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FRONTISPIECE. Proposed ultimate plant and harbor development, East Beaver Bay, Minnesota 



PREFACE 

The Oglebay Norton and Com:papy, Cleveland, Ohio, in a letter dated 

30 June 1947, requested the Waterways Experiment Station to conduct a 

hydraulic model investigation of the proposed East Beaver Bay harbor. 

Authority to :perform the investigation was granted by the Chief of Engi­

neers, U.S. Army, 28 July 1947. 

The investigation involved (1) study of problems relating to the 

over-all harbor design, and (2) study of the stability of the :proposed 

rubble breakwaters. This report is concerne~ with the harbor-design 

:phase of the investigation only; stability tests of the proposed break­

waters are described in Technical Memorandum No. 2-296,. eTu:ly 1.949. 

The model tests described herein were conducted during the period 

from August 1947 to August 1948. Engineers of the Experiment Station 

actively connected with the investigation were ~ressrs. E. P. Fortson, Jr., 

,F. R. Brown, R. Y. Hudson, R. A. Jackson, H. B. Wilson, and H. A. Bell, 

Jr. Prior to undertaking the investigation, an engineer of the Experi­

ment Station inspected the prototype site. 

Active in liaison capacities were Messrs. H. J. Taylor, F. J. Smith, 

C. A. Arnold, and D. S. Young of the Oglebay Norton and Company; Mr. I. H. 

Wynne of the Reserve Mining Company; Ml:'. C. L. Kingsbury of the American 

Rolling Mill Company; Mr. E. T. Davis of the Wheeling Steel Corporation; 

Captain H. F. Wiersch of the ColQ~bia Transportation Company; and Dr. 

L. G. Straub, Director, St. Anthony Falls HYdraulic Laboratory, Minneapolis, 

Minn., who attended conferences at the Waterways Experiment Station and 

witnessed model demonstrations. 
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SUMMARY 

A hydraulic model study was ~erformed of the proposed harbor at 

East Beaver Bay, Minnesota, to determine the adequacy of the initially 

proposed plans of harbor construction in ~rotecting the docks from 

storm-wave action, and to devise a satisfactory ~lan if the initially 

proposed ~lana were found inadequate. It was especially desired that 

the ado~ted ~lan afford o~timum protection to the docks at minimum coat. 

The harbor study was conducted using a 1:150-scale concrete model geo­

metrically similar to its prototype . 

It was concluded from the results of the model study that: (1) the 

originally proposed harbor plan with a 930-ft navigation opening imme­

diately south of Pancake Island would not afford adequate protection to 

the docks and ships within the harbor, and would not ~rovide safe navi­

gation entrance conditions; (2) the originally proposed harbor plan with 

a 600-ft navigation opening on the south end of the harbor immediately 

west of Gull Island would provide adequate protection if spending beaches 

were added in critical areas of the harbor, and if the breakwater leg 

from Pancake Island to shore were constructed with a straight alignment 

and a crown elevation of at least +14 ft lwd; and (3) the best breakwater 

~lan tested involved a navigation opening 600 ft wide located immediately 

east of Gull Island. 



WAVE ACTION AND BRF~ATER LOCATION 

EAST BEAVER BAY HABBOR, IAKE SUPERIOR, MJMil'ESOTA 

Model Investigation 

PART I: nJTRODUCTION 

1. The investigation reported herein was occasioned by plans of 

the Oglebay Norton and Company for construction of an ore-processing 

plant on the rugged north shore of Lake Superior about 45 miles north­

east of Duluth, Minnesota, and about 2 miles northeast of the small 

village of Beaver Bay, Minnesota. A harbor will be required to provide 

berthing space and protection from storm waves for ships servicing the 

plant and transporting processed ore to indust~ial cities along the 

southern shores of the Great Lakes. Plate 1 shows the general location 

of the proposed plant and the character of the shore in the immediate vi­

cinity of East Beaver Bay. The fact that water of extreme depth prevails 

along the north shore of Lake Superior made the selection of a harbor 

site and the design of the harbor and harbor breakwaters unusually dif­

ficult. 

2. The site of the proposed harbor is exposed to wind waves gen­

erated by storms from all directions clockwise between northeast by east 

and southwest. These limiting directions are determined by the general 

shape of Lake Superior and the location of the proposed harbor with re­

spect to the lake shores. Storms occur more frequently from the general 

directions of northeast and southwest. Storms of appreciable magnitude 

do not occur very often from the directions east, southeast and south. 
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Also, the fetch distances in the dtrections southeast to south are small. 

Thus, the directions northeast by east to east and southwest to south­

southwest are the most critical with respect to storm winds. 

3. At the beginning of the model study, the tentati Ye plans of 

harbor design were similar to those designated plans 1 and 2 (plates 2 

and 3) of this report. From a coat-of-construction standpoint, plan 1, 

with the navigation entrance located in the deep-water area immediately 

south of Pancake Island, was the most desirable. Plan 2, with the navi­

gation opening in the south end of the harbor between Gull Island and the 

shore, was the alternate plan designed for possible use in the event the 

plan-1 navigation entrance proved unsatisfactory. The crown elevation of 

the breakwaters was +8.4 ft lwd for both tentative plans. The original 

design of the breakwater cross section (plate 2) was evolved from con­

sideration of the fact that, since adequate rock quarries would be avail­

able at the shore ends of both breakwater arms, the end-dump method of 

construction could be used thus effecting considerable savings over the 

more common construction method in which the rubble is dumped from floating 

equipment. 

4. The model study was performed to determine which of the origi­

nally proposed plans would provide the greatest protection to the harbor 

from wave action, and whether the degree of protection provided would be 

adequate. If it were found that the protection provided by the best of 

the two tentative plans was inadequate, it was desired that an adequate 

plan be devised. Also, it was desired that the plan provide maximum 

possible protection at the least possible cost. It was considered that 

a hydraulic model study was the best means to insure an understanding 



and integration of the complex and interdependent factors involved in 

development of the harbor plane. 

3 



PART II: DEFlliiTION OF PER!'mENT TERM3 

5. All quanti ties, both model and prototype, are expressed in 

terms of prototype equivalents, except where otherwise stated. Various 

terms used throughout the investigation are defined below. 

Depth, elevation. All water depths, hydrog:~;aphic contours and 
breakwater elevations are referred to low water datum for Lake 
Superior (lwd = 601.6 ft above mean tide at New'York City). 
All topographic contours and elevations are in feet referred 
to mean tide at New York City. 

4 

Wave length. Wave length is the horizontal distance from crest 
~est, or trough to trough, of two successive waves. 

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

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

Fetch. Fetch is the distance across open water, measured from 
the windward shore, over which the wind blows. 

Seiche. Seiches are standing gravity waves of relatively long 
periods which oscillate in lakes, canals, bays and along open 
seacoasts. Most lake seiches are caused by sudden or 
intermittent-periodic changes in atmospheric pressure and 
wind velocity. 

Model-prototype scale. The ratio of model dimensions to 
corresponding prototype dimensions. 

Spending beach. A sloping beach or harbor structure whose angle 
of inclination is such that waves break on the slope and dissi­
pate their energy by turbulence. 
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PART III: THE MODEL 

Design 

6. The linear scale of the harbor model was selected from consid-

eration of such factors as the absolute depth of water in the model re-

quired to prevent appreciable frictional resistance and surface-tension 

effects, absolute size of model waves, available s:pace, avallable wave-

generating and measuring a:pparatus, cost of construction and ease of 

model operation. Because of the effect of'depth and wave length on wave 

refraction for short-:period wind waves, it was necessary to use a geo-

metrically undistorted model. After the linear scale had been selected, 

the model was designed in accordance with Froude's1 model laws. Based an 

these model laws,a linear scale of 1:150, and a s:pecific weight scale of 

1:1, the following scale relationships were derived: 

Characteristic Dimension2 Model-Prototy:pe Scale 

Length L L = 1:150 r 

Area I~ Ar = Lx-2 = 1:22,500 

Volume t3 vr = ~3 = 1:3,375,000 

Time T T = L 1/2 = 1:12.25 r r 

Velocity L/T vr = rrl/2 = 1:12.25 

Specific Weight F/L3 Yr = 1:1 

Unit Pressure F/rf- Pr = LrYr = 1:150 

1 ASCE Manual of Engineering Practice, Number 25, ''Hydraulic Models, 11 

PP 9 and 43. 
2 

In terms of force, length and time . 
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Characteristic Dimension2 Model-Prototype Scale 

Force 

Weight 

Energy 

F 

F 

FL 

F r = Lr 3 Yr = 1:3, 375, 000 

Wr = tr3Yr = 1:3,375,000 

Er = Ir 4 Yr = 1:506,250,000 

Description 

7· The model, conetr1~ted of concrete, was an accurate replica of 

the proposed prototype harbor area. It reproduced a sufficient area --

6, 000 aq ft, equivalent to 4 . 8 sq mi in the prototype -- up and down shore 

and lakeward to permit generation of waves from the critical wind direc-

tiona (see photograph 1 and plate 1). All breakwaters and docks were 

constructed in the model of concrete. 

8. Model waves were generated by two movable, plunger-type wave 

machines; one may be seen in the background of photograph 1. The ma­

chines, which were 40ft and 20ft in length (model dimensions), were 

moved from one position to another on the model to generate waves from 

different direc~ions. Waves were reproduced in accordance with the same 

scale ratios as those used for model construction. Generation of the 

waves was accomplished by the periodic displacement incident to the 

vertical movement of the plungers in water. 

9. Wave heights in the model were measured with a wave-height gage 

designed and constructed at the Waterways Experiment Station especially 

for this purpose. The gage consists of series-connected resistors in-

stalled in a direct-current circuit with the resistors so calculated that 

the current varies directly with submergence of the gage in water. The 

results were recorded on sensitized paper by means of an oscillograph. 
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PART IV: TEE TESTmG PROGRAM 

Selection of Test Conditions 

Water level 

10. As shown by the Lake Survey recorda, 3 the water level of lake 

Su~erior varies from year to year and season to season. The seasonal 

variation is ~eriodic, with the highest lake levels occurring in the late 

summer and fall ~ontha and the lowest levels in the s~ring months. In 

addition to the seasonal variations, lake-seiche oscillations cause 

~eriodic changes in local water levels with periods ranging from a few 

minutes to several hours. Seiche oscillations, which are generated by 

sudden changes, or a series of intermittent-periodic changes, in atmos-

pheric pressure and similar changes and variations in wind velocity, are 

ca.~able of causing relatively large surge currents in harbors. Surges 

due to seiches are also capable of causing troublesome movements of ves-

sels moored to piers in harbors. However, because seiches of appreciable 

amplitude do not occur frequently in the Great Lakes, the problem at 

East Beaver Bay was considered to be one involving, principally, the ef-

fects of surface wind waves, and no attempt was made to reproduce seiche 

oscillations in the model for this study. 

11. All model testa in this investigation were conducted using a 

still-water level of +1.5 ft lwd. This selection was based on the aver-

age, monthly mean level of Lake Superior, which is +0.5 ft lwd, with 1.0 

3 ''Monthly Mean Water levels of the Great Lakes, 1860-1949." From offi­
cial records of the U. S. Lake Survey, CE, Detroit, Michigan. 
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ft added for the average effects of "rind and seiche action on the local 

water level during storms. Thus, the value of +1.5 ft lwd represents an 

estimate of the average elevation of the water surface of Lake Superior 

in the immediate vicinity of East Beaver Bay during storms of sufficient 

intensity and of such direction that protection of the proposed harbor 

from wave action would be necessary. 

Wave characteristics 

12. Based on considerations already discussed in paragraph 2 and 

on the location and alignment of the proposed navigation openings into 

the harbor, waves from the directions east by north and southwest were 

selected for use in determining the relative advantages and disadvantages 

of the various improvement plans tested. The maximum waves which can be 

expected from the selected directions were estimated to be about 22 ft x 

370 ft and 12 ft x 185 ft from the directions of east by north and south-

west, respectively. Waves of these proportions were used for testing 

all the proposed plans of harbor improvement except plan 2B. For plan 

2B a smaller size storm wave was used to simulate more closely average 

storm-wave conditions. The maximum storm waves, rather than the average 

size storm waves, were used for testing because it was easier to measure 

the larger waves on the small-scale model and to discern the effects of 

relatively minor changes in the elements of a particular plan. 

13. Near the completion of the harbor study, the results of a 

prototype wind-wave analysia4 became available. This analysis revealed 

4 
The wind-wave analysis ie described in detail in T .M. No. 2-296, "Break-

water Stability, East Beaver Bay Harbor, Lake Superior, Minnesota; 
Model Investigation," Waterways Experiment Station, July 1949. 
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that the maXimum storm waves which occurred during the 33-year analysis 

period were within the same order of magnitude e.s those previ ously esti-

mated and used for model testing. It was found that the largest waves 

which occurred were about 16 ft .x 260 ft and J2 ft x 210 ft in size from 

the directions of northeast and southwest, respectively, and that the 

critical storm directions for the proposed East Beaver Bay Harbor are the 

directions northeast to east and southwest. 

:Breakwaters 

14. All tests in which wave heights were measured and recorded 

were conducted with the crown of t he model breakwaters arbi trari ly rai sed 

sufficiently to prevent overtopping.. In this way the effectiveness of 

different plans, and the effects of minor variations in the elements of 

a parti cular plan, could be determined more accurately. The optimura. 

breakwater heights for each breakwater plan were esti mated from obser-

vational tests. In these te.sta the crown elevations were reproduced to 

scale, but the pervious rubble breakwaters were reproduced of impervious 

concrete. Thus, the overtopping which occurred in the model exceeded 

that whi ch would obtain in the prototype. This fact was taken into con-

sideration when the optimum breakwater heights were selected. 

Descri pt i on of Plans Tested 

15. Testa were performed on seven plans of harbor i mprovement 

{planel, 2, 2A, 2B, 3, 3A, and 4), the elements of whi ch are shown on 

plates 2 to 6 . Present development plAns for the ore-processi ng plant 

provide for the completion of the plant and adjoining wharf in stages. 
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The initial stage involves a wharf front 2,720 ft in length. When com­

pleted the wharf will be 6, 750 ft in length. The harbor was tested in 

the model using both the initial and ultimate wharf developments. Plans 

1, 2, 2A and 2B simulated the initial stage, and :plans 3, 3A, and 4 the 

ultimate. The breakwaters in all plans except plan 4 were rubble-mound 

structures exclusively. In :plan 4, however, the breakwater leg between 

Pancake Island and the navigation opening was a vertical-walled cellular 

structure surmounting a mound of ore-plant tailings. In :plan l the 

navigation opening wa.s 930 :rt wide and located in the deep-water area 

immediately south of Pancake Island. In :plans 2, 2A, 3 and 3A the navi­

gation opening was located west of Gull Island and was 600 ft wide in 

plans 2 and 3 and 930 ft wide in plans 2A and 3A. The plan-4 navigation 

opening was located immediately east of Gull Island and was 600ft wide. 

The purpose of plan 2B was to determine the degree of protection provided 

by a partially completed breakwater plan, and for these tests 2,400 ft of 

the plan-2 breakwater between GU:ll and Pancake Islands was omitted. The 

realigned north breakwater leg between Pancake Island and shore and the 

spending beach feature of plan 3 had been installed in the model when 

testa of the plan-2B breakwater were conducted. 
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PART V: RESULTS OF MODEL TESTS 

Presentation and Interpretation of Test Results 

16. The results of the wave-action study are presented on plates 

7 to 18. The wave-height contour data presented on these plates were 

obtained at gaging stations located at 2-ft intervals (model dimension) 

over the harbor area. When interpreting these data it should be remem­

bered that the waves resulting in the model harbor for each plan and 

test-wave condition were about twice as large as those which would re­

sult from the average storm-wave condition in the prototype. This is 

true for all tests except those of plan 2B where model waves of a size 

more nearly equivalent to average storm-wave conditions were used, The 

frequency of occurrence of storm waves from the northeast to east com­

pared with the number of storms from the south to southwest directions, 

as determined by the prototype 1-rind-wave analysis discussed in paragraph 

13 (about 4 to 1 for waves above 5 ft in height), should also be taken 

into consideration. 

17. When it was necessary to raise the crown elevation of the 

breakwater to prevent overtopping {paragraph 14), a crown elevation of 

+44 ft lwd was used. This elevation had no special significance other 

than the fact that an elevation of approximately +44 ft lwd was required 

to provide absolute protection from overtopping for the larger primary 

waves used in the model tests. 

Discussion of Results 

Plan 1 (plate 2) 

18. No wave-height contour data were secured for this plan because, 
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after observing the action of the plan-1 brear~ater during a model demon­

stration, representatives of both the Oglebay Norton and Company and the 

Waterways Experiment Station agreed that testing of the plan should be 

discontinued. It was decided that the navigation opening, although suit­

ably located with respect to economic considerations, allowed too much 

wave energy to enter the harbor, especially for waves from the east by 

north direction, and was not positioned satisfactorily with respect to 

navigation entrance conditions. 

Plans 2 and 2A (plate 3) 

19. The wave heights in the harbor as shown on plates 7 to 10 are 

indicative of the amount of wave action which resulted from waves passing 

through the navigation openings of these plans. Photograph 1 illustrates 

the over-all harbor conditions for plan 2A with test waves from the east 

by north direction. Test results indicate that plans 2 and 2A would be 

satisfactory, with respect to the amount of wave energy entering the navi­

gation opening, for all conditions except when severe storms occurred 

from the southwest direction. In the latter case it is thought that a 

navigation opening larger than 600 ft (as in plan 2A) would allow more 

wave action in the harbor than could be tolerated. Good entrance con­

ditions would be provided by the navisation openings of both plans. The 

desirable features of these plans were the favorable location for the 

navigation opening and the existence of a spending beach which composed a 

large portion of the shore-line boundary of the harbor. From observa­

tional tests using different elevations for the breakwater crown it ap­

peared that the +8.4 ft lwd crown contemplated for the rubble breakwaters 
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would be inadequate for that portion of breakwater between Pancake Island 

and shore. The corners formed inside and outside the harbor by the inter­

section of the wharf and breakwater at the northeast end of the wharf 

were found to result in unfavorable concentrations of wave energy.· Con­

sequently, it was decided that the breakwater leg between Pancake Island 

and shore should have a straight alignment, the crown elevation of this 

portion of breakwater should be raised to at least +14 ft lwd, and a 

spending beach Should be created inside the harbor area in the corner 

formed by the northeast end of the wharf, the railroad fill and the break­

water. These features were incorporated in the elements of plans 2B, 3, 

3A, and 4. 

Plan 2B (plate 4) 

20. Plan 2B, having a 21~00-ft gap in the reach of breakwater be­

tween Gull and Pancake Islands, was tested to determine the amount of 

protection which would be afforded by a breakwater plan completed except 

for the deep-water portion. The results of these tests (plates 11 and 12) 

showed that the partial breakwater would provide adequate protection from 

waves from the southwest direction. However, ver,y little protection 

would be provided ships in the area between Pancake Island and the wharf 

for storm waves from the east to northeast directions. During storms 

from these directions, safe anchorage conditions would exist only in a 

small area in the northeast corner of the harbor near the artificial 

spending beach. 

Plans 3 and 3A (plate 5) 

21. Test results of these plans are shown by wave-height contours 
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on plates 13 to 16. B,y comparinG these results with those of plans 2 

and 2A (plates 7 to 10), the effect of a vertical-walled wharf extending 

the full length of the harbor can be ascertained. The hej.ghts of waves 

which impinge on vertical-walled structures are amplified by reflection, 

and the reflected waves act as additional sources of energy, tending to 

propagate '\-raves into portions of the harbor which would. otherwise be af­

forded protection. With storms from the east by north direction, re­

flected waves from the wharf immediately inside the navigation opening 

would make navigation conditions at the entrance more dangerous than 

with the plan-2 opening. The results of these tests showed that the 

efficacy of this type breakwater and navigation opening would be con­

siderably reduced after completion of the ultimate plant and wharf de­

velopment. This would be especially true for the wider (930-~t) naviga­

tion opening of plan 3A. From a study of the results of tests on plans 3 

and 3A, it was decided that artificial spending beaches around the inside 

perimeter of the harbor would be necessary to counteract the deleterious 

effects of the vertical-walled wharf in the ultimate plant development. 

Plan 4 (plate 6) 

22. Results of tests of plan 4 are shown on plates 17 and 18. 

Photograph 2 illustrates the over-all harbor condUions for the plan 

with test waves from the southwest direction. Consideration of a break­

water plan with a large portion of the breakwater situated in deep water 

was brought about by the following factors: (a) the results of tests on 

previous plans had shown the need for more spending beaches to offset 

the detrimental effects of the ultimate wharf development, and the 
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advisability of positioning the navigation opening farther from the dock 

face to provide more area in which entering waves could expand before 

reaching the dock; (b) the possibility of constructing the portions of 

rubble breakwater from shore to Gull Island and from shore to Pancake 

Island at the time the initial plant and wharf development was con­

structed, then adding the deep-water portion of the breakwater from ore 

tailings as they become available; and (c) the plan-4 breakwater align­

ment provided a very good loca·tion for the navigation opening with respect 

to the most critical storm-wave directions. Also, when finally completed, 

the plan..4 breakwater alignment would provide a larger area of pro-

tected harbor. 

23. The test results (plates 17 and 18) show that plan 4 would 

be very effective in protecting the ultimate wharf development from 

storms from the east by north direction. Like the otl1er plans tested, 

plan 4 would be more effective as the wave direction shifts toward the 

northeast. Plan 4 would be only slightly more effective than plan 3 

in protecting the wharf from waves from the southwest; however, the 

plan-4 arrangement would provide safe anchorage conditions in each end 

of the harbor during storms from that direction. The plan-4 spending 

beaches were ver.y effective in reducing wave action in the harbor con­

sidering the fact that this plan has such a large portion of its inside 

boundary composed of vertical-wall structures. Without the spending 

beach immediately north of Gull Island, it would be impossible to utilize 

efficiently the extra loading piers provided by this plan. 

24. Observational tests to investigate overtopping showed that 

the rubble breakwater between Pancake Island and shore should be 



constructed with a crown elevation of at least +14 ft lwd; that, unless 

absolute protection from overtopping is required, a crown elevation of 

from +8 to +10 ft would be adequate for the rubble breakwater between 

Gull Island and shore; and that the cellular breakwater between Pancake 

Island and the navigation opening would provide sufficient protection 

from overtopping with a crown elevation as high as +8 to +10 ft lwd. 

25. Navigation conditions at the entrance to the plan-4 harbor 

would be very good except when storms approach the harbor from the 

southeast to east directions. The prototype wind-wave analysis showed, 

however, that intense storms from the directions south to east are very 

rare. 

16 
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PART VI: CONCLUSIONS 

26. Based upon the results of the model tests, it was concluded 

a. The breakwater between Pancake Island and shore should 
have a straight alignment, should be constructed with a 
crown elevation of at least +14 ft lwd, and should be 
aligned so as to allow sufficient space for an artificial 
spending beach between the northeast end of the wharf, 
the proposed railroad fill, and the breakwater. 

b. To counteract the detrimental effects of the long vertical­
walled wharf and proposed cellular breakwater on reflected 
wave action in the harbor, artificial spending beaches 
should be formed armmd as much of the inside harbor per­
imeter as is practical. 

o. A crown elevation of from +8 ft lwd to +10 ft lwd will be 
sufficient for the breakwater leg between Pancake Island 
and the navigation opening of plan 4 (or between Pancake 
Island and Gull Island for the other plana), and the 
breakwater leg between Gull Island and shore. 

d. The best navigation opening location tested was that of 
plan 4 where the opening was positioned immediately east 
of Gull Island. 

e. The width of the navigation opening should be as small as 
ships' masters will allow (possibly 600ft) because of the 
large number of reflective surfaces around the inside 
perimeter of the proposed harbor. 

f. For the ultimate plant and wharf development, the break­
water alignment and spending-beach elements of plan 4 are 
the moat efficient. 
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Plan 2A: 22- ft waves from east by north direction 



Plan 4: 12- ft waves from southwest direction . 
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FOR PLANT A NO 8~EAKWA'TER LAYOU1' 8Y 0Gl..t 6AY NORT ON ANO C.O 

MODEL STUDY OF WAVE ACTION 
EAST BEAVER BAY. M INNESOTA 

LOCAT ION 
MODEL 

MAP AND 
LIMITS 

SCALES 
P~O"fO'fvP( ' 'i ~ 1000 ' ) 0 0 fT 

MOOE\. \. J ! f1 



"'0 
r 
?.j 
fTI 

N 

s 3000 
weooo+ 

NOTE: HYDROGRAPH IC CONTOURS ARE IN r EET REFERRED 
TO ~OW WATER DATU"' (&01.6 f"T ABOVE MEAN "TIDE 
AT NEW YORK CITY). 

TOPOGRAPHIC CO NTOURS AND ELEVATIONS ARE IN 
fEET REFERRI:O TO MEAN T iDE AT N EW YORK CITY. 

PI..AN( COOROINA'TE REFERENCES ARE BASCO ON AR­
BtTRARY POINTS tSTABt...ISH£0 F'OR Pl..ANT AND BREAK• 
WATER LAYOUT 8Y OGLE SAY NORTON AN D CO. 

DOCK. ARt:A S i OCKP!U. AREA 

(ORIG I NAL DE. SIGN) 

T YPICAL SECTION T HROUGH BREAKWAT ER AND QUAY WAL L 

•g 

PROPOS£0 RUB8t...E-MOVNO BRtAKWATt R 

7/,7~/,7)7. PROPOSED DREDGING. PROJ ECT DEPT HS AS SHOWN 

•o 

MODEL STUDY O f WAVE ACTION 
EAST SEAV ER BAY, MINNESOTA 

ELEMENTS OF PLAN 1 
SCA L ES 

P AOTOTYP£ ~00-:.oc==·~oo~-..o:i'ooo~=~'!>oo ~ ,. 

MOOE.L 



VICIN ITY MAP 
SCALE 

0 IC¢ 200'-11. 

NOT£: HYDROGRAPH I C CONTOV F?S ARC JN F'£CT AEFEAAEO 
'TO t.,.OW WATER DATUM (601.6 F"i ABOVE MEAN T IDE 
AT NEW YORK CITY). 

TOPOGRAPHI C CONTOURS ANC EL EVATIONS ARE I N 
FEET REFERRED TO MEAN TtO£ AT N EW YORK CITY. 

PLANE COORDINATE REFERENCES ARE BASED ON AR­
B ITRARY POIN'TS ESTABLI SHED roR PLANT ANO BREAK· 
WATER l.AYOUT 8Y OGLE BAY NORTON AND CO. 

DOCK AF~EA STOCKPILE AREA. 

AND QUAY WAL L 
~ 

'',i~-=-d--....:049~==''!£0--,.i'~l.oQfT 

- PROPOSED RUBBLE-M()UNO BREAKWATER 

w;?"ffP...?;'l.. PROPOSED OR£0CINC. Plto.JECT O£PTHS AS SHOWN 

MODEL STUDY OF WAVE ACTION 
EAST BEAVER BAY, M INNESOTA 

ELEMENTS OF 
PLANS 2 AN 0 2A 

PROTOTYPE 

. MODE L 

SCALES 

····1=:1·-=•·i:· ==:5·--==::5'~0 ,-r 



VICINITY MAP 

... SCALE 
.--,00 <!OO •.n . 

NOTE: HYDROGRAPHIC CONTOU~S ARt IN f"EET REFERRED 
TO LOW WATER DATUM (601.6 rT ABOVE MEAN T IDE 
AT N(W YO~K CITY). 

TOPOGRAPHIC CONTOURS AND £L(VAii0NS ARE IN 
r£ET REFERRED TO MEAN TIDE AT NEW YORK CITY. 

P\,.ANE COORDINATE REFERENCES AR€. BASED ON AR­
S I TA.A RY POINTS £ S1A8t.CSHEO FOA PLAN! AND BREAK• 
WATER LAYOUT BY OGLEBAY NORTON AND CO. 

DOC!< ARtA 

(ORIGINAL DESIGN) 

T YPICAL SECT ION THROUGH BREAKWATER AND QUAY WALL 
~ 

PROPOSED RUBBLE.-MOUNO BR~AKWATCR 

W?7TI7/7a PROPOSED DREDGING. PROJECT DEPTHS AS SHOWN 

TOt O f SPtNOING BEACH 

MODEL STU DY O F WAVE ACTION 
EAST BEAVER BAY, MINNESOTA 

ELEMENTS OF PLAN 2 B 
PARTIAL CONSTRUCTION 

SCA LES 

P ROTOl"Y PE ~00il::.:.l:==~·~oo::,._.,~oo~o=='359° 'T 

M 00(1.. 
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$3000 1:P~ l 
woooo+ ; ', 

ENTP..ANC! J.JIIIIT IN PLAN j,ofc~W 
WID111 ~~,T 

NOT£: HYDROGRAPH IC CONTOURS ARE IN FEET RtF'£ RAEO 
TO LOW WATER OAT V M (601.6 F'T A60Vt MEAN T IOE 
AT NEW YORK CITY). 

TOPOGRAPHIC CONTOURS AND £ L £.VATlONS ARE IN 
FEET REF'tRR£0 TO M EAN TI DE AT NEW YORK CITY. 

PLAN£ COORDINATE R£FEAENCCS ARE BASED ON A"­
BtTRARY POINTS ESTABLISHED FOR PLANT AND B REAK .. 

WATER l.AYOU T BY 0Ct..£6.A.Y N ORTON A WO CO. 

- PROPOSED RUBBU:- MOUND BREAKWAT(~ 

?7...?'~~ !"ROPOS£0 OAE:OG!NG PROJ ECT DEPTHS AS SHOWN 

TO £ OF' SPENDING 6£ACH 

STOCKPILE AREA 

QUAY WALL 

MODEL STUDY OF WAVE ACTION 
EAST BEAVER BAY, MINNESOT A 

ELEMENTS OF 
PLANS 3 AND 3A 

SCALES 

PROTOTYPE: 

MODEL ··--~3----o=====iMMMM.C====~··r 



AN ADA 

) .. , ...... 
• MNNt4~: '.. WI.SCONSIN 

! UN I TED '-sTATES r------1 
VICIN ITY MAP 

SCAb[ 
100 UOWI 

NOTt:t-rtOROGRAPHIC CONTOURS AR£ IN Ft.LT RE: rEA~£0 

TO LOW W.ATfR DATUM (&of.6 FT A&OV£ MEAN TIOE: 
AT NCW YOitJo\ CITY), 

TOPOCRA.PHIC CONTOUR~ AND £l.£VATIONS ARt' IN 
F'£(T RtFCRREO TO MEAN TID£ AT N(W YOA.K C~TY. 

PLANE COORDINATE RUERENCES ARE 8 ASED ON AR­
BITRARY POINT$ [~TA8LI5H(O FOR PLANT ANO &REAK• 
WATER LAYOUT 8Y OCL£8AY NORTON AND CO. 

(ORIGINAL DESIGN) 

TYPICAL SECTION THROUGH BREAKWATER AND QUAY WALL 
~ 

~o .. 6 eo 

- PROPOSED RU88LE-MOUND, 8AEAKWATER 

OOOOIJO:)OOCIX) PRO~S£.0 Ct:LI..UL.AR 6REA.KWATER = LOADINO: PIER 

~/.'Wh'h'h% PIWPOS£D DR£D(;INC. PROJECT DEPTHS AS SHOWN 

1'0£ OF SPENDING: BEACH 

MODEL STUDY Of WAVE ACTION 
EAST B EAVER BAY, MINNESOTA 

ELEMENTS OF PLAN 4 
SCA LES . .., 

PROTOTYPE 

' 0 
MODEL - -

0 • 'T 

= 
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L EGEND IN f EET 
T CONTOUR ION WAVE-HEIGH TER LOC AT 
8REAKWA PROP OSED 

AR E BASED REfERENCES D FOR 
N E COORDINATE TS ESTASLISHESY OGLESAY 

PLA ARBITRARY PO:'ATER L AYOU T 
O N ANT AND BREAK 
PL AND CO. NORTON 

NO T E: • I'T LWO R LEVEL= +b S~ILL-WATE - i"44fT LWO 
' EVAT<ON-

CROWN E L H - 600FT 

ENTRANCE WI.OT ~~HT=2Z FT 
PRIMARY WAV t. H 

MODEL STUDY 

ST BEAVER E.A. 
E ACTION OF WAV 

M I NNESOTA BAY, 

WAVE 
2: 8.5 SEC 

PL AN SCALES 

HEIGHTS 
WAVES FROM E BY N 

400 
PROTOTYPE 

MODEL 

0 soon 



LEGEND 

---1.0...__/ WAVE -Ht:IG>1 T CON,.OUR IN f EET 

PROPOSED BRE AKWA,.ER LOCATION 

PLANE COORDINATE REFERENCES ARE &ASE O 
ON . ARBITRARY POIN T S ESTABLISHED fOR 
PL ANT A ND BREAKWATER L AYO U T BY OGLEBAY 
NORTON AND CO. 

NOTE : S TILL-WATER LEVEL: t l .!> fT L WD 
CROWN EL EVATION : + 8 .4 F'T L WD 
ENTRANCE WIDTH : 6 00 F T 

PRIMARY WAVE >1E IG>1T: 12 fT 

_l ~-w o.oo -T-3000' 

MODEL STUDY OF" WAVE ACTION 

EAST BEAVER BAY, M INNESOTA 

WAVE HEIGHTS 
PLAN 2: 5 SEC WAVES FROM SW 

SCALES 
0 400 8 00 FT 

2 4fT 
MODEL 



LEGEND 

---1.0....__/ . WAVE-HEIGHT CONTOUR IN FEET 

PROPOSED .BREAKWAT ER LOCATION 

PLANE COORDINATE REFERENCES ARE BASED 
ON ARBITRARY POIN TS ESTABLISHED fOR 
PLANT AND BREAKWATER LAYOUT BY OGLEBAY 
NORTON AND CO. 

NOTE: STI LL-WATER LEVEL = t 1.!> fT L WD 

CROWN ELEVATION= t44 FT LWD 
ENTRANCE WIDTH: 930 fT 
PRIMARY WAllE HEIGHT= 22 FT 

I 
E- W 0.00 
s- 3000' 

I 

MODEL STUDY OF WAVE ACT ION 
EAST BEAVER BAY, MINNESOTA 

WAVE HEIGHTS 
PLAN 2A: 8.5 SEC WAVES FROM E BY N 

SCAL ES 
400 0 4 0 0 800FT 

PROTOTYPE 
2 0 2 4 FT 

MODEL 
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LEGEND 

---.l O..__/ WAVE-HEIGHT CONTOUR IN FEET 

PROPOSED BREAKWATER LOCATION 

PLANE COORDINATE REFERENCES ARE BASED 
ON ARBITRARY POINTS ESTABLISHED fOR 
PLANT AND BREAKWATER LAYOUT BY OC.LEBAY 
NORTON AND CO. 

NOTE: STILL- WATER L EVEL: -t l. 5 fT L WD 
CROWN EL EVATION : +8.4 FT LWD 
ENTRANCE WIDTH = 930 f T 
PRIMARY WAVE HEIGHT : 12 FT 

E-W 0 .00 .-p-3000' 

MODEL ST UDY OF WAVE ACTION 
EAST BEAVER BAY, M I NNESOTA 

WAVE HEIGHTS 
PL AN 2A: 6 SEC WAVES FROM SW 

SCA L ES 
4 0 0 

PROTOT YPE 

MODEL 
2 

0 400 600FT 

0 2 4F T 
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LEGE N D 

-.../.0.._/ WAV(-H(IGHT CONTOUR IN rEt:T 

PROPOSED BRE AKWATER LOCA T ION 

------ TOE OF SP£.N01NG-BEACH SLOP£ 

PLANE COORDINATE R£rER£NCES ARE BASED 

ON ARB ITRARY POIN TS !:STABLI SH(O fOR 

PLANT AND BREAKWAT(R LAYOUT BY OC>LEBAY 

NORTON AND CO. 

NOTE: STILL-WATER LEVEL= t 1.5 rT LWO 

CROWN E L EVA T IONS +8: 4 & 14 . 4 FT L WO 

£NTRANC( WIOTI<S 600 & 2400 FT 

PRIMARY WAVE. Ht:IC>H T : El FT 

MODEL STUDY OF WAVE ACTION 

EAST BEAVER BAY, MI N NESOTA 

WAVE H EIGHTS 
PLAN 2B : 8.5 SEC WAVES FROM E BY N 

PARTIAL CONSTRUCTION 
SCALES 

Aoo o 4 0C soo r ; 
P ROTOTYPE 

2 0 2 4FT 
MODE L 
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;::: ST ORAGE AREA 
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// 

LEGEND 
-.....,.o...._,.,., WAVE-HEIGHT CONTOUR IN rEE i 

PROPOSED BREAKWATER T LOCATION 

OE OF SPENDI NG-BEAC H Si..OPE 

PLANE COORDI NATE RE 
ON ARBITRARY POIN T FERENCES ARE BASED 
PLANT AND BRE . S ESTABLISHED FOR 

AKWATER I.. AYO 
NORTON AN D CO. UT BY OC.LEBAY 

NOTE: 

J.o~ 

STILL-WATER LEV -
CROWN EI..EVATIONESL -- + 1. 5 FT I..WD 
EN TR ANCE WI DTHS•- + 8.4 & 14 .4 FT LWD 

PRIMARY WAVE HEIC.H600 & 2400 FT T: 6FT 

M ILL AR EA ELE'V 642.0 

-- --- -- - - -----

E- W 0 00 

f~o· ~ 
.e.o----.__ 

MODEL STUDY 
EAST BEAVER ~:y WMAVE ACT ION 

• I NNESOTA 

WAVE HEIGHTS 
PLAN 2 8' 6 . SEC WAVES FROM 

PARTIAL CONSTRUCTION 
SCALES 

sw 

PROTOTYPE40•0~2=-.:::~0----~4~0~0~::::::~8~00F~ 
MODEL ~~=o .... ~ .. ~~~4FT 

0 
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/ EUV 605.5 

LEGE ND 

--..1.0-.../ WAVE-HEIGHT CONTOUR IN FEET 

PROPOSED &REAKWA"TER LOCATION 

------- TOE OF SF>ENDING-BEACH SLOPE 

PL ANE COORDINATE REfERENCES ARE BASED 
ON ARBITRARY POINTS ESTABLISHED FOR 
PL ANT AND BREAKWATER LAYOUT 8Y OGLE8AY 

NORTON AND CO. 

NO"TE: STILL-WATER LEVEL=+ I.SFT LWD 
CROWN ELEVAT ION= + 44FT L WD 

ENTRANCE WIDTH= 600fT 
PRIMARY WAVE HEIGHT : 22 f T 

MODE L STUDY Of WAVE ACTION 

EAST BEAVER BAY, MINNESOTA 

WAVE HEIGHTS 
PLAN 3 : 8 .5 SEC WAVES FROM E BY N 

SCALES 
400 

PROTOTYPE 
2 

MODEL 

0 

0 

400 800FT 

2 4fT 



LEGEND 

---.../.0..._./ WAVE-HEIGHT CONTOUR IN FEET 

PROPOSED BREAKWATER LOCATION 

TOE OF SPENDING-BEACH SLOPE 

PLANE COORDINATE REFERENCES AR E BASED 
ON ARBITRARY POINT!! ESTABLISHED FOR 
PLANT AND BREAKWATER LAYOUT BY OGLEBAY 

NORTON AND CO. 

NOTE: ST IL L -WATER LEVEL= +1.5 FT LWD 
CROWN EL E:VATION = +8.4 F'T LWD 

ENTRANCE WIDTH: 600FT 

PRI MARY WAV E H EIGHT= 12FT 

E· w 0.00 ---tJ -3000' 

MODEL STUDY Of WAVE ACTION 
EAST BEAVER BAY, M I NNESOTA 

WAVE HEIGHT S 
PLAN 3 : 6 SEC WAVES FROM SW 

SCALES 
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/ ELEV 60S.S STOCKPILE AREA-ULTIMATE DEVELOPMENT 

/ 

LEGEND 

--../.{)...__/ WAVE - HEIGHT CON T OUR IN FEET 

PROPOSED BREAKWATER LOCATION 

TOE OF SPENDING-BEACH SLOPE 

PLANE COORDINATE REFERENCES ARE BASED 
ON ARBITRARY POINTS ESTABLISHED FOR 
PLANT AND BREAKWATER L AYOUT BY OGL.EBAY 

NORTON AND CO. 

3·0 

NOTE : STILL-WATER LEVEL: tl.~ FT L WD 
CROWN ELEVATION =t 44FT L WD 
ENTRANCE WIDTH: 930 FT 
PRIMARY WAVE HEIGHT : 22 FT 

MODEL STUDY OF WAVE ACTION 

EAST BEAVER BAY, M I NNESOTA 

WAVE HEIGHTS 

SPENDI NG 
BEACH 

PLAN 3A: 8 .5 SEC WAVES FROM E BY N 

SCALES 
400 

PROTOTYPE 

MODEL. 
2 

0 400 800FT 

0 Z 4 FT 
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ELEV 60S.S 

LEGEND 

--.....1.0-...../' WAVE-HEIGHT CONTOUR IN FEET 

PROPOSED BREAKWATER LOCATION 

----- - T OE OF SPENDING-BEACH SLOPE 

STOCKPILE AREA- ULTIMATE DEVELOPMENT 

E•W 0 .00 ._p -3000' 

MODEL STUDY OF WAVE ACTION 
EAST BEAVER BAY, M I NNESOTA 

WAVE HE IGHTS 

SP'ENOING 
BEACH 

PLANE COORDINATE REFERENCES ARE BASED 
ON ARBITRARY POINTS ESTABLISHED FOR 
PLANT AND BREAKWATER LAYOUT BY OGLEBAY 

NORTON AND CO. 

NOTE: STILL-WATER LEVEL =+1. 5 FT LWO 
CROWN ELEVATION =.+8 .4 F T L WO 
ENTRANCE WI DTH =930FT 

PLAN 3A: 6 SEC WAVES FROM SW 

SCALES 
PRIMARY WAVE HEIGHT= 12FT 

400 
PROTOT YPE 

MODEL 

0 

0 

400 80011 

2 4FT 
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LEG EN 0 

~1.0- WAil E -HElG HT CON TOUR I N FEET 
PROPOSED RUBBLE-MOUND BREAKW ... TER 

OCOXCCOO PROPOSED CELLULAR BREAI<.WATt R 

-- - ---- T OE Or SPENDING - BEACH SLOPE 
LOADING PIER 

P LANE COORDINATE REFERENCES "RE SASE!> ON 
"R81TRARY POINTS ESTABL ISHED FOR PLANT ANI> 
BREAKWATER LAYOUT lilY OCLEBAY NORTON AN D CO. 

NOTE: STI LL-WATE R LEVEL • + I.~ rT LWO 

CROWN E LEVATION: -t 44FT LWD 

ENTRANCE W I DTH • 600 FT 

PRIMARY WAVE HEICHT =22FT 

MODEL STUDY Of W.AVE ACTION 
EAST BEAVER BAY, M INNE:SOTA 

WAVE HEIGHTS 
PL AN 4: 8 .5 SEC WAVES fROM E BY N 

SCALES 
400 

PROTOTYPE 

MO DEL 

0 

0 
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/ ELEV 605.5 STOCKPILE AREA -Ul T IMAT E DEVELOPMENT 

/ 

-1.0- WAVE-HEIGHT CON TOUR I N FEET 
PROPOS ED RUSSLE-MOUN D BREAKWATE R 

0C0:X::00C0 PROPOSED CELLU L AR BREAKWATER 
- ------ TOE O f SPENDING- B ( ACH SLO P E 

L OADI NG PI ER 

PLANE COOR DINAT E REF ERENCES ARE BASED ON 
ARBITRARY POI NTS ESTABLISHED f OR P LANT AND 
BREAKWATER L AYOUT BY OGLEB AY N ORTON AND CO. 

NOTE: STILL- WAI ER LEVEL :t t- t.5 FT L WO 

CROWN EL EVA liON ~ + 6.0 4 < 14 .0 fT LWD 

E NTR ANC E WI DTH • 60 0 F" T 

PRIMARY WAVE HEI(i.HT ; IZf'T 

MODEL STUDY OF WAVE ACTION 
EAST BEAVER BAY, M I NNESOTA 

WAVE HEIGHTS 
PLAN 4 : 6 SEC WAVES FROM SW 

SCALES 
4 00 

PROT OT YPE 

MODE L 
2 

0 400 600FT 

0 Z 4F" T 

BEACH 


