciable wave overtopping. The stability of the armor units was observed 
visually, and the wave heights on the harborside, generated by wave 
transmission and overtopping, were measured at distances of one-quarter 
and one-half the wavelength, measured from the centerline of the test 
section. 

~ Summary of Test Results. During the stability tests 
no damage occurred to the test section for any of the 17-second waves. 
The selected prototype design wave (15-second, 18-foot waves) caused one 
tribar armor unit to be displaced from its nested position on the break-
water crown and deposited on the harborside slope. The 15-second, 21-
foot waves caused three additional tribars to be displaced in a similar 
manner. No damage occurred to the oceanside of the structure during any 
of the stability tests. The test structure was reconstructed twice and 
repeat tests were conducted. Results of the repeat tests verified the 
results of the original tests. The results of the transmission tests 
(see Fig. 6-26) show that the transmitted wave heights are from about 
25 to 40 percent of the incident wave heights for waves that do not over-
top the structure and about 40 to 52 percent of the incident wave heights 
for waves that overtop the structure. 

(2) Rubble-Mound Jetty Head; Breaking Waves (Example of an Un-
usual and Extensive Study). 

(a) Project. Proposed jetty-head repair, Humboldt Bay, 
California. 

(b) Reference. Davidson (197lb). 

(c) Laboratory. WES. 

(d) Test Period. June 1968 to December 1970. 

(e) Problem. Humboldt Bay is located on the California 
coast about 280 miles north of San Francisco. The harbor elements con-
cerned in this model study were the seaward ends (heads) of the 7,500-
foot-long north jetty and the 9,000-foot-long south jetty at the entrance 
to the bay (Fig. 6-27). Design of the repair sections was difficult be-
cause of the extremely large breaking waves that attack the structures, 
the nearly continuous rough seas, and the necessity of using the existing 
underwater rubble-mound slope of about 1 on 5 (remains of previous jetty 
heads that had been severely damaged by storm wave action) as the base 
of the design repair sections. The 1 on 5 slope made it impractical to 
carry the protective cover layer of armor units down to the ocean bottom 
to obtain a firm toe condition for the armor-unit section because of the 
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limited lifting capacity and horizontal reach of available land-based 
cranes. Floating plant equipment could not be used to place the toe 
parts of the repair section because of the intensity of daily wave action 
and the frequency of storm wave conditions. In the initial phase of the 
jetty repair a new monolith cap was to be constructed at the jetty head. 
This cap would then be used as a platform from which armor units, of such 
size and shape to protect the jetty head from wave action, could be either 
launched or placed by crane. The initial construction plan was to launch 
100-ton concrete cubes either as single units or in clusters of units 
linked with 4-inch nylon rope. The jetty heads are exposed to storm 
waves from the deepwater directions (clockwise) between south-southwest 
and north. The maximum hindcasted deepwater wave was a 13-second period 
wave estimated to be 34 feet in height. The results of a wave refraction 
study showed that the maximum waves that could attack the jetty heads were 
considerably larger than the maximum deepwater wave height. Thus, the 
selected design wave for the structures would be limited by the bottom 
slopes near the structures, the water depths at the toe of the structures 
at the time of the storm, and the structure characteristics. 

(f) Purpose of Model Study. The study was conducted to 
determine the adequacy of the proposed jetty repair plans and, if neces-
sary, develop alternate designs from which the optimum plan for stability, 
construction techniques, and economy could be determined. It was desired 
to determine (1) the largest waves that could attack the structures within 
the limits of the wave dimensions that occur in the prototype area and re-
fract onto the structures, (2) the best method of launching 100-ton cubes 
from the crest of the monolith, (3) the stability of the launched, 100-
ton cube section with and without the linking of units, (4) whether the 
4-inch nylon rope would be an adequate means of linking the units, (S) 
the best shape and minimum size of armor unit, with and without the use 
of a linking medium, and (6) the best shape of armor-unit section, con-
sidering the restraints imposed by the necessity of placing the protec-
tive cover layer section of armor units on the existing slope of rubble 
around the head of the structures. Although this investigation was con-
cerned with the design of repair sections for both the north and south 
jetty heads, testing was restricted to the north jetty since the results 
would be generally applicable to the repair of both structures. 

(g) The Model. Tests to determine the largest critically 
breaking waves that can attack the north jetty head, and stability tests of 
the different proposed plans, were conducted in an L-shaped, diffraction-
type wave flume 2SO feet long, and 4.S feet deep, SO and 80 feet wide at 
the wave generator and test section ends of the flume, respectively (Fig. 
6-28). A flap-type wave generator was used and the wave heights were re-
corded by printed-circuit rods and a CEC oscillograph. The linear scale 
of the model was 1 to SO. This scale was selected based on the prototype 
waves, water depths, and length of structure shoreward of the jetty head 
(which required reproduction) compared with the dimensions of the wave 
flume and the capability of the wave generators. Although some of the 
armor units already available were used in the tests, it was necessary to 
mold additional sizes of tribars, fabricate new forms and mold an adequate 
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Figure 6-28. L-shaped wave flume 250 feet long, 80-foot-maximum and 50-foot-minimum width, 
and 4.5 feet deep (Davidson, 197lb). 



supply of dolosse and trilongs, and saw limestone units to simulate the 
proposed 100-ton cubes. The jetty head and about 300 feet of the adja-
cent trunk section were reproduced, as accurately as possible, to scale. 
An additional 1,000-foot reach of the shoreward trunk section was repro-
duced to ensure that the wave environment on the outer reaches of the 
structure was reproduced properly. Since the stability of the 1,000-foot 
reach was not in question, the reach was reproduced correctly only with 
respect to its geometery and its wave reflective characteristics were 
reproduced only approximately. The specific weight of the .. model water 
was 62.4 pounds per cubic foot; the specific weight of the prototype 
seawater was assumed to be 64 pounds per cubic foot. Also, the specific 
weights of the model armor units were not the same as those of the pro-
posed prototype armor units. The relations between these variables, 
model-to-prototype, were determined from equation (6-39). The weights 
and specific weights of the armor units used in the model tests and the 
corresponding prototype equivalents are given in Table 6-4. 

Table 6-4. Weights of armor units in model and prototype. 
Armor unit 1 Model Prototype 

Wa 'Ya Wa 'Ya 
(lb) (lb/ft3 ) (ton) (lb/ft3 ) 

Cube 1.62 145.0 100 150 
Trilong 0.50 142.0 28 150 
Tetrapod 0.49 141.6 28 150 
Tribar 0.43 140.4 23 150 
Tribar 0.62 140.1 33 150 
Tribar 0.80 141.0 44 150 
Tribar 1.13 142.2 65 150 
Do los 0.58 140.4 32 150 
Do los 0.90 142.2 51 150 
Do los 0.90 142.2 45 155 
Do los 1.00 141.4 56 150 
Do los 1.00 141.4 43 160 
1 Details of the various types of armor units are described in Hudson ( 197 4). 

The values of k~p and P in equations (6-40) and (6-41), as determined 
during the testing program, are shown in Table 6-5. 

(h) Test Procedures. The test sections were installed in 
the flume so that the waves, which approached the structure with an angle 
of incidence of about 45°, reflected from the test section and were dissi-
pated on the rubble wave absorber along the perimeter walls of the dif-
fraction basin. Average bottom slopes were used seaward of the jetty 
head to approximate the prototype bottom contours. A stillwater level 
of +7 feet MLLW was used in all high water test conditions. This level 
was selected based on ~lliHW level of +6.4 MLLW and a superimposed wind 
setup of 0.6 foot. A stillwater level of 0.0 foot MLLW was also used in 

390 



Table 6-5. Shape-placing coefficient and porosity of armor units. 
Armor unit Placement method n Shape-placing Porosity 

coefficient p 
klip 

Tribar Random 2 1.02 0.54 
Tetrapod Random 2 1.04 0.50 
Trilong Random 2 0.94 0.40 
Do los Random 2 0.81 0.56 
Cube Launched (- - - - - - - - Not applicable - - - - - - - - - - ) 

a large percentage of the tests to determine the effects of storm waves 
at low tide on the stability of the toe part of the repair section of 
armor units. The water depth at the toe of the existing rubble-mound 
part of the jetty head was 36 feet MLLW. Since the bottom slope seaward 
of the toe in the immediate vicinity of the structure was about 1 on 10, 
the critically breaking waves that could attack the structure correspond 
to breaking depths somewhat greater than the depth at the toe. The sta-
tistical deepwater data and the results of the refraction study indicated 
that the design waves for the structure at each water depth would be crit-
ically breaking waves (the largest wave that can attack a particular struc-
ture for a given depth and wave period without forming a cushion of water 
between the impinging jet of water and the structure slope). The magni-
tude of such waves must be determined by use of scale models. Prelimi-
nary tests with several of the different types of repair sections under 
consideration were conducted to determine the critically breaking waves, 
since the waves would be used both in the testing program and in the de-
signing of the prototype repair section. This procedure is in contrast 
to the situation where the structure under design is a rubble-mound break-
water trunk. In this case the design waves can be selected from available 
statistical deepwater wave data and refraction studies, and from available 
experimental data relating the largest waves that can attack the struc-
ture as a function of the breakwater slope, bottom slope seaward of the 
toe, the depth of water at the toe, and the wave characteristics (Jackson, 
1968). The results of the preliminary tests showed that a 16-second, 40-
foot-high wave was the largest and most damaging that would break on the 
repair sections with a stillwater level of +7 feet MLLW. The correspond-
ing wave for the 0.0-foot stillwater level was a 16-second wave with a 
height of 31 feet. Larger waves are believed to have occurred according 
to the available statistical data and refraction study; however, such 
waves would break before reaching the structure. In an attempt in 1963 
to protect the toe of the concrete monolith on the south jetty, 100-ton 
unlinked concrete cubes were cast on the edge of the monolith and launched 
by jacking up the rear side of the bottom form and applying air pressure 
to initiate movement of the cube from the form bottom. This method and 
other approaches to the launching problem, such as sliding the cubes down 
an inclined plane, were tested in the model. It was found that either of 
the launching methods tested would be satisfactory. Since the original 
proposal called for repairs to the jetty heads by linking clusters of 
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100-ton cubes with 4-inch-diameter nylon rope, determining by model tests 
whether the rope would withstand the forces induced during construction 
and by wave action after construction was desired. To obtain elastic 
similarity between model and prototype linking media, the ratio between 
elastic and gravity forces must be equal in model and prototype (eq. 6-1lb). 
If it is assumed that (yw)m = (yw)p, which is accurate enough for this 
study, equation (6-11b) reduces to 

(ENA)m = ~~m)3 
(ENA)P \LP 

and, since for this model study CLm/Lp) 3 = (1/50) 3, 

. _ (ENA)p 
(ENA)m - 125,000 

(6-llc) 

(6-lld) 

where EN is the modulus of elasticity of nylon in pounds per square 
inch and A the cross-sectional area of the rope in square feet .. A 
4-inch nylon rope has a breaking strength of about.360,000 pounds, and 
the working load was assumed to be about 100,000 pounds with the elonga-
tion about 33 percent. To reproduce an equivalent model linkage at a 
linear scale of 1:50, the medium should elongate 33 percent at a load of 
about 1.5 pounds and break at a load of about 3 pounds. Tests of differ-
ent material found that the only material to have the required elongation 
and breaking characteristics (a combination of neoprene and rubber-rayon 
cords) was too stiff; i.e., the bending qualities were not adequate. 
Because the breaking characteristics were the most important for these 
tests, a size 000 silk surgical thread with a breaking strength of 3 
pounds and an elongation of 3 percent was selected for the linkage tests. 
Preliminary launching tests were made for several clusters of 100-ton 
model cubes with the surgical thread as the linkage medium, and each 
time ~ clus~er was launched several of the lines were broken. Since 
the 4-inch nylon rope proposed for use in the prototype was inadequate, 
it was decided to perform all linkage tests with No. 15 nylon twine which 
had a breaking strength of 41 pounds and was sufficiently flexible. In 
this way the advantages of using a linking medium for different types of 
repair sections could be evaluated, although the rope strength required 
to prevent breaking could not be determined. 

(i) Summary of Tests and Results. The existing rock mound 
and the broken monolithic head of the north jetty were reproduced in the 
model down to the -36-foot contour (MLLW), and the proposed rehabilitated 
concrete monolith was constructed around the existing part of the monolith 
from the plans furnished by the U.S. Army Engineer District, San Francisco 
(Fig. 6-29). The crest elevation of the monolith was +25 feet MLLW and 
the radius was 55 feet. The protective cover layer for each plan for 
repair tested was placed on the existing rubble slope (about 1 on 5) 
around the rehabilitated monolith and as far shoreward and seaward as 
was considered necessary to provide the required stability of the armor 
units and protection of the monolithic head. A series of 10 tests was 
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Figure 6-29. Rehabilitated concrete monolith head proposed for the north jetty, 
Humboldt Bay jetty model (Davidson, 197lb). 



conducted (with the type of plan and tests conducted based on the results 
of .the preceding tests); the purpose and summary of results for each test 
series are given below. 

1 Test 1. Purpose: To determine the relative stabil-
ity of unlinked armor-unit repair sections using cubes, tetrapods, and 
tribars. (A supply of dolos armor units was not available at test time, 
and the trilong unit was devised later.) 

Results: The stability of the armor units for the conditions tested 
(i.e., cot a = 5, nonbreaking waves, and an SWL = +7 feet MLLW) in terms 
of K in the stability equation, was: 

Armor unit Weight HD=o 1 K 
(ton) (ft) 

Cube 100 22 0.7 
Tetrapod 28 23 2.7 
Tribar 23 29 6.6 

1HD=o is the model selected design wave height for the no-damage criterion. 

Based on these results, further testing of cubes was limited to determin-
ing whether the linking medium would make the use of cubes feasible (test 
2), and no further tests of tetrapods were made. 

~ Test 2. Purpose: To determine the feasibility of 
linking 100-ton cubes in clusters and the effects of armor-unit linking 
on the stability of the repair sections using cubes. 

Results: Tests showed that the free-fall launching of cubes would not 
result in an armor toe distance seaward of the monolith sufficient to en-
sure a stable cover layer, and that stability of the section was not in-
creased by using more than three units in a cluster when the units are 
launched by the free-fall method (Fig. 6-30). 

3 Test 3. Purpose: To·determine the best arrangement 
of tribar armor units with and without linking lines. The largest tribar 
armor unit available at test time (23-ton unit) was used. 

Results: Tests showed that 23-ton tribars, when properly linked, could 
provide the desired protection to the structure head. However, consider-
able rocking movement of the nested armor units began at a wave height of 
about 34 feet. Thus, the possibility of abrasion failure of the linking 
medium, and the problems in placing the units in the field in the manner 
used in the model, made this plan unacceptable. 

4 Test 4. Purpose: To determine the stability char-
acteristics of the trilong armor unit (for both the linked and unlinked 
conditions) used to form the protective cover layer of the rehabilitated 
jetty head. Units of 28 tons were used in the tests. 

Results: The maximum wave height for which two layers of the 28-ton 
(150 pounds per cubic foot) trilong armor units, randomly placed, were 
stable on the 1:5 slope was 21 feet, corresponding to a K of 2.1. 
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Figure 6- 30. Jetty plan after attack by 16-second, 28-foot waves (cubes of 100 tons were linked 
in clusters of six), Humboldt Bay jetty model (Davidson, 1971b). 



Linking the l..illits increased stability; however, they began rocking in 
their nested positions at a wave height of about 30 feet. Thus, the 
units were considered unacceptable, and no further stability tests were 
conducted. · · 

~ Test 5. Purpose: To determine the stability of 33-
and 44-ton tribar armor W1its (with and without the use of a linking 
medium) for protection of the rehabilitated jetty head. 

Results: The linked 33- and 44-ton tribar armor units were stable for 
the 40-foot design wave, but failure occurred when the linking medium was 
cut to simulate breakage by abrasion. Considerable damage occurred when 
the 44-ton W1its were tested unlinked using 40-foot waves. Therefore, it 
was decided to design a tribar section stable for 40-foot waves when the 
units were unlinked. Tribars of 65 tons were selected for these tests 
(test 8). 

~ Test 6. Purpose: Previous tests indicated that it 
was difficult to obtain stability of the armor l..illits at the shoreward end 
area of the repair section, and that the repair section usually failed in 
this area before the no-damage wave for the head section was determined. 
Thus, this series of tests was conducted to determine the most practical 
method of obtaining stability of both areas of the repair section for the 
same no-damage wave height. 

Results: The use of a linking medium and either 33- or 44-ton tribars 
would provide the shoreward end area with stability comparable to that of 
the head section, provided the linking lines do not fail by abrasion. It 
was found that migration of 44-ton tribar units could be prevented by the 
use of concrete or pile .barriers if practical methods of constructing 
these barriers in the prototype could be devised (Fig. 6-31). 

2 Test 7. Purpose: To determine the stability of the 
toe part of the test sections for the low water (SWL = 0.0 foot MLLW) 
condition. Since the slope of the repair section was about 1:5, and the 
design waves for the high water and low water conditions were 40 and 31 
feet in height, respectively, the toe distance from the edge of the mono-
lith was critical because of the difficulty and expense of providing a 
crane with adequate reach and lift capacity. 

Results: Tests showed that the stability of the toe armor units around 
the jetty head at low tide was critical with respect to the design of the 
repair section. 

~ Test 8. Purpose: To develop a stable repair section 
with 65-ton (150 pol..illds per cubic foot) tribars using the selected design 
waves of 40 feet at the +7 foot MLLW level and 31 feet at the 0.0-foot 
MLLW level. The tribar weight of 65 tons was selected based on the re-
sults of previous tests, using 33- and 44-ton units, and the stability 
equation (eq. 6-4b). 

Results: A repair section of unlinked 65-ton (150 pounds per cubic 
foot) tribars was found to be stable for the 40-foot design wave at +7 
feet MLLW (stillwater level), and for the 31-foot design wave at the 
0.0 foot MLLW (stillwater level). 
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Figure 6-31. Jetty plan with pile barrier at station 71 + 50 after attack by 16-second, 38-foot waves 
(unlinked 40-ton tribars), Humboldt Bay jetty model (Davidson, 1971b). 



~ Test 9. Purpose: To determine the stability of 32-
ton dolos armor units (this unit weight became available at test time 
from another study under investigation). The results of these tests 
would then be used, in conjunction with the stability equation, to esti-
mate the required weight of dolos required for stability. 

Results: Tests of 32-ton dolosse showed that the maximum no-damage 
waves for this unit were 36 feet in height for the +7 foot stillwater 
level and 30 feet in height for the 0.0-foot stillwater level. It was 
estimated that 48-ton (150 pounds per cubic foot) dolos armor units would 
be stable for both high tide and low tide design wave conditions. 

lQ Test 10. Purpose: On the basis of the series 9 
test results, a prototype repair section using 48-ton (150 pounds per 
cubic foot) dolos was indicated for the north jetty head section. Be-
cause a modest increase of specific weight would allow a comparatively 
large decrease in armor-unit weight, for the same armor-unit stability, 
a repair section using 42-ton (155 pounds per cubic foot) dolos on the 
shoreward end area of the structures was proposed. The lighter weight 
units, both using the same forms for molding, would allow a smaller toe 
distance from the monolith. Thus, the use of a lighter weight unit and 
a shorter toe distance would decrease the required lifting and reaching 
capability of the crane. The series 10 tests were conducted to check 
the stability of this revised design section. 

Results: This test series concluded that 43-ton (160 pounds per cubic 
foot) dolos armor units would be satisfactory if a minimum toe distance 
of 215 feet from the radius point of the monolith is used (Fig. 6-32). 

(3) Composite Breakwater Trunk; Nonbreaking Waves (Example of 
Combined Hodel and Analytical Design). 

(a) Project. Proposed construction of a vertical-wall 
parapet on an existing rubble breakwater, Indiana Harbor, Indiana. 

(b) Reference. Hudson and Wilson (1953). 
(c) Laboratory. WES. 

(d) Test Period. October 1952 to January 1953. 
(e) Problem. Indiana Harbor is located on the south shore 

of Lake Michigan about 5 miles from the southeast limits of Chicago, and 
is exposed to waves from the northerly directions. Previous tests on a 
1:150-scale model of Indiana Harbor indicated that the crest of the rubble-
mound east-west breakwater (Fig. 6-33) should be raised to an elevation of 
about + 15 feet LWD for adequate protection from wave overtopping to allow 
construction of a proposed inner-harbor pier expansion. A vertical-wall 
parapet situated on top of the existing east-west breakwater was proposed 
for this purpose. 

(f) Purpose of Model Study. The combined scale model and 
analytical investigation was conducted to determine the wave forces on 
the proposed vertical-wall parapet, and the weight of parapet necessary 
to ensure its stability against overturning and sliding. 
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Figure 6-32. Jetty plan after attack of 16-second, 40-foot waves with stillwater level of +7 feet 
(unlinked 43-ton dolosse), Humboldt Bay Jetty model (Davidson, 197lb). 
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(g) The Models. Tests on 1;50- and 1:55-scale models, de-
signed and operated by Froude's law, were conducted in a wave flume 1.0 
foot wide, 1.5 feet deep, and 76.0 feet long. The test sections were 
placed at one end of the flume and test waves were generated at the other 
end by a combination flap-piston wave generator. Wave heights were meas-
ured with electrical gages and recorded on an oscillograph. Horizontal 
wave forces on the parapet were measured on the 1:50-scale model with a 
Statham force gage mounted on the harborside of a hinged gate in a fixed 
parapet (Figs. 6-34 and 6-35). Force-time curves were recorded on a 
Brush oscillograph. The hinged gate was 0.5 foot wide (model dimension) 
and was mounted on an aluminum part of the test section. Lakeward of the 
parapet, the existing rubble breakwater was modeled of molded concrete 
blocks and crushed limestone. In the 1:55-scale model, the test section 
of the existing rubble breakwater was simulated throughout with concrete 
blocks and crushed stone. The model parapet was· molded in concrete (Fig. 
6-36). The bases of the parapet test sections were ground smooth to con-
form to the curvature of the breakwater crest. The breakwater cap rocks 
were also smoothed and placed to provide a uniform bearing surface for 
the parapet. For these tests the parapet was placed on the breakwater 
crest without restraints. 

(h) Test Procedures. The dimensions of the proposed para-
pet are shown in Figure 6-37. The testing procedure was such that the 
wave forces on the parapet, caused by the design wave, could be evaluated 
and a stable parapet could be developed. Storm waves that attack the 
east-west breakwater vary in period from about 5 to 10 seconds and in 
height to about 15 feet. However, since the selected stillwater level 
was +3 feet LWD, and the proposed crest elevation of the parapet was +15 
feet, preliminary tests showed that the maximum wave force on the struc-
tures would be caused by waves smaller than 15 feet in height. Based on 
the preliminary tests, a design wave with a 10-second period and a 10.5-
foot height was selected. The objectives of this study were to determine 
the total horizontal force, F, and the uplift force, U, acting per 
foot length of parapet. It was assumed that the horizontal force diagram 
was triangular (Fig. 6-38). The maximum force, P, determined with re-
spect to time with the force gage (Fig. 6-39) and the maximum instanta-
neous force on the force-time curve (with the assumed horizontal force 
diagram) were used to derive the total horizontal force, F. The hori-
zontal force-time curve was also used, with the torque-acceleration equa-

.tion of motion for a rigid body rotating about a fixed axis (eq. 6-42) to 
determine the tendency of the parapet to overturn (Fig. 6-40). 

t t 
0 =-a 11 Pdtdt 

1M o o 

Wbt2 Uct2 
--+--
21M 21M 

(6-42) 

The uplift forces on the parapet were estimated by tests in which the 
weight of the parapet was reduced by small decrements until the waves 
caused failure by sliding. This parapet section was designated the maxi-
mum failing parapet (dimensions are shown in Fig. 6-41). Figure 6-42 
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Figure 6-34 •. Apparatus used to measure wave forces, Indiana Harbor 
breakwater model (Hudson and Wilson, 1953). 
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Figure 6- 35. 1:50-scale test section (10-second, 10.5-foot waves), Indiana Harbor breakwater model 

(Hudson and Wilson, 1953). 
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Figure 6-36. 1:55-scale east-west breakwater and proposed parapet (10-second, 10.5-foot waves), 
Indiana Harbor breakwater model (Hudson and Wilson, 1953). 
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Figure 6-37. Dimensions of proposed parapet, Indiana Harbor 
breakwater model (Hudson and Wilson, 1953). 
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Figure 6-38. Assumed wave-force distribution and equations 
for maximum force, Indiana Harbor breakwater 
model (Hudson and Wilson, 1953). 
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Figure 6-40. Overturning equation for parapet, Indiana Harbor 
breakwater model (Hudson and Wilson, 1953). 
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Figure 6-41. Maximum failing parapet, Indiana Harbor breakwater 
model (Hudson, and Wilson, 1953). 
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Figure 6-42. 1:55-scale test section with maximum failing parapet (10-second, 10.5-foot waves), 
Indiana Harbor breakwater model (Hudson and Wilson, 1953). 



shows the selected design waves attacking the maximum failing parapet 
and the resulting failure by sliding. The specific weight of the model 
concrete was 133.4 pounds per cubic foot. The friction coefficient, f, 
between the model parapet and rubble breakwater was determined independ-
ently, with no wave action, by measuring the horizontal force on the para-
pet required to induce sliding. This force, Ff was obtained by a small 
spring-type force indicator and the friction coefficient was calculated 
from the relation £ = Ff/Wp. The uplift force, U, was then calculated 
from the relation 

F = Fr = f(Wp - U) (6-43) 

where F is the total calculated wave force, Ff the frictional resist-
ance between the parapet and the rubble mound (assuming that the maximum 
wave force and the corresponding uplift force occur simultaneously), and 
Wp the dry weight of the maximum failing parapet. 

(i) Summary of Test Results. The maximum measured force, 
P, on the parapet corresponded to a prototype force of 2,600 pounds per 
foot. The parapet was overtopped by 2.5 feet of solid water. Using 
these values, the equations and the assumed force distributions shown in 
Figure 6-38, a total maximum force, F, of 3,860 pounds per foot was ob-
tained. The weight Wp of the maximum failing parapet was 7,070 pounds, 
the bottom area of the parapet was 53 square feet, and the friction co-
efficient averaged 0.76. The uplift force, calculated from equation 
(6-43) U = Wp - F/f, was 1,990 pounds per foot. A safety factor of 3 
for overturning of the parapet was determined by: the equation for rota-
tion (Fig. 6-40); a prototype concrete of 144 pounds per cubic foot; a 
parapet face area of 69.2 square feet; a duration of wave force t, 
(obtained from the force-time curve) of 3.4 seconds; a prototype weight 
Wp of 9,960 pounds per foot for the proposed parapet section shown in 
Figure 6-37; values of a, b, c, and IM of 5.6, 8.0, and 8.1 feet, 
and 30,300 pounds per foot seconds squared per foot, respectively; and 
by graphical integration of the force-time curve. The safety factor for 
sliding was 1.6. Thus, sliding of the parapet is the critical condition 
and, considering the simplifying assumptions made in the analysis, it was 
concluded that the weight of the parapet should be increased by 25 per-
cent without increasing the face area, and that structural methods be 
used; e.g., anchoring the parapet to the cap ·stones of the breakwater 
with dowel bars to increase the effective friction coefficient. 

(4) Seawalls (Rubble-Mound and Vertical-Wall Types); Breaking 
and Nonbreaking Waves. 

~ 

(a) Project. Proposed seawalls, Texas City, Texas. 

(b) Reference. Jackson (1966). 

(c) Laboratorr. WES. 
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(d) Test Period. October 1963 to August 1964. 

(e) Problem. Texas City, Texas, is located on the south-
west shore of Galveston Bay about 9 miles northwest of Galveston and about 
9 miles from the Gulf of Mexico. The Texas City ship channel connects the 
Texas City Harbor with the gulf (Fig. 6-43). Most of the city's developed 
area occupies an east-west ridge through the central part of the city. 
The ridge slopes from an elevation of +15 feet MSL to about + 5 feet MSL. 
Hurricane surges can raise the water levels at Texas City to an elevation 
of about +15 feet MSL with significant waves of 6-second period and 8-
foot height in the unsheltered areas and of 3.5-second period and 3-foot 
height in the sheltered areas. The corresponding maximum waves in the 
wave trains are about 15 feet and 5.6 feet in height, respectively. A 
seawall is proposed to protect Texas City and vicinity from hurricane 
surges. This flood protection project consists of new and enlarged lev-
ees and seawalls (approximately 16 and 1.3 miles in length, respectively), 
together with the necessary drainage and stop-log structures, a naviga-
tion opening, and pumping plants. 

(f) Purpose of Model Study. The model study was conducted 
to derive design data of cover layers for (1) a rubble-mound structure 
with an impermeable wall standing vertically at the centerline of the 
structure, (2) an earth levee with the bayside protected by rubble layers, 
(3) a vertical-faced seawall with a rubble mound protecting the natural 
ground on the bayside, and (4) a vertical-faced structure with no rubble 
mound on either the bayside or the landside. Data on the quantities of 
overtopping water and the forces exerted on the vertical-faced seawall by 
both breaking and nonbreaking waves were also desired. 

(g) The Model. Tests were conducted using section models 
of the proposed structures in a wave flume 119 feet long, 5 feet wide, 
and 4 feet deep. The model was designed by Froude's law. A linear scale 
of 1:35 was selected on the basis of the estimated size of armor units re-
quired for stability, the capabilities of the available wave generator, 
and the water depths at the toe of the proposed seawall. A plunger-type 
wave generator was used and the wave heights were recorded by printed-
circuit rods and a CEC oscillograph. The protective cover layer for a 
considerable part of the proposed seawall would consist of quarrystone 
armor units; granite was the only natural stone available within economic 
hauling distance. When quarried by blasting, the armor stones were nearly 
rectangular with moderately rough surfaces and rather sharp corners and 
edges. Since model stones of this type were not available, and the proc-
ess of hand-shaping and hand-sizing model stones similar to the prototype 
stones was tedious and costly, concrete blocks with four smooth faces and 
two slightly roughened faces were cast for this study. The weights and 
specific weights of the different sizes of armor stones with the 50-percent 
sizes and specific weights of the core stone, blanket stone, crushed stone, 
riprap, A-rock underlayer, and toe stone used in the model tests are given 
in Table 6-6. The model weights were determined from equation (6-39), con-
sidering that the specific weights of the water in model and prototype were 
62.4 and 64 pounds per cubic foot, respectively, and that the linear scale 
was 1:35. 
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Table 6-6. Model-prototype quarrystone relationship for Texas City, Texas. 

Model Prototype 
Type of quarrystone Wa Wso 'Y w Wso 'Y 

(lb) (lb) (lb/ft3 ) (ton) (lb) (lb/ft3 ) 

Armor units 0.60 141 8.0 162 
Armor units 0.46 139 6.0 162 
Armor units 0.27 142 3.3 162 
Crushed stone 1.45 X 10-5 165 0.75 162 
Blanket stone 6.17 X 10-4 165 32 162 
Riprap 1.05 X 10-3 176 70 162 
Core stone 6.77 X 10-3 176 450 162 
A-rock underlayer 9.40 X 10-3 176 625 162 
Toe stone 4.82 X 10-2 165 2,500 162 

The gradations of these materials were based on the different sizes 
of stones obtained economically from quarries near Texas City. The sizes 
of the various underlayer stones were also selected to prevent the leach-· 
ing of smaller material through the voids of the upper layers. 

(h) Test Procedures. Model sections, simulating each type 
of seawall proposed for Texas City, were tested with a 90° angle of wave 
incidence. Concrete bottoms in the flume reproduced the natural ground-
line profiles shown in Figure 6-43. Photos were taken of most wave con-
ditions and seawall sections tested. Visual observations were made to 
determine the behavior of the test structures under wave attack and to 
select the no-damage wave heights; i.e., the largest waves that would not 
damage the seawall sections. The volume of overtopping water was measured 
(in all tests where overtopping occurred) by a calibrated tank located im-
mediately behind the test section. The amount of overtopping water was 
measured in cubic feet per second per foot of wave crest; i.e., the volume 
of overtopping water per foot of crest divided by the wave period. Wave 
forces were measured at various increments on the vertical face of the 
seawalls tested with a vertical wall. These measurements were made using 
a 1-foot-wide part of the 5-foot-wide test section. The bottom of a 
weighted block was placed on a plane horizontal surface with its vertical 
face in the plane of the vertical-wall part of the test section. A plas-
tic sheet prevented uplift pressures from acting on the bottom of the 
block. Weights were removed from the block in small decrements until 
the wave forces caused a slight movement of the block. The force re-
quired to move the block was then measured by a spring balance with an 
accuracy of ±0.1 pound. The seawall sections with parts composed of 
underlayers protected by quarrystone armor units were constructed by 
hand~placing the armor units in a manner corresponding to placement by 
crane in the prototype. The water levels used in stability models of 
coastal structures are selected so that the effects of water depth on 
the breaking characteristics of the waves that attack the prototype 
structure are reproduced as accurately as possible. Based on a study 
of storm-surge frequency in the Texas City area, water depths for the 
different test sections were selected using a storm-surge elevation 
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of +15 feet MSL. On this basis, tests were conducted with depths at the 
toe of the seawall of 17, 32, 35, and 40 feet referred to a stillwater 
level of +15 feet MSL. Wave periods of 3.5, 6.0, 8.0, 8.5, and 9.0 sec-
onds were used; wave heights varied from 2.5 to 16 feet. Stability tests 
to determine the largest waves that will not displace armor units from 
the test sections, based on the no-damage criterion, require the use of 
test waves slightly greater in height than the selected prototype design 
wave. With profile Y (see Fig. 6-43) installed in the model and a 
stillwater level of +15 feet MSL, the water depth at the toe of the test 
sections was 17 feet. Preliminary tests showed that the largest 6-second 
wave that could be generated in this water depth by the available plunger-
type wave generator was 10 feet. Therefore, because the selected proto-
type design wave was 15 feet in height, the stillwater level and the test 
structure were raised to obtain a depth at the structure toe of 40 feet 
referred to +15 feet MSL. This was the smallest depth found sufficient 
to ensure that waves reaching the test sections were large enough to 
damage the protective cover layers. In developing plans for the pro-
posed seawalls, the best design was desired for each type of structure 
required for the various reaches of the bay shoreline. Four series of 
tests were conducted and two or more seawall plans were investigated in 
each test series. Stability tests of the armor-unit cover layers were 
conducted for each plan in test series 1, 2, and 3. Overtopping data 
were obtained for at least one plan in each of the test series. Wave 
forces were determined on incremental sections of one plan in test series 
3 and three plans in test series 4. The conditions for which breaking 
waves would attack the test sections were determined for all plans in/ 
test series 4. 

(i) Summary of Test Results. Test series 1 consisted of 
plans for seawalls in the area of profile B (Fig. 6-43) and concerned 
a simple rubble-mound structure with a vertical, impermeable wall at the 
centerline. This reach of shoreline would be subjected to the largest 
waves (6-second period, 15-foot height) likely to attack any section of 
the proposed seawall. The protective cover layer on the bayside would 
consist of one layer of the rectangular-shaped, quarried armor stones 
weighing 8 tons each on a slope of 1:2. Toe units consisted of 3.3-ton 
stones. Preliminary tests showed that the toe stones were moved down-
slope by waves only 8 feet high. The toe section was then redesigned 
using 6-ton stones and the toe section was extended farther downslope 
(Fig. 6-44). This plan was found to be stable for the selected design 
wave; however, because of the lack of space between the shoreline and 
the existing industrial and commercial developments along parts of this 
reach of seawall, the plan was judged unacceptable. Another seawall sec-
tion consisting of a vertical concrete wall with a rubble mound on the 
bayside to protect the natural ground was then tested. Initial tests 
showed that the toe needed added protection. The modified section that 
was found stable for the selected design wave is shown in Figure 6-45. 
Overtopping tests showed that a maximum of 3.7 cubic feet per second of 
overtopping water would occur per foot of seawall for the 6-second period 
and 15-foot height design wave. Wave forces were also measured on the 
vertical-wall part of the structure. The measured wave forces resulting 
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from the attack of the selected design wave and corresponding to aver-
age pressure intensities over the different vertical increments of the 
vertical-wall parapet are: 

Vertical 

0 
5 

10 
15 
20 

increment 
(ft) 
to 5 
to 10 
to 15 
to 20 
to 23 

MSL Pressure 
(lb/ft2 ) 

1,550 
1,790 
2,130 
1,200 

695 

These pressures are about three times those obtained from Sainflou's 
(1928) equation, and are about one-sixth the pressures from Minikin's 
(1963) equation. The type of structure developed for profile Y is 
shown in Figure 6-46. Overtopping tests showed 7.3 cubic feet per sec-
ond of overtopping water per foot of seawall. Vertical-wall seawalls 
were tested for the slip profile and the sea train profile; profile lo-
cations are shown in Figure 6-43. The elements of the test sections are 
shown in Figures 6-47 and 6-48. The breaking and nonbreaking wave tests 
determined that breaking waves would not occur on these structures for 
wave periods less than about 6 seconds. Since the sheltering effects of 
Snake Island protect the reaches from the longer-period waves, it was con-
cluded that these structures could be designed from Sainflou's equation 
(for nonbreaking waves only), using waves of 3.5-second period and wave 
heights from 2.5 to 6 feet, depending on the depths of water hayward of 
the reaches corresponding to the slip and sea train profiles (Fig. 6-43). 

(5) Floating Breakwaters; Nonbreaking Waves. 

(a) Project. Proposed floating breakwaters, Oak Harbor, 
Washington. 

(b) Reference. Davidson (197la). 

(c) Laboratory. WES. 

(d) Test Period. September 1969 to March 1970. 

(e) Problem. A floating breakwater in combination with a 
timber-pile and rubble-mound breakwater is proposed for protection of a 
small-craft harbor at Oak Harbor, Washington. Oak Harbor is located on 
Whidbey Island in Puget Sound about 50 miles north of Seattle, Washington 
(Figs. 6-49 and 6-50). Water depths along the breakwaters range from 
about 10 to 15 feet MLLW on the south side of the harbor and from about 
0 to 15 feet MLLW on the east side. The maximum tide elevation is +14.5 
feet MLLW. The proposed small-craft harbor is exposed to short-period 
wind waves from east clockwise to west. The maximum waves range to about 
a 3.5-second period and a 2.0-foot height; wave heights in the mooring 
areas of the harbor basin were not to exceed 0.5 feet. The floating 
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breakwater part of the protective structures was proposed because of poor 
foundation conditions and the relatively large tidal range. The floating 
breakwater would consist of rectangular wooden modules fastened together 
to obtain the required breakwater length. Each module would be 42.5 feet 
long, 10 feet wide, and 7.2 feet deep and consist of a wooden framework 
covered with wood decking on the top and sides, concrete beams for bal-
last, and polystyrene for flotation (Fig. 6-51). The mooring systems 
would consist of either chains fastened to concrete anchors (both sea-
ward and shoreward of the breakwater) or piles placed between the break-
water modules. The preliminary design of the floating breakwater was 
based on available wave transmission and reflection data for restrained 
floating structures. However, actual wave attenuation, mooring forces, 
and response characteristics of floating structures vary with the shape, 
dimensions and specific weights of the modules, wave characteristics, 
water depths, and the mass moments of inertia of the modules. Thus, data 
to determine the effectiveness of the structures and the magnitude of the 
forces in the mooring lines were desired. 

(f) Pu!Pose of Model Studr. The model study was conducted 
to determine (1) the effectiveness of the proposed floating breakwater in 
preventing the transmission of wave heights larger than the acceptable 
value, (2) the mooring forces for both chain and pile mooring systems, 
(3) whether resonant oscillations of the proposed structure would in-
crease mooring forces appreciably, and (4) the natural period of oscil-
lation of the proposed module unrestrained in still water. 

(g) The Model. One module of the proposed floating break-
water was reproduced to a linear scale of 1:10 and installed for testing 
in a wave flume 119 feet long, ·5 feet wide, and 4 feet deep. The scale 
was determined by the dimensions of the prototype structure, the depths 
of water at the breakwater site, the capability of the wave generator, 
and the dimensions of the waves selected for testing. The model was de-
signed and operated based on Froude's law. The specific weight of the 
water CYm) in the model was 62.4 pounds per cubic foot and that of sea-
water in the prototype was 64 pounds per cubic foot. The specific weights 
of the material (yb ) used in constructing the model module were dif-mm 
ferent than the weights in the prototype. These variations between model 
and prototype values were considered in the calculations to obtain geo-

. metric, kinematic, and dynamic similarity between the model and prototype 
structure, CYw)m/ CYw)p = (Ybm)m/ (Ybm}p. Dynamic similarity also required 
that the model structure accurately reproduce the mass, moments of inertia, 
radius of gyration, depth of flotation, and general geometric dimensions 
of the prototype structure. The chain mooring lines on the model, designed 
from equation (6-11b), were ·fastened to strain-gage measuring blocks on the 
floor of the wave flume to determine the forces in the mooring lines. The 
seaside and harborside measuring blocks were positioned at horizontal dis-
tances of 195.5 and 86.0 feet (prototype) from the front and rear edges of 
the floating structure, respectively. The initial tension in each mooring 
line was 2,200 and 0.0 pounds (prototype) for tests in water depths of 
29.5- and 10-foot depths, respectively. The lengths of the seaside and 
harborside chains were 200 and 90 feet, respectively (Fig. 6-52). The 
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pile mooring system in the model consisted of a pile on each end of the 
module, with each pile fitted with a strain gage at the bottom of the 
flume and calibrated to measure the seaside and harborside forces in 
the direction of wave travel (Fig. 6-53). 

(h) Test Procedures. The unrestrained natural period of 
oscillation of the breakwater was determined by applying a torque to the 
structure in still water and measuring (by a stopwatch) the time required 
for the module to oscillate from one extreme position to the other extreme 
and back to the first position. An attempt to determine the period of os-
cillation of the module while it was restrained by the chain-mooring system 
was not successful because the module would not oscillate in the restrained 
condition sufficiently to allow determination of a complete period of os-
cillation. The effectiveness of the proposed floating breakwater in atten-
uating wave action was determined by measuring the heights of incident and 
transmitted waves. The incident waves were measured at the position of the 
module before it was placed in the wave flume. The transmitted waves were 
measured during a test with the module placed in the restrained conditions, 
at distances of 1 and 1.5 wavelengths shoreward of the structure. Wave 
heights were measured by printed-circuit gages and a CEC oscillograph; 
photos were also made of several wave conditions (Fig. 6-54). Mooring 
forces were measured for most waves used in the transmission tests. Chain 
anchor-force data were obtained from the strain-gage measuring blocks 
mounted on each anchor chain; pile anchor-force data were obtained by 
strain-gaged piles in conjunction with the amplifier-oscillograph assem-
bly. Observations were made during all the tests to determine whether 
the module and mooring system were in resonance with any of the wave con-
ditions tested. Stillwater levels for this type of model study are se-
lected so that the effectiveness of the proposed floating structures can 
be obtained over the range of depths corresponding to the local tide con-
ditions. The tide elevations at Oak Harbor range from an estimated maxi-
mum of +14. 5 to -4.5 feet MLLW (MHHW is + 11.4 feet MLLW). Since most of 
the proposed breakwater length would be located in depths from 10 to 15 
feet MLLW, depths of 10 feet and 29.4 feet (corresponding to tide eleva-
tions of 0.0 and +14.5 feet MLLW and bottom elevations of -10 and -15 feet 
MLLW, respectively) were selected for low tide and high tide conditions, 
respectively. Hindcast data for the Oak Harbor vicinity indicated that 
the maximum incident wave conditions would be a period of about 3.5 sec-
onds and a height of about 2.0 feet. Model tests used wave periods from 
2.0 to 3.5 seconds and wave heights to 5.0 feet. Wave heights larger 
than 2.0 feet were tested so that the effectiveness of the proposed 
structure (as determined in the Oak Harbor model study) could be used 
in determining the feasibility of using similar floating structures at 
locations with more severe wave conditions. 

(i) Summary of Test Results. The natural period of the 
proposed breakwater unrestrained was 7.1 seconds (prototype). The wave 
transmission data (Figs. 6-55 and 6-56) show that the proposed breakwater, 
either a chain or pile mooring, will adequately attenuate waves as large 
as 2.0 feet in height with a period of 2.5 seconds. The seaside chain 
anchor forces for the 10-foot depth conditions are shown in Figure 6-57. 
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Figure 6-54. Test module with chain mooring system during attack of 2.0-second, 1.5-foot wave~, 
Oak Harbor breakwater model (Davidson, 197la). 
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No harborside anchor forces were detectable during any of the chain 
anchor tests with a 10-foot depth. The seaside and harborside chain 
anchor forces for tests with a water depth of 29.5 feet are shown in 
Figures 6-58 and 6~59. The results of the pile mooring force tests are 
shown in Figures 6-60 through 6-63. The type of model mooring system 
used to obtain the pile force data should be noted, and the model data 
should be adjusted by the deflection and absorption characteristics of 
the selected prototype piles before pile mooring data are used for proto-
type design. 

(6) Pneumatic Breakwaters. 

(a) Project. Application of pneumatic breakwaters to 
Transportation Corps, Department of the Army, problems of offshore 
discharge. 

(b) Reference. Sherk (1960). 

(c) Laboratory. CERC. 

(d) Test Period. August to September 1959. 

(e) Problem. The development of a new series of amphibians 
required an examination of the problems involved in the transfer of cargo 
from conventional ships to amphibians in offshore discharge operations. 
The main problem is that amphibians used for offshore discharge are se-
verely curtailed when wave heights exceed 2 feet; the degree of curtail-
ment increases with wave height with nearly 100-percent loss of discharge 
capability when wave heights exceed 8 feet. If relatively calm water 
could be produced around ships at anchor and if a relatively calm track 
of water could be produced through the surf zone, the capability of mov-
ing supplies ashore would be increased considerably and moderate sea con-
ditions would not reduce over-the-beach supply to a mere trickle. 

(f) Purpose of Study. The investigation was conducted pri-
marily to determine the practicability of using pneumatic breakwaters 
(i.e., a screen of rising air bubbles) to reduce wave heights sufficiently 
to allow offshore discharge operations during moderate wave conditions. 
Because of scale effects, with respect to the quantity of air required 
for adequate wave height reduction, full-scale tests were necessary to 
obtain more conclusive evidence of the feasibility of using the pneu-
matic breakwater for the protection of offshore discharge operations. 

(g) Test Facilities. After investigation of several wave 
flumes, the Transportation Corps selected the large wave-flume facility 
available at CERC (then called the Beach Erosion Board) at its Washington, 
D.C. location. This was the only wave flume where tests could be con-
ducted for conditions approaching full scale. The concrete flume is 635 
feet long, 20 feet deep, and 15 feet wide. The wave generator was a 
piston-type powered by a 510-horsepower, constant-speed motor capable of 
generating waves with periods from 2.6 to 16.0 seconds and wave heights 
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to about 6.5 feet. Wave heights were recorded by step-resistance gages 
in conjunction with a Brush oscillograph. The gage consisted of a ver-
tical plastic staf;f with equally spaced plugs interconnected by appro-
priate resistances providing a linear relationship between plug distance 
and wave height. Both incident and attenuated wave heights, were meas-
ured at distances between 187 and 396 feet from the wave generator posi-
tion. Air temperature was measured by a commercial, single well-type 
thermometer with a range of 30° to 240°. A submerged rubble-mound wave 
absorber was constructed in the wave flume 465 feet from the wave gener-
ator piston. When waves impinged and broke over the absorber, a rise in 
water level or setup occurred that extended back toward the wave measur-
ing area. Since it was necessary to monitor the water level in the area 
of the wave height measurement, a water level gage was installed near the 
wave absorber. A rotary meter of the cone anemometer-type was used for 
the water current measurements. A signal was transmitted to the Brush 
recorder tape for each revolution of the current meter shaft. Four air 
compressors were used, each with a capacity of 500 cubic feet per minute 
(the piping arrangement is shown in Figure 6-64a). The test rig consisted 
of that part of the equipment from the outlet of the flow-metering appara-
tus up to and including the discharge tubes (Fig. 6-64b). Three discharge 
manifolds were used, each 3 inches in diameter and 15 feet in length with 
26 discharge holes (evenly spaced) approximately 1/4 inch (6 millimeters) 
in diameter. The most important and accurate measurement needed to de-
termine the effectiveness of pneumatic wave attenuation is the volume of 
air discharged per foot length of breakwater. The pipe arrangement, pres-
sure gages, flow-meter, and thermometer are shown in Figure 6-65. Flow 
calibration charts were prepared for the flowmeter from data of pressure 
and percentage flow, correcting for temperature and pressure. By knowing 
the pressure used for a particular test, the charts can be used to deter-
mine the air discharge volume. 

(h) Test Procedures. Tests were conducted using water 
depths from 13.4 to 16.75 feet; manifold depths from 7.0 to 16.75 feet; 
single, double, and triple manifolds; wave periods from 2.6 to 16.0 sec-
onds; wave heights from 3.06 to 6.40 feet; wavelengths from 35 to 347 
feet; and air discharges from about 9 to 105 cubic feet per minute at 
21° Celsius (70° Fahrenheit) and l4.7 pounds per square inch absolute 
pressure. The procedure for a typical test was as follows: 

(1) The four compressors were started and allowed 
to reach normal running temperature; 

(2) the Brush recorders were adjusted and the wave 
gages were positioned according to the water depth while the com-
pressors were warming up; 

(3) the wave generator was then started; 

(4) the recorders were started when the waves 
reached a steady-state condition; 
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(5) the air was then turned on for a period of 5 
minutes; 

(6) temperature, pressure, and flow readings were 
recorded at the start and finish of the 5-minute period; 

(7) the air was turned off; 

(8) the wave recorders were allowed to run until 
the waves were again in a steady-state condition; and 

(9) the wave recorder and the wave generator were 
turned off. 

(i) Summary of Test Results. Unfortunately, the tests 
were not extensive enough to furnish data that could be analyzed and 
then transferred to prototype situations other than those used in the 
tests. However, the tests used values of the primary variables of con-
siderable magnitude and the data reflect (more accurately than small-
scale models) the quantity of air required for substantial reductions of 
incident wave heights (the requirements for pneumatic breakwater tests 
so that the results can be applied to prototype structures are given by 
eqs. 6-14a to 6-20). Some important conclusions from these tests are: 

(1) The use of pneumatic breakwaters in limited 
Transportation Corps problem areas is feasible, although the 
air requirements are rather high; 

(2) the tests (nearly full scale insofar as the 
offshore discharge problems of the Transportation Corps. are 
concerned) indicate that about one-sixth less air horsepower 
is required than was predicted by the results of previous 
small-scale tests, transferred to prototype values based on 
the Froude law scaling relations; 

(3) wave attenuation by pneumatic breakwaters is 
primarily a function of the wave dimensions, water depth, mani-
fold submergence, and the quantity of air discharged by the 
manifold system; and 

(4) the major part of the attenuation was the 
result of the horizontal surface currents (generated by the air 
bubbles) opposing the incident waves. 

(7) Hydraulic Breakwaters. 

(a) Project. Experimental and analytical studies in the 
mechanics of selected methods of wave absorption. 

(b) Reference. Herbich, Ziegler, and Bowers (1956). 
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(c) Laboratory. St. Anthony Falls. 

(d) Test Period. April 1955 to April 1956. 

(e) Problem. Previous theoretical and experimental in-
vestigations have shown that a rising curtain of air bubbles can provide 
adequate protection to boats from waves with relatively small dimensions 
in deep water, and that the wave attenuation is accomplished by the hori-
zontal water currents generated by the rising air bubbles. This problem 
concerns the practicality of generating the horizontal currents by water 
jets directed horizontally toward the oncoming waves. 

(f) Purpose of Study. This investigation was conducted to 
determine the relationship between wave attenuation and the incident wave 
characteristics as a function of water depth, jet submergence, jet diam-
eter, horizontal and vertical jet spacing, angle between wave direction 
and jet direction, and jet discharge. The tests used two wave flumes, 
one considerably larger than the other to obtain some information on 
scale effects. 

(g) Test Facilities. The smaller of the two wave flumes 
was 50 feet long, 2 feet wide, and 1.25 feet deep, and was equipped with 
a pendulum-type wave generator. This generator is essentially a form of 
the piston generator, in which the piston is suspended by two movable arms 
connected above to a fixed beam. The movable part (piston and arms) is 
oscillated by a connecting rod attached to a drive wheel. By shifting the 
upper pivot points of the arms, the piston path is deviated from the hori-
zontal during each cycle of the drive wheel. The result is a motion of 
the piston similar to the orbital motion of water particles in generated 
waves. The generator, powered by an alternating current, 0.5-horsepower 
(1,724 revolutions per minute), electric motor, could produce waves with 
a maximum height of 0.25 and 10 feet in length. The larger wave flume 
was 253 feet long, 9 feet wide, and 6 feet deep, and was equipped with 
a flap-type wave generator capable of producing waves with a maximum 
height of 1.5 and 18 feet in length. Both channels were equipped with 
wave absorbers on the test structure end of the facility. Wave heights 
were measured with a capacitive-type gage and recorded on an oscillograph. 
Water was supplied to the manifolds by a 3-horsepower pump in the small 
channel and a 25-horsepower pump in the larger channel. Suction lines 
for the pumps were located near the wave absorbers; thus, the currents 
in the flumes formed a closed system. Discharges into the manifolds 
were measured by Venturi meters (Fig. 6-66). 

(h) Test Procedures. The test procedure consisted essen-
tially of measuring incident and transmitted wave heights for various 
water discharges, jet spacings, jet diameters, jet directions relative 
to wave direction, depths of water, wave heights, and wavelengths. The 
tests were in two wave flumes; the larger flume had linear dimensions 
4.5 times those in the smaller flume. 
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breakwater tests (Herbich, Ziegler, and Bowers, 1956). 

(i) Summary of Test Results. Conclusions from the tests are: 

(1) Water discharge and horsepower requirements 
for the hydraulic breakwater are dependent on the d/A and H/A 
ratios, the manifold jet characteristics, and the submergence of 
the nozzles; 

(2) a single manifold system is effective for deep-
water waves, but its effectiveness decreases with decreasing 
values of d/A; 

(3) power requirements increase with wave steepness 
for high attenuation values; however, the efficiency of the sys-
tem, which is based on the ratio of the difference between inci-
dent and transmitted wave energy to the jet energy, is higher for 
the steep waves than for the flat waves; 

(4) zero submergence of the nozzles (nozzle located 
at the stillwater level) is the most efficient for the range of 
wave conditions tested; 

(5) th-e power requirement at the nozzles decreases 
and the discharge increases as the jet area (jet diameter and. 
number of jets per foot of manifold) increases; however, since 
the energy losses in the pumping and supply systems are depend-
ent on the discharge, these systems must be analyzed along with 
the manifold jet system to determine the optimum jet area; and 

(6) comparative data for the hydraulic breakwaters 
tested in the small and large wave flumes (scale ratio of 1:4.5) 
agree quite well when compared on the basis of Froude's law for 
d/A values between 0.56 and 0.82. 
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d. Cost and Time Estimates. Cost and time estimates for the. conduct 
of stability models of coastal engineering structures vary with many fac-
tors, and providing information to derive even approximate estimates for 
specific problems is difficult. However, examples of actual costs and 
times previously expended to perform model studies, with estimates of 
times and costs for conducting the same studies in 1976, may be helpful. 
The following work items are involved in the conduct of stability models 
for those structures discussed in this section, and may serve as a guide 
in the preparation of estimates for such studies: 

(1) Preliminary model design and cost estimate, and neces-
sary travel, conferences, and correspondence before authoriza-
tion to conduct the model study. 

(2) Final model design. 

(3) Model construction. 

(4) Calibration of wave generator and wave measuring appara-
tus for the selected test conditions. 

(5) Conduct of model tests, including necessary modifications 
of model, computer time, required drafting and photography, prep-
aration of monthly progress reports and model demonstrations, 
and conferences with representatives of the sponsoring agency. 

(6) Analysis of test results after testing has been completed; 
the preparation for and the hosting of a final conference to pre-
sent and discuss the test results. 

(7) Preparation of first draft of the final report, which is 
usually sent to the sponsoring agency for review and comment. 

(8) Preparation, publication, and distribution of the final 
report. 

(9) Any authorized funds rema1n1ng in the job account after 
completion of the study are returned to the sponsoring agency. 

The total costs for conducting the model studies, and the approximate 
times and costs for the different items listed above, are given in Table 
6-7 for five of the example model studies. 

The study concerning the stability of a vertical-wall parapet on 
rubble-mound breakwater at Indiana Harbor, Indiana, was conducted in 
1952; no cost records are available. However, it is estimated that about 
$34,000 would be required to conduct the same study in 1976. The detailed 
costs given for the five example model studies are the costs accrued at 
the time each study was conducted; i.e., during the period 1963 to 1971. 
The estimated costs of these studies in 1976 are presented in Table 6-8; 
the actual time and costs from Table 6-7 are shown for comparison. 
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Table 6-7. Time and cost estimates for five example model studies. 

Item Burns Harbor breakwater Monterey Harbor breakwater Humboldt Bay jetty Texas City seawall Oak Harbor breakwater 

Time Cost Time Cost Time Cost Time Cost Time Cost 
(mo) (mo) (mo) (mo) (mo) 

Preliminary model design, cost estimate, 0.25 s 300 1.00 s 400 5.00 s 10,000 1.00 s 1,000 1.00 s 3,000 
and necessary travel, conferences, and 
correspondence. 

Model design. 0.25 300 

Model construction. 0.50 400 1.00 1,000 1.00 500 

Calibration of wave generator and wave 3.00 11,000 1.00 1,500 28.001 82,500 10.00 39,000 6.00 17,500 
gages. Conduct of model tests, including 

-P> 
-P> 
0J 

modifications of model, photography, 
and drafting, etc., necessary for prepara-
tion of progress reports. 

Analysis of test results (after testing has 0.50 1,000 
been completed); preparation for and 
costs of rmal conference. 

! 

Preparation of first draft of rmal report. 2.50 3,000 2.00 100 4.00 7,000 4.00 3,500 4.00 3,000 

Preparation and publication of report. 5.00 3,000 8.00 3,000 17.002 2,500 9.00 2,000 I 
! 

Totals 12.00 $19,000 4.00 $2,000 45.00 $102,500 33.00 $47,000 21.00 $26,000 
- ~~--- -- --

1Part-time work; most of the testing program was completed during a 14-month period. 
2Part-time work; most reports are completed and published within 6 to 8 months after review of rrrst draft. 



Table 6-8. Time and costs of example model studies. 

Model study 

Burns Harbor breakwater 
. Monterey Harbor breakwater 
Humboldt Bay jetty 
Indiana Harbor breakwater 
Texas City seawall 
Oak Harbor breakwater 

1 Part-time work. 
2 Costs not available. 

Time 
(mo) 

12.0 
4.0 

45.0 1 

3.0 
33.01 

21.0 

Actual Estimated in 1976 
Costs Time Costs 

(mo) 

$ 19,000 11.0 $ 36,000 
2,000 3.5 6,000 

102,500 24.0 140,000 
_____ 2 

3.0 34,000 
47,000 18.0 88,000 
26,000 12.0 43,000 

Many factors can determine the cost of model studies, including the 
complexity of the phenomena involved; the availability of prototype data 
for selecting design conditions and designing the model; the availability 
of wave flumes, wave generators, electrical recording equipment, adequate 
shelter space, and armor units of the required shape and weight; the size 
of the prototype compared with the available equipment; the extent of the 
testing program required, and the technical abilities of the engineers 
involved in the study. However, the largest item of expense is usually 
the cost of conducting the testing program. 
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VII. INLETS 

by 
Richard A. Sager and LyndeZZ Z. HaZes 

1. Introduction. 

The coastal inlet is a complex part of the coastal environment. 
The three primary forces of importance to the coastal inlet are lunar-
dominated ocean tides, winds, and freshwater inflow. These forces inter-
act in the ocean, bay, and inlet proper to produce many phenomena that 
affect the inlet. Among these phenomena are: (a) tidal currents, (b) 
littoral currents, (c) wind waves, (d) density currents, (e) changes in 
water levels due to lunar tides, (f) wind wave runup, (g) currents gen-
erated by wind-water surface interaction, (h) littoral transport of ma-
terial to the inlet, (i) wind transport of material to the inlet, and 
(j) freshwater transport of material to the inlet. A true physical model 
requires the accurate simulation of all of these phenomena active at a 
particular inlet. This simulation is not only beyond the capability of 
present physical modeling, but beyond the capabilities of any known sim-
ulation technique. The physical model does, however, provide a means of 
investigating the effects of a significant number of these phenomena. 
For many cases, this will allow an effective understanding of what does 
or could occur at a tidal inlet. 

Although any one of these phenomena could be particularly important 
for understanding conditions at an inlet, this section discusses only the 
more critical phenomena affecting an inlet; i.e., physical modeling of 
tidal oscillations, tidal currents, tidal current-wind wave interaction, 
and the movement and deposition of material within the inlet complex by 
hydraulic forces. The physical modeling of wind-transported material and 
the effects of density currents (sometimes vital to the understanding of 
coastal inlets where large freshwater sources can act on an inlet) are 
not discussed in this section. Physical modeling of density current phe-
nomena is discussed in Section III; modeling of the littoral transport of 
material approaching the inlet is discussed both in this section and in 
Section V. Many aspects of wind wave modeling particularly important to 
physical modeling of tidal inlets are briefly covered in this section; 
details of physical modeling of wind waves are discussed in Sections II, 
IV, and VI. 

Studies in tidal inlet models are generally directed to development 
of methods for maintaining an effective navigation channel through the 
inlet, but often other aspects must also be investigated. Problems that 
can be investigated by physical inlet models are: 

(a) Stabilization of navigation channel dimensions and 
location. 

(b) Structural dimensions of jetties, etc., and location 
and configuration. 
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(c) Sand-bypassing techniques. 

(d) Shoaling and scouring trends to approach beach, inlet, 
and bay. · 

(e) Tidal prism changes. 

(f) Navigation conditions. 

(g) Salinity effects. 

Modification of the inlet by a proposed plan of improvement could re-
sult in changes to the tidal prism; i.e., the magnitude of flow into and 
out of the bay system, or changes to cur~ent patterns and the location 
of predominant currents within the bay system. Effective analysis of a 
potential plan of improvement dictates consideration of these aspects. 
Although prototype data can be analyzed, the most effective procedure is 
to conduct model studies to provide the information desired. Depending 
on the problem being investigated, mathematical or physical models can 
be used. (Mathematical modeling capabilities are not discussed in this 
report.) The effectiveness of various types of physical models is sum-
marized in Table 7-1, which indicates that the most effective model to 
provide guidance on all aspects (with the exception of shoaling and scour-
ing) is a fixed-bed, undistorted-scale model of the complete area of in-
terest; i.e., ocean approach to the inlet, inlet proper, and entire tidal 
prism. Table 7-1 also shows that this is the most expensive type of model 
from which results can be obtained. The high cost is basically a result 
of the need to maintain a reasonable vertical scale. The maximum scale 
to obtain accurate results should not exceed a scale ratio of 1:100. If 
no distortion of scales is required for the particular problem being in-
vestigated, the 1:100-scale ratio for the plan area of interest results 
in an excessively large model with resulting high costs. 

Further, Table 7-1 shows that generally very good results can be 
derived from a fixed-bed, distorted-scale model of the complete area of 
interest. In some cases, a different vertical and horizontal scale will 
result in a better model. Careful consideration is necessary in the simu-
lation of short-period waves. Although the cost of this model remains 
relatively high, a considerable reduction in cost is possible due to the 
ability of reducing the plan area of the model by distortion of the hori-
zontal scales. This type of model is most commonly used for the study of 
tidal inlets. 

Both types of fixed-bed section models (undistorted- and distorted-
scale) are relatively special-purpose models. A section model is defined 
as a model with only the inlet and a small part of the ocean and bay re-
produced by the model. Studies conducted in these models can provide 
valuable information on the hydraulic characteristics of the inlet; how-
ever, because the bay is not reproduced in the model, the effects of the 
tidal prism on the hydraulics of the inlet and the effects of changes to 
the inlet on the tidal prism cannot be defined. Where applicable, the 
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U1 
U1 

Table 7-1. Capabilities of various types of inlet or inlet-bay physical hydraulic models. 

Phenomena Fixed-bed, undistorted scale 

Sectional model 

Tidal currents 
In inlet Very good 
In bay ----------

Circulation patterns 
In inlet Good 
In bay .............................. 

Tidal heights 
In inlet Very good 
In bay ----------

Wave effects 
In inlet Very good 
In bay ----------

Bed movement 
In inlet Good1 

In bay ----------
Cost2 $100,000 to $300,000 

1Using tracer techniques. 
2In 1977 dollars. 

Complete model 

Very good 
Very good 

Very good 
Very good 

Excellent 
Excellent 

Excellent 
Excellent 

Good1 

Good 

$400,000 to $500,000 

Fixed-bed, distorted scale 

Sectional model Complete model 

Good Good 

---------- Good 

Good Very good 
........................... Very good 

Good Excellent 
............................. Excellent 

Limited Limited 
............................. Limited 

Good1 Good1 

---------- Good 

$100,000 to $300,000 $300,000 to $400,000 

Movable-bed, distorted scale 

Sectional model Complete model 

Varied Varied 

---------· Varied 

Varied Varied 

---------- Varied 

Varied Varied 

--------·- Varied 

Limited Limited 
... ......................... Limited 

Good Good 
Very poor Good 

$400,000 to $500,000 > $500,000 



relatively.low cost (about 20 to 60 percent of the cost of a complete 
model) of each of these models can lead to a desirable approach for 
specific information. 

The uses of specific types of physical hydraulic models for inlet 
studies are summarized below. 

a. Fixed-Bed, Undistorted-Scale, Sectional Model. This model may 
be used for investigations when little or no hydrographic information is 
available from the prototype. Although effective use of this model re-
quires that bed forms and general inlet configurations be assumed before 
initiation of studies, the effects of these forms on the resulting hydrau-
lics of the inlet can be obtained with a relatively high degree of confi-
dence. Specifically, the fixed-bed, undistorted-scale, sectional model 
can be used to define the hydraulic characteristics of a proposed new in-
let where prototype information cannot be obtained. The results from the 
model can then be used in a distorted-scale model to define the effects 
of the inlet on the ocean-inlet-bay system. The model can also be used 
to investigate the interaction of· tidal flow and wind waves which may 
affect bed movement, flow through the inlet, and navigation conditions 
in the inlet. 

b. Fixed-Bed, Undistorted-Scale, ~omplete Model. This model will 
provide the most accurate results on hydraulic conditions in the inlet-
bay system; however, the costs are extremely high. Studies in this type 
of model for an inlet-bay complex have never been conducted at WES, since 
no study to date has sufficiently justified the high costs compared to 
costs for obtaining results by other models or other means; therefore, 
only estimates on the improvement of accuracy of results can be made. 

c. Fixed-Bed, Distorted-Scale, Sectional Model. If a problem con-
cerns the evaluation of effects of changes to an inlet on the inlet hydrau-
lics or shoaling, this model can be effective. The major disadvantage is 
that the model does not provide specific information on the interaction 
with the bay; therefore, estimates of conditions at the boundaries of the 
model must be made. 

d. Fixed-Bed, Distorted-Scale, Complete Model. This is the model 
most commonly used to investigate general hydraulic conditions in an 
inlet-bay system. The model can provide reasonably accurate data without 
excessive costs. The major limitations to the model are that for inlet 
or bay conditions where both wave refraction and diffraction are important, 
extreme care must be taken in selection of the model scales as true simil-
itude for both wave refraction and diffraction cannot be achieved. 

e. Movable-Bed, Distorted-Scale, Sectional Model. This model has. 
the potential of being the most effective type of model to investigate 
shoaling and scouring trends within the inlet. Because of the methods 
required to conduct movable-bed studies, the capability to control the 
flow at both the bay and ocean ends of the inlet enhances the operation 
of the model (discussed later in this section). 
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f.· Movable-Bed Distorted-Scale, Complete Model. This model is essen-
tially as effective as the movable-bed sectional model for investigations 
of shoaling and scouring in the inlet, except that the sectional model is 
more adaptable to operational requirements. The model allows investiga-
tion of bed movement within the bay; however, techniques do not presently 
exist to allow investigations of shoaling and scouring trends from approx-
imately the throat of the inlet oceanward at the same time as shoaling and 
scouring trends in the bay. Different model operating procedures and usu-
ally different movable-bed model materials are required for these two areas 
of investigation. Both movable-bed models require extensive prototype data 
collected over a period of several years to obtain an adequate verification 
of the model.. 

2. Planning for a Model Study. 

The most important point concerning an effective model study is that 
the results can only be as accurate as the prototype data on which the 
model study was based. This requires that prototype information be 
available at critical times during the course of the model study. Un-
fortunately, the normal model study must be undertaken without this in-
formation, with resulting adverse effects on time and costs unless proper 
planning is maintained to obtain information during the study. The need 
for proper planning as well as the effect of prototype data input to a 
model study can be demonstrated by two modified critical path charts 
shown in Figures 7-1 and 7-2 for studies of tidal inlets. The times 
shown in the charts are only estimates which can vary considerably for 
specific inlet studies; however, the time frames are sufficiently accu-
rate for demonstration. 

In the e~ample charts, the assumption is made that the study will be 
directed toward defining, in detail, conditions in or near the throat of 
the inlet and that definition of effects outside this area will be lim-
ited to gross tidal prism changes only. Specifically, the example model 
will be used to evaluate the effectiveness of plans to stabilize the 
navigation channel through the inlet, define the hydraulic conditions 
for existing or proposed conditions, evaluate the effectiveness of sand-
bypassing systems, and define the effects of the proposed improvement 
works on the tidal prism in terms of total flow through the inlet. Sim-
ilar charts can be prepared based on specific purposes of model studies. 

The tasks represented by each block in Figures 7-1 and 7-2 are dis-
cussed below. 

a. Block 1. This is the designated starting time based on a deci-
sion to conduct the model study. At this time, all preliminaries have 
been completed; the purpose and scope of the model study have been de-
fined, and the need for the model investigation confirmed. 

b. Block 2. Model studies of this type require both shelter space 
and associated plant equipment, such as tide generators, wave generators, 
movable-bed sounding systems, water level recorders, and velocity recorders. 
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Since the time required for procurement or construction of this equipment 
varies considerably (depending on workload, availability of plant funds, 
and availability of shelter space), an orderly procedure usually requires 
approximately 2 years leadtime (notification to the laboratory by the 
sponsor that a model study will be authorized); however, experience indi-
cates that arrangements can be made in as short a time as 12 months. A 
longer leadtime increases the probability that proper space and equipment 
would be available at the desired time. 

c. Block 3. This task requires the detailed design of all parts of 
the model (e.g., piping systems, pump locations, tide generator locations, 
model layout, anticipated future changes, control templates, etc.) and 
actual construction of the fixed-bed model. 

d. Block 4. After determining the specific requirements of the model 
investigation, necessary hydrographic information for the model can be de-
fined and arrangements made to obtain the data. 

e. Block 5. This task requires obtaining and then providing the 
prototype hydrographic information to the laboratory. The final time 
estimate for this task should be noted to include the time necessary 
to prepare and transmit the information to the laboratory. 

f. Blocks 6 and 8. As in the case of hydrographic survey require-
ments, after the study objectives have been established, accurate deter-
mination can be made of the tidal and current velocity requirements. 

g. Block 7. Analysis of the hydraulic conditions for the inlets is 
dependent on knowledge of the long-term tidal condi t'ions of the bay and 
ocean. Therefore, the tide gages should be in operation approximately 
3 months (minimum) before conducting the current velocity survey to allow 
the velocity data to be evaluated properly. The time estimate for this 
task should include the time required for preparing and transmitting the 
information to the laboratory. 

h. Block 9. This effort includes obtaining and transmitting current 
velocity data to the laboratory. 

i. Block 10. The laboratory analyzes and prepares the tidal and 
velocity data for verification of the model. 

j. Block 11. The laboratory adjusts the tide-generating mechanism, 
the model roughness, and possibly the size and shape of the part of the 
model which is beyond the limits of the area reproduced in detail to 
assure accurate reproduction of prototype tides and velocities. 

k. Blocks 12 and 13. A 1-year history of tides is necessary to 
establish possible tide conditions for the inlet. If analysis of these 
data indicates that extreme conditions occur a small percentage of the 
time, limited or possibly no testing of such conditions would be sched-
uled. The studies are based on the assumption that hurricane-surge 
conditions will not be investigated. 
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1. Block 14. A definition of the scope and details of the proposed 
plans of improvement are required before initiation of the fixed-bed test-
ing. Initial development of these plans is normally accomplished by the 
sponsor. The laboratory offers additional suggestions before testing is 
begun. 

m. Block 15. The time and cost for fixed-bed testing are highly 
dependent on the number and extent of possible plans for improvement to 
be investigated. 

n. Block 16. Close contact is maintained between the sponsor and 
laboratory during all aspects of the study,. and all output data from the 
model are supplied by the laboratory to the sponsor; however, a meeting 
should be held after the scheduled fixed-bed testing is completed to 
assure that all laboratory and sponsor recommendations and plans have 
been considered and evaluated. This review will determine if all desired 
hydraulic data have been obtained and conversion of the model to a movable-
bed, if required, could be initiated. 

o. Block 17. Conversion of the model to a movable-bed model is 
completed. 

p. Blocks 18 and 19. Before initiation of the verification of the 
movable-bed model, analysis of available field data is necessary to assure 
effective verification. Specifically, information on wave climate, litto-
ral transport, prior hydrographic changes to the inlet, stability of the 
inlet, and any other information applicable to changes that have occurred 
at the inlet should be defined. 

q. Blocks 20, 21, and 22. Planning, acquisition, and analysis of 
prototype hydrographic data are completed. Seasonal surveys and post-
storm surveys are necessary. 

r. Blocks 23, 24, and 25. Simulation of the forces acting on the 
inlet is also dependent on a long-term knowledge of the wave climate 
affecting the inlet. Concurrent with the hydrographic survey, a defi-
nition of wave conditions is necessary. Data following storms are 
important. 

s. Block 26. Verification of the movable-bed model consists of a 
series of "trial-and-error" tests in the model to establish the combina-
tion of wave climate and tide conditions required for a reproduction of 
a known shoal and scour history in the prototype. This is accomplished 
by initially establishing the long-term distribution of wave energy ap-
proaching the inlet and reproducing the distribution in the model. A 
test is conducted with the wave and spring tide conditions with the move-
ment of material documented. A comparison is made between the movement 
of material in the model and the prototype, and if the trends of the pro-
totype are not reproduced, modifications to the wave or tidal conditions 
are made based on an analysis of the results. Although the magnitude of 
tidal flow may not duplicate the scaled prototype values, gross distri-
bution of prototype flow patterns is maintained. Verification tests are 
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continued until shoaling and scouring histories of the prototype are re-
produced in the model. 

t. Block 27. Movable-bed tests repeating the fixed-bed testing will 
establish the effect of a plan on material movement. If necessary, addi-
tional tests are conducted until an effective plan of movement is defined. 
It may then be necessary to convert the model back to fixed-bed conditions 
to determine the hydraulic conditions for the best plan using the inlet 
hydrography predicted by the movable-bed tests. 

u. Block 28. Test results are transmitted to and discussed with the 
sponsor as the results become available. When the final recommended plan 
is defined, this information is also immediately transmitted to the spon-
sor. At this time the sponsor is aware of all significant results from 
the investigation. 

v. Block 29. A final report is published including all significant 
results of the investigation. 

Figures 7-1 and 7-2 show that (depending on requirements imposed on 
the inlet study) the total time to complete the model study cannot be 
determined without considering the time to accomplish tasks by both the 
laboratory conducting the model study and the sponsoring organization 
(field office). Figure 7-1 shows that if the movable-bed verification 
is based on a 2-year (minimum) prototype history, assuming that a major 
change in hydrography has occurred, the only effort the sponsor must 
complete as scheduled without delaying the overall study is the review 
of the fixed-bed results. If the study is based on a 3-year prototype 
history, however, the prototype hydrographic survey becomes more criti-
cal to the overall schedule than the fixed-bed model testing (Fig. 7-2). 
If the laboratory completes specific tasks in the estimated times after 
start of the project without delays between tasks, the verification of 
the movable-bed model could not be efficiently initiated until .the pro-
totype hydrographic information is available and analysis completed. 
Because of these possible differences, proper advanced planning must be 
based on a full definition of prototype data available, prototype data 
required (with proper consideration of accuracy of the model results 
required), and extent of testing required in the model. 

3. Physical Modeling of Tidal Inlets. 

Because the fluid-flow problems associated with tidal inlet studies 
usually involve a large number of variables, many of the problems are 
not readily amenable to mathematical analysis. Therefore, recourse is 
often taken to the operation of physical hydraulic models to determine 
the significant kinematic and dynamic features of the prototype. 

In any hydraulic model study, the physical phenomena observed in the 
model should represent those phenomena occurring in the prototype, so 
that the prototype action can be predicted by operating the model. A 
model is then, by definition, a device which is so related to a physical 
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system that observations on the model may be used to accurately predict 
the performance of the physical system. 

a. Similitude. The general theory of model design is based on the 
fundamental principle that a functional relationship exists among all the 
variables associated with the system. Further the number of variables 
can be significantly reduced by forming a complete set of dimensionless 
variables for which a new function expressing the relationship between 
the dimensionless terms exists. If the model is designee so that each 
of the dimensionless terms of the complete set is the same in the model 
as in the prototype, then the nature of the unknown function is identical 
for the model and the prototype. If all these conditions are satisfied, 
the model is considered a "true" model which provides accurate informa-
tion concerning the behavior of the prototype. 

Although space limitations for the construction of the model may 
sometimes dictate that the model be distorted, a physical model can 
usually be operated with the same linear scale in all three dimensions 
(i.e., an undistorted-scale model). This dictates that geometric simi-
larity exists, as the ratios of all homologous dimensions on the model 
and prototype are equal. 

In addition to geometric similarity, a true undistorted-scale model 
requires that kinematic similarity and dynamic similarity also exist. 
Kinematic similarity exists when the ratios of all homologous velocities 
and accelerations are equal in the model and prototype. Dynamic similar-
ity requires that the ratios of all homologous forces be the same in the 
model and prototype. Since force is related to the product of mass and 
acceleration, dynamic similarity implies the existence of kinematic simi-
larity which, in turn, implies the existence of geometric similarity. 

For an inlet model, the forces influencing the physical phenomena 
include pressure, gravity, viscosity, surface tension, and Coriolis (to 
a lesser extent). The Coriolis force has a significant effect on wind-
driven and tide circulations and water surface elevations in large tidal 
estuaries, bays, and lakes; however, for a localized system such as a 
tidal inlet, Coriolis force is truly insignificant. Elasticity is neg-
ligible in either case. 

Each force is related to the geometry and motion of the flow. In 
Newton's second law of motion, the inertial force, Fi, equivalent to 
the product of mass and acceleration, is equal to the sum of all external 
forces applied to a body. This inertial force can be considered as the 
vector sum of all the others, or 

(7-1) 

where Fpr, Fg, F~, and Fst are the forces due to pressure, gravity, vis-
cosity, and surface tension respectively. These forces usually suffice 
to describe hydraulic phenomena. 
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For dynamic similarity the ratio of the inertial force between model 
and prototype must be the same as the ratio of the individual force com-
ponents between the model and prototype. The ratios of the inertial force 
to the other component forces must also be the same between model and pro-
totype. These ratios have developed a reference to specific names, such 
as the ratio of the inertial force to the pressure force as 

E = Fi = _E_ (Euler No.) 
n Fpr pV2 

Fn 
Fi v =- = (gL)l/2 (Froude No.) Fg 

(7-2) 

(Reynolds No.) 

and 
Fi a W =- = -- (Weber No.) . 

n Fst pV2L 

Since only three of these equations are independent, the Euler number will 
automatically be equal in the model and prototype if the other numbers are 
equal. 

From the remaining three equations, 

(7-3) 

It can be demonstrated that no single model fluid will permit all of these 
equations to be satisfied at once; therefore, true dynamic and kinematic 
similarity apparently cannot be achieved between a model and the prototype. 

However, one or more of the specific forces is often found to be neg-
ligible and the number of equations to be satisfied can be reduced accord-
ingly. In fact, the phenomena in a particular instance often involve the 
effect of only one force ratio and the others are negligible. 

The use of water as a model fluid is usually necessary in coastal en-
gineering models. Surface tension, the least important term if the depths 
of the fluid are not excessively small, will have a negligible effect on 
the flow of water more than 0,25 foot deep, or on waves with lengths ex-
ceeding about 1.0 foot in the same water depth. By ensuring that the flow 
and waves exceed these limiting values, the effect of surface tension can 
be neglected. 

When both viscous and gravity forces are important, as in open channel 
flow on mild slopes, the Froude and Reynolds numbers should both be 
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satisfied simultaneously. This requirement can only be met by choosing 
a special model fluid. Since water is the only practical model fluid, 
an approximate similarity requirement may be used, based on empirical 
relationships which include the. major effects of frictional forces (such 
as Manning's equation). This approach is used in studying inlet prob-
lems. Another approach is to attempt to correct both model and proto-
type measurements for the forces due to friction during operation of the 
model by Froude law. · 

Since fairly high Reynolds numbers are usually associated with tidal 
flow through an inlet, the shear stresses are primarily determined by 
form drag. When Manning's formula is used in an undistorted-scale model, 
and assuming similarity for velocity, 

(7-4) 

where n is Manning's roughness coefficient. 

The use of Manning's formula as a similarity criterion requires that 
the flow be fully rough turbulence in both the model and the prototype. 
When a bulk Reynolds number defined as Vd/v is greater than about 1,400 
(where d is the depth of flow and ·v is the kinematic viscosity), fully 
rough turbulence will normally exist. 

A surface gravity wave is essentially a gravitational phenomenon; 
therefore, the controlling criterion of similitude is the Froude number, 
and waves may be represented correctly in undistorted-scale models. 

Based on the Froude criterion of scaling, and considering an 
undistorted-scale, fixed-bed model, the geometric, kinematic, and dy-
namic scaling ratios may be expressed in terms of the model-prototype 
length ratio used for scaling, Lr, when the same fluid is used in the 
model and the prototype (see Table 7-2). 

There are several physical interpretations that may be given the 
Froude number, but fundamentally it is the ratio of inertial to gravita-
tional forces acting on a particle of fluid. It can be shown that this 
ratio reduces to V/(gL) 112, where V is a characteristic velocity, 
and L is a representative length. Here the velocity is taken to be a 
horizontal length divided by the time parameter. However, any represen-
tative velocity and any representative length can be used in the Froude 
number as long as dynamic similarity is maintained and corresponding 
regions are considered in the model and prototype. For an undistorted-
scale model, the scaling ratios in Table 7-2 are appropriate; here the 
time and velocity ratios are equal to the square root of the linear scale 
ratios, where the horizontal and vertical linear scale ratios are identi-
cal. The Froude number, defined as V/(gd) 112 , is related to the 
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Table 7-2. Froude criteria scaling relationships. 

Undistorted-scale model Distorted-scale model 

Geometric similarity 

Length Lr 

(horizontal) (Lh)r 

(vertical) (Lv)r 

Area Lf 

(horizontal) (Lh); 

(vertical) (Lh)rCLv)r 

Volume L~ (Lh);(Lv)r 

Kinematic similarity 

Time Lf12 (Lh)r/(Lv ):12 

Velocity Lf/2 (Lv):12 

Acceleration 1 1 

Discharge LF£2 (Lh)r(Lv ):12 

Kinematic viscosity Lf12 (Lv):12 

Dynamic similarity 

Mass Lf (Lh);(Lv)r 

Force Lf 

(horizontal) (Lh): 

(vertical) (Lh);(Lv)r 

Dynamic viscosity L?'2 (Lv)~12 

Surface tension Lf (Lh); 

Pressure intensity Lr (Lv)r 

Impulse and momentum LJ'2 (Lh);(Lv ):12 

Energy and work r,: (Lh);(Lv); 

Power Lf12 (Lh)r(Lv )~12 
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vertical scale (depth) so that the velocity ratios are equal to the square 
root of the depth ratios; consequently, for a distorted-scale model the 
time ratios are equal to the horizontal length ratios divided by the ver-
tical length ratio. Symbolically, for a distorted-scale model 

V = (L )1/2 and r v r (7-5) 

which shows the significance of distortion. These and other pertinent 
ratios required for geometric, kinematic, and dynamic similarity are 
easily developed (see Table 7-2). 

b. Model Design. After the purpose of the model study has been de-
fined, the actual design of the model can proceed. The significant steps 
are: (1) acquisition of prototype data to assure model accuracy, (2) es-
tablishment of model limits, and (3) definition and acquisition of model 
appurtenances. 

The importance of accurate prototype data cannot be overemphasized 
in model operation. The accuracy of the model is dependent on the use 
of proper field data. Although the similitude of fixed-bed, undistorted-
scale models indicates that good approximation of bed-form losses can be 
derived in the model, assurance of accurate model results can only be 
achieved through a comparison of model and prototype results. To assure 
that the model is a geometric reproduction of the prototype, hydrographic 
and topographic surveys must include the inlet and pertinent ocean and 
bay approaches that influence the inlet. The complete model requires a 
detailed definition of the entire bay; whereas, the section model only 
requires definition of that part of the bay directly influencing the 
inlet. A critical need is topographic information for land flooding by 
the highest expected water levels, particularly when investigating storm 
surge conditions. Section III,2e of this report discusses the type and 
method of field data collection. 

Because bed form plays an important role in boundary losses of an in-
let, attention must be given to this feature. Although more research is 
needed on the effect of bed form on energy losses through an inlet, the 
present knowledge can guide the successful design of a physical model. 
With the physical characteristics of the prototype known and similitude 
as a guide, the required bed form of the model can be estimated. 

The final proof of model effectiveness is a comparison of current ve-
locities and water surface elevations in both the model and the prototype. 
The requirements for a particular inlet model can vary extensively; how-
ever, a limited number of critically placed tide gages and wave gages, 
along with carefully located velocity stations, can provide enough infor-
mation for confidence in the model operation. 

The appurtenances required for an effective model study include: 

(a) a tide reproducing system for the ocean, 

467 



(b) a tide reproducing system for the bay if the bay is not 
completely modeled, 

(c) wave generator or generators, 

(d) tidal height measuring and recording system, 

(e) velocity measuring and recording system, 

(£) wave measuring and recording system, and 

(g) photographic capabilities. 

Each of the~e systems requires proper planning in designing the model as 
construction of the model depends on advanced knowledge of the specific 
requirements of each system. 

c. Model Construction. · The construction of the model requires the 
proper planning ru1d sequencing of: 

(1) Basic site preparation; 

(2) installation of buried features (i.e. , pipelines, re-
quired bases for instrumentation support systems, etc.); 

(3) installation of control templates; 

(4) installation of base material; 

(5) placement of material (normally concrete) forming the 
model; 

(6) finishing the model for the desired surface texture; 

(7,) fabrication and inst'allation of tide-generating capa-
bilities; and 

(8) installation of wave generators, velocity recording 
systems, tide recording systems, wave recording systems, and 
photographic capabilities. 

Among the details that must be planned in model construction are the 
various inlet changes to be evaluated during the model study. If the 
effects of dredging a feature are evaluated, the construction of the 
model should be based on this information. The templates prepared from 
detailed hydrographic and topographic maps to assure the model is a true 
representation of the prototype should be modified to include the deepest 
possible navigation channel, deposition basin,· turning basin, etc. This 
would allow the study of these features in later stages of the model test-
ing program. A second set of templates can then be installed in the molded 
model to allow features of lesser depth to be incorporated into the model. 
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Tests can then be conducted with the conditions of lesser depth in the 
model; when tests are completed> conversion of the model to evaluate a 
proposed change to the inlet can be easily accomplished. 

4. Fixed-Bed, Undistorted-Scale Models. 

For coastal studies not concerned with the movement of bed material, 
fixed-bed models can often be easily developed to provide kinematic and 
dynamic responses indicative of the prototype conditions. Specifically, 
fixed-bed models reveal information regarding velocities, discharges, 
flow patterns, water surface elevations, and energy losses between points 
in the prototype. In the superposition of surface gravity waves on the 
fixed-bed flow conditions, an undistorted-scale model ideally provides 
greater insight at less effort into the refraction and diffraction phe-
nomena associated with the wave passing the underwater topography and 
around coastal features. Accordingly, the fixed-bed, undistorted-scale 
model can be effectively used for the analysis of kinematic and dynamic 
conditions associated with waves, current intensities and patterns, dis-
charges, and forces existing along coasts and in inlets. 

A fixed-bed model (although not its primary purpose) may also be use-
ful in studying shoaling of entrance and interior inlet channels. Salt-
water intrusion and the effects thereon of proposed changes in the physical 
or hydraulic regimes of the system can be effectively studied by fixed-bed 
models. The diffusion, dispersion, and the flushing of wastes discharged 
into inlets and the hydraulics of the inlet as related to the location and 
design of channels suitable for navigation can be expediently studied. 
Tidal flooding by hurricane surges or other unusual tidal phenomena can 
also be readily analyzed. 

a. Model Verification. The verification of a fixed-bed, undistorted-
scale model consists basically of conducting sufficient tests in the model 
to reproduce model boundary conditions (i.e., ocean tides, ocean waves, 
bay tides, and current velocities). The model data are then compared with 
prototype data for duplicate locations in the model and prototype to de-
fine the accuracy with which the model reproduces the prototype. If re-
production of the prototype is not achieved, the differences are evaluated 
for possible sources of error. Frequently, the differences are a result 
of either incorrect location of roughness in the model or improper magni-
tude of model roughness. If the comparison shows isolated stations to 
differ, the differences are usually caused by incorrect model results or 
erroneous prototype data collection. Repeating the model test will clearly 
indicate which of these causes produced the difference between the model 
and prototype information. If it is concluded that the model data were in 
error, then new model data can be quickly obtained. 

Model verification can also include definition of the model operating 
characteristics required to achieve reproduction of shoaling patterns 
throughout the inlet. This consists of a trial-and-error operation until 
the model operating conditions required to reproduce known changes in pro-
totype shoaling are developed. 
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b. Model Verification for Tidal Constituents. Installation and op-
eration of an automated model data acquisition and control system (ADACS) 
will increase accuracy and reduce time required for verification of tidal . 
inlet (or estuary) hydraulic models, either fixed-bed, undistorted-scale 
or fixed-bed, distorted-scale. The flexible sampling rate (usually about 
200 samples per model tidal cycle for each gage) and digital recording of 
the data by an ADACS allow harmonic analysis and comparison with prototype 
data defining the coefficients and phase for each tidal constituent at 
various key locations within a tidal lagoon and at an open-ocean station 
removed from the immediate influence of the tidal inlet. 

The ADACS can also rapidly and efficiently operate the model and 
collect required data. Its principal functions are to provide automated 
acquisition of wave and tide data in a format compatible for digital re-
duction and analysis, and automated control of model sensor calibration 
and of wave and tide generators. 

The concept used is to force the model with the M2 tidal constituent 
with the amplitude being correct at the ocean tide gage. A harmonic anal-
ysis is performed at all other gage locations corresponding to the proto-
type measurements, and the amplitude and phase (relative to the ocean tide 
gage) are calculated and compared with the prototype data. Investigation 
of the relative phases between various gages shows the areas that require 
either more or less model roughness. All phases for the M2 constituent 
are expected to be verified within 1°. In most cases, tidal elevations 
are expected to be verified to within a maximum of ±0.1 foot (prototype) 
in both tidal height and mean tide level. After verification of the M2 
constituent, to ensure that the proper channel roughness is obtained, a 
progressive tide can be constructed; an attempt should then be made to 
verify a 14.765-day (synoptic period for M2 and S2 components) pro-
gressive tide (at U.S. east coast locations) using the prototype measure-
ments of tidal velocities for the final verification data. If additional 
roughness is necessary, it will mostly be on mudflats or marsh areas. 
Computations have shown that energy transfer occurs from the M2 con-
stituent to higher order harmonics as the wave propagates from the ocean 
to the back of the estuary, and that this energy transfer is, at worst, 
the same order of magnitude in both the model and prototype. 

The principal information required in the verification process is 
tidal elevation data. Various types of tidal height sensors are used; 
one particular type is a "bubbler system" or gage which measures small 
hydrostatic pressure changes associated with changes in model tidal ele-
vations. The bubbler system consists of a high precision pressure trans-
ducer, a scani-valve device for sequencing input ports, and multiple 
pressure inputs. Wave gages can also be installed in the model but may 
not be essential for the verification process. Velocities of tidal cur-
rents may be measured with miniature Price-type current meters or with 
electromagnetic velocity meters. Electromagnetic current meters appear 
quite promising for future model use. 
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c. Model Tests. Tests in undistorted-scale, fixed-bed models can 
provide useful information on not only the hydrodynamics of an inlet, 
but the expected changes to the hydrodynamics due to changes in the in-
let. An effective model test program should include initially a complete 
set of tests to define the conditions that exist in the model for hydro-
graphic, topographic, and hydraulic conditions for which the model was 
verified. These data then form the base conditions to which all future 
tests can be compared to evaluate the effects of changes to the inlet. 

The data obtained from the model for the base conditions should in-
clude (a) detailed current velocities at critical locations throughout 
the model for a complete tidal cycle, (b) detailed surface current pat-
terns of the entire area of interest at incremental times throughout the 
tidal cycle, (c) detailed wave characteristics throughout the inlet for 
an array of expected prototype conditions, and (d) a complete documenta-
tion of tidal elevations throughout the area of interest. The evaluation 
of a particular proposed change to an inlet can then be accomplished by 
installing the proposed change in the model, duplicating the procedure 
followed in obtaining a base set of data, and comparing the results of 
each set of data. 

5. Fixed-Bed, Distorted-Scale Models. 
Tidal inlet models are frequently distorted for various reasons. 

Many tidal inlets are large and the flood and ebb tidal· deltas are quite 
shallow, leading to large model energy attenuation and viscous friction 
scale effects on waves. These effects can be minimized through distor-
tion and at the same time decrease model costs. Reproduction of the en-
tire tidal estuary in the model is often desirable, since inclusion of 
the tidal estuary results in the flexibility to study the effects of pro-
posed improvements on the tidal prism, tidal circulation, tidal flushing, 
and salinity of the estuary. Inclusion also results in the correct non-
linear energy transfer from various tidal constituents to higher order 
harmonics. Deletion of a major part of the estuary leaves reproduction 
of this phenomenon more uncertain, although its importance is not yet 
well established. 

Distorted-scale models for use in the study of inlets have generally 
been universally accepted. The horizontal scale ratio is often dictated 
by the size of the facility in which the inlet is placed or the construc-
tion cost. The vertical scale ratio need not be larger than the ratio 
of model measurement accuracy to prototype measurement accuracy. The 
accuracy of laboratory measurements of water surface is generally on the 
order of 0.001 foot; the accuracy of prototype measurements varies with 
equipment and field conditions, but is generally within 0.1 foot. Thus, 
a vertical scale ratio, model-to-prototype, of 1:100 will fully utilize 
the capabilities of the model in simulating the prototype. Models of 
larger vertical scale are often used to simplify operational techniques 
and to assure model depths large enough that surface tension does not 
affect flow. 

A second factor to be considered in the selection of scales is the 
"distortion." Distortion is the ratio of the horizontal scale to the 
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vertical scale, and its value relates the order all slopes of the proto-
type are steepened in the model. In the study of tidal inlets, particu-
larly with movable-bed models, efforts are made to design models with 
distortion values of five or less. Otherwise, the slopes required in 
the movable-bed model for accurate reproduction of the prototype may be 
steeper than the angle of repose of the model material, thus creating a 
difficult scale effect to overcome. This point is introduced in this 
section because inlets are often modeled with both a fixed bed and a 
movable bed and with a distorted scale. Vertical scale ratios, model-
to-prototype, are generally in the order of 1:40 to 1:100; horizontal 
scale ratios are generally in the order of 1:100 to 1:500. 

Distorted-scale inlet models are frequently constructed for multiple 
purposes; e.g., an investigation of an inlet may be necessary where a 
jetty is to be installed. A prediction will be required of the effects 
of the jetty on tidal currents and water levels near the inlet and also 
the degree to which the jetty interrupts the littoral drift and affects 
deposition patterns near the inlet. In this case, a multipurpose model 
is needed. This model would first be built with a distorted-scale fixed-
bed design and then adjusted and tested to determine the effects of the 
jetty on tidal heights and currents. A segment of the fixed part of the 
model surface would then be carefully removed and replaced with a movable 
material to evaluate the effects of the jetty on the littoral drift. 

Model verification and testing in a distorted-scale., fixed-bed model 
follow essentially the same procedures discussed for an undistorted-scale, 
fixed-bed model. However, because of distortion effects the transference 
equations from the model to a prototype situation are, in general, com-
pletely different. 

6. Movable-Bed Models. 

a. Theoretical Aspects of Movable-Bed Material Modeling. The ac-
cepted practice at many hydraulic laboratories experienced in the art of 
movable-bed modeling is to construct the model to a manageable size based 
on space limitations and instrumentation ability, and to use a readily 
available material for construction (usually sand) which constitutes a 
model scale distortion. Next, the empirical process of verifying the 
model to reproduce prototype bed forms such as scour and deposition has 
led to the distortion of a second parameter. This is usually accomplished 
in the model by altering the wave climate, increasing or decreasing tidal 
flow, or by changing the time scale from that resulting from the hydro-
dynamic scaling relations to an empirically selected one which reproduces 
the sedimentology (referred to as the sedimentological time scale). These 
are empirical solutions based on the clever application of scale modeling 
and the experience of the researcher; however, the mechanism of most sedi-
mentation phenomena is still not well understood. Several investigators 
have attempted to derive formal scaling laws resulting in many varying 
modeling formulas from which to choose, and, according to Kamphuis (1975), 
owing to the variety and magnitude of scale effects, modeling coastal 
movable-bed material continues to be an art rather than a science. 
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The movement of loose bed material is governed by the inertial forces 
of the particles and of the water against them, by the weight of the par-
ticles, and by the viscous forces acting between the water and the parti-
cles. Three physical laws have evolved from an analysis of these forces: 
Newton's law of inertia, the law of gravitation, and the viscous friction 

·law of Newtonian fluids. These laws have provided two well-known dimen-
sionless terms which must be equated between the model and the prototype 
for kinematic and dynamic similarity to prevail; i.e., the Reynolds number 
and the Froude number, 

(7-6) 
and 

F = V 
n (gd)l/2 ' 

(7-7) 

where the symbols have been previously defined. 

The simultaneous conformation of the model and the prototype to both 
the Reynolds number and Froude number yields the familiar problem that 
the length-scale factor becomes a function of the scale factor of the 
kinematic viscosity. This determines that no readily available fluid 
possesses the kinematic viscosity to make a useful model fluid. Schuring 
(1977) reasons that, since ~he same fluid for model and prototype re-
quires less than perfect similarity but probably must be used, design 
requirements can be relaxed if the inertial forces of the sediment are 
much smaller than the rest of the forces and therefore can be neglected. 
Then, Newton's law of inertia must only be applied to the fluid. A fur-
ther simplification, without loss of generality, is achieved by restrict-
ing the law of gravitation to the weight difference of water and sediment. 
With these two modifications, a qualified Froude number evolves often re-
ferred to as a densimetric Froude number), and the length-scale factor is 
freed from its dependence on kinematic viscosity; 

(7-8) 

The penalty for this simplification is a restriction of the particles 
to a state of rolling or sliding with small or no inertial forces acting 
upon them. The model becomes invalid when the particles begin to leave 
the bed and are carried upward, such as in the surf zone or in relatively 
shallow water affected by surface gravity waves. Very good correlation 
between variables was achieved in flume experiments with unidirectional 
flow (Schuring, 1977). 

A different approach, advanced by Gessler (1971), assumes that both 
the prototype sediment and the material used as model sediment are given, 
and the model geometric scales are determined to fit the requirements of 
these materials. In this approach, supplemental information should be 
used in the form of the Shields parameter regarding the critical tractive 

473 



force necessary to produce incipient motion. However, model scales 
based on the principles of unidirectional motion may not be strictly 
applicable to the case of oscillatory wave motion, but a first approxi-
mation is probably permissible. By setting a lower limit to the model 
Reynolds number and computing the prototype Reynolds number, the ratio 
of the prototype-to-model Reynolds number will determine the scale of 
the characteristic length used in the vertical direction of the model. 
In this procedure, it is assumed that the ratio of model-to-prototype 
velocity is a function only of the depth ratio, as determined by the 
Froude law. 

If the model sediment material has not been selected beforehand, a 
revised approach can be developed (Gessler, 1971). To have similarity 
in incipient motion and bedload transport, the bed mobility in the model 
and prototype should be the same at homologous points. This mobility is 
determined by the ratio of the actual Shields parameter to the critical 
Shields parameter. The reason for this modification in approach is that 
the critical Shields parameter depends somewhat on the grain Reynolds 
number for values below about 150. For ordinary model materials (fine-
grained sands), the grain Reynolds number is on the order of 5 to 10. 
The Shields diagram is poorly verified in this range, so the grain 
Reynolds number should not be smaller than about 15. This can be 
achieved by using a coarser bed material in the model than in the pro-
totype but one that is less dense. The Shields parameter is 

(7-9) 

where S is the channel slope and Ds the particle size. By using 
this definition and evaluating the ratio of the prototype-to-model 
Shields parameters, a generalized criterion will evolve which can be 
solved for the specific weight (submerged) of the bed material to be 
used in the model. (The reason for using a lightweight material refers 
to the idea that the grain size is relatively too large in the model.) 
The final selection of the model material will depend on the materials 
available; however, a slight adjustment in the desired grain size may 
be necessary. 

The analyses of Gessler (1971) are applicable only to unidirectional 
flow at one specific discharge; this means that highly unsteady flow pro-
cesses like surface gravity waves cannot adequately be modeled by this 
process. Changes· in discharge require that the time scale of the dis-
charges be modeled according to the time scale associated with the sedi-
mentation processes to obtain similarity in bed-forming processes. The 
considerable discrepancy between the hydrodynamic and sedimentological 
time scales means that the sedimentation processes are advancing too 
rapidly in the model. Gessler concludes that no matter how carefully 
the design is done, it remains absolutely essential for distorted-scale 
as well as undistorted-scale models to be verified against field data. 
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When studying problems of scour and deposition, it becomes necessary 
to add the critical shear stress and sublayer criteria to the gravity and 
frictional criteria, as developed by Graf (1971). Introducing the emp~n
cal relationship between the bed particle diameter and Manning's n value 
produces: 

(. 1/2 
(drY/6 = nr = (R);/3 \~) (7-10) 

where d is the bed particle diameter and R the hydraulic radius. When 
model and prototype fluids are identical, four independent variables are 
found, and three equations provide a solution. The problem is determined 
if one of the four parameters is chosen, and the remaining three variables 
are found from the equation solutions. A distorted-scale model was assumed 
in this analysis. Various researchers have stated that some model laws can 
be relaxed with little harm to the overall investigation. Einstein (1954) 
suggested that the friction criterion, the Froude criterion, or the sub-
layer criterion might absorb further distortions. Under certain circum-
stances, small deviations from the exact similarity may be allowed, making 
it possible to arbitrarily select more than one single variable. 

From the application to strictly coastal sediment modeling problems, 
Migniot, Orgeron, and Biesel (1975) have stated that, since all of the 
similitude conditions involved cannot be satisfied, the model scales, the 
material size and density, and the current exaggeration cannot be deter-
mined by straightforward computations but must be chosen to obtain the 
most favorable balance between all relevant phenomena. In many respects, 
this is more an art than a science, and a feeling of the problem, previous 
experience, and a perspective of .the relative importance of each factor is 
of paramount value. The sedimentological time scale can be derived from 
general transport formulas, and when sand is simulated with a lightweight 
material such as plastic with a density of 1.4, the sedimentological time 
scale will be in the range of 1:1,000; this means that a year will corre-
spond to some 8 hours of model time. Although it is disquieting to note 
that so much empirism prevails in the design of coastal movable-bed models, 
the model is only fit for predictive use when it has successfully repro-
duced past evolution. While the various similitude conditions may not all 
be satisfied, the conditions do not differ too much from each other, so 
fairly satisfactory compromises can usually be found. For instance, model 
material density required to satisfy these various prototype conditions 
may typically vary from 1.3 to 1.6, while size exaggeration may vary from 
1. 0 to 1. 7. 

The movable-bed coastal model by Karnphuis (1975) is a wave model in-
corporating coupled wave motion and sediment motion relationships which 
have been determined experimentally. The unidirectional flow phase is 
then added to the basic wave model and adjusted to yield correct results 
for different situations. This is a basically different philosophy from 
Le Mehaute (1970) who assumed that a coastal movable-bed model is a uni-
directional flow model modified by waves. The difference in scale laws 
is quite evident when the results of their methods are compared. 
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According to Kamphuis (1975), the movable-bed phase of the model 
study is subjected to four relaxed basic scaling criteria: (a) The 
particle Reynolds number, (b) the densimetric Froude number, (c) the 
relative density, and (d) the relative length-scale relating water 
motion to sediment size. Ideally, all of these basic scaling criteria 
must be satisfied simultaneously, but this is impossible in practice. 
As more of these criteria are ignored, the model will perform succes-
sively less like the prototype, and scale effects (nonsimilarity be-
tween model and prototype) increase. Only a lightweight material can 
be used to keep the model and prototype particle Reynolds numbers iden-
tical. Any deviation from unity is rather small (in all cases) and is 
not considered to limit the model seriously. Similarity of the densi-
metric Froude number is considered to be the most important of the four 
modeling criteria. If the model densimetric Froude number is less than 
some critical value and the prototype number is greater than this crit-
ical value, the model is useless. The model and prototype densimetric 
Froude numbers should be equal, or incorrect scaling will result in 
considerable distortion of the sediment motion parameters with the 
exaggerated time scales for sediment motion, and the model will take 
longer to move the material than it theoretically should. This means 
that sediment motion will start later in the model (in shallower water), 
but in the area where material moves freely, the nonsimilarity of the 
densimetric Froude numbers will manifest itself in adjustment of the 
time scale for sediment motion. The time scale also varies with depth, 
and moreover, if initial motion and depositional patterns are important, 
it is necessary to model the densimetric Froude number correctly. 

The nonsimilarity of the model and prototype ratios of sediment par-
ticle density to water density affects the process in two distinct ways. 
The acceleration of the particle is changed and the particle becomes rela-
tively too heavy when no longer submerged. For a lightweight material, 
the individual particles are relatively heavier in the surf zone than if 
sand were used. Therefore, the beach material has a tendency to pile up 
immediately past the surf zone, and the particles will remain in this 
location because they become relatively heavier when not submerged. This 
results in a highly distorted version of sediment transport in the surf 
zone. It is very difficult to duplicate prototype conditions in the 
littoral zone using lightweight materials. 

Coastal movable-bed models suffer from various scale effects when the 
particle sizes are not scaled down geometrically. Since this is the case 
for most models, the prediction of bed morphology time scales is virtu-
ally impossible. Thus, verification using historical survey data remains 
a necessary step. Because of the variety of scale effects, coastal 
movable-bed modeling continues to be as much an art as an exact science. 

b. Prototype Data Requirements. Perhaps the most important aspect 
of the design phase of a movable-bed model study is to assure the ade-
quacy of the prototype data. The model is constructed to conform to pro-
totype surveys; adjustment of the model to ac~urately reproduce prototype 
hydraulics or sedimentation patterns is based on prototype measurements. 
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Any errors or insufficiencies in prototype information will result in 
inadequate and incorrect performance of the model. 

Prototype information required for a movable-bed model study includes 
inlet geometry and sediment properties, bar configuration and sediment 
properties, adjacent beach configuration and sediment properties, bay 
geometry, wave measurements, littoral drift estimates, water surface 
time histories, and concurrent tidal currents in the ocean, inlet, and 
bay. Wind observations are also required to determine the resulting wind-
driven setup or setdown of the water surface. If evaporation or precipi-
tation appears to be important, or if freshwater inflows constitute a 
significant part of the flow through the inlet, these should also be ob-
served. The occurrence of storms of low-return frequency should be noted 
in the history of the inlet, since large volumes of sand can be displaced 
during these activities. Hydrog~aphic and wave observations should also 
be made frequently enough to detect seasonal and yearly fluctuations. 

A longer data collection period is needed for a movable-bed study than 
for a fixed-bed model. The period length also varies with the data type; 
e.g., longer term wave data are needed than tide level and current data to 
calibrate a movable-bed model. 

Prototype observations for several consecutive years before the model 
study will allow an evaluation of both short- and long-term tendencies of 
the inlet and the selection of a typical period on which to base the model 
verification. A 3-year documentation period is probably the minimum length, 
since major trends cannot usually be detected in shorter time periods. 

If these data are not available, a program to collect sufficient in-
formation may have to be initiated before beginning the model study. 
Although such action at times may seem to unreasonably delay the model 
study, experience has shown the impracticality of attempting model studies 
without adequate prototype information. 

The construction of a movable-bed model is usually straightforward. 
The charts containing the inlet hydrographic surveys are contoured, and 
the contours are transferred to a network of templates. The templates 
are suspended and the modeling material is carefully placed between them 
so that the templates just touch the surface. The templates are removed 
before the tests begin. 

c. Model Verification. The verification phase of the model study is 
perhaps the most important. A well-accomplished verification will minimize 
or eliminate the effects of small errors in construction, and will allow 
the evaluation of the effects of poorly understood variables on the inlet 
system during the testing phase. 

Verification requires the adjustment of model boundary conditions to 
re-create or correct conditions that were altered in the scaling process. 
Sedimentation verification is based on prototype observations and is 
accomplished by selecting an appropriate model sediment and developing 
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the necessary model operating technique to reproduce the observed scour 
and fill patterns. Thus, the accuracy and adequacy of prototype data 
are very important. 

Verification of a movable-bed model is, theoretically, more difficult 
than for a fixed-bed model. The purpose of a movable-bed model is to 
simulate the evolution of the inlet bathymetry. This evolution takes 
place in response to many factors, but primarily to the sediment washed 
from adjacent beaches by wave action, to erosion of the inlet channel 
by tidal currents, and to trapment of material at the bars on the ocean 
and bay sides of the inlet. These same factors must be included in the 
model to simulate degree as well as type of bathymetry evolution. 

Since a movable-bed model simulates shoaling and scouring patterns 
in and near the inlet, the requirement that the model also simulate the 
basic hydraulic quantities (tidal heights, tidal phases, velocities, 
etc.) is somewhat relaxed. In practice, and contrary to the above dis-
cussion, the verification of a movable-bed model is a little easier than. 
for a fixed-bed model, since the experimenter has more variables available 
with which to work to achieve the desired verification. 

The validity of tests of proposed improvement plans in a movable-bed 
model is based on the following premise: If model reproduction of the 
prototype force~ known to affect movement and deposition of sediments 
(tides, tidal currents, waves, etc.) produces changes in model bed con-
figuration similar to those observed in the prototype under similar con-
ditions, then the effects of a proposed improvement plan on the movement 
and deposition of sediments will be substantially the same in both model 
and prototype. 

Trends and magnitudes of prototype bed movement under existing condi-
tions are determined primarily through detailed comparison of two or more 
periodic prototype surveys of the area under study. The time between the 
earliest and latest surveys used in this comparison becomes the verifica-
tion period, and the movable-bed part of the model is molded to conform 
to the prototype survey at the beginning of the verification period. The 
model is then operated under conditions that existed in the prototype dur-
ing the verification period until model bed configurations throughout the 
problem area are in conformance with those shown by the prototype survey 
at the end of the period. Model ·bed movement is then considered to be 
verified, or in proper adjustment, if changes in the model bed configura-
tions during the verification period agree reasonably well with those that 
occurred in the prototype during the corresponding period. However, when 
a model is operated in this fashion, basic similitude rules are ignored 
and the model does not reproduce prototype forces. Only the sediment 
motion at a particular point during a particular time period is being 
modeled. Any major changes in hydrography may introduce errors into 
the results. 

One very important reason for the verification of a movable-bed model 
is the establishment of the time scale with respect to bed movement. The 
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model-to-prototype time scale for bed movement cannot be computed from 
the linear scale relations because the interrelation of the various pro-
totype forces affecting movement and deposition of sediments is too com-
plicated for accurate definition, and consequently is much too intricate 
to permit establishment of mathematical scale relations for each compo-
nent of force. The model-to-prototype time scale for bed movement is 
therefore determined empirically during the model verification; i.e., 
the actual time required.for the model to reproduce certain changes that 
occurred in a given period of time in the prototype is used to determine 
the model time scale for bed movement. 

d. Model Tests. The testing phase is the fruition of the efforts ex-
pended in the development of the model study, and is perhaps the easiest 
of all phases to accomplish. The model has been carefully designed and 
built based on measurements obtained from the prototype. The model has 
performed similarly to the prototype by responding to events to which it 
was subjected during verification in the same manner the prototype was 
observed to respond when similar events occurred in its history. The 
model may now be justifiably expected to respond as the prototype would 
respond to an event or sequence of events which has not yet occurred to 
the prototype at the particular point being investigated, for the same 
hydrography and operating conditions. This response of the model is termed 
the "predictive capability" of the model, since the behavior of the proto-
type under similar conditions can be inferred from that response. 

The predictive capability of the model is quite important, but this 
capability has its limitations in time and in the relative magnitude of 
the events used in the testing program. The time limitation is imposed 
since many natural events (winds, waves, etc.) are random in nature and 
thus impart a probablistic pattern to the behavior of the prototype in-
let which cannot be described or treated·by the deterministic means in-
volved in modeling. As the duration of the model prediction period is 
increased, this probabilistic part grows, and at a distant point in time 
the predictive capability of the model becomes questionable. Therefore, 
long-term shoal and scour projections with the model is undesirable un-
less long-term data are available for model verification. Attempts to 
change the values of variables by large amounts may also lead to a break-
down of the predictive capability of the model since the variables may 
exert a nonlinear effect on the behavior of the model inlet. For in-
stance, the use of very high and steep storm-type waves in a model test 
may give misleading results unless assurance was made during verifica-
tion that the model responds properly to waves of this type. 

A model test series always involves at least two separate tests. 
The first test is a "base" test, which studies the existing inlet and 
provides.a basis for comparison with later tests that have alterations 
to the inlet. The next test or tests in the series is the "plan" test, 
so called because the plan or plans for improving or stabiLizing the 
inlet are installed in the model and tested. The plan tests are always 
conducted with model conditions identical to those ·of the base test. 
This test procedure allows straightforward interpretation of the test 
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results, as differences in results are attributable to t~e plan under 
investigation although some differences may occur because similitude 
criteria have not been completely satisfied. 

The predictive capabilities of fixed-bed, distorted-scale models con-
cerning the hydraulics of inlets are quite good where similitude criteria 
are satisfied. Accuracies of the order of a few tenths of a prototype 
foot can be expected for water surface elevations and within about 20 
percent for current velocities. The predictive capabilities of movable-
bed, distorted-scale models discussed above, concerning the depositional 
character of inlets, are not as reliable as for the fixed-bed hydraulics. 
Many more variables and opportunities for the introduction of errors and 
scale effects are present with movable-bed models~ However, accuracies 
within the range of normal seasonal fluctuations are possible. 

7. Postconstruction Verification. 

The results of model-prototype confirmation studies are valuable to 
both field and laboratory engineers. Such studies provide the field 
engineer a measure of the degree of reliance that can be placed on model 
predictions, and thus a better basis for deciding whether or not to re-
quest model studies for similar or related problems. To the laboratory 
engineer, the results of confirmation studies may bring out certain sig-
nificant discrepancies in model predictions and thus provide a sound 
basis for evaluating the reasons as well as serving as a guide in im-
proving model techniques and procedures as required to increase the 
accuracy of model predictions in future studies. 

Confirmation studies require followup studies in the field to deter-
mine the degree of accuracy with which predictions obtained from either 
physical or mathematical model, relative to the effects of a given im-
provement plan, are borne out after the plan is constructed in nature. 
Followup studies are not carried out after each model study in which an 
improvement plan was developed that was subsequently constructed in 
nature. Two principal reasons for this are: (a) If the plan developed 
and constructed resolves the problem satisfactorily, the field engineers 
then turn to other problems and are reluctant to expend time and funds 
on followup studies of an area that is no longer critical; (b) plans de-
veloped in a model study are often modified during construction in the 
field because of unexpected foundation conditions, fiscal limitations, 
or other reasons so that a direct comparison between model predictions 
and prototype performance cannot be made. 

8. Examples of Model Studies Conducted. 

The inlet model studies which have been performed by WES fall into 
one of four distinct catagories (fixed-bed, undistorted-scale; fixed-bed, 
distorted-scale; movable-bed, distorted-scale; and a combination of fixed-
and movable-bed, distorted-scale). To show the applicability of these 

480 



distinctions, four inlet studies have been selected as examples which 
conform to the requirements of the unique situation associated with each 
inlet. Frequently, the inlet to be investigated is a component of a much 
larger bay or estuary model and therefore is probably distorted in scale. 
In other situations, the inlet may not presently exist as a prototype or 
may not be allied with an existing model; the opportunity then occurs for 
construction of an undistorted~scale model. The scales of movable-bed 
models are, in general, distorted. 

The Shrewsbury Inlet model was selected as typical of fixed-bed, 
undistorted-scale models. This model study required an investigation 
of hydraulic phenomena in the vicinity of a proposed new inlet; there-
fore, the fixed-bed criterion prevailed. The size of the area to be 
reproduced permitted model construction to an undistorted scale. 

A representative example of a fixed-bed, distorted-scale inlet model 
was the study of the Galveston Bay entrance. Hydraulic characteristics 
were required in this study to determine discharge coefficients to verify 
the results of surge routings by analytical means. Steady-state flows 
were established in the existing, comprehensive model of the Houston Ship 
Channel. · 

The Fire Island Inlet model study is a typical case where the primary 
problem was littoral drift trapped in the inlet; thus, sand movement along 
the beaches had to be simulated in the model. A distorted-scale, fixed-. 
bed model was first constructed and all proposed alternatives were tested 
to determine their effects on hydraulic conditions in the inlet. After 
completion of the hydraulic tests, the problem area of the model was con-
verted to a movable bed molded of sand. 

Other problems occurred at Galveston Bay and it became necessary to 
study shoaling of the entrance channel. A movable-bed, distorted-scale 
model was appropriate for this study, but an analysis of the forces avail-
able to transport sediment indicated the movable bed should be molded of 
crushed coal. This study demonstrated the practicality of using material 
other than sand as the transport medium when the scaled forces involved 
dictated a size and density relationship as one which had to be of a manu-
factured variety. In this case, coal crushed to a desired size was 
appropriate. 

a. New Inlet Construction and the Effects on.Shoaling, Navigation 
and Water Quality--Shrewsbury Inlet, New Jersey. 

(1) Project. Construction of a small boat channel across Sandy 
Hook Peninsula to connect the Atlantic Ocean with Sandy Hook Bay. 

(2) References. McNair and Hill (1972); Section III,6,h of this 
report. 

(3) Laboratory. WES. · 

(4) Test Period. January to December 1969. 
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(5) Problems. A new small boat channel across Sandy Hook 
Peninsula was needed to shorten the distance boats must traverse from 
the Shrewsbury River and Navesink River region to the Atlantic Ocean. 
Serious questions arose concerning the effect of this new inlet con-
struction on water surface elevations at the Highlands shoreline during 
normal tides or during hurricane surges, current velocities and flow 
patterns, the influx of pollution into Sandy Hook Bay from sources in 
Raritan Bay and Upper New York Bay, and the transmission of wave energy 
through the inlet. 

(6) Purpose of Model Study. The model study was conducted to 
determine the effects of the inlet on (a) water quality in Sandy Hook 
Bay and the Shrewsbury and Navesink Rivers from the viewpoints of public 
health, recreation, and fish and wildlife; (b) flooding within the areas 
as a result of normal tides and hurricane surges; (c) recreational boat-
ing and commercial navigation; (d) general shoaling characteristics and 
maintenance requirements in the inlet channel; (e) the optimum location 
and length of jetties at the ocean end of the proposed inlet; and (f) 
transmission of wave energy through the inlet into Sandy Hook Bay. Be-
cause of the complicated phenomena to be investigated, an existing com-
prehensive model of the New York Harbor area was used to study the effects 
of the inlet on water quality. Since many of these phenomena are in line 
with estuarine modeling procedures, testing in the New York Harbor model 
is discussed in Section III,b,h. Only parts of the study concerning the 
new inlet model are discussed here. 

(7) The Model. A location map in Figure 7-3 shows part of the 
region reproduced by the New York Harbor model; the area reconstructed 
for the tests of the proposed new inlet (shown in Fig. 7-4), was a 1:100-
scale, undistorted, fixed-bed model of the inlet and adjacent parts of 
the ocean and Sandy Hook Bay. This model was used to provide calibra-
tion data for the various inlet plans constructed in the New York Harbor 
model, to study flow patterns and velocity distribution for the various 
channel alinements and jetty locations, and to define the amount of wave 
energy reaching the Highlands Marina area from storm waves generated in 
the Atlantic Ocean and propagating through the inlet. Details of the 
new inlet model are shown in Figure 7-5. 

Four plans were tested in the model. Plan 1 involved a channel with 
a bottom width of 200 feet, beginning at the -17.2-foot depth MSL in the 
Atlantic Ocean and continuing at that depth to the approximate centerline 
of Sandy Hook Peninsula; a 1 on 20 transition slope of the bottom to a 
depth of -11.2 feet MSL; and a bottom elevation of -11.2 feet MSL until 
the inlet channel intersected the existing Federal navigation channel 
from Sandy Hook Bay up Shrewsbury River. The channel sides had tran-
sition slopes of 1 on 3. The ocean end of the channel was flanked on 
each side by protection jetties, each about 600 feet long. The width 
and depth of the plan 2 inlet were the same as in plan 1; however, the 
alinement of the bay part of the plan 2 channel was straight from the 
ocean to the existing Shrewsbury River channel. The alinement of the 
plan 3 inlet was identical to plan 1; however, the depth of the plan 3 
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channel was -17.2 feet MSL for its entire length. The depth of the plan 
4 inlet was also -17.2 feet MSL for its entire length, and the alinement 
was identical to that of plan 2. 

(8) Test Procedures. The New York Harbor model is an estuarine 
model operated with saltwater. The new model of the proposed inlet was 
operated with freshwater because the required information was independent 
of salinity effects. 

The plan 1 inlet (Fig. 7-5) described in the authorizing document, 
was first modeled to an undistorted scale of 1:100, and steady-state 
tests were made for both flood and ebb flows over the full range of head 
differentials and water surface elevations to be expected during later 
tests. From these test results, the discharge through the inlet as a 
function of head differential and water surface elevation was determined, 
and these data provided a .basis for calibration of the inlet. The plan 1 
inlet was then constructed in the distorted-scale New York Harbor model, 
and the calibration data described above were used to adjust the hydrau-
lic resistance of the inlet so that both flood and ebb discharges were 
reproduced accurately over the full range of head differentials and water 
surface elevations to be encountered during actual tests. 

Tests were conducted in the New York Harbor model to determine the 
effects of the plan 1 inlet on normal tides, tidal current directions and 
velocities, salinities, and the dispersion of dye tracers from simulated 
pollution sources in Raritan Bay, Upper New York Bay, and the Shrewsbury 
and Navesink Rivers (Fig. 7-5). The test results suggested that plan 1 
should be modified in the interest of improving flow conditions at the 
bay end of the inlet, and possibly in improving shoaling characteristics. 
Consequently, plans 2, 3, and 4 were devised. Each plan was calibrated 
in the undistorted-scale model of the new inlet and then reproduced in 
the New York Harbor model. All four plans were subjected to the above-
mentioned series of tests; plan 3 was selected as the optimum inlet plan 
on the basis of these tests. 

Plan 3 was tested in the New York Harbor model to determine effects 
on the temperature regime of Sandy Hook Bay and the Shrewsbury and Nave-
sink Rivers. Tests were also conducted to determine the effects on flood-
ing for conditions of the November 1950 hurricane surge. Finally, tests 
were made with plan 3 in the undistorted-scale model to determine the 
optimum location of the jetties, the wave climate between and adjacent 
to the jetties during storm wave action in the ocean, and the transmis-
sion of wave action through the inlet and its effects on the Highlands 
Marina shoreline. 

(9) Summary of Test Results. Three jetty plan locations were 
tested in the model of-the new inlet (Fig. 7-6). Comparison of the test 
results shows that jetty plan C produces the most desirable tidal flow 
conditions. The high currents which attacked the end of the south jetty 
in jetty plan A are minimized in jetty plan C; eddies which developed 
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between the navigation channel and both jetties for jetty plan B did not 
occur with jetty plan C. Therefore it appears that the jetty alinements 
and spacings for jetty plan C would result in a satisfactory distribution 
of flow through the inlet. 

The results of the tests to define wave conditions in the Highlands 
Marina area showed that waves generated in the Atlantic Ocean and propa-
gated through the inlet are dissipated in Sandy Hook Bay to such an ex-
tent that essentially no wave energy reaches the Highlands Marina area. 
The maximum wave height recorded during these tests was 0.3 foot, well 
below wave heights· resulting from waves generated within Sandy Hook Bay. 
Thus, it appears certain that energy passing through the inlet from waves 
generated in the Atlantic Ocean will not significantly affect wave condi-
tions in the Highlands Marina area. 

The results of tests to define wave conditions in and near the inlet 
showed that the maximum increase in wave height occurred with an ebb flow 
approximately 40 percent of the maximum spring tide ebb flow. Increases 
in wave heights of 60 to 70 percent, as compared to wave heights measured 
~bout 600 feet oceanward from the ends of the jetties, were observed just 
inside the ends of the jetties. Significant increases in wave heights be-
tween the jetties were not observed for tests with flood currents or for 
high water slack conditions. The alinement of the primary wave was gen-
erally perpendicular to the centerline of the navigation channel during 
all tests. Wave conditions within the inlet apparently would not cause 
significant navigation problems except possibly for certain ocean wave 
conditions combined with a critical ebb discharge in the inlet. 

Conclusions based on test results in the undistorted-scale model and 
in the New York Harbor model, relative to Shrewsbury Inlet were: 

(a) None of the plans tested would have significant effects 
on water surface elevations during normal tides or during hurri-
cane surges. 

(b) Current velocities and flow patterns would not change 
appreciably except in the immediate vicinity of the inlet. 

(c) Current velocities in the new inlet for normal tides 
should not be excessive for safe navigation. 

(d) None of the plans tested offered a unique advantage 
over the other plans in relation to the crosscurrents during 
certain periods of the tide phase; however, the alinement of 
plans 1 and 3 appeared to be better than that of plans 2 and 4. 

(e) For pollution sources in Raritan Bay, the influx of 
pollution into Sandy Hook Bay, Shrewsbury River, and Navesink 
River would be reduced slightly. 

(f) For pollution sources in Upper New York Bay, the in-
flux of pollutants to Sandy Hook Bay and the Shrewsbury and 
Navesink Rivers would be increased. 

488 



(g) For pollution sources in Shrewsbury and Navesink Rivers, 
the flushing rate would be improved by construction of the inlet. 

(h) Plan 3 would be less expensive to maintain than the 
other plans tested. 

(i) Wave energy originating in the ocean and passing through 
the new inlet would have insignificant effects on wave heights 
along the Highlands Marina shoreline. 

(j) The wave climate between the jetties should not be dif-
icult to navigate except possibly under certain combinations of 
ocean wave conditions and critical ebb discharges in the inlet. 

b. Hydraulic Characteristics of Inlet and Hurricane Surge Study--
Galveston Bay Entrance Channel, Texas. 

(1) Project. Design of barriers for protection of all or parts 
of Galveston Bay against inundation by hurricane surge. 

(2) References. Brogdon (1969); Bobb and Boland (1970a, 1970b); 
Sager and McNair (1973a, 1973b); Section III,6,i of this report. 

(3) Laboratory. WES. 

(4) Test Period. Effects of barriers on hurricane surge heights, 
January 1965 to December 1967; effects of barriers on tides, currents, 
salinities, and dye dispersion for normal tide conditions, August 1967 
to April 1970. 

(5) Problems. The tremendous growth and development of the 
Texas coast have required an investigation for protection of this area 
from inundation resulting from storm surges. The design of barriers for 
protection of all or parts of the Galveston Bay region against flooding 
by hurricane storm surges required hydraulic model studies of the bay 
complex to verify the results of surge routings by analytical methods, 
and to determine the effects of all proposed structures on normal tides 
and hurricane surge heights upstream and downstream from barrier sites. 
Current velocities throughout the bay system, the salinity regime of the 
bay, and the rates of diffusion and flushing of pollutants discharging 
into the bay also required investigation. 

(6) Purpose of Model Study. As part of the investigation for 
hurricane protection plans in the Galveston Bay area, a mathematical 
model was used to evaluate the effectiveness of the protection plans. 
Discharge coefficients were assigned to the Galveston Harbor Entrance 
to verify the mathematical model. These characteristics were obtained 
by subjecting a physical model of the entrance to a series of steady-state 
flows for several constant elevations of the water surface in the Gulf of 
Mexico. In this manner, the discharges moving through the entrance for 
the anticipated fluctuations of the levels of the gulf and the projected 
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range of head differentials between the gulf and the bay were defined. 
This information then formed the basis for definition of losses for the 
Galveston Harbor Entrance as input to the mathematical model. Only that 
part of the overall study concerned with the Galveston Bay inlet is dis-
cussed here. 

(7) The Model. An existing, comprehensive, fixed-bed model of 
the Houston Ship Channel was used for the tests (Fig. 7-7). The model 
limits t'/ere altered to confine the surface area of the model and to re-
duce the stabilization time required for the individual tests. An arti-
ficial outflow channel equipped with an adjustable tailgate was also 
installed to facilitate the regulation of the water levels in the bay 
and to channel the water into a collection sump. The model limits and 
outflow channel, together with the locations of the water surface gages, 
are shown in Figure 7-8. 

The model, including the harbor entrance, was molded to conform with 
soundings in the prototype during July to October 1962. The model was 
adjusted hydraulically soon after construction so that velocities and 
current patterns observed in the prototype for normal tidal ranges were 
accurately reproduced by the model (comparisons are shown in Fig. 7-9). 
This adjustment was also assumed to be reliable for surge conditions 
where water levels considerably exceed the high water level associated 
with normal tides, because the physical characteristics of all existing 
features were installed to scale and the correct overflow characteristics 
of the jetties were determined by independent tests in an undistorted-
scale model. 

The jetties protecting the entrance are not overtopped by tidal 
waters during normal tides, but during periods of hurricane surge flow 
will occur over the jetties and into the entrance. Therefore, it was 
necessary to install jetties in the model with the correct overflow 
characteristics; this was accomplished by construction of a 300-foot-
long section of jetty to an undistorted scale of 1:100. Tests were then 
conducted in the undistorted-scale model to define the hydraulic charac-
teristics of the jetty. Finally, with the desired properties known, a 
jetty shape which would duplicate these properties in the Houston Ship 
Channel model (distorted scale) was developed and molded into the model. 

(8) Test Procedures. The test procedures consisted of stabi-
lizing the flow in the model so that the water surface elevations of the 
Gulf of Mexico, West Bay, and Galveston Bay were at predetermined eleva-
tions of interest. The stabilized elevations of the water surface of 
West Bay and Galveston Bay were established essentially identical for 
any specific tests. The inflow to the Gulf of Mexico, the elevation of 
the tailgate located at the end of the outflow channel, and the cross-
sectional area at the outflow channel in West Bay were adjusted until 
the desired elevations of the water surface were obtained. The dis-
charge through the inlet was defined and all gages (see Fig. 7-8) were 
monitored for each test. 
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Two modifications to the model during the test program where: (a) 
the cross-sectional area through which water flowed from West Bay into 
the outflow channel was adjusted by changing the cross-sectional area 
between West Bay and the Outflow Channel; and (b) an artificial barrier 
was installed in the model from the inner end of the north jetty to 
approximately the +10.0-foot contour MSL on Bolivar Peninsula for tests 
26 and 27 (see Fig. 7-8). The barrier was high enough to eliminate all 
flow over Bolivar Peninsula in that area. The only overtopping of Bolivar 
Peninsula or Galveston Island during any test was in the immediate vicin-
ity of the Galveston Harbor Entrance. 

(9) Summary of Test Results. The average discharge and water 
surface elevation at each gage location for each test was determined, and 
the tests were grouped according to the approximate elevation of the Gulf 
of Mexico; i.e., -1.5, +3.0, +4.5, +5.9, and +8.5 feet MSL. Discharge 
coefficients were defined for the inlet using the orifice equation: 

where 

Q 

g 

l:lh 

= 
= 

= 

= 

= 

the discharge through the opening 

the coefficient'of discharge 

the cross-sectional area of the entr~1ce 

the acceleration of gravity 

the difference between the gulf water surface elevation 
(averaged data from gages 1 and 2 in Fig. 7-8) and the 
bay water surface elevation (averaged data from gages 
11 and 1~ in Fig. 7-8). 

(7-11) 

The results of the study of the discharge coefficients are shown in Fig-
ure 7-10. The coefficient varied from 0.3 to 0.6 with an average value 
of 0.47 for hurricane surge conditions. The area of the entrance was 
determined from a cross section taken at the position of gage 5 (see 
Fig. 7-8); the area varied with the appropriate water surface elevation 
measured at gage 5 for each flow condition. 

The accuracy of these data apparently centered on four major limita-
tions: 

(a) The Houston Ship Channel model used for the tests is a 
distorted-scale model; therefore, the model was verified by 
adjustment of the roughness of the model until known prototype 
conditions were reproduced. Since adjustment was based on normal 
tidal conditions, the assumption was that the model roughness 
applied to conditions of the prototype where water surface above 
high tide exists. Although extensive tests in the model could 
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have refined the accuracy of the model roughness, the anticipated 
refinement of th.e resultant data did not appear to be justified. 
In addition, major changes to model pumping control apparatus 
would have been required to simulate hurricane surges. 

(b) A second potential refinement of accuracy was related 
to the overtopped jetties. The tests to develop a distorted-
scale version of the jetties were all conducted with flow 
normal to the jetties. During the model tests, flow approached 
the jetties at varying angles. Again, additional tests could 
have investigated these conditions more extens.i vely; however, 
the resultant improvement in accuracy did not appear to justify 
the tests. 

(c) Both potential sources of error in test results could 
have been minimized further by testing in an undistorted-scale 
physical model of the Galveston Harbor Entrance at a consider-
ably greater cost. Undistorted-scale model tests will certainly 
be beneficial as the program for protection of the Galveston Bay 
complex reaches the detailed design stage; however, the expense 
of undistorted-scale testing was not considered feasible at this 
stage of the study. 

(d) The final significant limitation to the results is the 
basic bed-form changes· (in shape 'and orient.ation) that would 
occur during a hurricane surge condition in the prototype. The 
tests were conducted in a model molded in concrete; therefore, 
no simulation of these effects was attempted. The basic changes 
in shape of the entrance during periods of high flow would not 
be considered significant enough to materially change the re-
sults. A more significant change might occur from the changes 
in bed form during the course of the varying flows expected 
during a hurricane surge. For this investigation, the subject 
was not examined in detail; however, care must be taken to 
assure that some consideration of this matter is included in 
a detailed hydraulic evaluation. 

c. Stabilization of Navigation Channel and Sand Bypassing--Pire 
Island Inlet, New York. 

(1) Project. Stabilization of the navigation channel and con-
struction of a littoral drift trap and a rehandling basin in the inlet, 
a connecting channel for a loaded hopper dredge, and 1,000-foot extension 
to the Federal jetty. 

(2) References. Bobb and Boland (1969). 

(3) Laboratory. WES. 

(4) Test Period. June 1965 to June 1968. 
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(5) Problems. Fire Island Inlet is located on the south shore 
of Long Island, and is the primary waterway for boat traffic between the 
Atlantic Ocean and Great South Bay (Fig. 7-11). The inlet is about 3,500 
feet wide with depths to about 25 feet MLW. The western end of Fire 
Island migrated westerly a distance of over 4 miles between 1825 and 1940, 
when this migration was arrested by the construction of the 5,000-foot 
Federal jetty which extends generally southwest toward the ocean. The 
jetty trapped the littoral drift for about 10 years, then sand began by-
passing the structure and filling the navigation channel. Corrective 
measures designed to alleviate channel deposition problems and supply 
sand for down-beach nourishment (completed in December 1959) consisted 
of (a) dredging an extensive area to -18.0 feet through the mouth of the 
inlet, (b) using a part of the material to construct a sand dike across 
the deep channel adjacent to Oak Beach, and (c) depositing an ample sup-
ply for down-beach nourishment in a feeder beach area. The sand dike 
was effective in diverting maximum currents from Oak Beach toward the 
center of the inlet; however, the entrance channel was not stabilized 
and continued to migrate as·a result of accretion west· of the Federal 
jetty. 

(6) Purpose of Model Study. The Fire Island Inlet model study 
was conducted to: 

(a) Investigate the proposed design of a combination 
sand bypassing and channel maintenance procedure, consisting 
of a littoral trap, a rehandling basin, an entrance channel 
connecting the two, and a training dike, as recommended by the 
U.S. Army Engineer District, New York, for Fire Island Inlet; 

(b) investigate effects of changes in the dimensions 
and depths of the channel, trap, basin, and dikes through the 
physical model; 

(c) determine the need for extending the Federal jetty 
(estimated cost about $2,650,000 for 1,000 feet in 1963); 

(d) determine the need for additional dikes; and 

(e) establish locations and dimensions of any addi-
tional improvements needed to increase the effectiveness of 
the plan and maintain a stable channel through the inlet. 

Many alternatives and modifications of the original plan were tested 
during the study to ensure that all possibilities had been investigated 
for the best overall solution to the problems. 

(7) The Model. The model reproduced a 60-square mile area that 
included all of Fire Island Inlet and the ocean beaches from Fire Island 
light on the east to beyond Gilgo on the west, along with a part of the 
Atlantic Ocean (Fig. 7-11). The Atlantic Ocean part of the model ex~ 
tended 5 miles to the east of and 7.5 miles to the west of the Federal 
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jetty and offshore to about the 60-foot depth. The Fire Island Inlet 
problem was caused primarily by littoral drift trapped in the inlet, 
thus starving the downdrift beaches and shoaling the navigation channel. 
Therefore, it was necessary that sand movement along the beaches be simu-
lated in the model. The Fire Island Inlet model was first constructed as 
a fixed-bed model and all proposed improvement alternatives were tested 
quickly and economically to determine their effects on hydraulic condi-
tions in the inlet. After completion of hydraulic tests, the problem 
area of the model was converted to a movable bed, and the most promising 
alternatives from the results of the fixed-bed studies were investigated 
further. In the fixed-bed studies, the entire model bed was molded of 
concrete; in the movable-bed studies, the part of the model outlined ·by 
a dashline in Figure 7-11 was molded of sand with a mean grain diameter 
of 0.25 millimeter and a specific gravity of about 2.65. 

The model was constructed to linear scale relations, model-to-
prototype, of 1:500 horizontally and 1:100 vertically with a resultant 
slope scale of 5:1. One prototype semidiurnal tidal cycle of 12 hours 
25 minutes was reproduced in the model in 14.9 minutes. The computed 
time scale of 1:50 was applied only to reproduction of prototype hydrau-
lic forces in the fixed-bed model and had no relation to time required 
in the movable-bed model to reproduce observed changes in prototype hy-
drographic conditions. The results of the movable-bed verification 
indicated that, using the operation schedule derived empirically, the 
time scale for bed movement in the model was approximately 36 tidal 
cycles (or 9.0 hours of model operation) to 1 year in the prototype. 
In the final verification test, a total of 1 million cubic yards of 
movable-bed material was introduced at the extreme east end of the 
model beach to replace the quantity of sand moved in a westerly direc-
tion by the model waves. This rate of movement, applied to the empir-
ically determined time scale for bed movement, is in close agreement 
with the computed rate of prototype littoral drift along this reach of 
the south shore of Long Island. 

(8) Test Procedures. Eleven different plans were investigated 
during the fixed-bed phase of the model study to determine plan effects 
on tides, current velocities, tidal discharges, current patterns, and 
flow distribution in the problem area. These plans involved (a) devel-
opment of the best location and dimensions for the littoral reservoir 
and the rehandling basin (plans 2, 3, and 3A); (b) groins along Oak Beach 
to divert the stronger ebb currents away from the beach and into the navi-
gation channel (plans 4 and 4B); (c) extension of the Federal jetty (plans 
6 and 7); (d) dikes to partially or completely close the secondary ··channel 
off the end of the existing sand dike and thus divert more flow into the 
navigation channel (plans 8, 9, and 10); and (e) a deflector dike located 
on the west side of the·· navigation channel to deflect some ebb flow from 
the secondary channel into the navigation channel (plan 5). 

In the movable-bed tests, the effects of plans on movement and deposi-
tion of bed material were determined by direct comparison of test results 
for existing conditions with those incorporating proposed improvements. 
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Base movable-bed tests were started with known model-bed configurations, 
the model tide and wave generators were operated through a predetermined 
schedule, and the model bed was surveyed periodically to record develop-
ments during the test. The movable-bed test for any plan was an exact 
duplicate of the base test except that the alternative plan was installed 
at the beginning of the test. The effects of the plan were determined by 
comparing the configuration of the model bed at the end of the plan test 
with the configuration of the model bed at the end of the base test. 

(9) Summary of Test Results. The verification period selected 
for the Fire Island Inlet model was the 2 years immediately after con-
struction of the navigation channel in November 1964. A careful study 
determined the following significant changes in prototype bed configura-
tions that occurred during this period: (a) A scour area developed just 
north of the inner part of the navigation channel, (b) a shoal about 6 to 
12 feet high developed in the inner part of the inlet channel, and (c) a 
shoal about 6 to 12 feet high developed along the eastern edge of the 
outer part of the navigation channel. After operating the model for 72 
tidal cycles, it was found that the gross changes in bed configuration 
in the model were very similar to those indicated by comparison of the 
prototype surveys made 2 years apart. The bed movement during verifi-
cation of a movable-bed model is not expected to duplicate exactly all 
changes in prototype be.d configurations during the selected verification 
period because (a) the trends in bed movement in the prototype are not 
constant with time, although the model verification procedure constitutes 
an attempt to reproduce such movement on an average basis, and (b) certain 
observed changes in prototype bed configurations are mostly the result of 
storms or other extreme conditions, which the model verification (neces-
sarily based on average conditions) cannot be expected to reproduce. In-
stead, the model-bed movement verification is an attempt to reproduce the 
gross changes that occurred in the prototype between the beginning and 
end of the verification period, and minor discrepancies of a local nature 
(or which are attributable to unusual prototype conditions) may be neg-
lected. The deviations of the Fire Island Inlet model from the proto-
type conditions during a 2-year period are shown in Figure 7-12. 

Conclusions based on the results of hydraulic and movable-bed model 
tests concerning proposed improvement plans for Fire Island Inlet were: 

(a) Plan 3A, which required a littoral reservoir dredged to 
-34.0 feet, a deposition or rehandling basin to -28.0 feet when 
filled, and a 28-foot-deep connecting channel, will result in a 
safe and stabilized navigation channel with enough sand for by-
passing to the downdrift beaches. Maintenance dredging of the 
littoral trap and connecting channel will be required about every 
2 years; most of this dredging can be accomplished with conven-
tional dredging plants. Since deposition in the littoral trap 
and connecting channel occurs in the form of a high bar, which 
builds from east to west, a sidecast dredge or similar equipment 
will probably be required to lower the bar crest enough for a 
hopper dredge to restore the basin depths. 
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(b) The removal of large deposits of sand from Fire Island 
Inlet for beach restoration projects will not adversely affect 
the functioning of plan 3A. 

(c) Extension to the existing sand dike will not improve 
the functioning of plan 3A in channel shoaling or deposition 
patterns. Likewise, construction of a dike at Cedar Island 
Beach would not improve the functioning of plan 3A. 

(d) A deflector dike parallel to the entrance channel would 
not improve the functioning of plan 3A from either shoaling of 
the navigation channel or deposition patterns; further the dike 
would be extremely difficult to maintain. 

(e) Extension of the Federal jetty would not reduce channel 
shoaling or improve deposition patterns observed for plan 3A. An 
extension to the jetty would reduce channel shoaling on a tempo-
rary basis while the impounding capacity of the extended jetty 
was being filled; shoaling rates and deposition patterns would 
then be the same as for plan 3A. Material impounded by a jetty 
extension would also be permanently lost as a source of beach 
nourishment. 

(f) Extension of t~e Federal jetty, as a combination low 
weir inner section and high outer section, did not function as 
intended. Instead of moving readily over the low weir section, 
a large percentage of the littoral drift was trapped to the east 
of the jetty extension; it appeared that the weir section would 
be blocked and thus be rendered completely inoperative. 

(g) An offshore breakwater and littoral trap would also sat-
isfy all the necessary requirements of a plan for channel stabi-
lization and sand bypassing at Fire Island Inlet. 

Representative tidal elevations for plan 3A are shown in Figure 7-13; 
the effect of plan 3A on current velocities at typical locations is shown 
in Figure 7-14. A scour and fill map for plan 3A after 2 years of proto-
type operation is shown in Figure 7-15. Thus, it was determined that 
dredging must be performed approximately every 2 years. 

d. Improvement of Navigation Channel--Galveston Bay and Harbor 
Entrance Channel, Texas. 

(1) Projects. Stabilization of jetty channel; north jetty pro-
tection; investigation of shoaling characteristics between jetties; and 
location of anchorage area. 

(2) References. Simmons and Boland (1969); Letter and McAnally 
(1977). 

(3) Laboratory. WES. 
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(4) Test Period. May 1960 to February 1966. 

(5) Problems. At the time of the model study, the jetty channel 
at the entrance to Galveston Bay had three major problems: (a) the ex-
tremely sharp turn, located at approximately the inner end of the jetty 
channel which caused difficulty for larger ships, especially tankers, to 
negotiate at or near the strength of the tidal currents;· (b) the extremely 
deep water immediately alongside the north jetty in the area where the 
navigation channel was close to the .structure (the concern was that, dur-
ing a severe storm, a section of the jetty might slough into the channel 
and block navigation); and (c) shoaling in the inner and outer bar parts 
of the navigation channel (for the depth of -38.0 feet of the inner bar 
and -40.0 feet of the outer bar, the average annual shoaling rates were 
452,000 cubic yards and 731,000 cubic yards respectively). A location 
map of the problem area is shown in Figure 7-16. 

As part of the improvement desired, it was anticipated that the depth 
throughout the entrance channel would be increased by 2 feet, and an in-
crease of shoaling in both the inner and outer bars could logically be 
expected. 

(6) Purpose of Model Study. The Galveston Bay and Harbor En-
trance Channel model study was conducted to: 

(a) Develop plans for rel'ocation and stabilization of 
the jetty channel on an alinement and at a depth suitable for the 
safe passage of supertankers; 

(b) determine means for protecting the north jetty from 
the undermining action of tidal currents; 

(c) determine the shoaling characteristics of the re-
located and deepened inner bar parts of the jetty channel, and 
develop plans for minimizing shoaling in the relocated channel; 

(d) determine the shoaling characteristics of the 
deepened outer bar part of the jetty channel; and 

(e) determine the best locations for additional anchor-
age areas within the jetty channel or in Bolivar Roads. 

(7) The Model. The Galveston Harbor model was a scale repro-
duction of a 174.5-square mile area which included a small part of 
Galveston Bay and a much larger part of the Gulf of Mexico (Fig. 7~16). 
The Gulf of Mexico part extends 8 miles to the north of the north jetty, 
6.5 miles to the south of the south jetty, and offshore to about the 
50-foot depth. 

A movable-bed model was used to reproduce the critical area under 
study. An analysis of the scaled-down forces available to move sediment 
in the model indicated that the movable bed should be molded of crushed 
coal. This material was of proper weight to permit movement and deposi-
tion in the model by the model hydraulic forces in a manner similar to 
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the movement of prototype bed material by the prototype hydraulic forces. 
The coal used had a specific gravity of 1.4, a grain-size range of 0.1 
to 5.0 millimeters, and a median grain diameter of 1.4 millimeters. Be-
yond the limits of the movable-bed section, the remainder of the model 
bed was molded of concrete to provide space for the wave generator and 
the inflow-outflow system required for the tide generator. 

The model was constructed to linear scale relations, model-to-
prototype, of 1:500 horizontally and 1:100 vertically. Other scale 
relations such as time, velocity; discharge, and volume were computed 
from these linear scales. The computed time scale of 1:50 was applied 
only to reproduction of prototype hydraulic forces in the model and had 
no relation to the time required for the model to reproduce observed 
changes in prototype hydrographic conditions. The model layout is shown 
in Figure 7-17. 

The following model operating procedure was developed during trial 
verification tests: 

(a) The first cycle (about 30 minutes) was a normal tidal 
cycle with waves. 

(b) Operation of the model tide generator was stopped when 
ebb velocities reached a maximum, and the model was operated for 
1 model hour with a sustained ebb flow and without waves. 

(c) Operation of the tide generator was resumed, and a nor-
mal tidal cycle was run with waves. 

(d) At the time of maximum flood velocity, operation of the 
tide generator was again suspended, and 1 model hour of sustained 
flood velocity was run without waves. 

During the trial verification tests it was found that reproduction 
of two of the above sequences of operation (requiring a total of 3 hours 
each) resulted in an accurate reproduction of average annual shoaling of 
the inner and outer bars, as well as duplication in the model of the pro-
totype locations of the bars or shoal areas. Thus, the empirical time 
scale for bed movement was 6 hours in the model to 1 year prototype. 
The characteristics of the waves used during the tests were derived by 
numerous trial-and-error experiments on the model. The waves developed 
empirically and in these tests were the results of progressive attempts 
to reproduce in the model the rates and directions of bed movement that 
occurred in the prototype, as indicated by hydrographic surveys and 
dredging records. The hindcast wave climate served as a guide in the 
selection of the model test waves, but could not be strictly adhered to 
because of the distortions previously disc.ussed. 

(8) Test Procedures. The five plans selected for testing in 
the model had as a combined objective to find a solution to the two most 
pressing problems for which the model study was authorized: relocation 
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and stabilization of the jetty channel designed to accommodate super-
tankers, and diversion of currents causing the undermining of the north 
jetty. For all plans tested, the entrance channel was maintained at the 
authorized project dimensions (800 feet wide and 42 feet deep for the 
inner bar channel, and 44 feet deep for the outer bar channel). The 
fixed procedures developed in the verification phase of the study were 
followed in the operation of all tests. The only variations between 
the various tests were in the features of the plans of improvement. 

Before the beginning of each test, the movable bed of the model was 
molded to conform to the prototype survey of 1960, and the selected plan 
of improvement was-installed in the model. The navigation channel was 
dredged to project dimensions along the proposed realinement, and the 
channel was maintained by annual dredging throughout the duration of the 
test. Each of the channel realinement tests consisted of the simulation 
of at least 12 prototype years in the model, 8 years of normal conditions, 
and 4 years after a simulated storm condition. Detailed studies of the 
paths of moving bed material were made during the various tests. The 
model bed was surveyed and mapped at the end of each simulated year of 
each test to determine the progressive changes in bed conditions, as 
well as the final results of each test. Analyses and interpretations 
of the results of the model tests were based on careful observations 
during model operations and on survey studies of the model bed, in re-
lation to the qualifications'and limitations of the model. 

(9) Summary of Test Results. Conclusions based on results of 
the model tests were: 

(a) Entrance channel realinement plan 2 was superior to 
the existing channel alinement because the plan provided a shorter and 
straighter channel for navigation by supertankers, diverted the strong 
ebb currents away from the north jetty and thus protected the jetty from 
the undermining action of these currents, and provided a 4-foot-deeper 
entrance channel for essentially the same maintenance dredging required 
for the existing channel. 

(b) Construction of the plan 2 channel could be scheduled 
over as long as 2 years without affecting overall shoaling in an 8-year 
period. However, the shoaling rate during the first 2 years after com-
pletion of construction would probably be accelerated by normal adjust-
ment of channel side slopes. An important element of the construction 
procedure is the disposal of dredged material in the abandoned part of 
the existing channel to avoid enlarging the total cross-sectional area 
between the jetties and thus reducing current strengths. 

(c) The outer 3,000 feet of the north jetty could be per-
mitted to degrade naturally to elevation -12.0 without detrimental effects 
on shoaling in the realined channel. However, deterioration of appreciably 
more than 3,000 feet of the north jetty would cause an undesirable change 
in the overall flow patterns in the entrance, which in turn would cause 
the inner shoal to again encroach on the inner bar channel. 
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(d) Sidecast dredging techniques should not be used in 
maintenance of the outer bar channel at the entrance to Galveston Harbor, 
because dredged material placed close to the channel will return quickly 
to the channel and increase the shoaling rate in the outer bar channel. 

(e) Dredged material placed in the northeasterly one-third 
of the existing disposal area, 3 miles off the outer end of the south 
jetty, will return to the entrance channel; dredged material placed in 
the remaining two-thirds moves generally to the east beach area south of 
the south jetty and will not return to the channel. 

(f) An anchorage area can be developed for deep-draft tank-
ers with only a slight increase in annual maintenance dredging. Elimina-
tion of the western 2,000 feet of anchorage tested in the model would 
essentially eliminate maintenance dredging requirements. 

(g) The addition of a spur dike to the north jetty would 
reduce shoaling in the outer bar channel by about 250,000 cubic yards 
per year as a result of the increased impounding capacity of the revised 
north jetty. This annual benefit would cease when the new impounding 
area is filled, and economic justification of the spur dike appears 
doubtful. 

(h) Reducing the width of the entrance channel from 800 
to 600 feet would significantly reduce annual maintenance dredging, and 
studies are necessary to determine if the lesser width woul'd be satis-
factory for navigation. 

(i) Deepening the inner and outer bar parts of the entrance 
channel to 46 and 48 feet, respectively, would increase average annual 
maintenance dredging in the channel by about 100,000 cubic yards. This 
increase would be partially offset by a reduction in the shoaling rate 
in the anchorage area. 

(j) All three jetty extension plans tested caused signifi-
cant increases in the overall shoaling rate in the entrance channel. 

The recommended changes were constructed in the prototype. Figure 
7-18 shows the prototype existing channel condition before construction 
and the proposed channel relocation alinement. Figures 7-19 and 7-20 
show the extent of scour and fill that occurred in model and prototype, 
respectively, from the initial construction to the end of the second 
year after construction. The navigation channel has been eliminated 
from this comparison, because the realined channel was constructed and 
two maintenance dredging operations were performed during this period. 
Major changes in depth are concentrated in the abandoned channel, and 
especially in the a'rea used for dredged-material disposal. This com-
parison readily shows the increased tendency for shoaling of the aban-
doned channel in the prototype as compared to the model predictions. In 
the area between the abandoned channel and the relocated channel, the 
model indicates fill and the prototype indicates scour; however, all of 
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the indicated scour is attributable to an anchorage dredged in this area 
in the prototype. South of the abandoned channel, the model indicates 
two areas of rather substantial fill that are not borne out by prototype 
experience. The inner area is in extremely shallow water and is typical 
of the unnatural model-bed formations developed in shallow water when 
using crushed coals as bed material and with exposure to significant 
wave action. 

The objectives of the original model study were to determine a means 
for protecting the north jetty from being undermined by tidal currents 
and to determine the shoaling characteristics of the inner and outer sec-
tions of a deepened entrance channel. One plan tested in the model was 
constructed in the prototype. The feasibility of the plan was partly 
judged on model results indicating that although a deepened channel along 
the proposed alinement would require increased maintenance dredging, the 
additional cost would be partially offset by a seaward shift in the shoal-
ing distribution. 

An analysis of pertinent data 6 years after construction of the plan 
by Letter and McAnally (1977) indicates that the model: 

(a) Correctly predicted that the channel realinement and 
dredged-material disposal would halt undermining of the north 
jetty next to the outer bar channe~; 

(b) correctly predicted that total maintenance dredging 
volumes would increase for the proposed channel but under-
predicted the magnitude of the increase; 

(c) erroneously predicted that the inner bar channel would 
experience net erosion and require no maintenance dredging be-
yond the second year; 

(d) correctly predicted the approximate absolute and rela-
tive increases in maintenance dredging volumes for the outer bar 
channel; 

(e) correctly predicted that maintenance dredging volumes 
for the approach channel would increase, but underpredicted the 
magnitude of that increase due to a marked absence of shoaling 
in the seaward extension of the approach channel; and 

(f) correctly predicted a seaward shift in the channel 
shoaling volume distribution but overpredicted the magnitude 
of the shift; this overprediction was due to the erroneous 
scour prediction for the inner bar channel. 

Therefore, it is concluded that the model satisfied most qualitative 
objectives but failed to accurately meet some quantitative objectives. 
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9. Summary. 

Although a current trend is toward computerization of the theoretical 
aspects of tidal inlet studies, the engineering researcher is required to 
continue experimentation since new or improved theories must be verified 
by sound testing programs. The scaled reproduction of the physical phe-
nomenon occurring at an inlet is fundamental because the problem is too 
complex to be amenable to analytical solutions in its entirety, and em-
pirical information is necessary. When properly scaled, the experimental 
model mirrors the true physical behavior of the inlet and relevant quan-
tities measured in the scale model permit prediction of the corresponding 
quantities in the prototype. 

An analysis of the forces governing the phenomena shows that both 
viscous and gravity forces are important and both should be satisfied 
simultaneously. However, since water is generally used as the model 
fluid in inlet studies, an approximate similarity requirement may be 
used based on empirical relationships which include the major effects 
of frictional forces, and the model is operated according to gravita-
tional laws. Manning's formula is used as the controlling roughness 
similarity criterion when the flow is fully rough turbulent in both the 
model and prototype, and Froude scaling laws are applied since a surface 
wave is essentially a gravitational phenomenon. 

The physical modeling of tidal inlets easily falls into one of four 
distinct catagories; i.e., fixed-bed, distorted- or undistorted-scale, 
or movable-bed, distorted- or undistorted-scale. Since similarity is 
not strictly adhered to in most movable-bed testing because of the diffi-
culties involved in scaling sediment particles, the movable-bed models 
are, by implication, distorted. This distortion is empirically accounted 
for by a deliberate second distortion, usually a distortion of time or 
wave climate alterations. The specific type of model selected is deter-
mined by the problem which requires investigation; e.g., hydraulic char-
acteristics such as currents and water circulation patterns are usually 
studied in fixed-bed models, and the results are frequently transferred 
to movable-bed models of the same region where littoral processes and 
sediment transport problems may exist. A fixed-bed model may also be 
useful in studying shoaling of entrance and interior inlet channels. 

Sometimes an investigation of events occurring in or near the tidal 
inlet constitutes the predominant purpose of the model study. At other 
times the influence of wave energy flux or tidal flows carrying pollut-
ants through the inlet into other parts of the bay or estuary may re-
quire analysis for optimal solutions. In this case the inlet becomes 
an integral part of the overall problem but does not become the exclu-
sive concern of the researcher. For these reasons it is difficult to 
generalize on the cost and time required for inlet model studies. Recent 
experience at WES indicates that inlet models generally vary in size from 
about 3,000 to 25,000 square feet. Because of the wide variety of sizes 
and the amount of detail required for each, the cost of design and con-
struction of the models also varies over a large range. The cost varies 
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with the complexity of the model geometry (on the order of .$12 to $15 
per square foot in 1976); however, this does not normally include the 
cost of major appurtenances such as tide and wave generators, pumps, 
shelter, and instrumentation. 

Construction time also varies with both the size and complexity of 
the model. About 1 to 3 months are normally required, except in movable-
bed models where the requirement exists for remolding the model bed after 
each test or series of tests. A short period of construction time is 
then required intermittently as the testing program is pursued; however, 
a substantial period of time is required for model verification after 
completion of construction. This is, in essence, a trial-and-error pro-
cedure and the amount of time necessary to verify the inlet model again 
can vary with the size and complexity. Depending on the personnel avail-
able, verification time can extend from 1 to 4 months. 

The actual testing program of a single inlet can extend from a few 
weeks to as long as a year or more. Several different plans will probably 
be tested and occasionally it is necessary to conduct hydraulic tests of 
currents and water surface elevation changes in a fixed-bed model, and 
then convert a section of the area to a movable-bed variety to investi-
gate the littoral effects produced by the various alternative plans. 
These are considered high-cost model studies since the entire construc-
tion, verification, and testing can extend over 2 or more years with a 
total cost exceeding $500,000 (in 1976 dollars). 
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APPENDIX 
' 

SYMBOLS AND DEFINITIONS ' 

Symbol Defmition Dimension Unit 

A Area L2 ft2 

Al,A2, ... An A set of n variables in the rr theorem 

a Acceleration L/T2 ft/sec2 

•Moment arm of force P L ft 
(Fig. 6-38) 

a,b,c Parapet moment arms (Fig. 6-40) L ft 

a,b,c,d Unear dimensions necessary to define the L ft 
geometrical boundary conditions 

al Wave amplitude at input line L ft 

B Flume width L ft 

b Width L ft 

•Bottom width of wave generator L ft 
plunger (Fig. 6-9) 

•Moment arm of force W (Fig. 6-40) L ft 
c Coriolis force F lb 

•Constant (Eq 2-25) 
c' Constant (Eq 2-26) 

<;m Acoustical velocity of shock front in L/T ft/sec 
breakwater material 

CD Drag coefficient 

cd Discharge coefficient for an orifice or inlet 

<; Chezy coefficient 

cw Acoustical velocity of shock front in water L/T ft/sec 

c Specific heat of water Btu/lbtF 
•Moment arm of uplift force u L ft 
(Fig. 6-38) 

cat Velocity of sound in outside air L/T ft/sec 

c.p. Center of pressure distance (Fig. 6-16) L ft 

D Effective diameter of stone L ft 

•Sediment particle diameter L ft;mm 
(Section V only) 

•Damage to rubble-mound breakwater percent 
cover layer (Section VI only) 

•Depth of narrowest part of pneumatic L ft 
chamber nozzle (Eq 6-37; Fig. 6-10) 

DF linear scale distortion factor 

DP Effective stone diameter of prototype core L em 
material (Fig. 4-S) 
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·Symbol Defmition Dimension Unit 

I\ Sediment particle size L ft;mm 

Dso 50-percent-finer-than particle diameter L ft;mm 

D* Dimensionless sediment size (Section V 
only) 

d Depth L ft 

dl Distance from stillwater level to crest of L ft 
rubble-mound base of composite break-
water (Fig. 6-3) 

E Energy LF ft-lb 

oModulus of elasticity F/L2 lb/ft2 

oDispersion coefficient (Section III only) L2/T ft2 /sec 

E Dispersion coefficient in salinity intrusion L2/T ft?- /sec 
region 

Ebm Modulus of elasticity of breakwater material F/L2 lb/ft2 

E{,m Bulk modulus of elasticity of breakwater F/L2 lb/ft2 
material 

EL Longitudinal dispersion coefficient in JJ/T ft2 /sec 
uniform density fluid 

~ Modulus of elasticity of nylon F/L2 lb/ft2 

En Euler number 

~ Modulus of elasticity of water F/L2 lb/ft2 

e Base of natural logarithms (2.71828) 
F Force F lb 

oReads "function of" 

oFroude number (Section V only) 

oTotal horizontal wave force on vertical- F lb 
wall parapet (Fig. 6-38; Eq 6-43) 

Fe Elastic compression force F lb 

Fe Friction force between base of parapet and 
crest of rubble-mound breakwater 

F lb 

F Gravity force g F lb 

Fi Inertia force F lb 

Fn Froude number 

Fpr Pressure force F lb 

Fst Surface tension force F lb 

Ff.l Viscous force F lb 

F* Densimetric Froude number 

•Boundary layer densimetric Froude 
number (Section V only) 

f Friction factor 
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Symbol 

f 

g 

H 

h 

K' 

Defmition 

Reads "Function of" 

Friction factor (Section V only) 

Gravitational acceleration (3 2.2 ft/sec 2) 

Wave height 

oArtificial heat input (Eq 3-20) 
Model-sele~ted design wave height for 
no-damage criterion 

Dimensionless wave height, defined as 
PwgH/pat 

Incident wave height 

Transmitted wave height 

oWave height at time t (Eq 4-25) 

Significant wave height 

Wave height at x = 0 in a flume (Eq 4-28) 

Wave height at x > 0 in a flume (Eq 4-28) 

Gradient of head loss through voids in 
rubble-mound breakwater core material, 
where .!lH = Hi 
Distance from stillwater level to bottom of 
prismatiC wave generator plunger in 
neutral position· (Fig. 6-9) 

cWater depth above parapet (Fig. 6-38) 

Hydraulic head across an inlet 

Elevation of pneumatic chamber ceiling 
(height of tank) 

Elevation of water in pneumatic chamber at 
start of wave formation 

Area moment of inertia 
Mass moment of inertia 

Dimensionless number, defined by Eq 2-41 
(Eq 2-41 through 2·46) 

oNet surface heat exchange 
coefficient (Eq 3-20) 

oCoefficien t ( > 1) (Eq 4·3 2, 4-40, 4-44; 
Tables 4-2, 4-4; Figs. 4-5, 4-6) 

oWave number (2n/L) (Section V only) 

oStability coefficient (Eq 6-4a, 6-4b, 6-5) 

oDimensionless constant (Eq 6-7) 

oConstant defined by Eq 6-33 

Dimensionless number, defined by Eq· 2-71 
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Dimension 

L 

L 

L 

L 
L 

L 
L 

L/L 

L 

L 

L 

L 

L 

Unit 

ft/sec 2 

ft 

Btu/hr 

ft 

ft 

ft 

ft 

ft 

ft 

ft 

ft/ft 

ft 

ft 

ft 

ft 

ft 



Symbol Defmition Dimension Unit 

KK Coefficient in Eq. 4-32 as determined by 
Keulegan method 

KL Coefficient in Eq 4-32 as determined by 
LeMehaute method 

Kr Surface heat exchange scale 

Ktl Stability coefficient for a particular armor-
unit shape 

k Number of fundamental dimensions in the 
variables of a problem (Section II) 

oAdiabatic constant of air (Eq 6-6) 
oConstant, the value of which depends 
on the distribution of a loading force 
(Eq 6-12) 

oWave generator shape coefficient 
(Eq 6-24) 

ktll' Experimental stone or armor unit shape-
placing coefficient 

kv Stone or armor-unit shape coefficient 

kl Coefficient defined by Eq 6-30 
k2 Coefficient defined by Eq 6-28 rl sec"1 

L Length L ft 
oWavelength (Section V only) L ft 
oVertical component of resultant force F lb 

on structure (Fig. 6-16) _. 
ilL Average width of core-material section L ft 

of rubble-mound structure 

Lc Characteristic horizontal length, e.g., L ft 
width of a ~ay mouth 

Lr Linear scale of an undistorted-scale model 
t Length of pendulum (Eq 2-27, 2-28) L ft 

o Length of pneumatic chamber L ft 
(Fig. 6-10; Eq 6-28, 6-29) 

R.., m, n Direction cosines of a normal to a 
boundary (Eq 2-31 b, 2-65) 

(tc)a Characteristic linear dimension of armor L ft 
unit 

(tc)G Characteristic linear dimension of wave L ft 
generator 

M Mass FT2/L lb-sec2/ft 
oMoment of resultant force about LF ft-lb 
structurt" toe (Fig. 6-16) 

Mn Mach-Cauchy number 
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Symbol Defmition Dimension ·Unit 

MP Moment of resultant force about a fixed LF ft-lb 
balance pivot (Fig. 6-16} 

M2 Principal lunar semi diurnal tidal harmonic L ft 
constituent 

m Arbitrary exponent (Section V only} 
N The dimensionless ratio Lc/4c 

Ns Rubble-mound breakwater stability number 
(K cot cx)l/3 

n Number of variables in a problem 
•Manning's coefficient of roughness T/Ll/3 sec/ft113 

•Unit vector normal to boundary L ft 
(Eq 2-31a} 

oNumber oflayers of armor units or 
underlayer stones in a rubble-mound 
breakwater (Eq 6-40) 

nquan Scale ra:tio of specified quantity (Section V 
only} 

p Porosity of armor units, underlayers, or 
core material after placement on breakwater 
(P < 1) 

•Maximum horizontal wave force on F lb 
parapet as determined by model tests 
(Figs. 6-34, 6-38, 6-40} 

pt Armor-unit placing technique 
p Pressure F/L2 lb/ft2 

•Arbitrary exponent {Section V only} 

Po Pressure in pneumatic chamber relative to F/L2 lb/ft2 

atmosphere {Eq 6-32) 
Ap Increment of pressure F/L2 lb/ft2 

•Suction pressure in pneumatic chamber F/L2 lb/ft2 
during subsequent wave motion 
{Eq 6-30) 

A pi Suction pressure in pneumatic chamber at 
beginning of wave motion {Eq 6-30) 

F/L2 lb/ft2 

Pmax Maximum pressure on vertical wall (Eq 6-7) F/L2 lb/ft2 

Apo Initial suction pressure in pneumatic F/L2 lb/ft2 
chamber required to raise water to height 
hw (Ap0 , > o) {Eq 6-30 through 6-33) 

Pt Theoretical maximum shock pressure on F/L2 lb/ft2 

vertical wall (Eq 6-8} 
Q Discharge L3/T ft3 /sec 

Q',Q" Reads "function of" 
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Symbol Definition Dimension Unit 

Qair Discharge of air from the orifices of a L3/T/L ft3/sec/ft length 
submerged manifold, per ft of manifold 

(Qair)at Discharge of free air delivered by a com- L3/T/L ft3/sec/ft length 
pressor to a manifold, per ft of manifold 

Qw Discharge of water from the orifices of a L3/T/L ft3/sec/ft length 
submerged manifold, per ft of manifold 

q Lateral discharge per unit of horizontal length L3/T/L ft3/sec/ft length 

oArbitrary exponent (Section V only) 

R Hydraulic radius L ft 
oResultant force on structure (Fig. 6-16) F lb 
oReynolds number (Section V only) 

Rn Reynolds number 

(Rn)c Critical Reynolds number 

R* Reynolds number for initiation of sediment 
motion (Section V only) 

r Arbitrary exponent (Section V only) 

oRadius of cylindrical plunger (Fig. 6-9) L ft 
s Wave generator stroke (Eq 6-23; Fig. 6-9) L ft 

oChannel slope (Eq 7-9) L/L ft/ft 

sa Specific gravity of armor unit 

SE Slope of energy gradient L/L ft/ft 

s2 Principal solar semidiurnal tidal harmonic L ft 
constituent 

su,s12 Maximum runup in x and y directions, L ft 
respectively 

s Salinity concentration ppt; p/m 
Oppt =parts per thousand 
Op/m = parts per million; 

also abbreviated ppm 
sg Specific gravity (Section V only) 
T Time T sec 

OWave period T sec 
OPeriod of pendulum (Eq 2-27, 2-28) T sec 
cn'emperature (Eq 3-17, 3-20) OF 
OHorizontal component of resultant F lb 

force on structure (Fig. 6-16) 

Te Equilibrium temperature OF 

To Turning moment about landside toe of LF ft-lb 
parapet (Fig. 6-40) 

Tl/3 Significant wave period T sec 

t Time T sec 
oThickness of n layers of armor units or L ft 

underlayer stones' in rubble-mound 
structure (Eq 6-40, 6-41) 
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Symbol Definition Dimension Unit 

t' Time required to reduce wave height T sec 
SO percent by internal friction 

u Cross-sectional area tidal velocity L/T ft/sec 
(Section III) 

oTotal uplift force on parapet due to F lb 
waves (Fig. 6-38) 

U' Dimensionless velocity in x direction 
defined as u/(gdc)l/2 

u Velocity in x direction L/T ft/sec 

u2 Velocity of wave particle at nozzle mouth L/T ft/sec 
(Eq 6-34) 

u2,v2 Velocity components on the shoreline L/T ft/sec 
(Eq 2-66, 2-93) 

u 
* 

Shear velocity (Section V only) L/T ft/sec 

v Velocity L/T ft/sec 

oVelocity of wave propagation (phase L/T ft/sec 
velocity )(Eq 4-10 through 4-17b; Fig. 
4-1; Eq 6-24 through 6-26, 6-3~, and 6-36) 

V' Dimensionless velocity in y direction, 
defined as v/(gdc)l/2 

v Volume L3 ft3 

(V.) Initial volume of air in pneumatic chamber, L3/L ft3/ft length 
auo per foot of chamber 

VT Total volume L3 ft3 

vv Volume of voids L3 ft3 

vw Velocity of water impinging on breakwater L/T ft/sec 
slope 

vw Volume of water displaced per foot length L3 /T/L ft3/sec/ft of 
of generator in T /2 sec generator 

AVW Volume of water leaking around ends and L3 /T/L ft3 /sec/ft of 
bottom of wave generator per foot length generator 
of generator in T /2 sec 

v Velocity in y direction L/T ft/sec 
w Weight F lb 

wa Weight of individual armor units F lb 

wa Total weight of armor units in a cover 
layer of thickness t for a given surface area 

F lb 

wn Weber number 

wP Weight of parapet (Eq 643) F lb 
w Velocity in z direction 1/T ft/sec 

oSettling velocity (Section V only) L/T ft/sec 

X Dimensionless length in x direction, 
defined as x/Lc 
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. Symbol Defmition Dimension Unit 

xl Dimensionless length in x direction 
along the input line 

X Longitudinal length L ft 

xp Distance of wave travel for wave to be L ft 
reduced by 50 ·percent by internal friction 
(Eq 4-27; Fig. 42) 

x,y Horizontal and vertical distances, L ft 
respectively, of the pivot from the structure 
toe (Fig. 6~16) 

x1~Y1 Coordinates of a point on a given input line L ft 

xz•Yz Coordinates of a point on a coastline L ft 

x,y,z Longitudinal, lateral, and vertical L ft 
coordinates, respectively 

oExponents in 1r terms 

xo,yo,zo Coordinates of a point on a solid boundary L ft 
y Dimensionless length in y direction, 

defined as y fLc 

yl Dimensionless length in y directio~ along 
input line 

y Lateral length L ft 

z Dimensionless depth, defined as z/dc 

z Vertical length L ft 

oDepth below water surface (Eq 6-20) L ft 

Exponent,.defined by Eq 4-29 (Eq 4-28 
through 4-31; Figs. 4-3, 4-4) 

rl n-I 

oAngle of seaside slope of breakwater degrees 
measured from the horizontal 

oAngle of wave-generator plunger face, degrees 
measured from the vertical (Fig. 6-9) 

oAngular acceleration (Fig. 6-40) T"2 rad/sec2 

~ Angle of wave attack degrees 

'Y Specific weight F/L3 lb/ft3 

oRatio of specific heats (Eq 6-32, 6-33) ·-
'Y' Relative specific weight of sediment in fluid, 

defined as ('Y8 - 'Yr)hr (Section V only) 

A Shape factor of armor units (Eq 6-1 
through 6-5) 

oDeflection of cable (Eq 6-12) L ft 
0 Fall of water surface in pneumatic L ft 

chamber during wave generation 

17 Surface displacement from the undisturbed L ft 
water level 
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Symbol Definition Dimension Unit 

71 
I Dimensionless surface displacement, 

defined as 77/dc 

711 Surface displacement from undisturbed L ft 
water level along the i~put line 

I Dimensionless surface displacement from 711 
undisturbed water level along the input 
line, defined as 771/dc. 

e Dimensionless depth, defined as d/ de 
e Angular displacement of pendulum from radians 

the vertical 

oAngle of bottom slope seaward of degrees 
structure, measured from the 
horizontal (Eq 6-1 through 6-6) 

oAngle of inclination of the resultant degrees 
force, measured from the horizontal 
(Fig. 6-16) 

oAngle of rotation of parapet about the radians 
landside toe (Fig. 6-40) 

•Angle of anchor chain from bottom, degrees 
measured fro:rp. the horizontal (Fig. 6-52) 

Wavelength L ft 
oHorizontallinear scale (Section Vonly) 

(i\) . Wavelength at which the velocity of a L ft 
rnm surface tension wave is a minimum 

f.l Dynamic viscosity FT/L2 lb-sec/ft2 

oVerticallinear scale (Section V only) 

v Kinematic viscosity L2/T ft2 /sec 

(~ ) Characteristic linear dimension of armor L ft c a unit surface roughness 
1T Refers to the Buckingham theorem (usually 

referred to as the pi (1r) theorem) in which 
1T = f(1r1, 1r2, ... 1Tn-k) and 1r1, 1r2, etc. are 
dimensionless products 

p Density FT2/L4 lb-sec2 /ft4 

tlp Density differential FT2/L4 lb-sec2 /ft4 

a Surface tension F/L lb/ft 
T Dimensionless time, defined as t/T c 

T Shields parameter 
* ci> Dimensionless velocity potential, defined 

as cp Tc/L; 
¢ Velocity potential (Eq 2-29 through 2-35) L2/T ft 2 /sec 

oReads "function of" (Eq 2-22) 
oLatitude (Eq 3-23) degrees 
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Symbol 

w 

Symbol 
a 

air 

at 

bm 

c 
c 

D 

d 

E 
e 

f 
G 

g 

H 
h 

K 
L 

M 

Defmition 

Scale distortion factor (Section V only) 

Angular velocity of Earth's rotation 

•Angular frequency (Fig. 6-40) 

SUBSCRIPTS 

Refers to 

Armor unit 

Air 
Atmosphere 

Breakwater material 

Critical value 

Characteristic value 

Damage (Ho=o) 
•Drag (C0 ) 

Dimension 

•Sediment diameter (Section V only) 

Discharge 

Energy 

Elastic compression 

•Equilibrium (T e) 
Froude number (Section V only) 

Densimetric Froude number (Section V only) 

Fluid 

•Friction (Ff) 

Friction factor (Section V only) 

Wave generator 

Gravity 

Wave height (Section V only) 

Chezy (Ch) 

•Horizontal 

Incident (Hi) 

•Inertia 

•Initial (ilpi) 

Keulegan 

Le Mehaute (KL) 

•Longitudinal (EL) 

•Wavelength (Section V only) 

Mass 
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Symbol 

m 
N 

n 

0 

p 

AP 
p 

pr 

r 

s 

st 

T 

t 

u 

v 

w 

X 

y 

z 

Model 

Nylon 

Refers to 

Dimensionless quantity (such as Froude or Reynolds number) 

oNumber of variables in a set or series 

Reterence value 
Parapet 

Shape-placing 

Pivot point (MP) 

oPrototype 

oPrototype core material (DP in Fig. 4-5) 

Pressure 

Ratio . 

Sediment 

oStability (N
8
) 

Surface tension 

Pneumatic wave chamber ceiling (hT) 

oTot_al (V T) 
oWave period (Section V only) 

Technique (p t) 
oTheoretical (pt in Eq 6-8) 

oTime 

oTransmitted (Ht) 

Horizontal velocity (Section V only) 

Shear velocity (Section V only) 

Vertical 

oVoids (Vv) 

oshape (~) 
Settling velocity (Section V only) 

oWater 

Longitudinal direction 

lateral direction 

Vertical direction 

Specific weight (Section V only) 

Relative specific weight (Section V only) 

Stability 
Wavelength 

Dynamic viscosity 
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