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MODEL STUDY OF WAVE AND SURGE ACTION 

NAVAL OPERATING BASE, TERMINAL ISLAND 

SAN PEDRO, CALIFORNIA 

SYNOPSIS 

The study reported herein was conducted in 1944 at the Waterways 

Experiment Station for the Bureau of Yards and Docks, U. S. Navy Depart

ment. Its purpose was to determine the best of several plans proposed 

for protecting the piers and dry docks at the Naval Operating Base, 

Terminal Island, San Pedro, California, from the effects of wave and 

surge action.  

The Navy piers and dry docks are situated along an east-west 

marginal wall on the southern shore of Terminal Island, which lies just 

off the northwestern shore of San Pedro Bay. Terminal Island and most 

of San Pedro Bay were protected from ocean swells to a certain extent by 

an outer breakwater system comprising about 6.5 miles of rubble-mound 

structure. However, so much wave energy reached the piers and dry docks 

that additional protection was considered necessary to obtain maximum 

operating efficiency of the Naval Base -- an especially important con

sideration at that time due to the scale of war-time operations. The 

Navy Department prepared a general tentative plan designed to afford 

adequate protection from wave and surge action both for the piers and 

dry docks and for an additional area which could be used for an enlarged 

operating base. This plan called for construction of a mole about 

11,000 ft in length to enclose the problem area; material for the mole



Synopsis

was to be obtained from dredging the harbor to a project depth sufficient 

to accommodate the largest naval ships.  

Investigations of this general tentative plan, and twelve modifica

tions thereof, were conducted on a fixed-bed (concrete) model built to 

scale ratios of 1:300 horizontally and 1:60 vertically. Reproduced in 

the model were the coast line from Pt. Fermin to Anaheim Bay, the Los 

Angeles inner and outer harbors, Long Beach inner and outer harbors, all 

of San Pedro Bay and breakwaters, and a large area of the Pacific Ocean 

south of the east breakwater.  

In addition to determining the general efficacy of the proposed 

improvement plan, information was also desired from the model study as 

to the optimum shape harbor basin; alignment of mole; location, width, 

shape, and alignment of navigation opening; and the most economical way 

to obtain the greatest efficiency of these elements of design.  

It was concluded from the model test results, and from a study of 

prototype wave data furnished by the Officer in Charge of Construction 

at the Naval Operating Base, that: 

a. The cause of the problem at the piers and dry docks was pri
marily the 12- to 18-second waves entering the San Pedro Bay 
area from a southwesterly direction, plus the 1- to 14-minute 
waves which occurred in the problem area at irregular inter
vals. The 12- to 18-second waves occurred more frequently and 
caused most of the troublesome ship movements encountered 
during loading and unloading operations, as well as the 
troublesome and sometimes damaging movement of the dry dock 
caisson gates. The longer-period waves, usually around 2-3 
minutes, were responsible for most of the damaging ship move
ment at the piers.  

b. Sufficient long-period wave energy could pass through the 

rubble-mound outer breakwater system to set up waves of 
appreciable amplitude in the outer harbor.  

c. The original improvement plan proposed by the Navy Department,
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Synopsis

which had a navigation opening of about 2000 ft, would protect 
the problem area from all but the most extraordinarily large 
waves of the 15-second type propagated from the southwest 
direction; it would provide progressively less protection as 
the direction of impingement shifted from southwest toward the 
southeast. Although this plan would reduce surge conditions 
in the harbor to a considerable extent, the amount of long
period wave energy reaching the problem area through the 
relatively large navigation opening would probably cause ships 
to surge against the piers.  

d. It would probably require a navigation opening of minimum 
allowable width to prevent future troublesome and damaging 
ship movements at the piers.  

e. Opaque pier construction (i.e., piers impervious to wave pene
tration) should be used in the inclosed harbor only after 
considerable study as to its effect on short-period wave 
action and the modes of oscillation of long-period waves in 
the harbor.  

Based on findings of the model investigation and practical consid

erations relating to the harbor design, it was recommended that a plan 

embodying the following elements be adopted (this plan is designated as 

plan )+A in the model tests): 

a. The end of the Long Beach breakwater extension (bounding the 
harbor on the east and southeast) should not protrude beyond 
the east end of the Navy mole (the western and southwestern 
boundary of the harbor) as determined by a line drawn tangent 
to the south side of the east end of the mole and perpendicular 
to the center line of the entrance channel.  

b. The east end of the mole and the southwest end of the Long 
Beach breakwater extension should be so shaped and positioned 
that the smallest navigable width of opening would be on the 
south side of the mole.  

c. The narrowest navigation opening consistent with navigation 
requirements should be used.  

d. The mole and breakwater extension should be constructed so as 
to be impervious to long-period waves.

3
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PART I: INTRODUCTION 

General 

1. In a letter dated 10 April 1943 to the Chief of Engineers, CE, 

U. S. Army, the Chief of the Bureau of Yards and Docks, U. S. Navy Depart

ment, requested that a hydraulic model study of the problem of alleviating 

undesirable wave and surge action at the Terminal Island Naval Operating 

Base be conducted by the Waterways Experiment Station. The Chief of 

Engineers authorized the model study in a teletype to the President, 

Mississippi River Commission, dated 26 July 1943. The study was con

ducted during the period March 1944 to January 1945.  

2. Throughout the course of the model study close liaison was 

maintained between the Experiment Station, the Bureau of Yards and Docks, 

and the Officer in Charge of Construction at the Terminal Island Naval 

Operating Base. Conferences and inspections by personnel of the offices 

concerned were held from time to time at the Experiment Station, at the 

prototype site, and at the California Institute of Technology at Pasadena 

where another model study of the same problem was in progress. Semi

monthly progress reports on the model study were submitted by the Experi

ment Station and, in addition, interim reports presenting the results 

of model tests were prepared immediately upon completion of each series 

of related tests. This report covers all phases of the model study, 

and supersedes the interim reports submitted during the course of the 

study.  

3. The model study was accomplished in the Hydraulics Division of 

the Waterways Experiment Station. Engineers actively connected with the
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study were Mr. Joseph B. Tiffany, Jr., Technical Executive Assistant to 

the Director; Mr. F. R. Brown, Chief of the Hydrodynamics Branch; Mr.  

R. Y. Hudson, Chief of the Wave Action Section; and Mr. W. B. Slay, 

project engineer in charge of model operation. This report was prepared 

by Mr. Hudson.  

Use of Terms 

4. All quantities, both model and prototype, are expressed in this 

report in terms of prototype equivalents, except where otherwise stated.  

For purposes of clarity, various terms used throughout the report are 

defined below: 

Depth, elevation. All depths and elevations specified herein 
are referred to mllw (mean lower low water) in San Pedro Bay.  

Wave length. Wave length is the horizontal distance in feet 
from crest to crest of two successive waves.  

Wave height. Wave height is the vertical distance in feet 
from trough to crest of a wave.  

Wave period. Wave period is the time in minutes or seconds 
between the passage of two successive wave crests by any given 
point; that is, the time in which a wave travels one wave 
length.  

Short-period wave, long-period wave, surge. Short-period 
waves (used herein to indicate waves with periods of 12 to 18 
seconds) cause a moored or anchored ship to roll, pitch, and 
heave. Long-period waves (used herein to indicate waves with 
periods of 2 to 3 minutes) cause a ship to execute relatively 
slow but forceful to-and-fro horizontal movements, often with a 
scarcely perceptible vertical movement. These latter long
period ship motions, together with the movements of water which 
cause them, are referred to in this report as "surge".

5
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PART II: THE PROTOTYPE 

Physical Description 

5. The general prototype areawith which the model study was con

cerned is that portion of San Pedro Bay lying north of the San Pedro 

Breakwater (see fig. 1 and plate 1). This breakwater is about 8.9 

miles in length, including two navigation openings, and extends gen

erally eastward from its shore connection at Point Fermin to its 

terminus at a point about 4 miles offshore from Sunset Beach. (The 

eastern 1.7 miles of this breakwater was incomplete at the time of the 

model study.) The harbor area lying north of the breakwater covers 

over 18 square miles, with an average depth of 30 to 35 ft and with 

most of the critical areas dredged to project depths of 35 to 45 ft.  

This harbor area is accessible to navigation through a 2200-ft westerly 

opening, an 1800-ft easterly opening, and the 4-mile opening between the 

eastern end of the breakwater and the shore.  

6. The above-described area includes the Los Angeles inner and 

outer harbors fronting San Pedro and Wilmington, the Long Beach inner and 

outer harbors, and the Navy harbor at Roosevelt Base along the southern 

shore line of Terminal Island. The problem area with which the model 

study was specifically concerned is the area adjacent to the Navy piers 

and dry docks located on the southern shore line of Terminal Island. Ref

erence to fig. 1 and plate 1 will serve to establish the geographical 

location of the Naval Operating Base and Navy dry docks, and the relation

ship of the piers and dry docks to the surrounding topography and shore 

line.



The Prototype

The Problem and Its Cause 

7. As previously stated, the problem at Terminal Island was the 

undesirable wave and surge action at the Navy piers and dry docks. At 

the time the model study was undertaken, wave action was such that ships 

moored at the piers were never motionless, thus necessitating the use of 

extra mooring lines and increasing considerably the amount of necessary 

line tending. At times the wave and surge action in this area became so 

pronounced that moored ships collided violently with the piers, thus 

endangering the ships, interrupting loading and servicing operations, and 

causing material damage to the fender system. To alleviate this condi

tion heavy anchor blocks were used to hold the ships away from the piers; 

however, these were only partially effective and servicing difficulties 

continued.  

8. One serious aspect of the problem was the difficulty encountered 

in using pier cranes to load and unload heavy and delicate machinery.  

Since this operation requires a practically motionless ship, much of it 

had to be diverted to the dry docks, with the result that the efficient 

capacity of the dry docks was exceeded. Further serious damage and lost 

time were incurred through the effects of wave action upon the caisson

type gates and gate sills of the dry docks as they were being floated 

into position for sinking and securing in place.  

9. For a proper evaluation of the magnitude and significance of 

these problems, they should be viewed in relation to their effect upon 

the war effort in the Pacific Theater of Operations. In less critical 

times such wave and surge conditions would have been very undesirable,

8
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but some wave and surge action could have been tolerated. In normal times 

the loading and unloading of heavy and delicate machinery could have been 

handled very conveniently in the dry docks rather than by the use of pier 

cranes. However, with the necessity for full-time use of the dry docks 

to provide for major repairs to damaged vessels, many ships which normally 

would have been dry-docked had to be moored at the piers for repairs.  

Therefore, the wave and surge action in this area of the harbor became 

increasingly significant as the war in the Pacific Theater increased in 

intensity.  

10. At the outset of the model study, sufficient prototype data 

were not available to accurately define the sources and types of wave 

action causing the different forms of ship and caisson-gate movements.  

All available literature on the subject was reviewed, many prominent 

engineers on the West Coast and elsewhere were consulted, and opinions 

were obtained from Navy personnel actively concerned with the problem.  

Among these sources of information many conflicting opinions as to the 

nature and cause of the problem were disclosed. All that could be deter

mined definitely was that the periodic character of all ship and caisson

gate movements established the fact that they were caused by some form of 

wave action. It became evident, therefore, that the collection and anal

ysis of a considerable volume of prototype data would be necessary to 

provide adequate information.  

11. Accordingly, a representative of the Experiment Station visited 

the Naval Base in August 1943 and collaborated with Navy personnel in 

setting up a program for collecting data on the prototype waves. Automatic 

tide and wave recorders were installed throughout the problem area. Staff

9
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gages were located outside the breakwater opposite the degaussing towers 

so that observers in the towers could record wave heights, periods, and 

directions when troublesome wave action was reported in the problem area.  

Staff-float measurements were made of currents and surges near the piers.  

However, after the collection and analysis of considerable data, it be

came evident that a clear-cut definition of the cause of the problem 

would be very difficult to obtain without the collection of data over a 

longer period of time than that permitted by the urgency of the war 

situation. The data-collection program was continued; however, it was 

decided to use additional means of obtaining the basic information needed.  

To this end the Officer in Charge of Construction at the Naval Operating 

Base requested the assistance of the California Institute of Technology 

in the investigation and solution of the problem. Also, the Public Works 

Officer at the Naval dry docks at Terminal Island assigned Lt. D. L. Herr, 

USNR, to investigate the problem in the prototype and prepare a report 

presenting his findings as to its cause.  

12. The work of the California Institute of Technology was performed 

under the direct supervision of Dr. Robert T. Knapp and Dr. Vito A. Vanoni, 

Associate and Assistant Professors of Hydraulic Engineering, respectively.  

Drs. Knapp and Vanoni enlarged the scope of the prototype data-collection 

program and, with the help of a corps of assistants furnished by the 

Public Works Officer of the Naval Operating Base, made an elaborate and 

thorough analysis of the data collected. They also performed extensive 

hydraulic model tests generally similar to the ones performed at the 

Experiment Station.  

13. The results of Lt. Herr's report tended to show that the cause

10
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of the problem was the 12- to 18-second waves which were propagated from 

the Pacific Ocean into San Pedro Bay. Preliminary analysis of the problem 

by Drs. Knapp and Vanoni indicated that 2- to 3-minute waves as well as 

the 12- to 18-second waves were prevalent in the problem area, and that 

correlation existed between the occurrence of these long-period waves and 

the troublesome and damaging ship movements. It was generally agreed by 

all concerned that the cause of the damage to the dry dock caisson gates 

and the gate sills was the action of the short-period 12- to 18-second 

type waves.  

14. Numerous conferences were held between representatives of the 

Navy Department, the California Institute of Technology, and the Experi

ment Station throughout this period of preliminary investigation and 

analysis. As a result, general agreement was reached on certain assump

tions as to the nature and causes of the prototype problem, and the model 

studies both at the California Institute of Technology and at the Waterways 

Experiment Station were based upon these assumptions. Data which have 

since become available through continuation of the data-collection program 

in the prototype, prove without doubt the correctness of the assumptions 

made. In particular, Dr. Knapp's final comprehensive analysis of the 

prototype problem proves conclusively the existence not only of short

period waves but also of long-period waves, upon which the short-period 

waves are superimposed, and the effects of the long-period waves upon 

ship movements.  

15. Insofar as the model tests described in this report are con

cerned, it was assumed that the cause of the problem was the 12- to 18

second waves propagated into San Pedro Bay more or less continuously,

11
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together with the 2- to 3-minute waves which occur in this area at irreg

ular intervals. The 12- to 18-second waves usually approach the outer 

breakwater from about the southwest direction and, at times during local 

storms, from the south to southeast directions. The 12- to 18-second 

waves which approach San Pedro Bay during periods of local calm weather 

have their origin in very distant storm centers in the Pacific Ocean.  

The origin of the 2- to 3-minute waves is unknown. It is possible that 

these long-period waves originate at sea and enter the problem area 

through and around the ends of the outer breakwater system and through 

the navigation openings; or they may result from a resonance phenomenon 

of the water masses contained in San Pedro Bay -- the energy impulses to 

the water masses possibly being derived from the short-period waves in 

combination with some form of tidal harmonics. Regardless of the sources 

of the causative impulses, it is known that wave action in a harbor basin 

becomes more critical as the period of the impulses approaches the resonant 

periods of that particular harbor basin. However, the origin of the long

period waves is not of serious consequence, the important point being the 

knowledge that such waves do exist in the problem area in sufficient degree 

to cause undesirable movement of vessels moored at the piers.  

Analysis of Prototype Wave Data 

16. Analysis of prototype wave marigrams involved the determining 

of the different wave periods, and corresponding wave heights, which 

existed in the problem area. Had the waves been of regular occurrence, 

period, and height, the desired data could have been obtained by the 

method of harmonic analysis. However, the waves which appeared on the

12
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prototype wave marigrams were not continuous, nor repetitive, with 

respect to time, and it was impracticable, therefore, to analyze the wave 

form by use of a standard harmonic analysis procedure. Instead, an 

approximate method was used to determine the principal wave periods and 

heights which exist in the problem area. Fig. 2 shows the principle of 

this method of determining the characteristics of the different type 

waves as used in this study. First, a line was projected through the 

midpoints of each wave on the original marigram to determine the mean 

water level. This line corresponded very closely to the wave record 

which would have obtained if the recording instrument had been adjusted

I HOUR 

(A) RECORD 

(B) LONG-PERIOD WAVES 

STA.9 - PIER I SLOW-SPEED RECORD 

NOV. 26, 1943 

(A) RECORD 

10 MINUTES 

(B) LONG-PE RIOD WAVE S 

STA. 9 - PIER I HIGH-SPEED RECORD 

NOV. 17, 1944 

Fig. 2. Wave form analysis



The Prototype

so as to damp out the short-period waves. The process was repeated until 

all long-period waves were determined which had wave heights large enough 

to allow measurement. Wave heights less than about 0.05 ft could not be 

measured accurately, and were omitted. This method is a modified form of 

the envelope* method of wave form analysis, and assumes that waves of 

different periods and amplitudes exist, that their periods are sufficiently 

spaced so that they do not radically affect each other, and that each 

period wave is superimposed upon the other. If two or more waves have very 

nearly the same period, beats occur on the marigram (see the high speed 

record on fig. 2) and the more exact envelope, or the harmonic analysis, 

method would be necessary if the exact periods and amplitudes were desired.  

Thus, the method used did not give the exact wave periods and amplitudes 

present, but it did, within the necessary degree of accuracy, give approxi

mate data for the most predominant waves.  

General Tentative Plan of Improvement 

17. The necessity for prompt selection of a general plan of im

provement, and for losing as little time as possible in undertaking its 

construction in the prototype, was made extremely acute by the status of 

operations in the Pacific Theater at the time the model study was pro

posed. Therefore, as soon as a general plan of improvement was tenta

tively decided upon, plans were initiated for beginning its construction.  

18. The principal elements of the improvement plan were dictated 

primarily by: (a) the harbor area to be protected; (b) the degree of

* See text entitled "Waveform Analysis" by R. G. Manley.
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protection desired; and (c) the need for additional docking facilities 

and land space for the Naval Base. The plan tentatively selected in

volved construction of a rubble-protected hydraulic-fill mole about 

11,000 ft long, consisting of two legs aligned at right angles to each 

other and connected by an arc of 1000-ft radius. The north-south leg 

of this mole was to connect with the shore at the marginal wall on the 

boundary between the cities of Los Angeles and Long Beach. The seaward 

end of the east-west leg was to be located about 600 ft from the west 

side of the channel leading from the east navigation opening in the 

outer breakwater to the Navy piers. The proposed mole would inclose a 

rectangular inner harbor basin of about 675 acres with a navigation 

opening about 2000 ft wide between the east end of the mole and the west 

end of the Long Beach breakwater. (This general plan was very similar 

to plan 1 of the model study as shown on plate 3 of this report.) 

19. Construction of the proposed mole in the prototype was begun 

immediately, starting with the shore end of the north-south leg. Mean

while the model study was being conducted as expeditiously as possible 

in order to determine more accurately the design of the navigation open

ing and other considerationspertinent to the hydraulic design of the 

harbor before prototype construction had progressed to any great extent.

15



PART III: THE MODEL 

Purpose of the Study 

20. The specific purpose of the model study was to determine the 

best plan for protecting the Terminal Island piers and dry docks from the 

effects of wave and surge action. Information was desired as to the degree 

of subsidence in ship and caisson-gate movements which would result from 

the installation of any proposed plan, together with data from which the 

best plan could be determined. A large part of the test program was di

rected toward obtaining the most efficient and practical design for the 

navigation opening into the Navy and Long Beach harbors.  

Design of the Model 

Similarity 

21. The theoretical principles underlying the proper design of 

hydraulic models to assure correct simulation of prototype phenomena 

have been set forth in various publications and texts; therefore, they 

are discussed only briefly here. If it can be determined that a single 

force of the possible combination of forces involved is predominant in 

its effect upon the characteristics of the phenomenon to be investigated, 

design of the model to obtain hydraulic similarity must be based upon the 

requirements of that controlling force. Forces which may play important 

roles in the propagation of water waves are the forces of gravitation, 

frictional resistance, and surface tension. Elastic and compressive forces 

are not important so long as water is the medium through which the waves
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are propagated, and a free surface is involved. In the case of the pro

totype waves in this investigation, only the force of gravity need be 

considered, this force being dominant in controlling the phenomenon of 

propagation for waves of this type and magnitude. In the model, however, 

if the model scale selected is too small, frictional resistance and surfac 

tension may have sufficiently great influence, relative to the force of 

gravity, to affect the manner of wave propagation. Selection of the scale 

ratio to which the wave-action type model is constructed also depends to 

some extent on such other factors as: (a) size of prototype area to be 

reproduced compared with space and equipment available; (b) absolute 

magnitude of model waves, which cannot fall below a certain value due to 

physical limitations to the accuracy of available measuring equipment; and 

(c) cost of model construction compared with benefits to be expected.  

22. For this model study, considerations of available space and 

time, ease of model operation, and cost of construction imposed a hori

zontal linear scale ratio of 1:300. This scale ratio would provide the 

largest model which could be fitted into an available shelter, and which 

would be practicable to construct and operate in the allotted time. Two 

factors conspired to make necessary the selection of a larger vertical 

scale, resulting in a distorted-scale model: (a) the fact that the depth 

of water in a model constructed to an undistorted scale of 1:300 would be 

so small that waves could possibly be greatly affected by friction, and 

perhaps by surface tension, thereby reducing wave energy (and thus wave 

heights) as the waves reach shallow water areas in the model; and (b) the 

absolute magnitude of the wave heights would be so small that it would not 

be practicable to construct accurate measuring equipment. Therefore, it

17
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became necessary to increase the vertical scale of the model to eliminate 

the adverse effects of friction and to provide measurable quantities.  

Selection of vertical scale 

23. While the Terminal Island model was still in the design stage, 

and before the vertical scale ratio to which the model was later construct

ed had been selected, a preliminary investigation was conducted on two 

models of a hypothetical harbor to determine the effect of scale distortion 

on the reliability of harbor wave-action models. One of these models was 

constructed to an undistorted linear scale ratio of 1:300 (the horizontal 

scale already selected for the Terminal Island model), and the other was 

constructed with a horizontal scale of 1:300 and with provisions for in

stalling two different vertical scales. Thus, in effect, three models of 

the same hypothetical harbor were used, each having the same horizontal 

scale (1:300) but with different vertical scales. The vertical scales 

used were 1:300, 1:100, and 1:60, corresponding to scale distortions of 

1, 3 and 5, respectively.  

2I.. Tests were performed to determine the relative amounts of wave 

energy lost due to friction for the three vertical scales, and to deter

mine the effects of scale distortion on wave bending and wave reflection.  

All tests on these models were performed using 15-second waves. It was 

determined from these tests that a 1:300 undistorted model, having water 

depths of the magnitude existing in San Pedro Bay, would result in consi

derable loss of wave energy due to friction (in some instances as high as 

about 25 per cent) for waves as small as 10 ft in height; whereas, in the 

distorted scale models no such reduction in wave heights was noted. How

ever, it was found that the steeper side slopes caused by the distorted

18
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model scales resulted in wave reflection considerably in excess of that 

which obtained for corresponding undistorted side slopes. The wave front 

patterns were observed to be substantially the same for all three vertical 

scales. As a consequence of these findings it was decided that the 

Terminal Island model could be constructed using a vertical scale of 1:60 

(scale distortion of 5) without affecting adversely the reliability of the 

15-second wave data, provided all wave reflecting surfaces were reproduced 

in the model without slope distortion. Therefore, all breakwaters, moles, 

jetties, seawalls, etc., were constructed in the model to their natural 

undistorted prototype slopes so that the correct amount of reflected wave 

energy was simulated as nearly as possible, and at the same time, the loss 

of wave energy due to friction was minimized.  

25. Selection of a distorted-scale model sacrificed exact dynamic 

similarity between model and prototype action. However, this was not 

thought to be of sufficient consequence to affect the results of the model 

study to any appreciable extent since the model was not to be used to 

study pressures on breakwaters, or like phenomena, but rather to study 

the propagation and effect on ship movements of shallow-water waves, and 

the modes of oscillation of long-period waves (surges) in the harbor to be 

formed by the contemplated mole.  

Scale ratios 

26. As previously mentioned, the linear-scale ratios selected for 

this model were: horizontal, 1:300; vertical, 1:60. Although the force 

of gravity is the predominating force controlling the phenomenon of wave 

propagation, it is impossible in this instance to apply Froude's model 

law in the derivation of the velocity and time scales, because those waves
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which have short lengths in relation to water depth have velocities which 

are controlled in part by the wave length (horizontal dimension) and in 

part by the depth of water (vertical dimension); whereas, the application 

of Froude's model law results in a velocity scale dependent upon depth or 

wave length only, depending on whether the waves can be classed as deep

water waves or waves of translation. A velocity scale ratio derived by 

use of Froude's law does not agree with the derived transference equation 

for velocity, based upon known formulas for velocity of wave propagation 

applicable to both model and prototype waves, for all depths and wave 

lengths when a distorted scale model is used. General transference 

equations derived for velocity and time show that both the velocity and 

time scale ratios vary with depth and wave length, except for those 

waves which have relatively great lengths as compared with depths.  

27. The transference equation chosen as the one describing most 

accurately the velocity of both model and prototype waves is the Laplace

Airy (trochoidal) formula: 

V 2 =gL tanh 2nd 
2n L (Eq. 1) 

where V = wave velocity 
g = acceleration of gravity 
L = wave length 
d = depth of water, and 

tanh = hyperbolic tangent 

The derivation of this formula was based upon the assumption that wave 

height is small compared with either wave length or depth of water, and 

it is completely reliable so long as this condition is fulfilled.  

28. If subscripts m and p are used to denote model and proto

type terms, respectively, the velocity scale ratio, based on equation (1),
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reduces to the following form: 

Vm _ 1/2 (tanh e m1/2 

Vp Lp tanh ep 

(Eq. 2) 

where 6 is equal to 2Td/L with the proper subscripts. The correspond

ing time scale ratio reduces to 

Tm L 1/2 tanh 0 1/2 
Tp L P)tanh kM(Eq..3) 

29. A study of the variables in these derived transference equa

tions shows that the velocity and time scales are not constant, but vary 

with both depth and wave length for a distorted scale model. For an un

distorted model the second term in equations (1) to (3) reduces to unity 

and the velocity and time scales would be constant for a given linear scale 

ratio, and equal to that as derived by Froude's model law. Velocity and 

time scales as calculated from equations (2) and (3) are: 

Wave Velocity Scale Time Scale 
Length 30-ft 50-ft 30-ft 50-ft 
(ft) Depth Depth Depth Depth 

600 1:10.00 1:12.10 1:30.1 1:24.9 
6,000 1: 7.77 1: 7.83 1:38.6 1:38.3 

12,000 1: 7.75 1: 7.75 1:38.7 1:38.7 

A 6000-ft wave length (the long-period wave used in this model study) 

corresponds to a 2.5-minute wave in 50 ft of water. It can be seen from 

the table that for waves of 6000-ft length or greater, the scale ratios 

are nearly constant; they also correspond to values calculated from 

Froude's model law for waves of translation. For the depths of water 

prevailing in San Pedro Bay, the time and velocity scales are dependent 

upon both depth and wave length for all waves whose lengths are less than
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about 6000 ft. The 15-second waves correspond to waves 600 ft in length 

in 50 ft of water; consequently the time and velocity scales for waves of 

this period vary with depth. The time scale selected for the 15-second 

waves in this model study was 1:25, the scale corresponding to a 15

second period wave in 50 ft of water, the depth in which the model wave

machine plungers were placed. The over-all 15-second wave patterns were 

affected very little due to the varying velocity scale because in San 

Pedro Bay the depth contours are very regular; however, use of a distorted

scale model precluded the obtaining of quantitative data for the 15

second type wave studies. The time scale selected for the 2.5-minute 

waves was 1:38.5. In this range of wave periods, the time and velocity 

scales are nearly constant, and the wave patterns set up in the model for 

these waves are not distorted but are reproduced accurately. Other scale 

ratios were: area (horizontal), 1:90,000; area (cross-sectional), 1:18,000; 

volume and weight, 1:5,400,000.  

Description of the Model 

30. The model, a concrete, fixed-bed type structure about 120 ft 

wide and 175 ft long, reproduced all of Terminal Island, the coast line 

from Pt. Fermin to Anaheim Bay, Los Angeles inner and outer harbors, Long 

Beach inner and outer harbors, all of San Pedro Bay, the San Pedro break

water, the east or detached breakwater, and a surrounding portion of the 

Pacific Ocean bounded on the west by Pt. Fermin, on the south by latitude 

33040 N, and on the east by Anaheim Bay (see fig. 3 and plate 1).  

31. In the model the side slopes on all shore-line structures, 

breakwaters, moles, and other reflecting surfaces were constructed to the
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The Model

natural undistorted prototype side slopes so as to reproduce as closely 

as possible the wave reflecting characteristics of such structures. Also, 

the model mole, breakwaters, and piers were constructed so as to accurately 

reproduce the permeability characteristics of their respective prototypes.  

32. Both the short- and long-period waves studied in this investi

gation were generated by movable wave machines of the plunger type.  

Electrical wave-height measuring and recording devices were used to obtain 

records of wave heights over the problem area. Study of the horizontal 

water movements due to surge conditions was facilitated by the use of 

lighted floats and ships in conjunction with timed photographic exposures.  

33. Wave machines. Model waves were generated by the displacement 

incident to vertical movements of plungers in water. By varying the 

combinations of plunger stroke, speed, and submergence, waves of the de

sired characteristics were generated. The plungers were driven by 2-hp 

induction motors through variable-gear reducers, crankshafts, and a 

system of levers. One of the smaller wave machines is shown in fig. 4.  

Fig. 4. Wave machine
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Four of these machines were used; two 40 ft in length, and two 20 ft in 

length (model dimensions). By using a number of relatively short wave 

machines placed in echelon with plungers parallel, considerable saving 

was effected in model construction due to the smaller wave pit area re

quired as compared with that which would have been necessary had one long 

machine been used. Wave guides were used between the ends of the plungers 

to effect a continuity of wave fronts generated by the four machines. In 

order to generate waves from different directions of approach, the machines 

were mounted on rollers so that they could be moved to the proper loca

tions in the wave pit for generating waves from any desired direction 

between southwest and southeast.  

34. Wave-height measuring device. Wave heights in the model were 

measured with a device designed and constructed at the Experiment Station 

especially for this purpose. This wave-height measuring unit (fig. 5) 

consisted of series-connected resistors installed in a direct-current cir

cuit in which the resistors were so 

calculated that the current varied 

directly with submergence of the 

staff in water. The straight-line 

characteristics of these gages were 

checked by varying the submergence 

of the staff in water and observing 

the corresponding current drain on a 

milliammeter. External contacts of 

the gages were exposed along the face 

of the staff in 0.002-ft vertical Fig. 5. Wave-height measuring device
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increments (model). The gages were therefore capable of detecting with 

quantitative accuracy vertical fluctuations of the water surface as small 

as 0.002 ft in the model, corresponding to 0.12 ft prototype. It was 

also possible to estimate to the required degree of accuracy the height 

of model waves much smaller than 0.002 ft because of the effect of wetted 

area of each exposed portion of the external contacts on the current drain 

of the circuit. This fact made possible a more accurate delineation of the 

nodal areas in the long-period wave phase of the investigation.  

35. Wave-height recording apparatus. In order to record for pur

poses of measurement the rapid fluctuations of current in the gage-staff 

circuit, which fluctuations corresponded to wave heights in the model, the 

electrical leads from the gages were connected to the modified D'Arsonval 

galvanometers of a recording oscillograph (fig. 6). The oscillograph

rm 
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Fig. 6. Wave-height recording device
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contained seven of the galvanometer units, each unit being so installed 

that its deflections, resulting from electrical current changes in the 

gage-staff circuit, were transmitted as a beam of light to a strip of 

moving, sensitized, photographic paper. When developed, the record, or 

oscillogram, was a two-dimensional graphic plot of the model waves from 

which the wave heights were measured. A 60-cycle timing wave was includ

ed on all wave records in order that the different wave periods might be 

determined from the oscillograph records.  

36. Model ships. Two types of model ships were used to help 

determine the effectiveness of different plans in reducing wave and surge 

action in the problem area. First, a model battleship and a destroyer 

were constructed of thin-gage sheet metal to permit study of the action 

of the short-period waves (fig. 7). These ships were constructed using 

Fig. 7. Model battleship and destroyer built of sheet metal
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an undistorted linear scale ratio equal to the 1:300 horizontal scale of 

the model. The corresponding weight scale ratio was 1:27,000,000. The 

time scale used in studying the movements of these ships was 1:25, the 

same as that of the short-period waves. Although these two ships were 

constructed undistorted to the model horizontal scale, the time scale used 

to adjust the periods of roll of the ships was that of the distorted scale 

model waves. This was done in order to reproduce ac accurately as pos

sible the rolling characteristics of the prototype ships, which charac

teristics were affected appreciably by the relation of the wave period to 

the natural period of the ships' oscillations.  

37. Secondly, a model battleship was constructed of wood using the 

distorted linear scales of the model (fig. 8). This model ship was used 

to study the long-period waves. In these tests the relation between model 

wave energy and inertia of the model ship was of primary importance.

Fig. 8. Distorted-scale battleship constructed of wood
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The weight scale of this ship was 1:5,400,000. Small lights were in

stalled on the ship and timed photographic exposures were made to 

facilitate the study of the surge of the ship for the different schemes 

tested.  

38. Lighted floats. In addition to the lights which were placed 

on the model ships, cylindrical floats with dry-cell battery lights in 

the upper ends were used to study the horizontal components of water 

movements caused by surge action of the 2.5-minute waves. Each of these 

floats consisted of a wood shell about 1.5 in. in diameter and 6 in.  

long inclosing a dry cell and flashlight bulb. The buoyancy-weight 

ratio for each unit was such that the cylinder floated with about 1/4

in. freeboard. Timed photographic exposures of these floating lights 

were used to form mosaics from which a visual pattern of the modes of 

oscillation of the long-period waves could be obtained. Data of this 

type complemented the data obtained by measuring, with the electrical 

wave-height measuring gages, the vertical fluctuations of water move

ments due to surge.

29
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PART IV: PRELIMINARY TESTS -- GENERAL PLAN 

39. Because the Navy Department officials in charge considered it 

very necessary that construction of the protective works in the prototype 

be started immediately, and because they desired that preliminary tests 

of the general tentative plan of improvement be conducted before work on 

the proposed mole was begun, some tests were performed on the Terminal 

Island model before construction of the entire model was finished. The 

portion of the model used for these tests reproduced the prototype area 

shown by broken lines on plate 1, including the shore line from Pt. Fermin 

to Rainbow Pier at Long Beach, and San Pedro Bay from the shore to the 

outer breakwaters. Fifteen-second waves were generated from immediately 

outside the east and west navigation openings from the southwest, south, 

and southeast directions. No long-period waves were used in these tests.  

Purpose of Tests 

40. Tests were performed to determine: (a) which navigation en

trance in the existing outer breakwater system was supplying the larger 

portion of the wave energy reaching the problem area; and (b) the effi

cacy of the tentative plan of improvement in protecting the problem area 

from wave action -- the latest design of the Navy mole at that time was 

designated plan 1 for purposes of this report. The results of these 

tests were used also to assist in eliminating all unnecessary tests from 

the subsequent testing program. For example, it was decided from the re

sults of these tests that, insofar as the 15-second waves were concerned, 

there would be no need to perform tests using more than one water level or
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one wave height. (A +6.0-ft mllw level and a 12- by 600-ft wave were se

lected for testing on the complete model in the principal investigation.) 

Tests and Results 

Existing conditions (base tests) 

41. For tests of existing conditions (designated base tests, the 

data from which would be used to evaluate the effects of improvement 

plans), gage positions were selected at critical locations in the problem 

area as shown in fig. 9. Wave heights were measured with the east and 

west navigation gates opened and closed alternately so that the wave 

heights in the problem area resulting from waves entering each navigation 

opening could be determined separately. These tests were performed using 

both 0.0- and +6.0-ft mllw levels. The results of these tests are shown 

in table 1 (page 32). It is apparent from these data that, for the 

southwest primary waves, the west gate in the outer breakwater system 

contributed practically all of the 

4 1 15-second wave energy which reached 
-N- I LONG BEACH 

the pier and dry-dock area. For all 

1 practical purposes it can be said 

that wave heights resulting from 

waves entering the harbor through the 

west gate from the southwest direc

GAGE LOCATIONS 

100 FOR BASE TEST AND PLAN I tion were of the same magnitude as 
PLAN I INSTALLED 

SCALE, the wave heights resulting from waves 
3000 0 000 2000FT$ 

entering both navigation openings 

Fig. 9 simultaneously.
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TABLE 1 

WAVE HEIGHT DATA: BASE TEST CONDITIONS 
(Small Model) 

Waves Entering West Gate, East Gate, and Both Gates 

Zero and + 6 Ft mllw Levels

2 : Model Gage Number s 
! Primary : Gate s 
s Wave : Open 
: : :1:2:3 :4 5 : 6 : 7 : 8 : 9 : 10 11: A : B 

Zero mliw 

East 0.6 0.5 0.6 o.4 0.5 0.5 0.4 1.3 0.6 0.9 0.9 0.4 7.0 

6 Ft 
West 2.0 1.7 1.3 1.2 0.7 0.4 0.6 0.8 2.3 1.2 1.9 5.5 0.7 

S.W.  

Both 3.0 2.2 1.3 1.3 1.0 0.5 0.8 1.5 2.6 1.7 2.0 6.0 7.0 

East 0.7 0.8 0.7 0.5 0.5 0.6 0.7 1.4 0.6 0.6 0.7 0.8 11.0 

12 Ft 
West 5.2 3.9 2.0 1.2 1.0 0.9 1.1 1.2 3.5 2.3 2.9 11.0 1.0 

s.W.  

Both 5.0 4.5 2.0 1.5 1.3 1.0 1.3 2.0 3.5 2.3 3.0 12.0 12.0 

+ 6 Ft mliw 

East 0.5 0.6 0.6 0.4 0.5 0.7 0.5 1.0 0.6 0.8 0.9 0.4 7.5 

6 Ft 
West 2.5 1.6 1.3 1.4 0.7 0.5 0.8 0.9 2.5 1.2 1.9 5.5 0.6 

S.W.  

Both 3.0 2.3 1.3 1.5 1.0 0.8 0.8 1.5 2.6 1.5 2.0 5.5 6.5 

East 0.7 0.7 0.7 0.5 0.5 0.7 0.7 1.4 0.6 o.6 0.7 0.7 12.0 

12 Ft 
West 5.4 4.1 1.7 1.7 1.0 0.9 1.1 1.1 3.5 2.3 2.9 12,0 1.0 

s.W.  

Both 5.5 5.0 2.0 2.0 1.3 1.0 1.3 2.0 3.5 2.6 3.0 11.0 12.0 

Note : Wave heights in prototype feet.
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42. In view of the fact that practically all of the ocean swells 

which caused damage to the caisson gates and troublesome ship movements 

at the piers came from about the southwest direction, no tests were per

formed in this series for primary waves from the south and southeast 

directions. However, from the results of tests conducted later on the 

small model with the general plan installed, it was determined that as 

the primary wave direction shifted from the southwest to the southeast 

the amount of wave energy reaching the problem area from the west gate 

decreased, while the energy reaching the problem area from the east gate 

increased. This is in agreement with the results which could be expected 

from an analytical study of the laws of wave propagation and the geometry 

of the San Pedro Bay area. The results obtained from the 0.0- and +6.0

ft mllw levels were practically identical (see table 1).  

43. The remaining tests of this series under base conditions were 

conducted using only the +6-ft mllw level and with waves entering both 

navigation openings. Data obtained consisted of wave-height measurements 

at critical points in the problem area when 6- by 600-ft and 12- by 600

ft primary waves were generated from the southwest, south, and southeast.  

The results of these tests were used for comparison with the results of 

tests on the plan-l mole in order to determine the general efficiency of 

the mole in reducing wave heights in the problem area.  

General improvement plan 

44. The preliminary design of the Navy Department mole as of 

February 1944 was designated plan 1 of the model study, and was installed 

in the small model as shown by plate 3. The results of the preliminary 

investigation of the general plan are shown by table 2 and fig. 10,
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which illustrate clearly the amount of reduction in wave heights in the 

problem area. It can be seen that the mole would afford good protection 

to the piers and dry docks from wave action caused by ocean swells as 

large as 12 ft in height and 600 ft in length and approaching the outer 

breakwater and harbor from the southwest to south directions. No appre

ciable protection would be afforded by this plan for storm waves from 

the southeast direction. However, damage from waves approaching the 

breakwater system from the southeast is very rare, or nonexistent; and 

therefore, this shortcoming of plan 1 is not considered very important 

insofar as it might affect the final mole design. The results of these 

tests early in the model study were very encouraging, and allowed design 

of the mole to proceed with considerable assurance that further study 

would result in a workable and satisfactory solution to the problem.  

TABLE 2 

WAVE EIGHT DATA: BASE TEST AND PLAN 1 

Small Model, Waves Entering Both Navigation Openings, 6 Ft mllw 

Primary gave Plan Model Gage Number 

Direction Height 1 2 3 4 5 6 7 8 9 10 11 A B 

6 ft Base 3.0 2.3 1.3 1.5 1.0 0.8 0.8 1.5 2.6 1.5 2.0 5.5 6.5 
Plan 1 0.5 0.4 0.3 0.3 0.2 0.5 0.4 1.5 2.7 0.6 2.1 6.0 6.5 

S.W.  
Base 5.5 5.0 2.0 2.0 1.3 1.0 1.3 2.0 3.5 2.6 3.0 11.0 12.0 

12 ft Plan 1 1.1 1.0 0.5 0.6 0.4 0.7 1.0 2.0 5.0 0.6 2.7 11.0 11.0 

6 ft Base 3.5 4.0 5.0 1.3 0.8 2.5 2.2 2.3 4.2 4.2 2.0 8.0 7.0 
Plan 1 0.8 0.9 0.5 0.4 0.5 3.0 1.2 2.2 3.4 0.6 1.2 8.0 7.0 

S.  

12 ft Base 5.0 5.5 6.0 1.6 1.3 4.0 2.8 3.5 7.5 7.5 2.6 12.0 12.0 
Plan 1 0.8 0.9 0.5 0.5 0.5 4.5 2.3 1.9 7.0 0.7 2.3 11.0 12.0 

6 ft Base 1.8 2.6 0.7 0.8 0.7 0.9 0.9 4.7 1.4 2.0 2.0 8.0 8.0 
Plan 1 1.8 2.4 0.6 0.6 0.5 0.4 0.6 4.2 1.4 1.2 2.0 8.0 7.5 

S.E.  

12 ft Base 3.5 5.0 2.0 1.4 1.3 1.9 1.3 8.0 2.8 3.6 4.0 '13.0 13.0 
Plan 1 3.5 4.1 1.0 0.5 0.8 1.0 1.5 7.4 2.8 2.2 3.7 13.0 12.5 

Note: Wave heights are in prototype feet
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PART V: PRINCIPAL INVESTIGATION - - COMPREHENSIVE MODEL 

Base Tests 

45. The term "base test" is used in model investigations to denote 

one of several tests conducted, usually at the outset of the investiga

tion, with the existing prototype conditions installed in the model. The 

purpose of these tests is to obtain basic data for use as a reference for 

comparing the results of tests of various proposed improvement plans. The 

prototype features used to represent base-test conditions are those ele

ments which exist in the problem area prior to the model study, together 

with elements which will be under construction or completed before con

struction of the finally-selected plan of improvement has been completed.  

Any immediate changes contemplated in existing prototype conditions which 

will be made regardless of the results of the model study, whether tested 

in the model or not, are also included in the model as a part of the 

base-test conditions.  

46. The elements of the base-test conditions used in this investi

gation are shown on plate 2. At the time construction of the model was 

completed fills A, B, and C were being placed in the prototype and fill D 

was scheduled to be placed when dredging of the Navy harbor was undertaken.  

Therefore, these fills were included in the elements of the base-test 

conditions.  

Plans of Improvement 

47. Four primary plans of improvement, with modifications of each, 

were tested in the principal part of the model investigation. The elements



Principal Investigation -- Comprehensive Model

of these plans were similar in that each mole plan inclosed practically 

the same harbor area, and each had the navigation opening at the channel 

leading into the Navy and Long Beach harbors from the east gate. In view 

of the fact that practically all of the 15-second waves which caused 

troublesome ship and caisson-gate movements at the Navy piers and dry 

docks approached the outer breakwater generally from the southwest direc

tion and were propagated into the outer harbor through the west gate, 

thence travelled radially toward the problem area, it was not considered 

necessary to perform tests of plans with different locations for the 

navigation entrance into the Navy harbor. It was felt that, insofar as 

the 15-second waves were concerned, the navigation entrance was located 

at the position which would provide the greatest protection to the inner 

harbor from waves which were most likely to cause damage in the problem 

area. This location also had the material advantage of utilizing the 

existing ship channel which had previously been dredged from the east 

gate to the Navy piers and Long Beach harbor. The best location of the 

navigation entrance with respect to the reduction of surge action in 

the inner harbor formed by the mole would have been impossible to 

determine by means of the model study unless exact information had been 

available as to the modes of oscillation of the water masses inside the 

outer harbor. Much prototype data of the highest degree of accuracy 

would have been necessary for the proper delineation of the different 

modes of oscillation which occur for the different long-period waves 

existing from time to time in the Los Angeles-Long Beach-San Pedro Bay 

area. It probably would have taken several years of extensive observa

tions to obtain the required data.
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48. The plans tested differed in the following particulars: (a) 

method of connecting the north-south, east-west legs of the mole (circular 

curve vs triangular leg); (b) depths and locations of dredged areas; and 

(c) shape and width of navigation entrance. The elements of all the plans 

investigated are shown on plates 3-6.  

Plans 1 and lA 

49. Plan 1 (see fig. 11 and plate 3) consisted of a mole which had 

its landward terminus at the marginal wall and its seaward deck line on 

the boundary between the cities of Los Angeles and Long Beach. The mole 

extended at about right angles to the marginal wall in a southerly direc

tion for a distance of about 3600 ft to the point of curvature of a 1000

ft-radius curve, measured from the center line of the mole. This curve 

connected the north-south leg of the mole to an east-west leg whose 

length from the point of tangency to the mole's eastern extremity was 

about 6100 ft, measured to the toe of slope at the navigation opening.  

The width of the navigation opening for plan 1 was 2000 ft, measured from 

the toe of the mole to the toe of the Long Beach breakwater at a depth 

of -35 ft mllw. The deck of the mole extended 15 ft above mllw, and was 

287.5 ft wide. The faces of the mole were protected by rubble placed on 

slopes of 1 on 1-1/2 and 1 on 1-1/4 on the sea side, and 1 on 1-1/4 on 

the harbor side. The dredging plans consisted of dredging practically 

all the Navy harbor to a project depth of -35 ft mllw.  

50. Plan 1A was identical with plan 1 except that the navigation 

opening was reduced to a width of 840 ft by extending the east-west leg 

of the plan-l mole to the top bank of the 750 ft (bottom width) naviga

tion channel and adding an extension to the Long Beach breakwater. The
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PROPOSED EXTENSION TO 
LONG BEACH BREAKWATER 

t 1 

Fig. 12. Navigation opening, plan lA 

ends of the mole in plan 1, and the ends of the mole and Long Beach break

water extension in plan lA, were semicircular in plan with sloping faces.  

The elements of plan lA are shown on plate 3 and fig. 12.  

Plans 2, 2A, and 2B 

51. Plan 2 was very similar to plan 1 except that in plan 1 the 

mole alignment consisted of two legs at right angles connected with a 

1000-ft-radius arc, whereas the plan-2 alignment connected the north

south and east-west legs of the mole with a diagonal leg about 3300 ft 

in length, utilizing two curves (one with a 606-ft radius and a central 

angle of 60 degrees, and the other with a 731-ft radius and a central 

angle of 30 degrees, connecting the diagonal to the north-south and east

west legs, respectively). Practically all the Navy portion of the harbor
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formed by the mole was dredged to a project depth of -35 ft mllw. The 

east end of the mole at the navigation opening was more parabolic in plan 

with a sloping face, instead of semicircular with sloping face as was 

that of plan 1. Plans 2, 2A, and 2B (shown on plate 4) were identical 

except for the widths of the navigation openings, which were 2000 ft, 

840 ft, and 690 ft, respectively, measured from toe to toe at -35 ft 

mllw. The navigation openings in plans 2A and 2B were reduced in width 

by adding an extension to the Long Beach breakwater.  

Plans 3 and 3A 

52. The shape and size of the harbor area formed by the plan-3 

mole alignment were identical with that formed by plan 2 (see plate 5 and 

fig. 13). However, in plan 3 about two-thirds of the harbor area was 

dredged to a project depth of -45 ft mllw with most of the remaining 

area dredged to -35 ft mllw; whereas in plans 1 and 2 the dredging was 

all to a depth of -35 ft mllw. The width of the diagonal and east-west 

. nh 

Fig. 13. Plan 3 installed in the model
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4 iif4 

~, , 

4/4 

Fig. 14. Navigation opening, plan 3A 

legs of the plan-3 mole was wider than the plan-1 and plan-2 moles, being 

537.5 ft at deck level. The north-south leg of the plan-3 mole was 287.5 

ft wide. Plans 3 and 3A were identical except for the widths of the 

navigation openings, which were 2000 ft and 840 ft, respectively. Semi

circular ends with sloping faces were used on both the mole and the 

extension to the Long Beach breakwater. The elements of plan 3A are 

shown on plate 5 and fig. 14.  

Plan 4A 

53. The mole alignment, dredged areas, and project depths of
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plan 4A were the same as those of plan 3A. The shape of the plan-4A 

navigation opening was somewhat different, the general shape being 

similar to that suggested by Dr. Robert T. Knapp during a conference 

held at the California Institute of Technology on 14-18 August 1944 

between representatives of the Bureau of Yards and Docks, the Naval 

Operating Base, the California Institute of Technology, and the Experi

ment Station. The principal difference between plan 4A and plan 3A was 

that in plan 4A the ends of the Navy mole and the Long Beach breakwater 

extension were constructed with vertical faces with the narrowest por

tion on the outer side so as to obtain the least effective width of 

opening through which waves could enter the harbor for a given width of 

navigation opening. Also in plan 4A the Long Beach breakwater extension 

was aligned so that it did not protrude past a line drawn tangent to the 

south side of the east end of the Navy mole and perpendicular to the 

navigation channel. This alignment prevented the south end of the Long 

Beach breakwater extension from acting too much as a wave trap for those 

short-period waves which were propagated toward the mole navigation open

ing from the west gate in the outer breakwater system. The shape of the 

mole and extension at the opening was parabolic with the smallest width 

of the opening (750 ft) on the outer (south) side of the mole. Elements 

of plan 4A and details of the opening are shown on plate 6 and fig. 15.  

Plans 4A-V to 4A-Z 

54. These plans were the same as plan 4A except that the width of 

the navigation opening was decreased, beginning on the Long Beach side 

of the navigation channel, in decrements of 150 ft from the 750-ft open

ing of plan 4A to zero opening for plan 4A-Z. Plate 6 and fig. 15 show
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PLAN 4A d

Fig. 15. Navigation openings, plans 4A, and 4A-V to 4A-Z
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these openings. The plan-4A series was tested to determine the effects 

of shape and width of the navigation opening, and it was not thought 

necessary to use this shape opening on widths greater than 750 ft.  

Therefore, the plan-4 opening (2000 ft) was not tested.  

Testing Procedure 

55. Each of the plans investigated was tested using separately 

the 15-second and 2.5-minute waves generated from the southeast and the 

south-22-l/20-west directions. At the outset of the investigation waves 

were generated from the southwest, south, and southeast directions.  

However, it was found that waves from the south-22-l/20-west direction 

produced conditions in the problem areas as severe as for the waves from 

either the southwest or south directions. Therefore, waves were propa

gated from the direction of south-22-l/20-west, and the tests using 

waves from the directions of southwest and south were omitted. By 

eliminating these latter wave directions, the number of tests was reduced 

considerably. The 15-second waves were generated by four wave machines 

which were moved to the required positions according to the directions 

from which the waves were to be generated. It was found that only one 

wave machine, equipped with an over-size plunger and additional reduction 

gears, was necessary to generate the 2.5-minute waves.  

56. The 15-second waves reproduced in the model were 12 ft in 

height and 600 ft in length, measured outside the outer breakwater 

system. The 2.5-minute waves were about 0.5 ft high and nearly 6000 ft 

long, measured at the inner navigation opening with a mole plan installed 

in the model. A still-water level of +6.0 ft mllw, approximately
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equivalent to high-tide conditions, was used for all tests.  

57. For all tests of the plans investigated, wave heights were 

measured at 1-ft (model dimension) intervals over the inner harbors 

formed by the Navy mole and the Long Beach breakwater. The 15-second 

wave heights were plotted on data sheets and contoured to show the 

attenuation of the waves propagated from the navigation opening into the 

Navy and Long Beach harbors. The 2.5-minute wave heights were plotted 

and contoured to show the magnitude and location of the wave loops and 

the locations of the corresponding nodal areas.  

58. Other data consisted of measurements of movements of model 

ships at selected locations in the problem area. Data on ship movements 

caused by the 15-second waves were obtained using the sheet-metal battle

ship and destroyer. The model destroyer was used for only a few of the 

tests, as it was found that the results were practically the same for 

both model ships and data on the model battleship were much easier to 

obtain. For the 15-second wave tests, model-ship 'data consisted of the 

measurement of the ship's movements fore and aft (horizontal measurements 

longitudinal with pier), movements transverse to the pier for both bow 

and stern, vertical heaving at the ship's center of gravity, and the 

ship's angles of pitch and roll. Five readings were made of each of 

these movements and the average was used for comparison. The sheet

metal model ships were moored as shown by plate 7 and fig. 16. The 

vessels were moored by a system of fine threads used as mooring lines, 

no attempt being made to reproduce an actual prototype mooring because 

of the difficulty of reproducing to scale the elasticity of the mooring 

lines and the friction between ship and pier.
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Fig. 16. Model ships moored at piers

59. The ship-movement data for the 2.5-minute waves were obtained 

by taking timed photographs of the wooden, distorted-scale model battle

ship on which small lights had been placed. Data of this type were 

obtained for all plans except plans 2, 2A, and 2B. It was not thought 

necessary to obtain model-ship data for the long-period waves for these 

plans because of the close similarity of plans 2 and 3.  

60. As previously mentioned, a few mosaics of the entire problem 

area were made, using lighted floats, to study the horizontal movements 

of the water masses in the harbor due to the 2.5-minute waves. Because 

of the small magnitude of the movements as shown on the pictures, quan

titative measurement of the horizontal oscillations could not be obtained 

except for the base test and plans with rather large navigation openings.
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Instead, the mosaics were used to determine the mode of oscillation of 

the long-period waves; these determinations were useful as a check on 

the accuracy of the modes of oscillation outlined by contouring the data 

sheets obtained from the wave-height tests.
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PART VI: RESULTS OF PRINCIPAL INVESTIGATION 

Interpretation and Presentation of Test Data 

61. The model was designed and the tests so planned that the data 

obtained could be converted directly to prototype values by simple appli

cation of the model-prototype scale ratios previously discussed, and by 

so doing, a very close approximation could be obtained of what might be 

expected for a given set of conditions in the prototype. Data obtained 

on the model are considered to be sufficiently reliable for the purposes 

of the model study, and the results as presented should portray with 

sufficient accuracy the degree of wave attenuation and harbor tranquiliza

tion which would result from installation of the different plans tested.  

The lack of definite and reliable quantitative information as to the 

effects on ship and caisson-gate movements at the piers and dry docks of 

the different period waves of different wave heights, directions of 

approach, and modes of oscillation, makes it desirable to present the 

results of the test data for the several plans in terms of a percentile 

reduction (from that occurring on the corresponding base test) of some 

acceptable measure or criterion of the troublesome and damaging ship and 

caisson-gate movements. The principal criterion selected, and that which 

is considered the most reliable for this particular study, was the amount 

of reduction in the vertical amplitudes of the different type waves used 

for testing. This criterion was checked and supplemented by obtaining 

data on model-ship action and calculating the reduction in ship movements, 

both horizontal and vertical, and in the degree of rolling and pitching.  

62. The efficacy of each plan in reducing wave heights and ship
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movements in the problem areas is presented in terms of percentile reduc

tion in wave heights and ship movements from the corresponding measurements 

in the applicable base test of the given plan, or test-wave conditions.  

Expressed algebraically 

percentile reduction= (W1 - 2)1 0 0 
Wl (Eq. 4) 

where W1 is a weighted wave height or ship movement for the base test or 

any plan selected as a basis for comparison, and W 2  is the weighted 

wave height or ship movement for a given plan. For the wave-height re

sults, weighted indices were established giving relative weights to the 

wave heights in different locations and areas in the Navy harbor according 

to an assigned relative importance of each location or area. The relative 

weight given any chosen area reflects the importance of that area with 

respect to: (a) the size and number of ships which the area is capable 

of handling as measured by the number of piers and dry docks which exist, 

or the construction of which is contemplated, and the depth of water of 

each area; and (b) the over-all functional value, present or potential, 

of each area with respect to the war effort. The relative weights assign

ed to the selected locations and areas, based upon a total weight of 100, 

are shown for the 15-second wave heights by plate 8. A similar method 

was devised for the 2.5-minute waves, except that only the wave loops 

which contributed most to the strength of the currents in those wave nodes 

located in critical parts of the problem area were selected for use in 

calculating the percentile reduction for each plan. Two methods were used 

for calculating the reduction in wave heights for the long-period waves: 

(a) the results of investigations with base-test conditions installed in
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the model were used as a basis for comparing and judging the results of 

tests of plans 1, lA, 2, 2A, 2B, 3, 3A, 4A, and 4AA-V through 4A-Z with 

respect to the pier and dry-dock area; and (b) results of plans 1, 2, and 

3 were used as a basis for comparing the results of plans 3A and 4.A through 

4A-Z. For method (a) only those loops along the marginal wall were used 

for calculating percentile reduction, whereas for (b) all loops formed 

around the perimeter of the Navy harbor, loops along the Navy mole and 

those adjacent to the marginal wall, were used for calculating the percent

ile reduction. These loop areas together with their assigned relative 

weights are shown on plate 9.  

63. Unweighted wave-height data showing the results of all wave

height tests are shown by contours which outline wave-height patterns and 

modes of oscillation. Other unweighted wave-height data showing the 

efficacy of each plan are presented graphically. These data compare the 

wave heights at critical locations in the harbor, obtained with the 

different plans installed in the model, with the corresponding base-test 

results. The percentile reductions calculated from the model-ship data 

are also unweighted, the arithmetical average of the different motions 

and different ship locations being used for calculation.  

Test Results 

Wave-height tests 

64. The results of the wave-height tests for all the plans in 

terms of percentile reductions are shown in tables 3 and 4 (page 52); 

the effective width of opening for the 15-second waves was taken as the 

maximum measurable width at mllw level. Due to the funnel effect of the

U. OF ILL 148.
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TABLE 3 

Percentile Reduction -- Wave Height Tests 

15-Second Waves

Effective width of 
opening - ftPlan

Percentile reduction 
S-22l/2 0 -W waves Southeast waves

Base test 
1 
1A 
2 
2A 
2B 

3 
3A 
4A 
4A-V 
4A-W 
4A-X 
4A-Y 
4A-Z

2280 
1400 
2280 
1400 
1250 
2280 
1400 
750 
600 
450 
300 
150 
0

87 
92 
82 
90 
93 
87 
90 
94 
94 
95 
96 
97

TABLE 4

Percentile Reduction -- Wave Height Tests 

2.5-Minute waves

Percentile reduction 
S -22-1/2 -W waves Southeast waves

80 
78 
80 
80 
82 
60 
82 
87 
91 
93 
94 
94 
99

Area of 
opening - sq ft

Base test 
1 
1A 
2 
2A 
2B 
3 
3A 
4A 
4A-v 
4A-W 
4A-X 
4A-Y 
4A-Z

96,400 
57,900 
96,400 
57,900 
51,400 
96,400 
57,900 
38,250 
30,600 
22,950 
15,300 
7,650 

0

41 
68 
40 
62 
68 
40 
60 
62 
75 
78 
81 
86

Plan

71 
84 
77 
84 
83 
71 
84 
84 
85 
86 
90 
94 
96

'The maximum area of the navigation openings, measured from +6.0 ft mllw, 
is used for comparing the results of the 2.5-minute wave tests.
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rounded ends, the actual effective width was probably slightly larger than 

shown.  

65. The wave-height test data are presented also-in graphical form, 

conducive to a quick and easy understanding of the over-all results of the 

investigation, on plates 10-21, where actual wave heights for given loca

tions in the problem area for each plan and test-wave condition are com

pared with the wave heights obtained for the corresponding base test.  

66. The wave-height data presented in the above-mentioned tables 

and plates have been condensed for ready reference. The percentile

reduction data have been weighted to show more closely the over-all 

efficiency of each plan, as previously explained. The wave heights shown 

graphically on plates 10-21 are unweighted data presented especially for 

those who are interested primarily in results which show straight wave

height comparisons for some specific area in the harbor. For a more 

detailed study of the results of the wave-height tests, contoured wave

height patterns of all test data are presented on plates 22-75. For the 

15-second waves, the contoured wave-height patterns illustrate the attenua

tion and diminution of the wave fronts as they radiate from the navigation 

opening. These wave contours show that some 15-second standing-wave* 

patterns are developed. These standing waves are due to the reflected 

wave energy from the marginal wall. In most instances, however, the 15

second standing waves were not sufficiently stable to maintain their 

identity among the waves propagated from the navigation opening. This was 

* The French engineer Sainflou used the term "clapotis" to denote this 
phenomenon in order to distinguish it from the standing waves referred 
to in hydraulic literature relative to stationary waves in channels.
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due to the confused reflections inherent where short-period waves reflect 

from irregular boundaries. The stability of a wave system increases, how

ever, as the wave periods increase, because the irregularities in the 

boundary conditions become of less significance as the wave length in

creases, the dimensions of the irregularities becoming small in comparison 

with the dimensions of the longer-period waves. The 2.5-minute wave-height 

contours show, therefore, wave patterns which delineate standing-wave areas, 

the regions of high amplitude being loop areas and the regions of no 

appreciable amplitude being nodal areas.  

67. The model data indicated that other modes of oscillation, but 

with smaller amplitude, would be present in the harbor area superimposed 

upon the modes shown by the wave patterns on plates 48-75. This is true 

also for the prototype. If an exact picture of all the modes of wave 

oscillation were necessary or desired, it could be obtained with a fair 

degree of accuracy, if sufficient wave gage locations were used (as in 

the model), by performing harmonic analyses of the wave records for each 

gage location and then plotting a contoured wave pattern for the funda

mental and each succeeding principal harmonic until the amplitudes of the 

oscillations became negligible. In most instances, insofar as the model 

data were concerned, the oscillograph records showed that even the first 

principal harmonic was comparatively small and could be neglected. The 

amplitude of the fundamental was taken, therefore, as the maximum ampli

tude of the wave envelope on the oscillogram.  

Model-ship tests 

68. The results of the vertical amplitude (wave-height) tests are 

considered very important in that they present a method of comparing the
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over-all efficiency of any given plan, and allow the determination of the 

effects of relatively small changes in the plans. Yet considerable inter

polation is necessary to convert wave-height reduction into reduction of 

ship movements. The model-ship tests were performed to determine a cali

bration factor between a reduction in vertical amplitude of the waves and 

the corresponding reduction of those ship movements which caused damage.  

69. As previously stated, the 15-second model-ship data consisted 

of the measurement of the ship's movements fore and aft, on the beam, 

vertical heaving of the ship's center of gravity, and the angles of pitch 

and roll. These measurements were taken for each plan and test wave with 

the model battleship moored at piers 1 and 3. The data for these tests 

are shown in tables 5 and 6 (pages 56 and 57). The percentile reduction 

of ship movements for a given plan, based upon the results of tests with no 

mole installed, was calculated from the arithmetical average of the percent

ile reductions of the different type ship movements mentioned above for 

each ship location. Averages of these percentile reductions for the two 

locations are presented in table 7 (page 58). Although in certain instances 

these data might appear slightly erratic in that occasionally a reduction 

in width of the navigation opening did not show a corresponding decrease 

in the over-all ship movements, the trend is considered exceptionally 

clear. The correlation between the 15-second vertical amplitude tests and 

the model-ship movements is thought to be sufficient to support the conclu

sion that a reduction in wave action can be considered tantamount to a 

corresponding reduction in the average over-all ship movements for this 

type of wave.  

70. As wave length increases, the wave heights which occur in the
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TABLE 5 

MODEL SHIP DATA FOR BASE TEST AND PLANS 1 THROUGH 1 A-Z 

Comprehensive Model, 12 Ft x 600 Ft Waves, + 6.0 Ft mllw 

Battleship at Pier 1

*ssType and Amount of Model Ship Movements 
s Plan and * 3 3sss Average : 

s kve : Per Cent : Angle of 3 Angle of s Heave at Center : Fore and Aft s Transverse (on the Beam) s or Over-all s 
Direction : Reduction 3 Roll in : Pitohing in s of Gravity 3 (Horizontal) I Per Cent : 

3 Degrees s Degrees in Feet 3 in Feet 3 Stern : Bow Reduction s 
3 3ss s:in Feet : in Feet ss 

S 22-1l/ W Base Test 15.0 6.5 3.5 4.0 6.0 8.0 0.0 
S.E. Base Test 6.0 4.0 1.0 3.0 3.8 3.5 0.0 

s 22-1/2 W Plan 1 2.0 1.0 0.3 0.5 1.0 0.8 
% Reduction 86.0 85.0 91.0 88.0 83.0 90.0 87.0 

S.E. Plan 1 4.0 4.0 1.0 3.0 2.5 2.5 
% Reduction 50.0 0.0 0.0 0.0 34.0 29.0 20.0 

S 22-1/2 W Plan 1A 2.0 1.0 0.2 0.5 0.7 0.7 
% Reduction 86.0 85.0 94.0 88.0 88.0 91.0 88.0 

S.E. Plan 1A 3.5 2.0 1.0 1.8 3.0 2.5 
%Reduction 13.0 50.0 0.0 40.0 21.0 29.0 25.0 

S 22-1/2 W Plan 2 2.0 1.5 0.5 0.5 0.8 1.0 
o Reduction 86.0 77.0 86.0 88.0 87.0 88.0 85.0 

S.E. Plan 2 2.5 2.0 1.0 3.0 3.8 2.5 
Reduction 38.0 50.0 0.0 0.0 0.0 29.0 20.0 

S 22-1/2 W Plan 2A 1.5 1.0 0.4 0.1 0.5 0.5 
o Reduction 90.0 85.0 89.0 98.0 92.0 94.0 91.0 

S.E. Plan 2A 2.0 2.0 0.5 0.5 3.0 1.8 
% Reduction 50.0 50.0 50.0 83.0 21.0 49.0 50.0 

S 22-1/2 W Plan 2B 0.7 0.7 0.4 1.0 0.8 0.8 
% Reduction 83.0 89.0 89.0 75.0 87.0 90.0 85.0 

S.E. Plan 2B 2.0 2.0 1.0 1.0 1.5 1.5 
% Reduction 86.0 50.0 0.0 67.0 60.0 57.0 53.0 

S 22-1/2 W Plan 3. 2.0 1.0 0.3 0.3 1.0 1.0 

% Reduction 87.0 85.0 91.0 92.0 83.0 87.0 87.0 
S.E. Plan 3 2.8 3.9 0.5 1.8 2.8 1.5 

;oReduction 33.0 5.0 50.0 140.0 27.0 57.0 36.0 

S 2 2 -1/ 2  W Plan 3A 2.3 0.5 0.3 0.0 0.5 0.5 
/ Reduction 85.0 92.0 91.0 100.0 91.0 94.0 92.0 

S.E. Plan 3A 4.0 2.5 0.5 1.0 2.5 2.0 
% Reduction 33.0 38.0 50.0 67.0 34.0 113.0 44.0 

S 22-1/2 W Plan 14A 0.5 0.5 0.3 0.0 0.5 0.5 
% Reduction 97.0 92.0 91.0 100.0 99.0 94.0 95.0 S.E. Plan 4A 2.3 2.3 0.5 1.0 2.0 1.5 
% Reduction 62.0 43.0 50.0 67.0 47.0 57.0 54.0 

S 22-1/2 1 Plan 4*-v 0.5 0.5 0.0 0.0 0.3 0.0 
% Reduction 97.0 92.0 100.0 100.0 95.0 100.0 97.0 

S.S. Plan 4A-V 2.3 2.3 0.5 1.0 1.5 1.0 
% Reduction 62.0 43.0 50.0 67.0 60.0 71.0 59.0 

S 22-1/2 W Plan 4A-W 0.5 0.0 0.0 0.0 0.0 0.0 
% Reduction 97.0 100.0 100.0 100.0 100.0 100.0 99.0 

S.E. Plan 4A-W 2.0 1.5 0.3 0.5 1.5 0.0 
% Reduction 67.0 63.0 70.0 83.0 60.0 71.0 69.0 

S 22-1/2 W Plan 4A-x 0.5 0.0 0.0 0.0 0.0 0.0 
% Reduction 97.0 100.0 100.0 100.0 100.0 100.0 99.0 

S.E. Plan 4A-X 1.5 1.0 0.3 0.0 0.3 0.3 
% Reduction 75.0 75.0 70.0 100.0 92.0 91.0 84.0 

S 22-1/2 W Plan lA.Y 0.5 0.0 0.0 0.0 0.0 0.0 
% Reduction 97.0 100.0 100.0 100.0 100.0 100.0 99.0 

S.S. Plan .A-Y 1.0 1.0 0.3 0.0 0.0 0.0 
% Reduction 88.0 75.0 70.0 100.0 100.0 100.0 89.0
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TABLE 6 

MODEL SHIP DATA FOR BASE TESTS AND PLANS 1 THROUGH 4A-Z 

Comprehensive Model, 12 Ft x 600 Ft Waves, + 6.0 Ft mllw 

Battleship at Pier 3 

Type and Amount of Model Ship Movements 

t E Plan and a a a $ Average a 
l Wave : Per Cent : Angle of : Angle of : Heave at Center a Fore and Aft * Transverse (on the Beam) a or Over-all : 

: Direction i Reduction i Roll in a Pitohing in a of Gravity a (Horizontal) :ai Per Cent a 
S: Degrees a Degrees : in Feet a in Feet stern t In Bot a Reduction : 

3 3: tin et: n~e 

S 22-1/2 W Base Test 9.3 2.8 1.5 2.5 4.0 3.8 0.0 
S.E. Base Test 11.0 4.5 1.5 5.3 6.3 5.5 0.0 

S 22-1/2* . Plan 1 3.0 1.0 0.3 1.0 1.5 1.5 
% Reduction 68.0 64.0 80.0 60.0 63.0 60.0 66.0 

S.E. Plan 1 10.0 4.5 1.5 4.5 5.0 5.0 
% Reduction 9.0 0.0 0.0 15.0 21.0 9.0 9.0 

S 2 2 -1/ 2  a Plan 1A 2.5 1.0 0.3 1.5 1.3 1.4 
% Reduction 73.0 64.0 80.0 40.0 68.0 63.0 65.0 

S.E. Plan 1A 6.0 3.8 1.4 3.0 3.8 3.0 
% Reduction 45.0 16.0 7.0 43.0 40.0 45.0 33.0 

S 22-1/2 W Plan 2 3.2 2.0 0.5 1.5 1.0 1.3 
% Reduction 66.0 29.0 67.0 40.0 75.0 66.0 57.0 

S.E. Plan 2 6.3 4.5 1.5 2.5 4.5 3.5 
% Reduction 43.0 0.0 0.0 53.0 29.0 36.0 27.0 

S 22-1/2 I Plin 2A 2.5 1.5 0.4 1.2 0.8 0.9 
% Reduction 73.0 46.0 73.0 52.0 80.0 76.0 67.0 

S.E. Plan 2A 3.5 3.3 0.8 2.0 3.3 2.3 
% Reduction 68.0 27.0 47.0 62.0 48.0 58.0 52.0 

S 22-1/2 W Plan 21 2.5 1.0 0.4 1.2 0.8 0.9 
% Reduction 73.0 64.0 73.0 52.0 80.0 76.0 70.0 

S.E. Plan 2B 2.5 2.5 0.7 1.2 1.3 1.3 
% Reduction 68.0 45.0 53.0 77.0 80.0 76.0 67.0 

S 22-1/2 I Plan 3 2.0 1.0 0.3 0.3 1.5 1.8 
% Reduction 78.0 64.0 80.0 88.0 63.0 53.0 70.0 

S.E. Plan 3 4.8 3.3 0.5 2.3 3.5 2.5 
% Reduction 56.0 27.0 67.0 57.0 44.0 55.0 51.0 

S 22-1/2 I Plan 3A 2.3 0.3 0.3 0.0 0.8 0.5 
% Reduction 75.0 89.0 80.0 100.0 80.0 87.0 85.0 

S.E. Plan 3A 4.5 3.5 0.8 1.8 3.0 3.0 
% Reduction 59.0 22.0 47.0 66.0 52.0 45.0 49.0 

S 22-1/2 1 Plan 4A 1.5 0.5 0.0 0.0 0.3 0.3 
% Reduction 84.0 82.0 100.0 100.0 92.0 92.0 92.0 

S.E. Plan 4A 5.0 3.0 0.5 1.5 2.3 2.3 
% Reduction 55.0 33.0 67.0 72.0 64.0 58.0 58.0 

S 22-1/2 I Plan 4A-V 1.0 0.3 0.0 0.0 0.0 0.0 
% Reduction 89.0 89.0 100.0 100.0 100.0 100.0 96.0 

S.E. Plan 4A-V 3.0 2.3 0.5 1.0 2.0 1.8 
% Reduction 73.0 49.0 67.0 81.0 68.0 67.0 68.0 

S 22-1/2o I Plan 4A-I 0.8 0.5 0.0 0.0 0.0 0.0 
% Reduction 92.0 82.0 100.0 100.0 100.0 100.0 96.0 

S.E. Plan 4A-W 2.8 1.5 0.3 0.5 1.3 1.3 
% Reduction 75.0 67.0 80.0 91.0 79.0 76.0 78.0 

S 22-1/2 I Plan 4A-X 0.8 0.3 0.0 0.0 0.0 0.0 
% Reduction 92.0 89.0 100.0 100.0 100.0 100.0 97.0 

S.E. Plan 4A-X 2.0 1.0 0.3 0.0 1.0 1.0 
% Reduction 82.0 78.0 80.0 100.0 84.0 82.0 84.0 

S 22-1/2 I Plan 4A-Y 0.5 0.0 0.0 0.0 0.0 0.0 
% Reduction 95.0 100.0 100.0 100.0 100.0 100.0 99.0 

S.E. Plan 4A-Y 1.8 1.0 0.3 0.0 0.0 0.0 
% Reduction 84.0 78.0 80.0 100.0 100.0 100.0 90.0
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TABLE 7 

15-Second Waves - Model Ship Tests 

Effective width Percentile reduction 
Plan of opening in ft S 22-1/2 W waves Southeast waves 

Base test ---- -- -

1 2280 77 11 
lA 1400 71 33 
2 2280 79 7 
2A 1400 88 44 
2B 1250 85 57 
3 2280 79 56 
3A 1400 89 47 
4A 750 93 56 
4A-V 600 96 59 
4A-w 450 97 73 
4A-X 300 98 84 
4A-Y 150 99 90 
4A-z 0 -- -

problem area usually decrease. On the other hand, the horizontal ampli

tude of the wave increases with the wave length, or period, if wave height 

remains constant. The horizontal amplitude also varies with position 

along the wave axis, being maximum at the node points and approaching 

zero in the loop areas. For the 2.5-minute waves the only ship move

ments which were important to this investigation were the horizontal ones 

caused by velocity components athwart the piers. These currents were 

observed and recorded photographically be means of the lighted floats 

and the wooden ship with lights attached. Although the currents and 

corresponding ship movements occurred over a relatively long period of 

time, corresponding to the period of the waves, the horizontal movements 

were comparatively short due to the small vertical wave amplitudes used 

to reproduce the prototype waves likely to occur. Therefore, it was not 

practicable to measure differences in the horizontal amplitude of the 

ship movements, due to slight differences in plans, and calculate the
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percentile reductions with a high degree of accuracy as was done in the 

case of the 15-second waves. The horizontal amplitude of the ship's 

movements could have been measured easily if the vertical amplitude of 

the waves used for study had been increased sufficiently. However, this 

was not thought to be a good policy since high-amplitude waves of this 

kind set the model ship to rolling and pitching, which would not occur 

in nature, and caused unnatural drift-current conditions in the model.  

71. The differences in horizontal amplitude due to relatively 

large differences in the plans tested were measurable, however, and the 

results were found to be quite satisfactory. The results of some of 

these tests (base test and plans 3 through 4A-Z) are shown by photographs 

1-18. The position of the model ship in the photographs represents 

zero exposure time, and the general direction of the three white lines 

(traces of the three lights on the model ship) shows the distance and 

direction that the ship moved due to circulating drift currents during 

the time of exposure. Exposure time for these photographs was 30 minutes 

prototype time, or 1.7 seconds model time. Surge movements of the ships 

caused by the 2.5-minute waves appear as short, usually transverse, 

segments of the drift lines. The magnitude of the surge for each test 

condition presented can be judged by the 0.4-ft-long scale on the piers.  

All movements of the ships as shown by the white lines are horizontal, 

there being no appreciable vertical components of movement present 

because there was no rolling and pitching of the ship. Larger ampli

tude surge waves would have caused the model ship to roll and pitch, 

thus making it impossible to analyze movements by the use of photography 

in one plane.
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Mosaics 

72. To obtain an over-all picture of the horizontal amplitudes and 

directions of oscillation for the 2.5-minute surge waves, mosaics were 

prepared from photographs of lighted floats (see paragraph 60) for a few 

of the plans. The surge patterns shown by these mosaics agree quite well 

with the modes of oscillation described by the contoured wave patterns.  

Photographs 19-23 show surge pattern mosaics for base test conditions and 

plans 3, 3A, 4A, and 4A-Z.  

Discussion of Results 

Effect of harbor depth 

73. The velocity of short-period waves in water of limited depth 

is affected by the depth of water and by the length of the waves. If the 

depths of water through which the waves are propagated become sufficiently 

shallow, the wave heights are affected also. The depths of water prevail

ing in the Navy harbor, and the length of the 15-second waves, are such 

that wave length has no appreciable effect on wave velocity, and water 

depths are such that breaking waves do not occur. For the 15-second waves 

the effects of prevailing harbor depths could not conceivably be very great, 

within the relatively small variation or range of depths presented by the 

different plans tested. It is possible, however, for water depths to 

become a factor deserving of careful consideration in case of the longer

period waves, in that a comparatively small change in depth may cause a 

relatively large change in wave amplitude, if the change in depth causes 

a change in wave velocity which tends to make the resonant period of the 

basin approach more closely the period of the primary causative wave
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impulses. Resonant phenomena are not considered to be very important for 

the short-period waves, because stability of the standing-wave patterns 

becomes less as the wave period decreases; yet, theoretically, resonance 

can exist for all wave lengths.  

7.. It can be determined whether it is advisable, from the stand

point of the resulting effect on wave and surge action, to dredge a large 

area of the Navy harbor to depths of -45 ft mllw, rather than the -35 ft 

mllw project depth originally proposed for the harbor in the general tenta

tive plan of improvement, by comparing the results of plans 2 and 2A with 

those of plans 3 and 3A. Plans 2 and 3 have navigation openings of 2000 

ft, measured toe to toe, and plans 2A and 3A have openings for navigation 

of 840 ft. For all practical purposes the elements of plans 2 and 3 and 

the elements of plans 2A and 3A are the same except for the prevailing 

water depths in the Navy harbor. Plans 2 and 2A have project depths of 

-35 ft mllw over the entire Navy harbor except for a small area in the 

northwest corner near the small-craft landing pier and the dredged ship 

channel from the navigation opening to the Navy piers and dry docks. Plans 

3 and 3A have from two-thirds to three-fourths of the Navy harbor dredged 

to a project depth of -45 ft mllw; the remaining portions having the same 

depths as plans 2 and 2A. Plates 14. and 5 show the elements of these plans.  

75. A comparison of the 15-second wave heights for plans 2 and 3 

and plans 2A and 3A, as reflected by the percentile reductions, is: 

Percentile Reduction 
Plan S-22-1/20- W Waves Southeast Waves 

2 82 40 
3 87 40 
2A 90 62 
3A 90 60



Results of Principal Investigation

76. It can be seen from this general comparison, or in more detail 

on plates 28, 34, 30, and 36, or plates 29, 35, 31, and 37, that in only 

one instance did the change in water depths appear to affect to any notice

able extent the over-all wave amplitudes in the harbor. This was a differ

ence of only 5 per cent out of a total of about 85 per cent reduction which 

occurred for waves from the south--22-1/20 -west direction with a navigation 

opening of 2000 ft. The results of these tests are interpreted to mean 

that, insofar as the 15-second waves are concerned, an increase in pro

ject depth from -35 to -45 ft mllw would not alter appreciably the wave

height conditions in the harbor. The wave-height patterns would also 

remain virtually unchanged.  

77. The comparisons of the 2.5-minute wave heights, in terms of 

percentile reductions, for plans 2 and 3 and plans 2A and 3A are as 

follow: 

Percentile Reduction 
Plan S-22-1/20-W Waves Southeast Waves 

2 80 77 
3 60 71 
2A 80 84 
3A 82 84 

78. These data show that in only one case out of four did a very 

large difference in wave reduction result which could be attributed to 

the difference in harbor depths. This is the 20 per cent difference 

between plans 2 and 3 for the south-22-1/20-west waves. If this rela

tively large difference in percentile reduction had been due to the 

difference in depths between the two plans, then it would be logical 

to expect the other tests to show a similar effect on wave heights in 

the Navy harbor. Since this is not the case, the reason for the
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difference must be found elsewhere. A study of the wave-height patterns 

shown by contours on plates 54 and 60 shows that the modes of oscillation 

for plans 2 and 3, south--22-1/20-west waves, were similar in form but 

that for plan 3 the wave system was more clearly pronounced and discerni

ble, and evidently more stable. Yet the wave patterns near the navigation 

opening were somewhat dissimilar for these tests. It is thought that 

the difference in the energy content and stability of the wave patterns 

in the harbor was due to the difference in the amount of energy entering 

the navigation opening rather than to any resonance effect due to the 

difference in project depths. Also, it is thought that the difference 

in the wave patterns at the navigation opening was due to some slight 

change in the mode of oscillation outside the Navy harbor between the 

mole and the outer breakwaters. The model results did not show evidence 

of any resonance effect due to the change in project depths between 

plans 2 and 3, for waves of 2.5-minute period. In view of these data 

and since the only way in which a change in depth can affect appreciably 

the wave dimensions and corresponding ship movements in a harbor area 

is by bringing the resonant period of the basin nearer the period of 

the primary wave impulse, and also because the prototype periods of the 

primary wave impulses which obtain in the San Pedro Bay area are far 

from being constant, it was thought that the project depths in the Navy 

harbor could be designed satisfactorily for the use to which the 

different areas were to be put without reducing the efficacy of the 

mole in protecting the harbor from surge action.  

Effect of shape of harbor basin 

79. The harbor elements which determine the numerical value of
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the ratio, "wave amplitude of inner harbor divided by wave amplitude of 

outer harbor," are the harbor shape, size, and depth, and the character 

and disposition of the wave-reflecting surfaces. Friction between the 

water molecules and between the water and boundary surfaces also plays 

an important part in determining the numerical value of this ratio.  

When the elements of harbor shape, size, and depth combine in such a 

way that the fundamental, or principal harmonic, period of the basin is 

the same as the period of the causative wave impulse, resonance occurs 

between the two wave systems. When resonance occurs the only factors 

limiting the size waves which could occur in the harbor are the internal 

molecular friction of the water and the friction between the water and 

the boundary surfaces. These friction factors determine the numerical 

value of the damping coefficient for the differential equation of wave 

motion in the basin, as related to the impulse forces received from 

without. There is very little internal friction inherent in wave 

phenomena except for breaking waves. The damping coefficient is deter

mined, for all practical purposes, both in the prototype and the model, 

almost wholly by the reflection or absorption characteristics of the 

boundary surfaces (moles, breakwaters, marginal walls, sea walls, 

beaches, shore-line structures, etc.).  

80. The above-discussed harbor elements and factors in wave 

propagation determine also the mode of oscillation of the wave in the 

harbor, or wave pattern, for a wave of a given period. The water depths 

determine the wave velocity, while the size and shape of the basin 

determine the distance that the waves must traverse before encountering 

a reflecting surface as well as the direction which the reflected wave
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will take. Therefore, to ensure the proper design of the harbor, any 

contemplated change in boundary conditions, whether in harbor size, 

shape, depth, or character of reflecting surfaces, should be investigated 

for the type waves most prevalent in the general harbor area to deter

mine the probability of obtaining a resonant condition due to the 

contemplated change. This is especially true if the amplitudes of 

waves prevailing in the area are of such magnitude that the resulting 

ship and, in this case, caisson-gate movements are appreciable. The 

character of the wave-reflecting surfaces inside the Navy harbor remains 

practically the same for all the proposed plans (except for the proposed 

opaque piers, the results of which are presented and discussed in 

Part VII). An effort was made to make the model reproduce to scale the 

exact wave reflection and absorption coefficients of the proposed and 

existing harbor-boundary structures. The effects of harbor depths have 

been discussed in preceding paragraphs. Two shapes of the harbor con

templated for use in the prototype were tested in the model: plan 1 

represents the first shape considered; plans 2 and 3 the second shape.  

The elements of these plans which are shown on plates 3, 4, and 5, have 

been described previously.  

81. The shape of the plan-1 harbor was practically rectangular, 

except for the Long Beach portion which was more-or-less rectangular 

but whose axis was not aligned exactly parallel with the axis of the 

Navy harbor. Plans 2 and 3 had the southwest corner of the Navy 

harbor cut off by a 30-60-degree leg of the mole. A rectangular

shaped harbor with regular boundaries is much more liable to establish 

within the harbor stable standing-wave patterns for a given period wave

65



Results of Principal Investigation

and wave amplitude outside the harbor. Conditions in the more rectangu

lar-shaped harbor of plan 1 would become especially undesirable as the 

period of the causative primary wave outside the harbor approached a 

resonant period of the basin which lay within the range of periods 

critical insofar as ship and caisson-gate movements are concerned.  

82. The wave periods occurring in the problem area which were 

critical for the caisson gates were those falling between about 5 to 20 

seconds, the most common waves in this range having periods of from 12 

to 18 seconds. The critical range of wave periods for the ships moored 

at the piers was from 12 seconds to about 4 minutes. The waves which 

occurred most often in the problem area and which affected most appreci

ably the ship movements were those with periods averaging about 15 

seconds and 2.5 minutes. Waves with periods greater than 4 to 6 minutes 

could cause ship damage if dimensions of the basin were large enough to 

accommodate the larger wave lengths. If a wave occurred outside the mole

protected harbor with a period of about 6 minutes, exceptionally bad 

conditions would obtain for ships moored at piers inside the harbor.  

This is due to the fact that a 6-minute wave has the period of a binodal 

standing wave oscillating in the harbor with an east-west axis. The 

period of a binodal standing wave corresponds to the first principal 

harmonic of the basin's fundamental oscillating period. The location of 

the navigation opening in relation to the effective length of the harbor 

basin makes it quite unlikely that a uninodal (fundamental resonant 

period) standing wave would become established in the harbor. The 

binodal resonant period of the basin would be altered very little by 

the change in harbor shape from that of plan 1 to that of plans 2 and 3,
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because the change in dimensions of the boundary would be comparatively 

small in relation to the length of a 6-minute wave. However, this change 

in harbor shape could affect appreciably the over-all standing wave 

patterns and resulting wave amplitudes in the harbor for waves of smaller 

length or shorter periods. The 15-second and 2.5-minute wave tests per

formed on plans 1, 2, and 3, and lA, 2A, and 3A, furnish data from which 

the problem can be analyzed and the relative advantages or disadvantages 

determined for each shape basin.  

83. 15-second waves. A comparison of the percentile reductions 

in 15-second wave heights for plan 1 and plans 2 and 3, and for plan lA 

and plans 2A and 3A follows: 

Percentile Reduction in 15-Second Waves 
Plan S-22-l/20 -W Waves Southeast Waves 

1 87 41 
2 82 40 
3 87 40 
lA 92 68 
2A 90 62 
3A 90 60 

The results of these tests show clearly that the change in basin shape 

did not affect the wave heights in the harbor to any appreciable extent.  

Study of plates 24-37, which show the contoured wave-height patterns 

for plans 1 to 3A, indicates that slight changes in the 15-second wave 

patterns would occur but none would be sufficient to cause worse condi

tions in the harbor.  

84. 2.5-minute waves. The length of the mole involved in the 

change of alignment from that of plan 1 to plans 2 and 3 was of about 

the same magnitude as that of the 2.5-minute wave length. Therefore, 

it is possible from a theoretical standpoint that the change in mole
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alignment from that of plan 1 to that of plan 2 or plan 3 might affect 

adversely the wave patterns and wave amplitudes in the harbor area for 

this period wave. However, this was not found to be the case as the 

following comparisons of percentile reductions show: 

Percentile Reduction in 2.5-Minute Waves 
Plan S-22-1/20_-WWaves Southeast Waves 

1 80 71 
2 80 77 
3 60 71 
1A 78 84 
2A 80 84 
3A 82 84 

Plates 50-63 show the wave-height contour patterns for these tests.  

There is considerable change in the over-all form of the modes of 

oscillation, and in some instances the contemplated change in align

ment is shown to increase the wave heights in some of the problem areas 

of the harbor; yet, according to the percentile reductions based upon 

the weighted index for the harbor as a whole, there would be no appre

ciable gain or loss in mole efficiency due to the change in basin shape.  

Plates 10-13, 15 and 16 show graphically the wave heights in selected 

harbor locations for these plans compared with the corresponding wave 

heights for the base tests.  

Effect of width of navigation opening 

85. For a given position and shape of navigation opening, and 

a given wave amplitude and mode of oscillation outside the harbor, it 

is obvious that the smaller the opening through which wave energy can 

enter the harbor, the smaller will be the wave disturbances resulting 

within the harbor. Data were desired from which the relation between 

width of opening and percentile reduction could be determined. The
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curves below have been plotted from the percentile reduction data pre

sented in tables 3 and 4, and show the degree of protection which could 

be expected for navigation openings with effective widths ranging from 

zero to about 2300 ft. Fig. 17 shows these data for the 15-second waves 

and fig. 18 shows the 2.5-minute wave data.  
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86. 15-second waves. From a study of fig. 17 it can be seen that 

all of the widths of opening up to about 2300 ft (effective widths for 

the 15-second waves) result in a high percentile reduction of wave heights 

in the harbor for waves from the south-22-l/20-west direction, the range 

of percentile reductions being from about 85 to more than 95 per cent.  

The percentile reduction is considerably smaller for waves from the 

southeast direction, an opening of 150 ft (plan 4A-Y) resulting in a 

reduction of only about 85 per cent. For the 15-second waves from the 

south-southwest quadrant, any width less than about 2000 ft should prove 

to be satisfactory. However, in times of local storms, which occur with 

the highest intensity usually from about the southeast direction, it 

would probably be desirable to reduce the width of the opening consider

ably. For waves from the southeast direction a 2000-ft opening (opening 

measured at zero mllw level on line of maximum width) would provide about 

47 per cent reduction. Further reductions in the magnitude of the waves 

in the harbor could be accomplished at the rate of about two per cent for 

each 100-ft reduction in width. For the south-22-1/20-west waves, a 

2000-ft opening provides about 87 per cent reduction; further reduction 

being accomplished at the rate of about 1/2 of 1 per cent for each 100-ft 

reduction in width of opening.  

87. 2.5-minute waves. For the 2.5-minute waves it appears that 

with a 2000-ft opening the surge can be reduced about 70 to 75 per cent 

(see fig. 18). Further reductions can be accomplished at the rate of 

about 1 to 1-1/4 per cent reduction for each 100-ft reduction in width of 

the navigation opening. Fig. 18 shows per cent reduction for the 2.5.  

minute waves calculated according to method (a) described in paragraph 62.
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EFFECT OF WIDTH OF NAVIGATION OPENING-2..5 MINUTES WAVES 
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In this method per cent reduction is based upon the results of the appro

priate base test, using for calculation only those loops which occur 

along the marginal wall. Thus the data in fig. 18 show the effect of 

opening width on reduction of surge action only for the area adjacent to 

the piers along the marginal wall. The effect of opening width in reduc

ing surge heights for the harbor as a whole is shown by table 8. Per

centile reduction in this table is based on surge heights for the opening 

width of plans 1, 2, and 3, and with all critical areas around the 

marginal wall, together with those around the perimeter of the mole, 

used for calculation. The relative weights given these loop areas, and 

used for calculating percentile reduction, are shown on plate 9. It 

should be remembered that the percentile reductions shown in table 8 

are based on an average percentile reduction afforded by plans which
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themselves afford a percentile reduction, relative to the pier area, of 

about 65 per cent.  

TABLE 8 

2.5-Minute Waves -- Vertical Amplitude Tests 

Area of Percentile Reduction 
Plan Opening in sq ft S-22-l/2O-W Waves Southeast Waves 

Av (1, 2, 3) 96,400 Base Base 
Av (lA, 2A, 3A) 57,900 29 39 

2B 51,400 40 40 
4A 38,250 53 45 
4A-V 30,600 70 46 
4A-W 22,950 76 52 
4A-x 15,300 78 62 
4A-Y 7,650 80 79 
4A-Z 0 96 84 

Effect of shape of navigation opening 

88. The Navy Department's decision to widen the mole from a deck 

width of 287.5 ft to 537.5 ft resulted in a condition whereby the width 

and location of the navigation opening became a function of shape of the 

ends of the mole and the Long Beach breakwater extension. In order to 

determine whether the shape of the navigation opening could affect 

appreciably the wave heights in the harbor basin, plan 4A was devised 

and tested. The shape of the plan-4A opening was designed to provide 

the smallest width of opening possible for 15-second waves propagated 

from the southeast direction, and for the 2.5-minute surges. Also the 

general shape and alignment of the ends of the mole and Long Beach break

water extension were such that the breakwater extension would not act as 

a wave trap for south to southwest waves radiating from the west gate in 

the outer breakwater and traveling toward the navigation opening in the 

Navy mole.
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89. The effect of this type opening can be determined by comparing 

the results of tests of plans 3A and 4A. Plan 3A has the regular semi

circular ends used for normal-width moles and breakwaters, while plan 4A 

has the shape opening which, from known theories of wave propagation as 

applied to the geometry of the situation, is designed to result in the 

highest per cent reduction in the harbor for a given navigable width 

opening. It can be seen from table 3 that there was an additional 4 per 

cent reduction in wave heights accomplished for 15-second waves from the 

south-22-l/20-west direction. This 4 per cent additional reduction is very 

satisfactory considering that for these waves the actual reduction in 

effective width by plan 4A is very small due to the small angle of inci

dence with respect to the plane of the opening perpendicular to the center 

line of the navigation channel for waves from the south-southwest direc

tions. This relatively large percentile reduction is attributed to the 

fact that the wave-trap effect of the Long Beach breakwater extension in 

plan 3A was eliminated by plan 4A. For the southeast waves, the additional 

percentile reduction accomplished for 15-second wave heights was very small, 

being in the order of 2 per cent. This indicates that, insofar as short

period waves from the southeast direction are concerned, it would not be 

advisable to go to very great extremes to protect the harbor from waves 

from this direction over and above that protection provided by plan 3A.  

90. The effective width of opening as measured near the still

water level can not be used to compare the effects of the different width 

openings for 2.5-minute period waves as was done for the 15-second waves.  

The short-period waves travel with most of their energy content near the 

still-water level, whereas the long-period waves have considerable energy
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content extending to the bottom of the water column. Therefore, in com

paring the effects of different openings for the long-period waves, the 

area of opening should be used for comparison. These data are shown in 

table 4. It can be seen from the table that the difference of 19,650 sq 

ft in opening area between plans 3A and 1 A accomplished an additional re

duction of 5 per cent for waves generated from the south-22-l/20-west 

direction. No reduction was indicated when waves were generated from 

the southeast direction. This is evidently an extreme case, due probably 

to a fairly large difference in the modes of oscillation between the navi

gation opening and the outer breakwater system for tests of the two plans.  

This point could not be checked, however, without providing for wave 

measurements over the entire outer harbor, and this was impracticable 

for this study because of the time limitation.  

91. It is thought that a plan embodying general principles of 

design similar to those of plan 4A could be used to advantage in the pro

totype structure. An opening similar to that of plan 4A would provide 

the harbor area with the greatest amount of protection for a given 

navigable width opening.  

Effect of location of navigation opening 

92. Generally the navigation opening into a harbor basin should 

be so placed that (a) the smallest amount of wave energy will be able 

to enter the harbor for a given width, (b) the least amount of maneuver

ing will be necessary after a ship enters the harbor, and (c) the opening 

may be easily approached and entered during local storms. In this 

instance existing local conditions prescribed that the navigation open

ing should be placed near the west end of the Long Beach breakwater
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on the center line of the dredged navigation channel leading from the 

east gate to the pier and dry-dock area. This location was prescribed 

without regard to the efficacy of this position in protecting the pro

posed harbor from wave and surge action.  

93. Practical considerations having determined the proposed 

location of the navigation opening, it remained for the model investi

gation, together with an analytical study involving the general shape 

of the existing harbor system and prevailing wind, wave, and surge 

action, to show whether this tentatively selected location would be 

satisfactory. The troublesome and sometimes damaging 15-second waves 

which occur with considerable regularity are those approaching the 

outer harbor from the south to the southwest directions. The geometry 

of the harbor and the laws of wave propagation indicated, and the model 

study verified, that the location of the navigation opening which had 

been selected from a practical standpoint was also ideal from the 

standpoint of harbor protection from those short-period waves which 

were continuously approaching the San Pedro Bay area from the south

westerly direction during local calm weather and which, at times, 

caused damage to piers and dry-dock gates.  

94. The discovery that surge waves whose periods ranged usually 

from 2 to 4 minutes were also prevalent in the harbor area when damag

ing ship movements at the piers were reported, made it necessary to 

perform tests for this type wave also. If sufficient prototype data 

could have been obtained relative to the modes of oscillation of the 

different long-period waves in the harbor area, together with data 

as to their amplitudes and frequency of occurrence, it would have been
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desirable to have performed tests to determine the optimum location of 

the opening with respect to these long-period waves. Under those con

ditions it would have been possible to analyze the model results and 

compare the advantages and disadvantages of other locations. However, 

it is very doubtful that a better location of the navigation opening 

could have been found, in view of the fact that the selected location 

was the best possible for the short-period waves, and since it would 

have been necessary in any case to reduce the opening to the smallest 

width which navigation requirements would permit in order to ensure the 

desired degree of protection from the surge type waves.
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PART VII: SUPPLEMENTARY INVESTIGATIONS 

Opaque Pier Tests 

95. In view of the fact that the greater part of damage to ships 

and piers which has occurred at Terminal Island can be attributed to the 

transverse horizontal surging of the ships with respect to the piers due 

to long-period waves, it was thought desirable to investigate the prac

ticability of making the piers opaque (impervious) to the transverse 

water movements caused by periodic oscillations of the adjacent water 

masses athwart the piers. It was considered possible that an opaque 

pier would prevent excessive lateral motions and provide an efficient 

shock absorber by virtue of the water cushion resulting between ship 

and pier. It was hoped also that by judicious placement of even a 

single opaque pier the over-all standing wave pattern would be modified 

in such a manner as to effect an appreciable reduction in the surge 

oscillations transverse to the piers in the problem area.  

96. Opaque pier tests were performed using both 15-second and 

2.5-minute waves generated from the southeast with plans 3 and 3A 

installed in the model. Three conditions, with respect to the number 

and location of the impervious piers, were tested: (a) test 1 with 

proposed piers 5 and 6 opaqued and all other piers open; (b) test 2 with 

piers 1, 2, 3, and 4 opaqued, proposed piers 5 and 6 omitted, and the 

net pier open; and (c) test 3 with all existing and proposed piers, 

together with the proposed extensions to the piers, opaqued. Although 

the opaque pier tests were performed in the hope that an easy method 

could be found whereby the damaging ship movements athwart the piers
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due to surge action might be reduced still further (if desirable) after 

the mole was installed, it was thought that data should also be obtained 

to determine the extent of any undesirable effects that the additional 

reflective surfaces of the opaque pier construction might have upon the 

short-period standing-wave patterns in the pier area.  

Test results 

97. The results of the opaque pier tests are shown on plates 76-83 

and photographs 24-29. Data are presented below for the 15-second wave 

tests in terms of percentile reductions as previously defined.  

Percentile Reduction 
Plan 15-Second Waves from Southeast 

3 40 
3 - Opaque pier test 2 3 

3A 60 
3A - Opaque pier test 2 45 

The fear that considerable opaque pier construction would cause worse 

conditions in the problem area was well founded, as shown by the above 

results. These data show that whenever short-period waves gain entrance 

to the mole-protected harbor and reach the pier area, the presence of 

several opaque piers reduces considerably the effectiveness of the mole 

in protecting the pier and dry-dock area from the 15-second waves. This 

condition would not occur to any appreciable extent, however, except for 

waves from the general direction of southeast, and waves from this di

rection occur only during local storms.  

98. The 2.5-minute wave-height data for the opaque pier tests can

not be shown as "percentile reduction", as other test data are shown, 

because the presence of the opaque piers altered the standing-wave 

pattern in the vicinity of the piers to such an extent that percentile
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reduction as previously defined becomes meaningless if so used. The 

wave-height contours shown on plates 78-83, and the ship movements shown 

on photographs 24-29, illustrate clearly the results of these tests. It 

can be seen from a study of plates 78 and 79 that opaque pier test 1 

(piers 5 and 6 opaqued) shows a fair reduction in wave heights in the 

problem area, and that the presence of the obstructions alters the over

all standing-wave pattern in a manner which reduces surge action at piers 

1, 2, 3, and 4. The wave patterns and amplitudes with the opaque piers 

installed (opaque pier tests 1, 2, and 3) should be compared with the 

corresponding tests where the piers were of open construction. The 

effects of opaquing several piers in the problem area are shown by the 

results of opaque pier tests 2 and 3, which indicate that the amplitude 

of the standing-wave pattern in the problem area would not be altered to 

any great extent but that the mode of oscillation would be changed. Loop 

areas were formed at the marginal wall between all adjacent opaque piers.  

As a result, the surge currents and corresponding ship movements were 

caused to be aligned parallel to the piers as shown by photographs 24-29.  

Thus, the damage to ships and piers due to transverse ship movements re

sulting from surge would be reduced because no impact could occur so 

long as the ships surge longitudinally; yet the amplitude of the surge 

was undiminished. Therefore, the problem of loading and unloading heavy 

and delicate machinery by means of pier cranes would not be solved by 

the adoption of opaque piers.  

Discussion of results 

99. Adding solid structures such as opaque piers around the peri

meter of the harbor basin is one of the many ways by which the boundary
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conditions of a wave system can be changed. Unless such a change is a 

critical one (one that could cause a mode of oscillation to break from, 

say, a fundamental uninodal oscillation into one of its principal har

monics -- binodal, trinodal, etc.), the dimensions of the boundary change 

must be relatively large, or at least of about the same magnitude, in 

comparison with the length of the waves oscillating in the basin, to 

cause an appreciable change in the mode of oscillation in a harbor. The 

addition of only one opaque pier along the marginal wall would comprise 

only a very small change in the boundary conditions for 2.5-minute waves 

and greater, and could not be expected to affect greatly an established 

mode of oscillation for waves of this type in a harbor basin unless it 

was positioned very judiciously.  

100. Musicians are aware of the fact, which is often used by con

cert violinists to good advantage, that an infinitesimal force is capable, 

if applied exactly at the necessary distance from the source of distur

bance, of causing a string vibrating as a fundamental to break into the 

vibration of one of its principal harmonics -- the number of the harmonic 

depending on the position of application of the force. This condition 

is so critical that only the most talented musicians are capable of pro

ducing the desired harmonic upon demand. The oscillations of a harbor 

basin are much more complex than the vibrations of a stringed instrument.  

Therefore it would be very difficult to determine the exact position of 

an opaque pier to obtain the desired results. Also any change in the 

mode of oscillation of a wave in a harbor due to a primary wave of 

slightlyvariable period, for instance, would change the location at 

which the opaque pier should be placed to secure the required beneficial
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effects on surge action in a given problem area. If more opaque piers 

were added, as was done in opaque pier tests 2 and 3, the surge 

oscillation could be diverted from athwart the piers to an oscillation 

longitudinal with the piers. However, this would not necessarily 

result in a reduction in wave amplitude in the problem area. Also, the 

addition of several opaque piers could be expected to amplify the 

effect of the 15-second wave energy due to the addition of reflecting 

surfaces.  

101. The results of the 2.5-minute tests with only one opaque 

pier installed (opaque pier test 1) showed a considerable reduction in 

surge action (see plates 78 and 79) in the area east of the opaque pier 

because the pier was located at a node point of the wave pattern estab

lished without the opaque pier in place. The modes of oscillation of 

the waves in the model were very regular due to the constant-period 

impulses imparted to the water by the wave-machine plunger. This fact 

allowed the selection of a critical or near-critical area in which to 

apply the change in boundary conditions in the form of the opaque pier.  

It is doubtful if equal success could be obtained in the prototype due 

to the more variable character of the modes of wave oscillation in the 

harbor.  

Phase Relation Tests -- Long-Period Wave Patterns 

102. A few tests were performed to determine the phase relations 

of the wave loops in the Navy portion of the mole-protected harbor.  

These tests were made to verify the logical assumption that the contoured
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wave-height patterns (shown on plates 22-75) delineate the loop and nodal 

areas of a continuous standing wave system. The tests consisted of 

measuring, simultaneously, wave heights at locations of known loop areas.  

Two oscillographs were utilized, determination of the phase relations 

between the different oscillating areas being facilitated by the use of 

a 60-cycle timing wave common to both oscillograms.  

Test results 

103. The results of the phase relation tests are shown on plate 84, 

superimposed on the 2.5-minute wave patterns of plan 3; these tests were 

performed with plan 3 installed in the model. It can be seen from this 

plate that loops 1, 3, and 5 are in exact phase, and that loops 2, 4, and 

6 are in phase with each other and exactly 180 degrees out of phase with 

loops 1, 3, and 5. The significance of these data is that they furnish 

positive proof that the long-period contoured wave patterns presented in 

this report delineate modes of oscillation of continuous standing-wave 

patterns, and are not merely regions of high and low wave heights as in 

the case of the 15-second wave patterns. In the prototype, such well 

defined modes of oscillation would probably occur very rarely, although 

they would tend to occur whenever long-period wave disturbances were pre

sent in the vicinity of the outer harbor. The length of time during which 

a long-period wave continues to oscillate with a given period in the outer 

harbor would determine the degree of stability and endurance of the 

standing-wave patterns which would result in the harbor enclosed by the 

Navy mole.  

104. The heavy dashed lines on plate 85 are estimated zero wave

height contours, and represent vertical planes through which wave energy
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passes with maximum horizontal components of motion. If sufficient data 

had been obtained on the horizontal components of the water movements, 

lines such as A-B and C-D could be located which would delineate vertical 

planes through which there would be no energy transfer. Such a system of 

lines, combined with the zero wave-height contour lines, would completely 

establish the boundaries of the different interdependent standing waves 

of a harbor area.  

Tests of Permeability of Rubble-Mound Breakwaters 

105. The question of whether long-period wave energy is capable 

of passing through rubble-mound breakwaters in sufficient quantities to 

transmit the wave form through the breakwaters without losing its identi

ty, or to set up another wave in the inclosed harbor, has long been a 

vexing question to harbor engineers. Insofar as it has been possible to 

determine, there is no definite answer to this question in engineering 

literature, qualitative or otherwise. There certainly was no authori

tative agreement on the question at the outset of this model investiga

tion among the many engineers questioned on the subject. As a consequence 

of this confused state of affairs on a basic phenomenon so vital to the 

correct design of a harbor and its protecting breakwaters, the Experiment 

Station considered it very necessary that, if nothing more, at least a 

qualitative answer to the problem be obtained in order to provide a better 

understanding of the problem at Terminal Island.  

106. A study was made of data obtained at the Experiment Station 

in 1938 from model tests on the permeability of rock jetties, to deter

mine whether the results could be utilized as a basis from which the
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permeability of rubble breakwaters could be predicted. It was found that 

significant data were available relative to the flow of water through 

rock jetties of different heights and per cent voids for many different 

head differentials between the water levels on the sea and land sides of 

the jetties. The relation between discharge and head differential was 

found from the tests to be described by the following equation: 

Q = K A I0.55 (Eq. 5) 

where Q = discharge per foot length of jetty, K = an empirical coefficient, 

A = total area per ft length of jetty, measured from the bottom of the 

rubble jetty to the midpoint of the topmost flow line, and I = the slope 

of the hydraulic gradient of the topmost flow line through the jetty.  

This equation was determined from the results of tests using over 200 

different values of Q, three sizes of jetties, (models to three scales), 

and three different per cent voids in the rock for each size jetty. It 

was found, as reflected in the above equation, that the exponent of I re

mained constant for all values of Q, size of jetty, and per cent voids.  

However, as could be expected, K was found to vary with size of jetty 

(model scale) and per cent voids in the rubble jetties.  

107. The above described experiments were performed using constant 

head differentials; therefore, in order to utilize the resulting flow 

equation to determine the amount of flow through a rubble-mound breakwater 

due to wave or surge action, it was necessary to derive analytically an 

expression taking into account the variation in head with respect to 

time due to the rise and fall of the water at the breakwater caused by 

waves. If the volume of water in one wave length is not so large in
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relation to the volume of water inclosed by the breakwater that the water 

level in the harbor is affected by the discharge through the breakwater 

during one half wave period, and if the wave height remains relatively 

small in comparison with the width of breakwater measured at the mean 

wave level, the following derived equation will foretell with a fair 

degree of accuracy the discharge through the ordinary rubble-mound break

water due to wave action: 

Vf = 0.36 K T A (W)0.55 (Eq. 6) 

where Vf = the volume of water per ft length of breakwater which would 

flow from the sea side to the harbor side in T/2 seconds, T = period of 

wave in seconds, A = area in sq ft as above described, measured from the 

top of any impervious core which might be used in some breakwaters, a = 

wave amplitude in ft (1/2 wave height), w = width of breakwater in ft at 

the still-water level, or to be more exact, at the mean level of the 

wave, and K is the coefficient previously described. The exact value of 

K which should be used for different per cent voids and sizes of break

water has been studied from a theoretical standpoint, and the scant model 

data available have supported the results of the analytical investigation.  

However, it is felt that additional model data should be obtained on 

different size breakwaters before positive results are published with any 

claim of quantitative accuracy. To derive an expression for the varia

tion of K with model scale (or breakwater height), it is necessary to 

determine the factors contained in K, then, from known laws governing 

turbulent flow, calculate the effect of scale ratio on these factors.  

For a breakwater similar to the one in San Pedro Bay, the following
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K equation was obtained: 

K = 0.35 (h)0 .59  (Eq. 7) 

where h = the height of the breakwater in feet above the impervious core.  

In this case h = 39 ft and the corresponding value of K is 3.  

108. Application of the above equations for the flow of water 

through the outer breakwater at San Pedro Bay indicates that a 2.5-minute 

wave with a height of 2 ft would transmit through the breakwater about 20 

per cent of the volume of water contained in each wave length. For smaller 

wave heights or larger wave periods a larger per cent would be transmitted.  

109. As a rough check on the validity and qualitative accuracy of 

the derived equation a test was made on the model with plan 3 installed 

and using a 2.5-minute wave. For this test the east and west gates in the 

outer breakwater system were closed and the attached breakwater simulated 

a closure to the Anaheim Bay shore line. Thus all wave energy which was 

propagated into the problem area was forced to pass through the voids in 

the outer breakwater system. The outer breakwater was constructed in the 

model of concrete up to -24 ft mllw to simulate the impermeability of the 

Class "C" material of which the prototype structure consisted below this 

elevation. Above -24 ft the model breakwater was constructed of pea 

gravel containing about 40 per cent voids by volume, which very closely 

reproduced the per cent voids for this portion of the prototype break

water. The elements of this plan are shown on plate 86.  

Test results 

110. The results of this test (see plates 86 and 87) prove defi

nitely that sufficient wave energy can be propagated through the
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rubble-mound type breakwater to set up standing waves in an inclosed harbor.  

The average wave height immediately inside the outer breakwater is about 

10 per cent of the average wave height which was generated on the sea side 

of the breakwater. The corresponding per cent of volume flow (volume of 

flow compared with volume contained in a wave) through the breakwater, as 

computed by the derived formula, is about 20-25 per cent. This is per

haps an unfair comparison in that per cent of volume flow is compared with 

per cent of wave height, yet the results are interesting. It has been 

proven theoretically possible for a relatively large per cent of wave 

energy to pass through rubble-mound breakwaters; moreover, the basic 

premise has been verified by actual model experiment. In order to obtain 

values of K that would yield (together with the use of the derived 

equation for flow of water through a rubble-mound breakwater) results 

which could be relied upon to be quantitative in their accuracy, more 

tests need be performed on larger breakwaters in order to extrapolate 

with assurance the model data into prototype values. It is hoped that 

the Experiment Station will be able to perform such tests some time in 

the future. At such time, it is intended to publish a complete report 

on the findings together with an analytical analysis of the phenomenon.
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PART VIII: CONCLUSIONS AND RECOMMENDATIONS 

Conclusions 

Cause of the problem 

111. a. The cause of the problem at the Naval Operating Base and 
Navy dry docks is the 12- to 18-second waves which usually 
are propagated toward the outer breakwater system of the 
San Pedro Bay area from about the southwest direction, 
and the 1- to 1 -minute waves which occur in the problem 
area at irregular intervals.  

b. The 12- to 18-second waves occur most frequently and are 
the source of some of the troublesome movements of ships 
moored at the piers, and of all the troublesome and 
sometimes damaging movements of the dry dock caisson 
gates.  

c. Origin of the short-period waves are the storms of high 
intensity and fairly long duration which occur in the 
Pacific Ocean with great regularity.  

d. The longer period waves, usually in the neighborhood of 
from 2 to 3 minutes, are the source of most of the 
damaging ship movements. Waves with periods of 2 to 3 
minutes and with heights (two times wave amplitude) of 
as high as 0.5 have been recorded in the pier area when 
damage was reported. Some damage is usually reported 
for ships moored at the piers when 2- to 3-minute waves 
occur with heights of from 0.2 to 0.4 ft. Troublesome 
ship movements are usually reported when the 2- to 3
minute wave heights reach a magnitude of about 0.1 ft 
or more.  

e. The origin of the longer period waves is unknown, but 
it is thought that they originate outside the outer 
breakwater system and are propagated into the Los 
Angeles-Long Beach-San Pedro Bay harbor area through 
the voids in the outer breakwater, through the navi
gation openings, and around the east end of the detach
ed breakwater.  

f. Extending the outer breakwater from its present eastern 
terminus to the Anaheim Bay-Sunset Beach shore line 
will not reduce appreciably the long-period wave 
energy which reaches the problem area. The existing
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navigation openings in the outer breakwater are so 
large that long-period waves pass through them almost 
undiminished. Also, about 20 per cent (see paragraphs 
107 and 108) of the volume of water contained in the 
2- to 3-minute waves passes through the voids in the 
rubble-mound type outer breakwater.  

g. The results of the "permeability of rubble-mound break
water study" showed that sufficient long-period wave 
energy can pass through the outer breakwater system to 
set up standing waves in the inner harbor. For the 
2- to 3-minute waves, the wave.heights inside the outer 
harbor would be about one tenth the height of the waves 
outside the harbor.  

Solution of the problem 

112. 12- to 18-second waves 

a. The general tentative plan of improvement proposed by 
the Navy Department at the outset of the model study 
with a navigation opening of about 2000 ft, measured 
toe to toe, would protect the problem area from all 
but the most extraordinarily high waves of the 15
second type propagated from the southwest direction.  
However, the amount of protection afforded by this 
plan becomes progressively less as the wave direction 
shifts from the southwest toward the southeast.  

b. Either the -35 ft or -45 ft mllw dredging plans would 
be satisfactory insofar as the 15-second waves are con
cerned.  

c. Either basin shape, reproduced in the model as plan 1, 
and plans 2, 3 and 4, would be satisfactory for the 
short-period waves.  

d. The extra-wide width of the mole (537.5 ft at deck 
level) decided upon during the course of the model in
vestigation would have no bearing on the short-period 
wave heights in the harbor except for its effect on 
the necessary shape of the navigation opening. This 
was brought about by the condition whereby the width 
of the mole is of the same magnitude as the width of 
the opening. A prototype navigation opening embodying 
the principal elements of plan 1A will result in the 
most efficient opening plan which could be selected 
from the many designs made possible by the combination 
of a very wide mole on one side of the navigation
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channel and a short breakwater extension from the Long 
Beach breakwater on the other side of the channel.  

e. A somewhat narrow width extension, aligned so as not to 

protrude beyond a line drawn tangent to the most southern 

part of the parabolic-shaped east end of the Navy mole, 

and perpendicular to the center line of the existing 
dredged navigation channel, is the most effective element 
of plan 14A in that it reduces the tendency of the Long 
Beach breakwater extension to act as a wave trap for the 
southwest waves. The parabolic shape of the ends of the 
mole and breakwater extension protects the harbor to a 
slight extent from southeast storm waves, due to the fact 
that this shape allows the smallest effective opening 
width for a given navigable width.  

f. The location selected for the navigation opening into 
the Navy harbor affords the greatest protection to the 
harbor from the most common short-period waves (waves 
from the southwest) and is very efficiently located with 
respect to the requirements for navigating ships into 
the Navy and Long Beach harbors.  

g. Because the harbor area inclosed by the Navy mole and 
Long Beach breakwater has so large a per cent of its 
perimeter composed of practically 100 per cent efficient 
reflective surfaces, which condition is conducive to a 
relatively small damping coefficient for short-period 
waves, the navigation opening required to give the de
sired degree of protection to the problem area is much 
smaller in width than if the harbor were equipped with 
a considerable portion of its perimeter designed as 
spending beaches.  

h. Construction of opaque piers in the harbor would increase 
the amount of reflective surfaces and could be expected 
to result in worse conditions in the harbor.  

i. Due to the high per cent of reduction in wave heights 
and ship movements desired at the piers and dry docks, 
it will take a navigation opening, in a plan similar 
to plan 3 or 4 of this report, of about 1000 ft or less 
to insure the degree of protection desired. A slight 
relaxation of the demands placed on the mole's over-all 
effectiveness in protecting the harbor area from 15
second waves, would allow the use of a navigation open
ing of as much as 2000 ft in width.
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113. 2- to 3-minute waves 

a. Of the longer period waves which occur in the San Pedro 
Bay area at irregular intervals, the 2- to 3-minute waves 
are apparently the most prevalent.  

b. The harbors which will be inclosed by the Navy mole and 
the Long Beach breakwater can be kept free of long-period 
wave or surge disturbances, and at the same time remain 
accessible to ship traffic, only by constructing the Navy 
mole and Long Beach breakwater extension of impervious 
material, and then installing a lock gate at the naviga
tion entrance into the Navy and Long Beach harbors.  
Even this would not keep all of the long-period wave 
energy out of the Navy and Long Beach harbors (although 
it would for all practical purposes, see plates 74 and 75) 
because there is the possibility that standing waves of 
some resonant period will be instigated in the inner 
channels north of Terminal Island. If a period resonant 
to some portion of Cerritos channel and the Long Beach 
harbor channels 2 and 3 is established of such a mode of 
oscillation that a wave loop is situated in the turning 
basin area immediately north of the channel leading from 
the Long Beach outer harbor to the Long Beach inner har
bor, there would result a condition where considerable 
wave energy could be transferred via the inner harbor 
channels surrounding Terminal Island on the west, north, 
and east, to the Navy and Long Beach harbor from the 
outer harbor in San Pedro Bay. Waves whose periods are 
near 2-1/2 and 5 minutes satisfy this requirement. A 
5-minute period is not resonant for the inner channels, 
however, and need not be considered. A 10-minute period 
wave is resonant for the Cerritos and Long Beach channels 
2 and 3, but the mode of oscillation is such that a node 
is situated at the Long Beach turning basin connecting 
the Long Beach inner and outer harbors and, so long as 
the mode of oscillation is such that a node is located 
at this turning basin, wave energy cannot be transferred 
to the Navy and Long Beach harbors from the outer harbor 
through the inner-harbor channels. The results of the 
tests on plan 4A-Z (zero navigation opening) show the 
amount of wave energy which enters the harbor via the 
inner channel for the 2-1/2-minute period waves. Visual 
observation of tests made with 5- and 10-minute period 
primary waves confirm the above statements relative to 
these waves. Consideration of the above facts leads to 
the conclusion that it is impractical to attempt to keep 
all long-period wave energy out of the Navy harbor. In
stead, the aim should be to reduce the surge waves in the 
harbor to such an extent that no damaging or troublesome 
ship movements will obtain in the problem areas. Model
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results have shown that this can be done for the 2-3-min
ute waves by reducing the area of the navigation opening 
to about 40,000 sq ft. At a channel depth of -45 ft mllw 
and a tide elevation of +6.0 ft mllw this area corresponds 
to a channel width of about 750 ft toe to toe -- the width 
of the navigation channel. This size opening will reduce 
the 2-3-minute surge energy in the harbor about 80 to 85 
per cent.  

c. A 6-minute period wave is resonant for the Navy and Long 
Beach harbors as a whole. Waves of this period, do occur 
in the outer harbor area from time to time, and some 
troublesome ship movements can be expected to occur a 
few times a year due to waves of this type. These instances 
will be rare and of so mild a nature compared to conditions 
previously experienced in the harbor that it was not 
thought of sufficient consequence to test waves of 6-minute 
period or longer in the model.  

d. Long-period wave energy can be propagated through rubble
mound breakwaters in sufficient amounts to establish 
standing waves in inclosed harbors. Equation 6, paragraph 
107, is sufficiently accurate to allow an estimate of the 
amount of water which will flow through a rubble break
water due to wave and surge action (voids are usually 
about 40%). Equation 6 can not be used to determine with 
any known degree of accuracy the height of the wave which 
will result in an inclosed harbor from a given wave on the 
outside, because the phenomenon of resonance and the mode 
of oscillation of the wave in the inner harbor are factors 
which greatly influence the size wave resulting from a 
given inflow of energy. However, the Navy mole will be 
impervious, so all wave energy which enters the protected 
Navy and Long Beach harbor will of necessity be forced to 
pass through the navigation opening, except the small 
amount of energy that will enter through the inner chan
nels. In order to obtain the greatest amount of protec
tion possible from long-period waves for a given width of 
navigation opening, the short extension to be constructed 
from the end of the Long Beach breakwater should also be 
impervious. However, the amount of wave energy which 
could enter the harbor through so short a length of 
breakwater constructed of rubble would probably be rela
tively small.  

e. Opaque construction in protected harbors can be used to 
advantage in protecting a given problem area, or to pro
tect ships moored at the opaque pier, but it cannot be 
expected to reduce the over-all wave heights in the 
harbor. In fact, opaque construction will usually pro
tect one portion of a harbor at the expense of another.
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Opaque piers can not be used to advantage in the Navy .  
harbor unless the mode of oscillation of the period wave 
from which protection-is desired is delineated suffi
ciently that a critical location for positioning the 
piers can be ascertained. If considerable short-period 
wave energy is, capable of gaining entrance to a harbor, 
the use of opaque construction should not be sanctioned 
unless an increase in short-period standing-wave heights 
can be allowed without a substantial loss in harbor 
efficiency.  

114. General 

a.. A prototype plan similar to plan 3A or 4A of this report 
will result in complete satisfaction insofar as reduction 
of 15-second waves is concerned.  

b. These plans will, except for rare instances, give adequate 
protection against all long-period waves.  

Recommendations 

115. On the basis of the information obtained from a study of the 

prototype problem by means of-the model investigation, and the analysis 

of prototype wave data collected over a period of about one year, it was 

recommended that consideration be given to incorporating the following 

features into the design and construction of the Navy mole and the navi

gation opening into the Navy and Long Beach harbors: 

a. The end of the Long Beach breakwater extension should 
not protrude beyond the east end of the Navy mole as 
determined by a line drawn tangent to the south side of 
the east end of the mole and perpendicular to the cen
ter line of the entrance channel.  

b. The shape of the east end of the mole and the southwest 
end of the Long Beach breakwater extension, together 
with the alignment of the Long Beach breakwater exten
sion, should be so formed and positioned as to place 
the smallest navigable width of opening on the south 
side of the mole.
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c. To obtain the best possible conditions in the harbor 
for both long- and short-period waves, the smallest 
width of opening should be used consistent with navi
gation requirements.  

d. The mole and breakwater extension should be constructed 
so as to be impervious to long-period waves.  

116. Plan 4A of this investigation contains the above listed de

sign features. It was recommended, therefore, that a plan embodying 

elements similar to plan 1A be adopted for construction.  

117. It was also recommended that opaque piers and other harbor 

construction having high reflection coefficients be used sparingly and 

only after due consideration of their effects on harbor efficiency. The 

location of any opaque construction in the harbor should be chosen only 

after thorough study.
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APPENDIX 

THE PROTOTYPE MOLE -- CONSTRUCTION AND PERFORMANCE 

Introduction 

1. As stated in Part II of this report, the status of operations 

in the Pacific Theater of War at the time the Terminal Island model 

study was begun made necessary the completion of the mole as quickly 

as possible. Therefore, actual construction on the mole was begun 

about the same time that the model study was initiated. As construction 

of the mole progressed the results of the model study were used to deter

mine the best mole alignment; size, shape, and location of the navigation 

opening; and other details of design. The results of the model study 

were presented in the form of progress and interim reports immediately 

upon completion of each phase of the investigation, and by means of 

conferences. Construction of the mole was completed in September 1945.  

The final comprehensive report of model results is being published at 

this time as a matter of record and future reference.  

2. In view of the fact that this report was prepared approxi

mately two years after completion of the prototype mole, it was believed 

that a description of the mole as constructed, and a discussion of its 

performance in protecting the Navy harbor from wave and surge action, 

would add considerably to the value of the report as record material.  

Description of Prototype Mole 

3. The mole as constructed in the prototype was very similar to 

plan 4A of the model investigation (see paragraph 53 of report) -- the
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principal difference being in the shape of the end of the east-west leg 

of the mole (located on the west side of the navigation opening). In

stead of the parabolic-shaped end of plan 4A, a triangular-shaped end was 

used to eliminate the difficulties of constructing a breakwater of com

plicated curvature. Plate Al shows the construction details of the 

prototype mole. It is to be noted that the core was of sand dredged 

from the harbor and pumped between stone protective works. The stone 

was placed in lifts by barges prior to the start of dredging for each 

stage of mole construction. Photographs Al-A6 show various views of the 

mole near completion of construction while the frontispiece of the re

port is an aerial view of the completed structure.  

Effectiveness of Prototype Mole 

4. All reports as to the effectiveness of the prototype mole in 

protecting the inclosed harbor from wave and surge action indicate that 

the mole as designed and constructed is very satisfactory. In a letter, 

dated 3 July 1947, to the Experiment Station, the Officer in Charge of 

Construction, U. S. Naval Base, Terminal Island, San Pedro, Calif., 

made the following comments regarding the wave and surge conditions in 

the harbor since the mole was constructed.  

"The mole as constructed has been highly successful. The 

inclosed basin has been quiet to such an extent that no com

plaints have been received of surge or of damage of any sort 

since completion of the structure.  

A test of the efficacy of the structure occurred on April 1, 

1946, when a seismic disturbance in the Aleutian Islands energized
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wave trains which caused severe damage to harbor protective works 

in the Hawaiian Islands. These waves reached San Pedro Bay in 

considerable magnitude and set up oscillations peculiar to the 

respective basins within the outer breakwater in San Pedro Bay.  

Forces generated by these seismic waves entering the mole basin 

set up oscillations which were detected by recording instruments, 

but which caused no damage shoreward from the completed mole." 

5. Analysis of prototype wave marigrams obtained since the mole 

was completed lends emphasis to the preceding remarks. Marigrams from 

three gaging stations were analyzed by the Experiment Station for the 

six-months period from October 1945 through April 1946. The results of 

this analysis are shown on plates A2 and A3. Station 9 was located in

side the mole-protected harbor (at the south end of pier No. 2) at 

Terminal Island; Station 10 was located at the north end of the East 

Channel; and Station 11 was located at the north end of West Channel.  

These analyses show very clearly the difference between the magnitude 

of surge waves in unprotected portions of the harbor in San Pedro Bay 

and those within the Terminal Island Navy harbor. the efficiency of 

the mole is especially well demonstrated by the data shown on plate A3 

of wave periods and heights for the dates 1-3 April 1946, during which 

time waves generated by a crustal movement of the ocean bed near the 

Aleutian Islands were propagated into San Pedro Bay, as mentioned in 

the letter quoted in paragraph 4.  

6. During the six-months period of the prototype wave analysis 

there occurred no extra large 15-second or local-wind waves in San 

Pedro Bay. Therefore, the heights of the short-period waves were not
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shown on plates A2 and A3. The largest short-period waves which occurred 

inside the Navy harbor were only a few tenths of a foot in height. It 

can be seen from the plates that the mole did not entirely eliminate 

long-period waves in the harbor. It did, however, reduce the amplitude 

of the long-period waves to a value below the critical. The average 

height of all the long-period waves, exclusive of those which occurred on 

1-3 April 1946, which occurred in the harbor during the six-month analysis 

period (which period covered the winter months when these waves are 

usually most active in San Pedro Bay) was about 0.07-0.08 ft. The maxi

mum waves were only about 0.25 ft in height and their frequency of 

occurrence was very low.  

7. The tendency of the harbor to resonate to 6-minute period 

waves is shown on plate A3 by the fact that the maximum wave which 

occurred in the harbor on 1-3 April 1946 was the 6-minute wave, whereas 

this was not the case for the other two harbor areas in San Pedro Bay 

for which records were obtained.  

8. Prototype wave marigrams for Station 9 are still being re

ceived by the Experiment Station and are being filed for future reference.  

Thus a continual check of surge conditions can be made for the existing 

pier area along the marginal wall of the Navy harbor so long as these 

data are obtained. However, in order to determine the over-all picture 

of surge action in the mole-enclosed harbor, recording machines would need 

be placed at a sufficient number of locations in the harbor to allow delin

eation of the modes of oscillation for the most critical wave periods. In 

this way intelligent planning for future installations of docks and piers 

would be possible.



Photograph Al. Shoreward end of mole, looking northwest.
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Photograph A2. Seaward end of mole, looking southeast. July 1945
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Photograph A3. Seaward end of mole showing Pier-"A" extension looking northeast. July 1945
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Photograph A6. Pier "A" and mole showing navigation opening, looking southwest. July 1945
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