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A MODEL STUDY OF A DIKE ENCLOSURE 

AT THE EASTERN END OF LAKE ERIE 

I, PUIWOSE OF THE:' MODEL 

The Bethlehem Steel Corporation is faoed with the problem of finding a 
disposal area for solid wastes, prinoipall1 slag, from its steel plant at 
Laokawanna, New York. Whereas the slag was previously dumped freely into 

Lake Erie, suoh dumping is now oonsidered undesirable. The oompany has pro~ 
posed that a diked enolosure be built into the lake opposite its plant and 

that the wastes be dumped into this enolosure, thus preventing them from 
entering the lake. The oompany has estimated that the dike should enolose 

about 620 aores to aooommodate its ne~d~ to some reasonable future date. 

If a dike as proposed is built, it may interfere with several aspects 

of lake aotivity. Among these are navigation, water supply, maintenance of 
swimming beaches, and perhaps others unknown at the time of the proposal. 

Specifically, the south entrance to Buffalo Harbor lies immediately adjacent 

to the north side of the proposed enclosure, while the prinoipal navigation 

lanes lie about 2-1/2 miles to the west. The Erie County water intake lies 
olose in to the southwest, the Buffalo water intake is some distanoe to the 
north, and the Wanakah water intake is some distanoe to the south. An exoel

lent sand beach is located adjacent to the south edge of the proposed enolo

sure at Woodlawn. These features are indioated on the map, Chart 1. 

Also indioated on the map are three oreeks whose discharge is quite 

polluted. These are Smokes Creek, Blasdell Creek, and Rush Creek. Apparentl1 

the discharges ~om these creeks; although they must be affecting the water 

intakes and swimming'beach, are presently considered tolerable. The proposed 

dike must not divert these flows in suoh a manner as to make the situation 

less tolerable. Also, there is same sand movement along the shoreline, and 
this must presently be responsible for maintaining the beaoh at Woodlawn~ 

The proposed structure must not interfere with sand nourishment of the exist~ 
tng 'beaoh aud must. not oause·saud·.to acoumulate over the water intakes' or 

in the south harbor entranoe at Buffalo. 

Most important from the viewpoint of navigation is the requirement that 

storm waves be no more severe for ships traversing the normal shipping lanes 



or entering the harbor with an enclosure than without one., Also, the proposed 
structure must not caUse ice floes to block the south harbor entrance. 

It is possible that the configuration of the dike may be important in 

some of the above considerations. That is, an obvious plan for laying out 
the dike may adversely affeot one of the lake activities, while another plan 

may have no effect, 

To investigate all these problems it was agreed that a physical model 
of the site should be built. After construction, the operation of the model 
would be verified b,y comparison of knoWn data obtainable in Lake Erie with 

that obtained from the mode1~ Following Verification, one or more dike con~ 
figurations would be installed in the model to determine the influence on the 

lake of each of the various faotors discussed above. 

The following sections of this report describe the model, its verifica
tion, the plan fo~ of the enclosure selected for study, and the results of 
the study, Problems associated with the cross-sectional shape of the enclo~ 

sure are discussed in an appendix. 

II. THE MODEL 

Scales 

The geographical extent of the model was determined by the physical 

features of the site shown on Chart 1, by the need to carry the model far 
enough to the west into Lake Erie to permit generation of fully developed 
waves without objectionable reflection, and by the need to include the inlet 
to the Niagara River so that the water flow through the lake could be modeled 
with some reliability. Considering the floor area available for the model, 

these oonsiderations led to the choice of a horizontal soale of 1:6oo~ The 

resulting area covered in the model is shown on the map, Chart 1. 

Some compromise was involved in this choice of scales, especially in 
connection with the east-west width of the model. The effect of the proposed 
enclosure at a distanoe from it was expected to be small (and this was veri
fied later) except for the refleoted waves which might be radiated from it. 
These are damped very little in deeper water and m~ carry energy to great 

distances. It would have been desirable to carry the model further west to 
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observe the effect of the reflected waVeS from the enclosure on the shipping 

lanes and also to reduce interference With wave generation by waves reflected 

from the shore and shore structures. However, since only a comparison be

tween conditions without and with an enclosure was required, and since the 

reflected wave energy was expected to be damped very little in deep water, it 

was decided that any effect of reflection outside the model area could be 

accounted for after reducing the data. If the wave generation area had been 

moved further west, a smaller horizontal scale would have had to be chosen. 

The scale chosen allows an open water area about two miles in width between 

the beach and the wave generation region. 

It will also be noticed that the Wanakah water intake is on the fringe 

of the area modeled, and the model boundaries might interfere with flow at 

the intake~ It was assumed that since the intake is far from the enclosure, 

any effect on this intake would be small and could be predicted by observing 

the current aotion in the interior of the model near its southwest corner. 

(As it turned out there were no changes at all in current action in the south

west corner of the model without and with an enolosure, and the assumption 

made is apparently justified.) 

The vertical scale of the model was chosen after examination of data on 

* lake levels [1, 2J and bottom contours [3, 4J. The water near the enclosure 

will be of the order of 30 ft deep. Wave heights will be of the order of 12 

ft for much of the study, as noted in the following paragraphs. Considering 

the sensitivity of probes for wave height measurements and the need for ade

quate Reynolds numbers for flow through the lake and the avoidance of surface 

tension effects, a vertical scale of 1:120 was selected. This means that 

still water near the enclosure is about 3 in. deep and major waves are about 

1.2 in. high in the model. 

With scale ratios different in the vertical than in the horizontal di. 

rection, the model is distorted. For wave studies an undistorted model is 

usually desirable, since Wave speed in shallow water is dependent upon the 

depth; this makes wave length also a function of depth. Wave refraction 

around barriers and at bottom contours, especially, is dependent on the inter

action of wave length and horizontal scale. Thus, distortion makes modeling 

* Numbers in brackets refer to the list of references on page 26. 
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of refraction effects, inoluding sand transport along a beach, especiallY 

difficult. Special care must be used in interpreting model results whioh 
may be influenced by refraction. Again, because only a oomparison of effects 

without and with a olosure dike is required rather than absolute values, the 

distortion effect is probably acoeptable in a qualitative sense. This is 
especially true since the modeling of sand transport even with an undistorted 

scale is not well understood. 

The pertinent scale ratios finally chosen are as follows: 

Hori~ontal distances (1) 

Current speed (V =~/D) 
River discharge (Q = LDV) 

1:600 

1:10.9.5 
1:790 t oOO 

Vertical distances (D) 

Wave speed (c = ,fD) 
Wave period (T = D/C) 

1:120 

1:10.9.5 
1:10.9.5 

The current speed is based on the Froude model law, while the wave 

speed is based on the assumption that the depth is very much smaller than the 

wave length; the latter assumption is not exactly accurate, but it is prob

ably close enough for purposes of the model study. The time scale or period 

scale for waves may be given different definitions. For purposes of this 
study it was considered important that waves break in water of approximately 

the correct depth in the model. For this to occur it is necessary that the 

wave length be measured b.1 the depth scale, thus producing the time scale 

shown above. 

One other wave problem associated with the use of a distorted scale 

occurs when wave reflection on sloped beaches is studied. With the flat 

beaches occurring on the lake, little wave energy is reflected back into the 

lake from waves breaking on shore. With a distorted scale the model beaches 

are much steeper and would reflect a great deal of energy, thus distorting the 
incoming waves. This is especially true near the existing fill. To overcome 

this effect the model shores must be provided with wave-absorbing materials 

to absorb relatively the same energy as the flatter beaches absorb in nature. 

This problem is discussed further at the end of this section. 

Conditions in Lake Erie 

To properly design such a model it is necessary to know the wave and 

current conditions in Lake Erie. It is not practicable, of course, to con

sider all possible conditions. Rather, a few typical conditions must be 
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selected for detailed study. and if these are wisely ohosen, the main differ

ences that would be oaused by the enclosure will be determinable. 

For waves, three conditions are desirable for study"~calm, severe, and 

an intermediate condition that m~ help in assessment of the effects of model 

distortion. Waves are produoed by wind blowing over water* The wind adds 

energy to the waves through surfaoe shear, and the greater the distance and 

time the wind is in contaot with the water, the more energy is oarried in the 

waves. Hence, the most severe waves can be expected to ooour in those direc~ 

tions from whioh the wind velocity is greatest and/or the over-water distanoe 

("fetch-') is greatest. 

The wind diagram for Buffalo on the following page shows that storms 

with wind velocities over 25 mph ooour with greatest frequency from the south

west and with next greatest frequenoy from the west. storms of this magni

tude from other directions occur only infrequently; from the south, for ex

ample, the frequency is less than 10 per cent of that from the southwest. 
It will be noticed from the figure that wind frequenoies are given separately 

for the ice-free period. Actually, it is the ice-free period which is im~ 

portant for the model study, since only then is navigation important and only 

then can the storm-induced waves influence the surface and bottom currents. 

(It is very important to recognize that bottom currents and sand motion along 

a shore occur prinoipally as a result of wave action and that sand transport 

which occurs largely along the bottom is especially great during severe storms 

when wave heights are lat"ge compared to wave length [5, p. 65J .. ) 

When the results from the Wind diagram are compared with the geography 

of the lake, which can be done on the figut"e, it can be seen that the most 

severe wave conditions in the vicinity of the model will come from between 

south~est and west. Because of the much smallet" over-water distances avail~ 

able from other dit"ections, even the infrequent storms from those dit"ections 

would not be expected to produce severe waves at the proposed enclosure. 

This is confirmed by examination of the wave heights actually measut"ed on 

Lake Erie [1, Appendix DJ. These data show that wave heights during the ice~ 

free period of over 8 ft are associated only with motion from the west and 

the west-southwest. Statistical analysis of these data in Reference [lJ 

shows that storms with waves of 12 ft height are likely to occur about once 
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each year and storms with wave heights of 16 ft might occur about once in 

ten years during the ice-free period. 

Consideration of these data leads to the oonclusion that severe wave 

conditions in the model should be represented by 12-ft-high waves from the 
" west-southwest and from the west. These are the same criteria selected in 

an earlier model study of the Buffalo Harbor area by the Corps of Engineers 

[6J, The reason for not selecting the less frequent higher waves is that 

navigation will be very limited during the peak of such storms and that al

though important beach and current changes may occur during more severe 

storms, the changes are expected to be a matter of degree rather than of kind., 

and the situation will soon return to that produced by lesser storms when the 

waves begin to subside. Sand deposition patterns are a result of many large 

storms of different directions over a period of time, and the scars of an 

unusual storm are soon healed by time. As noted later, the model wave maker 

was actually designed to produce much higher waves than 12 ft if that had 

been necessary. (It should be noted at this time that the dike structure 

itself does have to be designed for the most severe wave conditions which 

may occur during winter; criteria are discussed in Appendix II.) 

Having decided on the most severe wave condition, the intermediate oon

dition was selected from the data [lJ as 6 ft high and 4 sec period waves. 

Again, these occur with greatest frequenoy from the west-southwest and west, 

although there is a significant frequency of about 2 per cent of all storms 

from the southwest. To conserve effort in arranging and rearranging the wave 

makers, the intermediate condition was also limited. to Waves from the west
southwest and west. 

All the wave conditions selected for study are summarized in Table I 

and are designated by letters for future reference. 

The normal lake level in summer is 570.6 ft above sea level [2, 3J. 

During a storm from the west or west~southwest, however, the lake surface 

rises at first and the severe waves are superimposed on this increased level. 

The wind set-up has been taken as 4.4 ft [6J, and the corresponding lake 

stages selected for the test are also shown in Table 1. 
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The lake stage dete~ines the flow into the Niagara River. The cor~e" 

sponding discharges as obtained from a rating curve supplied by the Buffalo 

District of the U.S. Array Corps of Engineers are also shown in Table I. 

TABLE I Wave Conditions in Lake Erie 

Significant Wave 
Wave Height Period Lake Niagara River 

Cendi-" Wave Ft In. St;lC Stage Discharge - cfs 
Mon Direotion Lake Model Lake Model Ft Lake Model 

A calm 0 0 0 0.0 570>\6 200,000 0.2.53 

B S 67_1/20 W 12 1.2 7 0.639 .575.0 300,000 0.380 

C S 67_1/2° W 6 0.6 4 0.365 575.0 ,300,000 0~,380 

D S 67_1/20 W 6 0.6 4 0.365 570.6 200,000 0.253 
E W 12 1.2 7 0.639 57.5 .. 0 300,000 0 .. 380 

F W 6 0.6 4 0.365 575·.0 300,000 0.380 
G W 6 0.6 4 0.36,5 570.6 200,000 0.253 

Data on the discharges from the three small creeks within the a~ea to be 

studied were collected by Mr. Louis M. Violanti, Senior Sanitary Engineer of 

the New York state Department of Health [7J, and are shown in Table II. Flow 

data on the Buffalo River were supplied by the Buffalo District of the Corps 

of Engineers [8J, and the discharge is also shown in Table II. The table 

shows average discharges, and no attempt was made to vary these in the model, 

as the discharges are so small that variation would have little effect on 

model performance. 

TABLE II Ave~e Inflows to Lake Erie 

Str!'l§l.:!!! Inflow, cfs M~del Inflow2~ 

Smokes Creek 200 0.0002.53 
Blasdell Creek 46 0.0000,583 
Rush Creek 13 0.0000164 
Buffalo River 520 0.0006,58 



Model Design 

Model l~out details are on Chart 2, and some pictures showing oonstruo~ 
tion features are reproduced in Photos 1, 2, and 3. The model surface is of 
hand~troweled mortar; roughness was not considered an important factor as 
long as the roughness was fairly uniform. A 5.5-ft-wide depressed area was 
provided at the west edge of the model for the wave generators and for a per
forated pipe used to produoe the flow through Lake Erie to the Niagara River. 

In the pipe supplying the flow it was necessary to distribute the flow 
through the perforations to represent appro~tmately the flow distribution in 
the actual lake. As part of the preparatory work for the model study an 
electric analog model of the lake configuration was set up on conducting paper 
and the flow lines were determined as though the lake were of uniform depth 
at any stage. The results of this analysis are shown on Chart 3. On the 
chart equal discharge occurs between each pair of flow lines. This analysis, 
together with reference to the report on the earlier model study of Buffalo 
Harbor [6J and some allowanoe for the retardation effect of the shores, led to 
the input distribution to the model shown on Chart 3. This distribution is 

achieved in the model by four 20-ft lengths of perforated pipe laid end to end 
in the depression along the west model wall. Eaoh·length has a separate valve 
and meter to admit the percentage of the total flow shown on Chart 3. Flow to 
the model is supplied trom the Mississippi River. 

Discharges from the several small creeks were supplied through a common 
head tank where dye could be added when desired to mark the creek dischargeso 

Each creek was fed by a separate pipe line with valve and flow meters to pro
duce the model flow given in Table II. 

The wave makers are of the plunger type. They were built in a,ft seo
tions and designed so that each section could be pivoted to permit the genar~ 
ating of waves from any direotion between west and west~southwest. There are 

nine sectionsf making a total length of 72 ft. The generator was designed to 
produoe controllable wave heights to a m~imum of 3.2 inches in the model 
(muoh higher than required, as m~ be seen :from Table I) at 0.6 sec periods 
as well as model periods as short as 0.3 sec but with wave height then limited 
to a m~imum of 1_6 in. The sections are driven qy a single motor through a 
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common shaft, but the phase (and wave height) for each seotion is separately 

adjustable. 

As has ~lready been mentioned, the distorted beach slopes in the model 
produce very objectionable reflections from the shore which do not ocour in 
nature. This was readily apparent to the naked eye. To eliminate these re
flections several devices were oonsidered for placement on the model beaches. 

Finally, sand, gravel, and small stones were tried, the small stones appear
ing to do the best job. They were plaoed all along the filled portions of 
the shore and on the existing structures, as may be seen in Photo 4. Wave 
reflections with the stones in place may be inferred from Charts 4,5, 6, and 
7. The first two show the time history of a short group of waves at several 
locations for wave oonditions Band E (Table I), respectively; the latter two 
show the results of traversing a wave probe for the same oonditions. 

Some explanation of these charts is in order. Charts 4 and 5 show the 

history of groups of waves generated b.1 operating the wave maker for about 5 
sec and then stopping it completely. Each group moves past the probe, as il
lustrated b.1 the graph in the upper left-hand corner of Chart 4, for example, 
where .the original group is labeled "incident wave." When the group reaches 
the shore it is reflected· back toward the probe and is again deteoted. The 

refleoted wave is then again reflected from the generator and is once more 

detected by the probe. The refleotions continue indefinitely. When the probe 

is placed oloser to the source of refleotion, as at looation 3 in Chart 4~ it 
becomes very diffioult to separate the incident and reflected waves. Location 

1, far from the source of reflection, is the best place to determine reflec
tion coefficients, and the method of doing 80 is illustrated on Chart 4. EVen 
at location 1; if the wave maker operates for a longer period of time the 

reflected wave· may return in time to complicate the reoord just as it does at 

location 3. This is in fact what happens when the wave maker runs oontin
uously. 

Charts 6 and 7 show how refleotion may be measured in another way when 
the wave makers are running continuously. The data for these charts were ob .. 
tained b,y traversing the probe in the direction of wave motion over many wave 

. lengths (about 50 or 60), taking about 35 sec in the process. In doing this 
some waves are augmented b,y refleotion and some are partially canceled, 
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yielding the irregular wave diagrams seen on Charts 6 and 7, The method of 
caloulating refleotion is illustrated in the upper left.hand graph of Chart 
6; reflection ooeffioient is given by the ratio of the difference to the sum 

of maximum and minimum Wave heights, Graphs like those on Charts 6 and 7 
give smaller reflection coefficients than those in graphs 4 and S, because 
the inoident and refleoted wave patterns are shifting with time while the wave 
is being traversed (as may be seen from Chart 43, for example, where the wave 
probe is fixed) •. These charts show that although refleotions oocur, they are 
reasonably small for model study purposes, espeoially at location 1 on the 
charts, whioh represents conditions at a great distanoe from the shore. The 
reflection coefficient here is of the order of 20 per cent. 

III, VERIFICATION OF THE MODEL 

It is always desirable to oompare model performance with known proto
type behavior to establish the reliability of the model. In this case it is 
especially important to do so because several assumptions have been made, 

particularly'with regard to the effects of scale distortion. Unfortunately, 
very little data are available for the purpose of verification. The compari .. 
sons that oan be made are discussed in the following paragraphs. 

Wave Patterns -
As a result of the earlier model study of Buffalo Harbor qy the Corps of 

Engineers; Waterways Experiment Station (WES) [6J; data on wave ,patterns at 
the north end of the present model are available for comparison, and these ,are 
probably the most useful data in verification of the model. The WES model was 
undistorted and is probably a good representation of what actually now occurs 
in Buffalo Harbor. 

Photo S is reproduced from Photo 7 of the WES report for wave condition 
B (see Table I of Section II), but without Niagara River flow. Photo 6 shows 
the same condition in the present distorted model. Because the horizontal 

scale is so shortened in the present model, the waves appear to be much longer 
than in the WES model. Nevertheless, the same relative damping and diffrac
tion oocur in both models. To clarify this a little further, Photo 7 was 

taken with wave oondition C without Niagara River flow, in which the wave 
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lengths a~e sho~ter (and the heights are less)~ The similarities in Photos 5 
and ? a~e quite st~iking. 

Charts 8 and 9 show measurements of wave heights taken in the present 

model. Chart 9 is the same as Chart 8 except that the old breakwater on 
Chart 9 has been inc~eased in height to prevent overtopping as was done in 
the WES model, Chart 9 was oompared with Plate 12 of the WES report [6J 
(not reproduced herein) for the corresponding condition; the oomparison was 

ve~ favorable. 

Surface Currents 

Surface current patterns have been obtained in the model without waves 
by photographing confetti floating on the surface and measuring the length of 

the streak during the time of exposure. Photo 8 is one such photograph • 
. Chart 10 was obtained from the measurements ip this photograph. For compari. 
son, some data on ice floe ~ovements are available from the HYdro~Electric 

Power Commission of Ontario [9] and are shown on Chart 11. During the field 
measurements the wind was blowing with considerable force from the west-north
west; however, because of the short fetch there were probably few waves. The 
wind had some effect on the ioe floe drift, but not too much~ because most of 
an ice floe is below the water surface. Comparison of Charts 10 and 11 shows 
that current magnitudes, espeoially, are reproduced quite well in this part 
of the model. 

Additional surface current measurements were made in the Buffalo outer 
harbor to compare with field measurements obtained under ice b,y the Buffalo 

District Corps of Engineers [10]. These results are displayed on Chart 12. 

Although the conditions of the two measurements are somewhat different, the 
comparison is reasonable. 

One additional current measurement was obtained by photographing the 
colored effluent from Smokes Creek under calm conditions, Photo 9. This pat~ 
tern has been observed from shore and is sometimes seen in aerial photographs, 
substantiating the performance of the model in this respect. Chart 1; shows 

surface current patterns measured throughout the model under these cslm con
ditions, while Charts 14 through 19 show surface current directions for 
various wave conditions. Field data to oompare with these oharts were not 
available. 
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Subsurfaoe Currents -- Littoral Trapsport 

It has been reported that at some times there are present~ sand depos
its and swirling sand around the Erie County water intake [nJ. It is also 
known that the beach at Woodlawn near the water intake is self-sustaining, 
indicating that there is no net transport of sand away from the beach. " 
Charts 14 through 19 oontain records of subsurfaoe current directions, while 
Charts 20 and 21 reoord direotion and magnitude of bottom ourrents obtained 
in the model under various wave oonditions. These oharts show that sand 
oould be transported along the beach trom the south to Woodlawn and thence 
outward toward the Erie County water intake. This pattern is consistent with 
maintaining a good beach at Woodlawn and with finding sand around the water 
intake, It ,is also consistent with the shallow lake bottom opposite Woodlawn 
Beach found on'various maps and shown on the charts. (It should be mentioned 
again in this connection that littoral transport of sand occurs largely along 
the bed rather than by suspension, and this is espeoially true during a storm~ 
when wave height is large oompared to wave length.) 

Charts 22 and 23 illustrate the littoral transport in another way. Rec. 
tangular patohes of .,sand (0.2 mm mean diameter, specific gravity 2 .. 65, aver .. 
age fall velocity 0.08 fps) were placed at several places on the model bottom 
as shown on the charts. Whether or not the material used actually repre
sented lake bottom material is not known, sinoe both the fall velocity and 

the particle diameters were too large for the model scale used; but these 
scaling effects do tend to be somewhat self ... compensating in a distorted ' 
model. In any event; the material did move under severe waVe conditions and 
followed the path that would be expeoted from the dye traoes and plastic bead 
measurements shown on Charts 14 through 21. The four hours required to pro
duce the effects in the model shown on the charts correspond to about two 
days in nature. The oharts show, for example, that sand around the Erie 

County water intake probably is particularly trouble$ome following storm 
waves from the west-southwest. Photo 10 shows the transport near the water 
intake and Woodlawn Beach for west waves and oorresponds to Chart 2J. A 
personal communication from Mr. Earl Bauer [12J describes the erosion pattern 
around a beached ship opposite his home on the shore of Lake Erie. The ship 
is outside the model area, but a similar obstruction placed a little further 
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north along the beach in the model area, as shown on Chart 22. shows much the 
same erosion and deposition patterns as described b.Y Mr. Bauer_ 

These are very tenuous verifications of model performance on littoral 

transport, but taken together with the other verifications and with the gen ... 
eral knowledge of littoral transport that can be found in reference works such 
as Wiegel [13J, it is believed that the model will give reliable qualitative 
results regarding sand transport and subsurface currents. 

It has been found that the model, although distorted in scale, repro ... 
duces reasonably well the known features of the waVe patterns in Buffalo Har~ 
bor, the surface currents at the eastern end of Lake Erie, and probably also 
the 'subsurface currents and 'littoral transport. Since wave patterns are re. 
produced fairly well in the Buffalo Harbor area, it is believed that they will 
also be reproduced well in the area of the proposed enclosure. Hence, it 

should be possible to determine in the model, at least qualitatively, the efM 
feet of the proposed enclosure on the wave patterns, ourrents, and littoral 
transport. 

IV. THE ENCLOSURE 

Since the purpose of the model study was to investigate the effect on 

the eastern end of Lake Erie of a proposed enolosure, a plan form and a cross
sectional form for the enclosure had to be seleoted. Several plan forms were 
considered, but all these oan be typified by one reotangular enclosure and one 

ourved enolosure. One of each type was oonstructed for use in the model, the 
rectangUlar plan form being oalled the 4'Type A Dike" and the curved plan form 
the ''Type B Dike." Measurements, however, were made only with the rectangular 
plan form dike (Type A) because the results, as disoussed in Section V, fol~ 

lowing, appeared to be so satisfactor,y that no additional tests seemed War~ 
ranted. 

The Type A dike as used in the model is shown in detail on Chart 24. 
Some comments on the utility of a curved plan form are made in Appendix I. 

After the plan form of the enolosure was selected it was necessary to 

consider the cross section to be used in the model. This has little relation 
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to the aotua1 oross seotion to be used in Lake Erie beoause the distortion of 

the model negates any direot oomparison. It is neoessary, however, that the 

model structure have a reflection ooefficient comparable to that which will 
occur in the real structure. Furthermore, just as in the case without the 
enclosure, reflection of waves from the enolosure must not interfere with 
wave generation in the model, 

One possible form of cross seotion is a vertioal wall faoing the lake. 
This is the original form in which the Type A dike model was construoted.' 

Another oross seotion is the vertioal wall with a rubble mound on the lake 
side, whioh is the form eventual~ used in the model. The former will result 
in maximum refleotion of wave energy of the order of 90 to 95 per oent, as 

may be seen b,y examining the upper right-hand graphs of Charts 25 through ;0. 
(These oharts have the same signifioance as Charts 4 through 7, explained 
earlier.) The latter will produce much less reflection, the exaot coef~ 

ficient depending on how well the mound is designed. F01' the purposes of the 
model study the same stones used to absorb waves on the beach were used on the 
face of the model dike, producing a rubble mound in the model. The enclosure 
used in the model study may be seen in Photo 11. 

The reduoed reflection obtained b,y using a dike with rubble mound may 
be seen by comparing the graphs in the upper left-hand corners of Charts 25 
through ;0 with the graphs for the vertical wall without stones in the upper 
right-hand corners of these same charts. Because of the high reflections it 

would not have been possible to make meaningful model studies with a vertioal 
wall cross section in the model. The rubble mound aotual~ used produced more 
moderate refleotions of the order of less than 50 per oent near the wave 

maker, and these were oonsidered tolerable for the model study. The actual 
structure used for the enolosure is likely to be a rubble mound and to be no 
worse than this; it may be better. A model dike cross seotion with even less 
reflection oould have been constructed b,y further trials, but it is believed 

that this might have been unrealistio with regard to the eventual lake struo~ 
ture. 

V. RESULTS' OF THE MODEL" 'STUDY 

The model study was carried out b.1 making measurements of wave height 
distribution, sur£ace and sub-surface currents, sand deposits, and ioe floe 
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movements, fi~st without and then with the Type A dike, and oomparing the 

results. 

!Nave Heights 

Maximum wave heights without and with the Type A dike are compared on 
Charts 31 through 42 fo~ the six wave conditions studied. Each consecutive 

pair of charts, 31 and 32 for example, shows contours of maximum wave heights 
first without and then with the enclosu~e for one wave condition (condition· 

B--12 ft waves from west-southwest-~for Charts 31 and 32). The contours Were 
established for each cha~t by measuring wave heights from a traveling car~ 
riage with a capacitance-type probe at about. 250 points over the surface of 
the model. The probe reading was averaged for about 25 sec for each point 

while the gage was stationary and the wave make~ was running continuous~. 
Typical wave profile shapes are shown on Chart 43 and, to a stretched time 
scale, on Chart 44. 

Examination of Charts 28, 29, and 30 would raise the suspicion that 

depending on where the gage Was placed, its maximum reading could vary Py 
several feet because of reflections. (Only the graphs on the left sides of 
these charts are applioable, since the data on Charts 31 through 42 were taken 
with rubble mounds on the enclosure.) Although the points ohosen for meas
urement on Cha~ts31 through 42 were selected without reference to graphs like 

those shown on Charts 28, 29, and 30, it is believed that reasonable waVe 
height contours have been obtained, since the patterns shown on the latter 
charts moved gradually with time and this caused the wave probes to read 
average wage heights. (The change with time may be seen in the long~time 
reco~ds of Cha~t 43.) It is these average heights that we~e used in plotting 

the contours on Cha~~s 31 through 42. 

The effect of the enclosure on the waves may be seen Py comparing the 
pairs of oharts. In general it appears that the waVe heights in the harbor 

area are little~ if any, different with the Type A enolosure than without i~. 

One of the most striking results is that wave heights just inside and at the 
entranoe to the south h&rbor appear to be reduced by a sheltering effect of 
the enclosure for west-southwest and west waves. (This would not be true for 

waves from the north, but suoh waves are not like~ to be so severe in any 
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event because of the short fetoh. North waves were not studied in the model, 
of course.) The most unfavol"able effeot, and this is a slight one, ooours to 
the west and northwest of the south harbor entrance for wave oondition E, as 

shown on Charts 37 and 38. 

p~rrent~ and Littoral Transport 

Currents were examined in the model at the surface and near the bottom 
without and with the enolosure. Surfaoe ourrent directions Wal"e obtained 
using paper confetti, which floated, and a l"ed dye which was nearly neutl"ally 
buoyant. Bottom cUl"rents were investigated using the red dye for direotion 
and 1/8-in.~diameter plastic spheres slightly heavier than water timed over 
short distances for both magnitude and direction. 

Surfaoe ourrents for calm conditions without the encloSUl"e are shown 
on Chart 13; Chart 45 and Photo 12 show the l"esult with the enolosure. Photo 

12 may be compared with Photo 9 fol" the case without the enclosure. Except 
for a weak eddy to the north of the enolosure the pattel"ns are almost iden
tical. Floating debris and ice might oo11eot in the eddy, but would be washed 

away during less clement weather. There are practically no bottom currents 
without waves,.. It should be noted that these and the following chal"ts show 
model results over only a portion of the model surface close to the proposed 

enclosure; even at the edges of this limited area there are no detectable 
changes in currents due to the enclQsure, and there are none outside the area 
shown. 

Both surfaoe and bottom currents for the various wave oonditions are 
shown for the natural lake on Charts 14 through 19. The corresponding cur
rents with the enclosure are shown on Charts 46 through ,1. Comparison of 

the corresponding charts shows that exoept for the outward displaoement of the 
current patterns b,y the enclosure, practioa1ly no ohanges have been produced 
by introduotion of the enolosu~e in either surfaoe or bottom current direc~ 

tiona. Photographs have also been obtained showing details of the ourrents at 
various places in the model. Photo 13, for example, oompares the surface our~ 
rents marked by ~ve in the vioinity of Woodlawn Beaoh without and with the 
enolosure, and Photo 14 compares bottom ourrents marked by dye in the south 
harbor entrance without and with the enolosure. The photographs confirm the 
visual observations recorded on the oharts in all oases. It should be 
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stressed that the currents observed in the south harbor entrance are very 

small and barely detectable both with and without the enclosure~ In fact, 

for the most severe wave conditions it is probably only the overtopping of 

the breakwater that causes the outward flow which is observed. 

Measurements of bottom velocities with the plastic beads are qualita .... 

tively indicative of sand movement on the bottom. Only the most severe wave 

conditions, Band E of Table I,produced high enough velocities to measure in 

the model by this method. (Sand undoubtedly moves with smaller waves in the 

lake, but it is well known that littoral transport of sand is strongly depend

ent on refraction of storm waves and that the greatest changes in the beach 

are wrought by the most severe storms, as mentioned when discussing verifica

tion of the model in Section III.) Charts 20 and 21 showed these particle 

velocities (in fps, model) without the enclosure; Charts 52 and 53 show the 

same information with the enclosure. Again there is little change with the 

enclosure. 

The effect of the particle transport under these wave conditions in 

depositing sand in the model with the enclosure after several hours of opera

tion may be seen on Charts 54 and 55. The spread of the deposits is in ac .. 

cord with what would be expected from the charts showing subsurface currents-

Charts 46 and 52 for Chart 54 and Charts 49 and 53 for Chart 55. Charts 54 
and 55 may be compared with Charts 22 and 23, which show similar information 

without the enclosure. An explanation of the method used for obtaining the 

data on these charts was presented with the earlier discussion of Charts 22 

and 23. Again these charts tend to show that except for outward displacement 

of the patterns by the enclosure there should be little, if any, change ex

pected in sand deposition and erosion. In particular, the Erie County water 

intake which presently lies in an area of deposition with waves from the west

southwest, as may be seen on Chart 22, will continue to lie in an area of 

sand deposition under these same conditions f as may be seen on Chart 5~. 

(Only the complete removal of the existing fill might assist in removing sand 

from around the intake.) The water intakes at Wanakah and Buffalo are remote 

from the enclosure, and there was no detectable effect from either bottom or 

surface currents shown by the model near these intakes. 

Charts 22 and 23 indicate that in the harbor area there is presently 

continual transport of sand past the south harbor entrance, and Chart 55 shows 
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that this is still true for west waves with the enclosure. However, Chart .54 
for west-southwest Waves with the enclosure in plaoe seems to show very lit. 

tle transport past the harbor entrance. On the other hand, subsurface cur~ 

rents indicated on Charts 46 and 52 for the same wave conditions with the en
closure in place do indicate that there should be some transport here. To 
check this apparent disorepancy the sand patch at the corner of the break

water and the patch next to the south of it shown on Chart 54 were replaced 
with coal partioles of about the same mean diameter but with speoific gravity 

of only 1.5 (the resulting fall velocity being about 0.02 fps)~ These par~ 
ticles did accumulate and move along the west and north sides of the enclos~ 

ure and past the south harbor entrance just as on Chart 5.5, showing that 

qualitatively, at leastt the sand movement will not be interrupted by the 
enclosure. 

In summary~ it appears that sand deposits will not be noticeably changed 
by the presence of the enclosure except that transport will be pushed further 
out into the lake opposite the enclosure. 

Ice Drift ---
Some investigation has also been made of the behavior of ice floes 

under west and west-southwest wave conditions both with and without winds. 
Ice floes will tend to move largely with the surface currents, and thus Charts 

13 through 19, without the enclosure, and Charts 45 through 51, with the en
closure, are pertinent to predicting the motion of ice. In addition to the 
data and photographs obtained for preparing these charts, additional photo

graphs were taken of the motion of ice cubes placed at strategio places in 

the model, partioularly near the south harbor entrance. The ice cubes sink 
more deeply into the flow than confetti and include any influence of deeper 
ourrents. 

Photo 1.5 is typical of the ice cube experiments, showing motion into 

the harbor under combined wave and wind aotion. Without wind there is very 

little surface current motion and little ice motion for this wave condition in 
the harbor entrance; the winds tend to drive the floes into the entranoe. 

Similar photographs were taken for all wave oonditions and indicate that there 

would be little, if any, change in ice drifting into the harbor or onto the 
beaches without or with the enclosure for west and west-southv1est waves and 
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wind. No tests were made with north or south waves and wind, of oourse. It 

may be reoalled that with oalm oonditions there is a large, weak surfaoe eddy 

to the north of the enolosure (Chart 45)_ Drifting ioe may oolleot and paok 

here during oalm weather, but the paok should be broken up during storms. 

The ioe oubes do not stiok together as real ice floes might, so that 

these experiments are not really oonclusive as regards possible ioe problems 

at the harbor entranoe or elsewhere. However, sinoe the drift patterns of 

the floes seem to be similar for the most part without and with the enclosure, 

it is probable that paoking of ioe would be no worse with the enolosure than 

without it. 

Conclusions ,;;;..;;.==-
The model study has shown that with the dike plan form shown on Chart 1 

and in detail on Chart 24 it should be feasible to enolase about one square 

mile of Lake Erie opposite the Bethlehem Steel Company plant at Laokawanna, 

New York, without oausing important ohanges in the existing regime in the 

lake. The stuqy has included consideration of the reflection of waves into 

the shipping lanes to the west; wave oonditions in and near the south harbor 

entrance; surface ourrents~ inoluding their effect on ioe drifting; and sub

surface currents, including their effeot on sand transport, erosion, and dep

osition. Specifioally, no adverse effects from either waves or sand deposi

tion are expeoted in the south harbor entranoe, and no additional adverse ef .. 

feots from either currents or sand deposition are expeoted at any of the water 

intakes or at the beaoh at Woodlawn. 

Many of the results obtained in the model study are largely qualitative 

insofar as absolute values are ooncerned. But oonsidering that only a oom

parison between conditions without and with an enclosure was_required, the 

results have considerable validity for the purpose intended, It should be 

oautioned, however, that it was assumed in the model study that the enclosure 

would have a cross-sectional form that would produce oonsiderable wave atten

uation--reflections of less than 50 per cent under the most severe conditions 

studied. For larger reflection coefficients the results would not be valid. 

This report is supplemented qy a motion picture whioh illustrates some 

of the dynamic aspects of the model study better than could be done by the 

photographs and charts in the report. The motion picture will be available 

through the sponsor. 
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APPENDIX I 

A Curved Enclosure 

As indicated in the body of the report, only the reotangular plan fo~ 

enclosure, Type A, was studied in the model. Since this proved to be 60 

satisfactory as regards ohanges that are likely to be produoed by construc

tion of the enclosure, no tests were conducted on the curved enclosure, Type 

B. Nevertheless, in view of the results of the model study and from baok

ground obtainable from the literature ([5, 13] for example), some comments 

may be made about a curved plan form. 

In water of unifo~ depth, water waves are reflected much like light 

waves. When straight-sided plan fo~s are used, as in the Type A dike, all 

waves are reflected back along parallel lines and the net wave height far out 

is the sum of the inooming and reflected wave, producing a net height nearly 

twice the height of the incoming wave. If a dike is ourved, however, the re

flected waves diverge if the center of curvature is inside the enclosure and 

converge if the center is outside. It is thus apparent that a curved enclos

ure with center inside would cause the wave energy of the reflected wave to 

spread so that the net wave height far out would hardly be more than the 

height of the original incoming wave. It appears, then, that there would be 
a great advantage as far as the shipping lanes to the west of the enclosure 

are concerned in having a curved enclosure. 

Unfortunately, it is not possible to have ourvature with center inside 

the enolosure without having oompensating ourvature of opposite sign some

where. In this case it turns out that opposite curvature would have to occur 

near the south harbor entrance and would be of very short radius. Thus it 

can be expected that wave energy would be very concentrated outside the harbor 

entrance and that wave heights would be much worse than merely the sum of the 

incoming and reflected wave of the same height. It was for this reason, as 

well as for the reason that the Type A dike appeared to perform quite well, 

that the curved plan form was not tested. 

It should be noted tha"c the analysis of wave refleotion is considerably 

more complicated than outlined above. When water depth changes, both incomine 

and reflected waves are refracted and diffracted, and this can change the 

results considerably. In the present case, convergence of reflected waves 
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would occur off the beach near the south end of the enclosure~ The conoen
tration of reflected wave energy here, together with diffraction from the 

sloping beaoh, could cause wave action near the shore to be more severe than 
that which presently occurs and oould possibly result in damage to the beach. 
This could be a matter for concern even with the rectangular dike which was 

studied and would be of more concern with a continuously ourved dike. The 
distorted model is incapable of detecting suoh effects due to oonvergenoe 
exoept in the most qualitative manner. It does appear from the model study 
(Chart 5lf va. 22 and 5.5 vs. 2,3) that the 'JlYpe A dike studied is reasonably 
satisfaotory from this viewpoint. 



APPENDIX II 

Some Notes on Design of the Breakwater 
F 

Qesip,n Conditions 

Whereas in the model study wave oriteria were established on the basis 
of storms occurring with a frequenoy of about onoe a year during the summer~ 
breakwater design oalls for more severe oriteria. The breakwater has to 

physioally withstand waves whioh can ooour at any time during the year and 
must do so without excessive damage being done to the struoture. In most 
breakwaters overtopping also has to be guarded against, but in this oase 

overtopping can probablY be tolerated if the breakwater is capped so that no 
physical damage will occur to it. It is assumed that water oarried into the 

enclosure would return to the lake b.1 seepage. 

EKamination of the records, especially Figure D~3 of Reference [lJ, in~ 
dicates that maximum waves of 16 ft or more may ooour at Buffalo during win

ter, storms. Hunt [14] says that waves as high as 25 ft were reported during 
the storm of 3 November 1955, subsequent to publication of Referenca [lJ. 
The period for these large waves is probably of the order of 7 sec and the 
direction is usually west-southwest. For'breakwater design it is recommend. 
ed that the deep water. waves be taken as 18 ft high from the 'west~southwe~t 
with a period of 7 sec. 

In addition to the effect of waves, the general water level near the 
enclosure will rise due to wind set-up_ For the model study this rise was 
taken as 4.4 ft over the general summer water level of 570.6. For the more 
severe winter storms that the breakwater will experience, a higher rise will 

occur, but at the same time the mean low water (MLW) of 568.6 is the natural 
lake level in winter. Based on recorded data quoted in Table 5 of Hunt [14], 

a rise of 6.5 to 7 ft over this 568.6 level, to about 575.5, should probably 
* be expected. 

For design purposes it is necessary to determine the height of the' 

storm waves at the breakwater if they get that far. Waves have a length in 
deep water of Lo = gT2/2n where T is the period and g is the 

* It is reported in the Great Lakes Newsletter for November-December 1968 that 
during the storm on December 5, 1968, the water level at Buffalo reached 
576.86. 
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acceleration of gravity. For T ~ 7 sec, L = 251 ft, the water depth, D, o 
near the breakwater is of the order of 27.5 ft referred to MLW and about 34 

ft when the wind set-up is oonsidered. The key parameter is D/Lo = 0.135. 

Referring to Wiegel [13J, Chapter 7 and Appendix I, the wave length near the 

structure is reduced to about 200 ft, assuming constant period. And, assum

ing additionally constant transmission of energy, the wave height is reduced 

by the theoretical factor 0.9156. However, there is energy loss due to both 

friction and refraction of the waves b.1 the sloping bottom. An arbitrary ad

ditional factor of 0.9 may be applied for this reason, 50 that the ratio of 

wave height to deep water height HIH equals"approximately 0.82. Hence 
o 

an 18 ft storm wave in deep water would be reduced to about 14.8 ft near the 

structure, and the structure would have to be designed for such a wave. 

Large waves from Lake Erie m~ break before reaching the proposed 

breakwater, and to investigate this possibility the depth of breaking should 

be studied. Using Wiegel [13J, Figure 2.31, and assuming the bottom in the 

vicinity of the proposed dike slopes outward flatter than 1:50 [4J, the 

breaker height is about 0.9 of the maximum wave height for an 18 ft wave, or 

16.2 ft. From the same reference, the breaker depth is a little over 1.4 

times the breaker height, or about 23 ft. Considering the wind set~up, these 

18 ft waves should break where the bottom lies, at about 16 to 16.5 ft below 

MLW. From Lake Survey Chart 314 [4J, this means that 18 ft waves will not 

reach the southern part of the breakwater, and the breakwater here can be 

less bulky than further north. A 12 ft, 6 sec wave, as another example, 

would break in 15 ft water, or about 9 ft below MLW, by the same reasoning. 

The most critical design condition for stability of the breakwater oc .. 

curs when waves break against it. This occurs when 14.8 ft high waves (re ... 

duced from 18 ft farther out) break in water 23 ft deep (at about the place 

where the breakwater is in water 16 to 17 ft below MLW). The remainder of 

the breakwater to the north of this point should probably be designed for the 

same conditions, while to the south somewhat more moderate conditions could 

be used. 

Cross Section of the Breakwater 

Many forms of cross section may be made adequate to withstand the forces 

imposed on them b.1 breaking waves and have been used for breakwaters. 
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Preferred types include rubble mounds, mounds of interlocking concrete units, 

steel pile oel1s, and steel pile oells with rubble mounds on the deep water 
side. Frequently, economy of oonstruotion under looal oonditions determines 

the oross section that is selected. Where shipping lanes are involved, how

ever, a: sloping;' permeable breakwater is necessary on the deep water side for 

the reasons outlined in the following paragraphs. The main shipping lane is 
about 2~1/2 miles west of the proposed enclosure, and a harbor entrance lies 

just to the north. 

Vertioal walls have reflection coefficients of 0.9 to 0-95 for high 

waves, whereas well-designed rubble mounds of proper slope have muoh smaller 
refleotion ooefficients of' the order of 0.2 to 0.3 [15J. For example, Charts 

2S through JOillustrate this difference in the present model. Wave ref1ec~ 

tion in water of uniform depth is muoh like light reflection-~angle of reflec
tion equals angle of incidence. The reflected waves are not damped very rap

idly as they move outward from a wallt and thus a vertical wall could be ex~ 

pected to reflect a 12 ft wa.ve as, say, a 10 ft wave,.'.making· a maximllDl pos .. 

sible wave height where an incident and a reflected ~ave meet of 12 plus 10, 
or 22 ft. A good rubble mound could limit reflection to 2 or 3 ft for a total 

height of 15 ft, a much more tolerable situation. Charts 28 throughJO illus
trate the advantages of a rubble mound over a vertical wall. 

The model is not really very suitable for this kind of demonstration 

beoause of its distortion and the short distanoe between the enclosure and 

the wave maker, in addition to the fact that the rubble mound in the model 
was not designed to be an ideal rubble mound structure. A better demonstra~ 

tion could be made in a two-dimensional channel with an undistorted model of 

larger soale. Nevertheless, the model is qualitatively oorrect and gives an 

idea of the improvement that shipping would experience from a properly de. 

Signed sloping-face breakwater as opposed to a vertical-face breakwater. The 
reflections illustrated by the charts would persist with little attenuation 
far to the west and into the shipping lanes. 
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LIST OF PHOTOS 

(Serial No. 183-6) Construction detail of the model looking 
toward the south. 

(Serial No. 183-16) The completed model looking toward the 
south. 

(Serial No. 183-20) The oompleted model looking toward the 
north. 

(Serial No. 183-67) Stones used for damping refleotions from 
shore, wave condition C. 

(Serial No. 183-51) An overhead view of the north entrance to 
Buffalo Harbor showing the wave patterns with 12 ft by 7 sec 
waves from S 67-1/20 W, no flow into the Niagara River. Photo 
is reproduced from Photo 7 of the WES report on Buffalo Harbor. 

(Serial No. 183-41) An overhead view of the north entrance to 
Buffalo Harbor showing the wave patterns with 12 ft by 7 sec 
waves from S 67_1/20 W, no flow into the Niagara River. 

(Serial No. 183-52) An overhead view of the north entrance to 
Buffalo Harbor showing the wave patterns with 6 ft by 4 sec waves 
from S 67_1/20 W, no flow into the Niagara River. 

(Serial No. 183-82) An overhead view of the entrance to the 
Niagara River with a flow of 160,000 cfs and Lake Erie elevation 
of 569.0 ft, no waves being generated. 

(Serial No, 183-63) Surface currents under calm oonditions 
marked by effluent from Smokes Creek. 

(Serial Nos. 183-138 and 183-139) Sand transport near WoodlaWn 
Beach and Erie County Water Intake: (a) before wave action; 
(b) after 6 hours of wave condition E. 

PHOTO 11 (Serial Nos. 183 ... 191 and 183-146) The Type A dike: (a) wave 
condition G; (b) wave condition B. 

PHOTO 12 (Serial No. 183-142) Surface currents under calm conditions 
with Type A dike. 

PHOTO 13 (Serial Nos. 183-90 and 183-150) Surfaoe currents near WoodlaWn 
Beach, wave condition B: (a) Without enclosure; (b) with Type A 
dike. 

PHOTO 14 (Serial Nos. 183-126 and 183-186) Bottom currents at south har
bor entrance. wave condition F: (a) Without enclosure; (b) with 
Type A dike. 

PHOTO 15 (Serial Nos. 183-120 and 183-179) Ice oubes moving into south 
harbor entrance, wave condition E plus 2 fPS, wind from west: 
(a) without enclosure; (b) with Type A dike. 
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PHOTO 4 (Serial No. 183-67) Stones used for damping reflections 
from shore, wave oondition C. 



Photo 4 



PHOTO 5 (Serial No. 183-51) An overhead view of the north entrance to 
Buffalo Harbor showing the wave patterns with 12 ft by 7 sec 
waves from S 67_1/20 W, no flow into the Niagara River. Photo 
is reproduced from Photo 7 of the WES report on Buffalo Harbor. 
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PHOTO 6 (Serial No_ 183-41) An overhead view of the north entrance 
to Buffalo Harbor showing the wave patterns with 12 ft bw 
7 sec waves from S 67-1/20 W, no flow into the Niagara 
River. 



Photo 6 



PHOTO 7 (Serial No. 183-52) An overhead view of the north entrance 
to Buffalo Harbor showing the wave patterns with 6 ft by 
4 seo waves from S 67~1/2° W, no flow into the Niagara 
River. 



Photo 7 



PHOTO 8 (Serial No. 183-82) An ovel'head view of the entrance to 
the Niagara River. with a flow of 160,000 cfs and Lake 
Erie elevation of 569.0 ft, 'no waves being generated. 
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PHaro 9 (Serial No. 183-63) Surface currents under calm conditions 
marked by effluent from Smokes Creek. 
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PHOTO 10 (Serial Nos. 183~138 and 183-139) Sand transport near 
Woodlawn Beach and Erie County Water Intake: 

a. Before wave action 
b. After 6 hours of wave condition E 
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Photo lab 
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PHOTO 11 (Serial Nos~ 183-191 and 183-146) Tbe Type A dike: 

a. Wave condition G 
b. Wave condition B 



Photo 11 a 

Photo 11b 





o -o 
..s:: 
Q.. 



PHOTO 13 (Serial Nos. 183-90 and 183-150) Surface currents near 
Woodlawn Beach, wave condition B: 

a. Without enclosure 

b. With Type A dike 



Photo 130 

Photo 13b 



PHOTO 14 (Serial Nos. 183-126 and 183-186) Bottom currents at south 
harbor entrance, wave condition F: 

a. Without enclosure 

b. With Type A dike 

D,ye has been placed on the bottom just outside the harbor 
entrance and is being slowly carried inward by bottom 
CUl"rents .. 
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Photo 140 
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PHOTO 15 (Serial Nos. 183-120 and 183-179) Ice cubes moving into 
south harbor entrance, wave condition E plus 2 fps, wind 
from west: 

a. Without enclosure 

b. With Type A dike 
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Photo 15b 
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MODEL BEHAVIOR, ORIGINAL CONDITIONS 
Velocity Distribution on Water Surface 
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Flow Conditions 
Lake Erie Elevation = 569 ft 
Niagara River Discharge = 160,000 cfs 
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No waves being generated. Velocity Distri
bution on the water surface taken from Photo
graph 183-82. 
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Velocities of Ice Floes 

Flow Conditions 
Lake Erie Elevation =570.94 ft 
Niagara River Discharge = 160,000 cfs 
Wind Velocity 18-20 mph, W. by N. W~ 
Temperature 190 

Velocity readings in fps and flow directions 
were obtained from aerial photographs of ice 
floes. The information presented on this chart 
is reproduced from drawing No. 210-£-.1031 R 
of the Hydro-Electric Power Commission of 
Ontario, dated February 4, 1964. 
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MODEL BEHAVIOR, ORIGINAL CONDITIONS 
Velocities in Buffalo Outer Harbor 

Model Scale 
1:600 Horizontal - 1:120 Vertical 

Flow Conditions 
Lake Erie Elevation = 568.3 ft 
Niogara River Discharge = 153,300 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 
No waves being generated. 

Model velocity readings in the Buffalo Outer 
Harbor are compared to actual measurements 
made by the Buffalo District Corps of Engineers 
at the prototype site on February 24, 1965. 
Prototype measurements were made under ice . 
and model measurements on the water surface. 
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in Feet 3000 
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Prototype 

~ Lake Erie Currents 

- Creek Currenls 

MOPEL BEHAVIOR, ORIGINAL CONDITIONS 
Lake Erie and Creek Currenls 

Without Waves 

Flow Conditions 
Lake Erie Elevation.= 570.6 ft 

N 

ModEll Scale 

1:600 Horizontal- 1 :120 Vertical 

Niagara River Discharge = 200,000 cfs 
Buffal a River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 

BETHLEHElvI, STEEL CORPORATION ,....,. 
Lackawanna Plant " , 

Rush Creek Discharge = 13 cfs 

Currents obtained usi ng red dye and 
paper confetti. 
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Lackawanna, New York :r: 
LAKE ERIE DIKE 5; 
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Model Scale 

1 :600 Horizontel - 1:120 Vertical 

.....-. Surfece Currents 

=C= Littoral Drift Currents 

- Creek Currents 

MODEL BEHAVIOR, ORIGINAL CONDITIONS 
$urfece, Littorel Drift, cmd Creek Currents 

Flow Conditions 
12 ft x 7 sec Weves from S 67-1/20 W 
Leke Erie Elevetion = 575.0 ft 
Niegere River Discherge = 300,000 cfs 
Buffelo River Discherge = 520 cfs 
Smokes Creek Discherge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Currents obtoined using red dye and paper confetti. 
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MODEL BEHAVIOR, ORIGINAL CONDITIONS 
Surface, littoral Drift, and Creek Currents 

flow Conditions 
6 ft x 4 sec Waves from S 67-1/20 W 
Lake Erie Elevation = 575.0 ft 
Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Currents obtained Jsing red dye and paper confetti. 
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Scal'e in Feet 
MODEL BEHAVIOR, ORIGINAL CONDITIONS 

Surface, LIttoral DrIft, and Creek Currents 
o 5 o 3000 -=-e:= 

Surface Currents 

Littoral Drift Currents 

Creek Currents I,,,,, 1 I I 1",,1 r 
Model Prototype 

Model Scale 

1:600 Horizontal -1:120 Vertical 

- Flow Conditions 
6 ft x 4 sec Waves from S 67-1/20 W 
Lake Erie Elevation = 570.6 ft 
Niaga"ra River Discharge = 200,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Currents obtained using red dye and 
paper confetti. 
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Scale in 
MODEL BEHAVIOR, ORIGINAL CONDITIONS 

Surface, Littoral Drift I and Creek Currents 
o 5 Feet 3000 

o 11 

_ Surface Currents 

=C= littoral Drift Currents 
_ Creek Currents Flow Conditions 1 ... 1 I I 1 I 11',,1 1 

Model Prototype 

Model Scale 

1:600 Horizontal -1 :120 VeTtical 

12 ft x 7 sec Waves from the West 
Lake Erie Elevation = 575.0 ft 
Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Currents obtained using red dye and paper. confetti. 
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Scale in Feet 
o 5 0 3000 

~ Surface Currents 

=c= Littoral Drift Currents 

_ Creek Currents 

MODEL BEHAVIOR, ORIGINAL CONDITIONS 
Surfac'e, littoral Drift, and Creek Currenls 

Flow Conditions I .... ! I I; 1ft,,! I 

Model Pratotype 
6 ft x 4 sec Waves from the West 

MoCleI Scale 
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BETHLEHEM STER CORPORATION 
1 :600 Horizontal - 1:120 Vertical 

Lake Erie Elevation = 575.0 ft 
Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46cfs 

Lackawanna Plant (") 

Rush Creek Discharge = 13 cfs 
Lackawanna, New York :J: 

LAKE. ERIE DIKE S; 
Currents obtained using red dye and paper confetti. -I 
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MODEL BEHAVIOR, ORIGINAL CONDITIONS 
Surface, Littoral Drift, and Creek Currents 

Flow Conditions 
6 ft x 4 sec Waves from the West 
Lake Erie Elevation = 570.6 ft 
Niagara River Discharge = 200,000 cfs 
Buffalo River Discharge = 520- cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Currents obtained using red dye and paper ·confetti. 

~·--N 

BETHLEHEM STEEL CORPORATION 
Lackawanna PI ant ("") I 

Lackawanna, New York II 
LAKE ERIE DIKE 5;1 

SAINT ANTJi,,?'~j:~.f:';'~ bl';~~~of¢:ORATORY -II 
IORAWN JF I CHECKEO~ \ APPROVED I 

SCALE I., ... TE 2-b-69 I NO; 18':;8482-30 <,0'1 
I 



o 
lUll! 

\ 
\ 

"-
"

"-
" ."'--.... 

"-, 
'\ 

\. 

\ 
\ 
\ 

\ 
\ 

\ 

'-30_ 
'~, 

/"--"\ ........... -
I -_ 
\ I , 

Wave Generat01' 

LAKE ER'IE 

./ --
" 

J 
/ 

'-36-, 

;' , 
I \ 
\ 1 
, I 
_./ 

"'-
"

"-
'-,-

( 

\ 

/-------.. 
r J 

( ._/ 
i ./ , . ./ 
J"' ...... 
\ ) ,_/ 

....... --, 
./ , 

/ \ 
;// "\ 

"
'\ 

r 
\ /~ -"'-_/ i , 

'-, \ ',- r ,-, 
'", /\ 

........ _/ \ /-, 
'\ \ ... 
\~-

\ 
\ r"\ 
'- ) 

/ 
/ 

(r ...... ) \ .... ./ _____ -

/ -
I / 

_--36 I~"
I ) 
\ 1 
\._-,,/ --, \_j '---------~~.>.,./ ==~::~------ -

-24 ,..-....... 1 ... .::-............... /....... --...... -- -30-
"\. (\ /-.... If ' ....... ____ -'" ...._------ _"":::..____ ........ '" 

\ I 
J 1 
Ij 
(j 

/" /-
I \ 
I ' 

Model 

Score in 

5 

Feet 

o 
I .. d 

Medel Scale 

Prototype 

1 :600 Horizcntal - 1 :120 Vertical 

3000 

,,-_J 
"\. ['\... / '-) \ ' ...... - .r- -...... - ....... -24 ", 

" j -- ,.. -_/ ..... '\ 
'\ ---- / "\ / \ ',,, '\ ...... -

\,. } --_/ r--____ ) (: \ 18""'" _----- ........ - ,'- 2 '\ - , __ 
,-, j I '\ 

/ i \ 0ECWI I \ 

(\ \ \ i 
I ...--, '\. \ . 

\ (/"-~'~" //) 
l 1 \ ..... , '-: "-.-

I -6 I ..... , 
'~ ___ .J 

MODEL BEHAVIOR, ORIGINAL CONDITIONS 
Littoral Drift Velocities 

Flow Conditi ons 
12 ft x 7 sec Waves from S 67-1/20 W 
Lake Erie Elevation = 575.0 ft 
Niagoro River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Littoral drift velocities were estimated using a 1/8 in. 
diameter plastic sphere with a specific gravity of 1.3. 
Velocities are in fps model. 
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MODEL BEHAVIOR, ORIGINAL CONDITIONS 
Littoral Drift Velocities 

Flow Conditions 
12 ft x 7 sec Waves from the West 
Lake Erie Elevation =.575.0 ft 
Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Littoral drift velocities were estimated using a 1/8 in. 
diameter plastic sphere with a specific gravity of 1.3. 
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A thin layer of sand was placed in 
marked rectangu I ar areas before test. 
The sand distribution pattern after a 
4 hour test is shown. Sand with a 
mean diameter of 0.2 mm was used. 
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12 ft x 7 sec Waves from S 67-1/20 W 
Lake Erie Elevation.= 575.0 ft 
Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
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'lAYOUT, TYPE A DIKE 
Prototype Dimel)si ons are Given 

Dik~layoot.frbni· Bethlehem Steel .. Corp:oration, 
drawing number 124181, dated 1967. 

Solid contours are elevation in feet above 
mean sea level; dashed contours are depths 
in feet below the low waterc:latum of 568.6 ft. 
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WAVE REFLECTIONS AT SELECTED LOCATIONS 
WITH AND WITHOUT RUBBLE MOUND ON TYPE A DIKE 

Flow Conditions 
12 ft x 7 sec Waves fran S 51-1/20 W 
Lake Erie Elevation = 575.0 ft 

Niagara River Discharge = 300,000 cfs 
Buffalo River Dischar.ge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Time Scale in Seconds 

L, I J J T 
Model 
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BETHLEHEM STEEL CORPORATION 
Lackawanna Plant 

Lackawanna, New York 
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I _.u .... u_u Hu ..... _ •• __ • __ •• l-t Wave profiles obtained using a 2-wire 
capacitance type wave probe. 

Blasdell 
-Rush Creek 

Scale in Feet Model Scale A__ I\) 

9" i lR 9, ~ J 1 J popO 1:600 Horizontal - 1:120 Vertical _.I83B482-77 (]I 
MI i rotpe 



~i ~it: 
,,0 
>~ 

~ 

--c 
.~ ,,
-c"-
,,0 
>~ 

~ 

t..Jj~ .. ) 
( Wave 
---'--re.cords 

C) """ ... / 

ND Location 4 

::~~~i~ 
WAVE REFLECTIONS AT SELECTED LOCATIONS 

WITH AND WITHOUT RUBBLE MOUND ON TYPE A DIKE 

Flow Conditions 
12 ft x 7 sec Waves from S 67-1/20 W 
lake Erie Elevation = 575.0 ft 

Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge-= 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 

Buffalo River 
Outer Harbor 

Buffalo, New York 

Rush Creek Discharge = 13 cfs 

Time Scale in Seconds 
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1.,,1 J J J 

Prototype 

BETHLEHEM STEEL CORPORATION ("') 
Lackawanna PI ant :J: 

Lackawanna, New York » 
LAKE ERIE DIKE :0 

-i 
Wave profiles obtained using a 2-wire 
capac itance type wave probe. 
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WAVE REFLECTIONS AT SELECTED LOCATIONS 
WITH AND WITHOUT RUBBLE MOUND ON TYPE A DIKE 

Time Scale in Seconds 
o 5 
1" .. 1 J I I I 

Model 

~
'. ......... " N :'_, \ __ , .. ~;''\\, ",: 
" \ ...... " ,_J ,7, 

Flow Conditions 
12 ft x 7 sec Waves from the West 
Lake Erie Elevation = 575.0 ft 

Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 

o 50 
Iv..! I I I I 

Prototype 

", "" .. .. 

Smokes Creek 
Blasdell Creek 

8:1 asdell ·Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Wave profiles obtained using a 2-wire 
capacitance type wave probe. 
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WAVE TRAVERSES AT SELECTED LOCATIONS 
WITH AND WITHOUT RUBBLE MOUND ON TYPE A DIKE 

Flow Conditions 
12 ft x 7 sec Waves from S 67-1/2a W 
Lake Erie Elevation = 575.0 ft 

Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 
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Lackawanna, New York 
LAKE ERIE DIKE 

(")~ 
::r:1 »1 

~~~;';~~~~JI~ 
Buff~River 

Outer Harbor 
Buffalo, New York 

Scale in Feet Model Scale APP""""D N 
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Model· Pratot e 

Wave profiles obtained using a 2-wire 
capacitance type wave probe. 
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Model Scale 
1:600 Horizontal - 1:120 Vertical 

WAVE TRAVERSES AT SELECTED LOCATIONS 
WITH AND WITHOUT RUBBLE MOUND ON TYPE A DIKE 

Flow Conditions 
12 ft x 7 sec. Waves from S 67-1/2° W 
Lake Erie Elevation = 575.0 ft 

Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Wave profiles obtained using a 2-wire 
capacitance type wave probe. 
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WAVE TRAVERSES AT SELECTED LOCATIONS 
WITH AND WITHOUT RUBBLE MOUND ON TYPE A DIKE 

Flow Conditi 011$ 

12 ft x 7 sec Waves from the West 
Lake Erie Elevation = 575. ° ft 
Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cf. 
Rush Creek Discharge = 13 cfs 

Time Scale in Seconds 

° 5 J,. .. ] 1 1 I I 
Model 

° 50 1",,1 ] ! [ I 
'Prototype 

BETHLEHEM STEEL CORPORATI",)N n 
Lackawanna Plant ::L 

Smokes Creek "\ "- LButtalo Kiver Wave profiles obtained using a 2-wire Lackawanna, New York l> 
Blasdell Creek "- Outer Harbor capacitance type wave probe. . lAKE ERIE DIKE ::0 

'. Rush Creek Buffalo, New York . SAINT ANTHONY fALLS HYDRAULIC LABORATORY -I 
Scale! In Feet Mod I Sc I UNIVERSITY 01" MINNESOTA 9 ;; 10 9 6900 e a e 1 
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Model Prototype 

Wodel Scale 

1 :600 Horiz~ntal - 1 :120 Vertical 

Transition 
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LAKE ERIE 
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MODEL BEHAVIOR, ORIGINAL CONDITIONS 
Wave Height Contours in Feet 

Flow Conditions 
12·ft x'7 sec Waves from.S 67,-;1/2°'W 
Lake Erie Elevation = 575.0 ft 
Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 ofs 

Wave heights obtained using a 2-wire 
capadtance type wave probe. 
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Model Scale 
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Wave Generator 

MODEL BEHAVIOR, TYPE A DIKE 
Wave Height Contours in Feet 

Flow Conditions 
12 ft x 7 sec Waves from S 67-1/20 W 
Lake Erie Elevation = 575.0 ft 

Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13cfs 

Wave heights obtained using a 2-wire 
capac ita nee type wave probe. 
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Scal e in Feet 
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Model Prototype 

Model Scale 

11600 Horizontal - 1 :120 Vertical 

Wove Generator 

Transition 

~ ~6 v LAKE ERIE 
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MODEL BEHAVIOR, OR[GINALCONDITIONS 
Wove Height Contours in Feet 

Flow Conditions 
6 ft x 4 sec Waves from S 67-,-1/20 W 
Lake Erie ElevaHon = 575.0 ft 
Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 'cfs 
Rush Creek Discharge = 13 cfs 

Wove heights obtaIned using a 2-wire 
capac itance type wove probe .• 
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Scale in Fe.et 
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Model Prototype 

Mo~el Scale 

] :600 Horizonfal - 1 :120 Vertical 

Transition 

LAKE ERIE 

MODEL BEHAVIOR, TYPE A DIKE 
Wave Height Contours in Feet 

l"low Conditions 
6 ft x 4 sec Waves from S 67-1/20 W 
Lake Erie Elevation = 575.0 ft 
Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Wave heights obtained using a 2-wire 
capacitance type wave probe. 
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Model Prototype 
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LAKE ERIE 

MODEL BEHAVIOR, ORIGINAL CONDITIONS 
Wave Height Contours in Feet 

Flow Conditions 
6 ft x 4 sec Waves from S 67-1/20 W 
Lake Erie Elevation = 570.6 ft 
Niagara River" Discharge = 200,000 cfs 
Buffal o ""River Discnsrge ,,;,"520· cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs . 
Rush Creek Discharge =13 cfs 

Wave heights obtajnedl,l~nJ3 a 2-wire 
capacitance type wave probe. 
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Transition 

qJ cP U LAKE ERIE 

MODEL BEHAVIOR, TYPE A DIKE 
Wave Height Contours in Feet 

Flow Conditions 
6 ft x 4 sec Waves from S 67-1/20 W 
Lake Erie Elevation = 570.6 ft 
Niagara River Discharge = 200,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Wave heights obtained using a 2-wire 
capacitance type wave probe. 
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Wave Generator 

LAKE ERIE 

MODEL BEHAVIOR, ORIGINAL CONDITIONS 
Wave Height Con.tours in Feet 

Flow Conditions 
12 ft x 7 sec Waves from the West 
Lake Erie Elevation = 575. Oft 
Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smpkes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge =13 cfs 

Wave heights obtained using a 2-wire 
capacitance type wave f>robe. 
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Lake Erie Elevation = 570.6 ft 
Niag-ara River Discharge = 200, 000 cfs 
Buffalo River Discharge = 520 cfs 
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Lake Erie Elevation = 570.6 ft 
Niagara River Discharge = 200,000 cfs 
Buffalo River Discharge = 520 cfs 
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Flow Conditions 
12 ft.x 7 sec Waves from S 67-1/20 W 
Lake Erie Elevation = 575.0 ft 

Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Wave profiles obtained using a 2-wire 
capacitance type wave probe. 
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MODEL BEHAVIOR, ORIGINAL CONDITIONS 
Typ ical Wave Profiles 
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1 :600 Horizontal - 1 :120 Vertical 

flow Conditions 
12 ft x 7 sec Waves from S 67-1/20 W 
lake Erie Elevation = 575.0 ft 
Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Wave profiles obtained using a 2-wire 
capacitance type wave probe. 
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Without Waves 

Flow Conditions 
Lake Erie Elevation ~ 570.6 ft 
Niagara River Discharge ~ 200,000 cfs 
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Blasdell Creek Discharge ~ 46 cfs 
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MODEL BEHAVIOR, TYPE A DIKE 
Surface, Littoral Drift, and Creek Currents 

Flow Conditions 
6 ft x 4 sec Waves from the West 
Lake Erie Elevation = 575.0 ft 

Niagara River Discharge = 300,000 cfs 
Buffalo River Discharge = 520 cfs 
Smokes Creek Discharge = 200 cfs 
Blasdell Creek Discharge = 46 cfs 
Rush Creek Discharge = 13 cfs 

Currents obtained using red dye and paper 
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Lake Erie Elevation = 575.0 ft 
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Supplement I to 
Project Report No. 104 

A MODEL STUDY OF A DIKE ENCLOSURE AT THE EltSTERN END OF LAKE', ERIE 

I, INTRODUCTION 

* In an earlier model study [1J some tests were made on a plan form fo~ 

a dike at the eastern end of Lake Erie at the Lackawanna plant of the Bethlehem 

Steel Corporation. In the earlier model study it was predicated that the dike .. 
cross section would not produce exoessive refleotion. The :model study de-
scribed herein was directed at examining the refleotion charaoteristios of 

various cross sections. '\ 
'" '::;')'< :, 

The plan form of the dike was shown in detail on Chart 24 of the earlier:~;:::" 
study [lJ and is not reproduoed herein; A consulting engineer to the Bethlehem;; 

steel Corporation proposed various forms of dike oross sections based on 

steel pile cells with and without rubble :mounds on the lake side. The oells 
proposed had 'sloping, beaoh-like tops facing the lake except for every ninth 

'" 

cell, which was to be level on top. Chart 1 shows the configurations that 

were selected for testing from among the consultant's proposals. 

II. THE MODEL STUDY 

The model dike cJ::oss sections were tested in a wave tank 30 in. ,wide by' 

52 ft long. The tank, with one of the models installed" is sketched on Chart 2 
and can be seen in Photo 1.' Photo 2 shows waves approaching one of the models 

:i,n the tank. 

All the tests were conducted at a 1:50 scale. This made it possible to 
include three completeoells aoross the wave ohannel as indicated on Chart 1. 

It also enabled measurement of wave refleotions 1000 ft into the lake without 

interferenoe frQm the wave maker. Although the consultant had recommended 
poth 1:2 and 1:1-1/2 slopes on the top surfaoe of the bulkhead, only the flatter 
slope Was tested, since the steeper one would have produced larger reflections, 
and those at 1:2 'slope were already quite large. The bulkheads were placed 
in the model where the water is 30 ft deep below low water datum in the prototype. 

* . 6 Numbers in brackets refer to the list of references on page • 
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Seven Va~iations of the c~oss section we~e tested using cells with 

sloping top faces, entirely across the wave channel, These appeared in 

plan as shown for the type A dike on Ch~rt 1. Thecross~seotion oh~raoter

istios are summari~ed in Table I and on Chart 1 as tests A through G. In 

addition, one set of tests (test H) was conduoted with half of a flat-topped' 

cell at one side of the test section and sloping top faces on the remaining 

cells. Chart 1 shows its plan fo~ in the wave ohannel. Other combinations 

of model characte~istics could have been tested, but those model variations 

which were tested produced enough info~mation for evaluating the utility of, 

any useful combinations. 

------------------------------------------,-------------------------
TABLE I 

Models Tested 

(All top faces 1:2 slope) 

Model Elev. of Elev. of Wave Screen 
and Curb Designation Top of Slope Bottom of Slope 

A 

B{~ 
C 

D 

E 

F 

G 

ft ft 

+13 

+20 

+20 
+20 

'+20' 

+13 
+20 

+4 

-l4 

+4 
+4 

None 

{None 
Yes 
Yes 

Yes 

Yes 
None 
Yes 

Surface 
Roughne,ss 

None 

None 

Steps 

othel:' 
Conditions 

Sills Also tested 
with solid 

Steps 

None 
Steps 

, wave deflec
tor at top 

Rubble Mound* 

Rubble Mound* 

*Rubble mound is continuation of 1:2 top slope of IT)'odels A and C to the botto:m 
of the channel. 'Top layer of stones--26 ton. Inner laye~s graded down. 

•• - --
The tests we'!:'!;) made with the lake at elevations +2 and +6;'4 with respect 

to :mean low water' (,568.6 ft) using 6 ft by 4 sec wave,S and at elevation +6.4 
using 12 ft,b.Y 7 sec and 18 ft by 7 sec waves. The 18 ft wave tests were 

directed primarily at checking the stability of the rubble mound, but since 

the capability was present, other tests were also conducted with these waves. 
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Wave reflections were generally measured at 1000 ft from the bulkhead 

in water 30 to 34 ft deep. The measurements reported were obtained from 

short groups of about 10 to 12 waves for 6 ft Waves and about 5 to. 6 waves 

for larger waves, each moving from the generator past the probe to be reflected 

back past the probe qy the bulkhead. A two-wire capacitance-type probe was 

used. Typical records as well as all the data for wave reflections are repro

duced on Charts 3 through 10 for tests A through G. Reflections were also 

measured at 500 ft from the bulkhead for 6 ft qy 4 sec waves, and those 

results are averaged with results from 1000 ft. Typical comparisons between 

records at 1000 ft and those at 500 ft are shown on Charts 11 and 12 for tests 

A and F. The wave reflection measurements are su:m:marized in Table II. Reflec .... 

tion measurements were also made for continuous wave trains, but these soon 

became contaminated by re-reflection from the wave maker, and the results 

. are not reliable. Typical results are shown on Charts 13 and 14 for tests A 

and F. 

Model 
Designation 

A 

Bg 

C 

D 

E 

F 

G 

TABLE II 
Average Wave Reflection Coefficients 

(Measured 1000 and 500 ft from bulkhead) 

Wave Condition and Water Elevation 

---2. ft :x: 4 sec 12 ft :x: 2 sec 

~ +6.4 +6.4 

0.61 0.27 0.57 
0.57 0.27 0.52 
0.58 0.28 0.51 
0.66 0.37 0.56 
0.71 0.32 0.61 
0.46 0.24 0.42 
0.20 0.19 0.34 

° B21~, 0,22 0 .. 30 

.. 

18: ft :x: 2 sec 
+6.4 

0.54 
0.48 
0.46 

·0.56 

0.59 
0.46 

0.30 

0.27 

The model c9ntaining one flat-topped cell, model H, produced a three-

dimensional crisscross wave reflection pattern, as might have been expected. 

(The previous patterns were all two-dimensional.) In some places the reflec

tions cancelled out, but in others they were combined, and the reflections 

became very much larger than when only sloping top faces were used. Photo 3 
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shows one test ):'esult p F:rom this patte):'n i twas oonoluded that it would be 
ha):'mful to use a warped bulkhead surfaoe with variable slope angles on the 
faoe, and no fu):'the):' tests of this kind we):'e made. 

During the wave ref1eotion tests, observations on bott.om erosion we):,e 
made. The):'e was some erosion in all tests with lB ft waves and also a little 
in some of the tests with 12 ft waves. The o):'oss seotions with longer sur

faces under mean water level caused more erosion than those with shorter 

unde'r'Water surfaces. Erosion should not be considered a se):'ious problem,. 
sinoe stO):'ln e):'osion of this limited magnitude will be repai):'ed by natu):'al 

prooesses between storms. 

The rubble mound bulkheads, models F and G, we):'e stable unde):' lB ft 
waves, some top stones rooking just a little. As noted on Cha):'t 1 and in 

Table I, the top stones ):'epresent 26 ... ton stones in the p):'ototype. There 
was no visible disturbance with 12 ft waves. 

In addition to the tests on ):'eflection, measurements we):'e made of 
overtopping and~f maximum pressure on the sloping dike su):'faees. Over-· 
topping measu):'ements are reoorded on Charts :3 th):'ough 10 and summari~ed 
in Table III. The measu):'ements we):'e made by collecting the oVertopping 

water in a pan behind the model for a measured period of time and then 
measuring the volume of water collected. 

. Model 
Designation ..R.. 

A 0.07 

Bg 0 
o· 

.. . ' 

C 0 
D 0 
E 0 

F 0.07 
G 0 

TABLE III 
Overtopping 

(efs pe):' ·ft of bulkhead, prototype) 

Wave Condition and Water Elevation 
6 ft x 4 sec 12 ft x 7 sec 

+6.4 +6.4 

0.,32 ,5.4 

0 1.9 
0 O.B 

0 0.2 
0 1.4 
0 0.7 . 

0.59 7.6 
0 1.3 

lB ft x Z sec 
+6.4 

1,5.7 

8.9 
7.0 

3.,5 

4.B 
4.4 

22.2 
B.O 



Wave pressure measurements were reoorded on models A, B .. l, and B ... 2 on~ ~ , 
The results are shown on Charts 1,5, 16, and 17 and are summarized in Te.b1e IV. 
Pressure variations were obtained through a. small piezometer hole drilled in 
the sloping top face of the dike near the center of one oell as shown on .the 

:;,'. 

charts. This was directl:y connected to a oavity containing a diaphragm-type:: . 
pressure transducer. The recorded pressure Variations were measured with 

, 
respeot to hydrostatic pressure at the piezometer location, . As can be ob ... 

. served from the records on the charts, the pressure recorded depended, very 
much on the location of the piezometer tap relative to the position of the 
breaking wave. It is suspected that there may be some attenuation of the pres-

sure surge by the measuring arrangement, and the values derived from the model 
should not be relied upon absolutely. An earlier attempt to measure surface 
pressure directly with a diaphragm exposed ,on the surface proved unworkable 
because there were instrument compensation problems and the diaphragm covered 
too much surface area. 

Model 
Designa~ 

A . , 

Bl~ 

TABLE IV 
Maximum Fluctuating Pressure 

(ft, prototype) 

Wave Condition and Water Elevation 

6 it X 4 sec 12 it x Z sec 

..±L +6.4 +6.4 
~ 

2.1 3.0 8.,5 
5.) 4.7 9.7 
2.0 6.4 9.5 

III. CONC.LUSIONS 

'18 ft x Z sec 

+6.4 

8.4 
.13.2 
14.0 

It oan be seen from Table II that refleotions will genera1~ be exoes~ 

sive if steel cell bulkh~ads are used without rubble mounds. .Excessive re_ 
flections can be alleviated by providing a rubble mound in front of the cells 
as tested with models F and G. (The reason F appears to be slightly more 
effective than G for small waves is that overtopping on F relieves some of 
the reflection.) The prototype reflection may actually be slightly less 
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for the rubble mound than is indicated by the model because of the relat';1vely 
small scale of the model [2J. 

Reflection can also be reduced.by extending the sloping top face below 

water level, ,as was shown by the tests on model E. This would mean that con

struction would have to be carried out under water. The longer the under

water slope, the more effective the bulkhead becomes in reducing wave reflec~ 

tion. Reflection from a· submerged bulkhead would also be less than reflection 

from one that e:x:tended above the surface [3 J. No '~ests were made on submerged 

bulkheads. Small changes in overtopping produced by screens and roughness, 

as summari~ed in Table III, have little effect on reflection. 

With regard to overtopping, the height of the dike is the controlling 

factor; the wave SCreen is effective in ,reducing overtopping without increas

ing reflection, as can be seen from the tests on models B-1 and B-2. Surface 

roughness also reduces overtopping, but may have an adverse effect on reflec

tion, as is indicated by a comparison of the tests of models B-2 and C. At 

one point in the tests on model D the wave screen was replaced, by a solid, 
, 

curved deflector, and this reduced the overtopping from the larger waves by 

50 per cent without influe.ncing reflection; this result is not shown in Table 

III. It can be observed by comparing the overtopping tests of models E and 

G with those of model C that extending the length of the bulkhead top surface 

below water increases overtopping. 

[lJ 

[2J 
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(a) Side View (Nego noo 183-242) 

(b) Top View (Neg, noo 183-339) 

Photo 2 Model A in the Wave Tank 



(a) Side View (Neg. no. 183-338) 

(b) Top View (Nego no o 183-342) 

Photo 3 Model H under Test with 12 ft High Waves of 7 sec Periodo 
"Lake Elevation +6.40 
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SUMMARY OF DATA 

6 ft x 4 sec Wavt1S - Lake &ie Elevation = ;:!-2.0·ft I Meas. fI 
Oist. from Lake Avg. Incid. Avg. RefJ. t; Ove,... 
Bulkhead Elev. Wave Ht. _IN.Z..e mi.. H "H' tcppinll 

ft ft ft ,! .. ,:ft, .';:. R" I cfs/ft 

1000 +2.0' 6.25 . 3.25 .52 0.07 1 Waves 
500 '+-2.0 6.25 3.75 .60 

1000 +.2.0 6.25 '3.50 .56 
500 +2.0 6.25 ' 4.00.64 I I 1125 ft 

1000 +2.0 6.25 / 3.75 .60 _ , 
500 +2.0 6.00 4.00 ,;67 It = 

1000 +2.0 6.25 3.50.56 42.8 ftl I - 142 ft 
500 +2.0 6.00 4.00 .67 -

1000 +2.0 6.00 3.00 .50 
500 +2.0 6.00 4.50 .75 

1000 +6.4 6.00 1.25 .21 0.321'1 _, \ _ 120.5 
500 +6.4 6.00 1.75 .29 ft 

~ 1000 +6.4 6.00 1.50 .25 
~ '500 +6.4 5.50 1.75 .• 32 Plan 
:1:':: 1000 +6.4 5.50 1.25 ~23 
~ 2 , 500 +6.4 6.00 1.75 .29 
~ lCOO +6.4 5.75 1.50 .26 

500 +6.4 6.00 1.75 .29 
.1 000 +6.4 6.00 1.50 .25 

500 +6.4 6.00 1;50 .25 
1000 +6.4 5.75 1.75.30 I' '~'+13 ft 
500 +6.4 5.75 1.75 .30 1 2 +4 ft 

. . : --- OftLWD 
P·_;4·.·.=,+ . I . I .. ~~~I III I· ,== ... I . H 1000 +6.4 11.50 6.00 .52 5.4 I ! E1ev. 568.6 ft 

1000 +6.4 12.00 6~50 -.54 
1000 +6.4 12.00 7.00 .58: 
1000 +6.4 12.00 7.25 .60 I L -30ft 
1000 +6.4 12.00 7.25 .60-------' 

1000 +6.4 18.25 9.50 .52 15.7 -I Elevation 
1000 +6.4 18.00 10.25 ,51 
1000 +6.4 18.00 10.25 .51 
1000 +6.4' 18.25 9.50 .52 

-" 

WAVE REFLECTIONS FROM lYPE A DIKE 
Wave profiles obtained using II 2-wi .. 
c~acitanCe type' wave probe. -
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lAKE ERIE DIKE 
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1 .. ,1 I I i I 1,;,,1 I I OF CH<CJ(EO 4.0 JUIPIOC)VCO > 

Madel Prototype SCA E 7-31-70 .... ,1838482-85 ~ 
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6 ft x 4 sec Waves - Lake Erie Elevation = +2.0 ft 
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'~-~l~!l~~~~~~SNO W~ves Generated ~;t1-w~_~ Gen~ I='=~'M~"'" 
.. Time 

Meas. 
Di,t. from 
Bulkhead 

1000 
500 

1000 
500 

1000 
500 

1000 
500 

1000 
500 

1000 
500 

1000 
500 -

1000 
500 

lIlOO 
500 

1000 
500 

1000 
500 

_1000 
1000 
1000 
1000 

1000 
1000 
1000 
1000 

SUMMARY OF DATA 
lake Avg. Incid. A R fI Re". vg. e • C f 
Elev. Wave Ht. Wave Ht. HiH' 
ft ft ft I 

+2.0 6.00 3.25 .54 
+2.0 6.00 ' 3.50 .58 
+2.0 6.25 3.25 .52 
+2.0 5.75 3.25 .56 
+2.0 6.50 3.25 .50 
+2.0 5.75 3.50 .61 
+2.0 6.25 3.50 .56 
+2.0 5.75 3.25 '.56 
+2.0 6.50 3.50 .54 
+2.0 6.00 3.50 .58 
+2.0 6.00 3.75 .62 
+2.0 6.00 3.25 .54 
+2.0 6.00 3.75 .62 
+2.0 5.75 3.50 .61 

+6.4 6.00 1.50 .25 
+6.4 5.75 1.50 - .26 
+6.4 6.25 1~50 .24 
+6.4 5.50 1.50 .'Zl 
+6.4 6.00 1.50 .25 
+6.4 5.75 1.75 .30 
+6.4 5.75 1.75 .30 
+6.4 5.75 1.75 .30 

+6.4 . 12.00 6.25 .52 
+6.4 12.00 6.00 .50 
+6.4 12.50 7.00 .56 
~+6.4 12.50 6.00 .48 

+6.4 16.50 8.00 .48 
+6." 16.50 8~00 .48 
+6.4 16.50 8.00 .48 
+6.,4 17.50 8.50 .49 

WAVE REFLECTIONS FROM TYPE Bl DIKE 

Wave profiles obtained using a 2_1.
copacitance type wave probe. 
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Meas. 
Dist. from 
Bulkheod 

ft 

1000 
500 

1000 _ 
500 

1000 
500 

1000 
500 

1000 
500 

1000 
500 . 

100Q 
500 

1000 
500 

1000 
1000 

.1000 
1000 

1000 
1000 
1000 
1000 
1000 
1000 

Time Scale in Secorids- ' , , ' 
o 5 0 ~' 

SUMMARY OF DATA 

Avg. Refl. ~f1; Lake Avg. lncid. 
Elev. Wave Ht. Wave Ht. H,"' 
ft ft ft I 

+2.0 6.50 . 3.75 .58 
+2.0 6.00 3.50 .58 
+2.0 6.50 3.50 .54 
+2.0' 5.75 3.50 .61 
+2.0 ~.50 3.25 .50 
+2.0 6.00 3.25 .54 
+2.0 6.00 3.75 .62 
+2.0 5.5Q 3.50 .64 

+6.4 6.00 1.75 .29 
+6.4 6.00 1.75 .29 
+6.4 -6.00 1.50 .. 25 
+6.4 5.75 1.75 .30 
+6.4 6.00 1.50 .25 
+6.4 5.75 1.75 .30 
+6.4 5.75 1.50 .26 
+6.4' 5.75 1.75 '.30 

+6.4 12.00 5.75 .48 
+6.4 12.00 6.50 '.54 
+6.4 12.50 6.00 .48 
+6.4 12.00 6.50 .54 

+6.4 18.00 7.75 .43 
+6.4 18.00 8.00 .44 
+6.4 18.00 9.00 .~ 
+6.4 18.50 9.00 .49., 
+6.4 18.00 8.00 .-44. 
+6.4 18.~ 8.00 .43 

1~"" rL, ,'. 
eUib 

WAVE REFLECTION'S-FROM TYPE 82 DIKE 

Wave profile. obtained using a 2_1 .. 
capacitance type wave probe. 

/' 
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6 ft x " se<: Waves - lake Erie Elevation = +2.0 ft 

..c 
.!:!' 
"z-

~'1M~f"~1~"~~3"'1~t~s"~~~~ 
,,0 

~-, , ,,". 
;;=~ .•..... 

--a. 

~;1~~[~lB1jfI:: -
12 ft x7 -' Waves - leike Erie Elevation ~ +6.4 ft 

"i '± ~''+'-= ,~:t:Et::--EEJF1'~ ,~:±"" 

:i 
:lot .. ~ 
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>-
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Meas. 
Oist. from 
Bulkhead 

ft 
1000 
500 

1000 
, 500 
1000 
500 

1000 
500 

1000 
500 

1000 
500 

1000 
500 

1000 
500 

1000 
500 

1000 
500 

1000 
1000 
1000 
1000 
1000 

1000 
1000 
1000 
1000 
1000 
1000 
1000 

SUIVIMARY OF DATA 

loke 
Elev. 
ft 

Avg. Incid. Avg. ReA. ~Ai 
Wave Ht. Wave Ht. HiH' 

ft ft I 

+2.0 6.25 ' 4.00 .64 
+2.0 6.50 4.75 .73 
+2.0 6.00 3.75 .62 
+2.0 6.25 4.50 .72 
+2.0 6.25 3.50 .56 
+2.0 6.50 4.50 .69 
+2.0 6.00 3.50 .58 
+2.0 6.00. 4.50 .75 
+2.0 5.75 3.50 .61 
+2.0 6.25 4.25 .68 

+6.4 5.50 2.00 .36 
+6.4 5.00 2.50 .50 
+6.4 5.75 1.75 .30 
+6.4 5.75 2.00 .35 
+6.4 5.75 2.25 .39 
+6.4 5.75 2.25 .39 , 
+6.4 6.00 2.00 .33 
+6.4 5.75 2.50 .44 
+6.4 5.75 1.75 .30 
+6.4 5.75 2.00 .35 

+6.4 11.50 5.25 .46 
+6.4 12.00 7.50 .62 
+6.4 12.00 7.00 .58 
+6.4 12.00 7.00 .58 
+6.4 12.00 6.75 ,~, 

+6.4 17.75 10.50 .59 
+6.4 17.50 10.00 .57 
+6.4 17.00 9.50 .56 
+6.4 17.25 9.50 .'55 
+6.4 17.00 9.50 .56 
+6.4 17.75 10.00 .56 
+6.4 18.00 9.50· :53 

~" 
Roughness an 
Slcpe-5teps 

WAVE REFlECTI,ONS FROM TYPE C DIKE 

Wave profiles obtalrled using a 2_lra 
capac itanee type wave probe. ' 
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SUMMARY OF DATA 
Meos,' 

Avg. lneid. Avg. ReA. Dist. from Lake 
Bulkhead Elev. Wave Ht. Wave Ht. 

ft ft ft ft 
___ , .................... I. __ ................. ,,_ ............. _ .. ~' ... ,I ...................... ,_ ..... __ .u.._.'._.,I~_ 1000 +2.0 6.00 ' ,5.00 

500 :,"2.0 6.00 •• 50 
1000 +2.0 6.00 •• 00 

- 500 +2.0 6.00 •• 50 
1000 +2.0 6.00 3.50 
500 +2.0 6.00 •• 50 

1000 +2.0 5.75 3.50 
500 +2.0 6.00. ..50 

1000 +2.0 5.50 3.75 
500 +2.0 6.00 •• 50 

1000 +2.0 5.50 3.50 
500 +2.0 5.50 •• 00 

. - ........ ' - ~ ...... 
;""-O!~~~ 

." ... --. 1000 +6 •• 5.25 1.75 

" 
==_ :r~~:::#~-U§;? .. 

500 +6 •• 5.25 2.00 , :=.?l;=~.'"liT-n~'11,'i, tTiS., ": 
,_. 

o· . 1000 +6 •• 5.25 1.50 
fa#li " -:L:,;l~"'~'f~;,::b;; ·:in' ~_ :'. -:: :== ""1~ 500 +6 •• 5.50 1.75 

- "~§f;§::r:!1?";J,::f:ii! ~!E:~ ," 1000 +6.4 5.75 1.50 
t.1.. w...- z;='l"=J:"·!'''*'''r·-:j;:''~;'l!iEll!Er.;;; :.~~, 500 +6.4 5.50 2.00 

1000 +6.4 5.50 . 1.25 
500 +6.4 5.SO 2.00 

1000 +6.4" 11.50 6.25 
1000 +6.4 12.00 6.50 
1000 +6.4 11.75 8.50 

ReA. 
Coef. Ov .... 

HiH, 
topping 
cfs/ft 

.83 0 
.75 
.67 
.75 
.58 
.75 
.61 
.75 
.68 
.75 
.6.J 
.73 

.33 0 

.38 

.29 

.32 

.26 

.36 
•• 23 .» 
.54 1.4 
.54 
.72 

41.5 ft 

~ 

.Waves 

25ft 
1---

,",2 ft 

R" 
~;,8lt c--

ZO.5 

~ ft 

Plan 

See d.tail el curIt and __ 

1"'" +ZO ft 
so:: See roughne. 

F3SEff fJPJ"FfTcl:E:L~ 1000 =-- I - ~a=..F r -.. ~":;~,~ ... 1000 . 
+6.4 11.00 
+6 •• 

7.00 _ .6.J 

__ +4 ftd.tall 
--0 ft LWD 

E1..,.568.6ft 
12.00 

1000 +6.4 18.25 
1000 +6.4 19.00 
1000 +6.4 18.00 
1000 +6.4 18.00 

1~ r-r L-
Curb 

7.25 .60 

11.50 .63 
10.00 ' .56' 
10.00 .56 
11.00 .61 

1 ft 

~;, 
,~ft 

4.8 , l .. " ... 'K -3D ft 

Elevation 

I: '=2:}' .~ ft 

.Sft I r= ' t..11. 5.5 ft .1 ~5 ft ' 

Wave Scr.en 

BETHLEHEM STEa CORPORATION 
Lackawanna Plant 

lackawonna; New Y~ 
LAKE ERIE DIKE 

Roughness on S\ ope-SlIIs 

WAVE REFLECTIONS FROM TYPE D DJJCE 
Wave profiles cbtained using a 2_1 .. 

TIme Scal. in Seconds capacitanc. type wave prcbe. ' , _ 
0- 5 0 50 SAUlT ANT!IONY FAllS HYDRAUUC lABORATORY . 
t,.'1J 1 tIl '11,,1 I J I UNlVE:PIISITY OP'MINNESOTA Q 

Model Protorype """_ D 04CCtttDDEF __ ~ 
- 1- _ 183 -8 ~ 

"'I 



l~iP~~iW~~::::.tIJlr~iI_Uilr~~~~!! 

SUMMARY OF DATA 
Meas. 

Dist. from Lake 
Bulkhead Elev. 

ft ft 
1000 +2.0 
500 +2.0 

1000 +2.0 
500 +2.0 

1000 +2.0 
.500 +2.0 
1000 +2.0 
500 +2.0 

1000 +6.4 
500 +6.4 

1000 +6~4 
500 . '+6.4 

1000 +6.4 
SOD +6 .• 4 

iooo +6.4 
SOD +6.4 

1000 +6.4 
500 +6.4 

1000 +6.4. 
1000 +6.4 
1000 +6.4' 
1000 +6.4 

1000 +6.4 
1000· +6.4 
1000 +6.4 
1000 +6.4 
1000 +6.4 

1~ tt . 
Cn 

AVfI. Incld. AVfI. RefI. ~; 
Wave Ht. Wave Ht. HiH' 

ft ft I 
6.00' 
6.25 
6.00 

. 6.25 
5.50 
6.00 
5.75. 
6.51! 

5.25 
5.50 , 
6.00 
6.00 
6.00 
6.00 
5.75 
6.00 
5.25 
5.75 

12.25 
12.25 
12.75 
12.75 

18.00 
18.00 
18.00 
18.75 
18.50 

2.50 .42 
3.25 .52 
2.25 .38 
3.00 .48 
2.50 .46 
3.00 .• 50 
2.50 .44 
3.00 .46 

1.25 .24 
1.50 .27 
1.25 .21 
1.25 .21 
1.25 .21 
1.50 .··.25 
.1.75 .30 
1.50 .25 
1.25 .M 
1.50 •• 
5.50 •• 5.00 .41 
5.25 .41 
5.00 .39 

7.75 .43 
9.00 .50 
8.75 .49: 
8.00 .43 . 
8.00 .43 

U',' 

H~ 
~ft 

I ,. 
~ 

ROUfIhness on Slape.o 
Step. 

.Over-
topping 
cti/.ft 

0 
I 1111111111111111111111 1 Wav •. 

~ 

IIIIIIIIIIIIIIIIIII~ 1125 ft 

lltrft 
0 42.8 

ft1 

1,::·5 

Plan 

51.5 Ft 

42Ft 
s..~loIcudI 

U 

ancl __ 

,. 
rau;iiIa 

---LO ftLWD _tail 

4.4 1" EJey. 568.6 ft 

-1 ft 

.. ~.-30ft 
-.~.-. 

EI...atlC111 

I : . . ,= ~5"r· 
.5Ft 1 r== ~I. 5.5ft II.: .. • .5Ft 

Wave Screen 

BEtHLEHEM STEa CORPORATION 
lack_anna PICIIIt 

WAVE REFlECTIONS FROM TYPE E DIKE LackawanncJ, New York I .... 

Ti.... - Wave profiles obtainecl usln; a 2-wlre LAKE ERIE DIKE.· 
r .... e Scale In Secancll capacitance type wave prabe. SAiXT AxTHoNY FAllS HTDRAUUC LA~lOIIT n. 

o 5 0 50 UNIVERSITYCW"~" :r 
1",,' r I 1",,1 I f I '0lIl.&_ MGICHECIC'ED~.....on:o ~ . 

I Modlel PraI'ot)pe _ .. _ 1 ~_ _ '''_7n _ 1 """A>l?_90 ;:.' . 

. . 

, 
I , 

I 



Meas. 
Diot. from 
Bulkh""d 

ft 

1000 
500 

1000 
. 500 

1000 
500 

1000 
500 

1000 
500 

1000 
500 

1000 
SOO 

1000 
500 

ItW 
lCCO 

. 1 COO 
1000 

1000 
1000 
1000 
1000 

SUMMA~Y OF DATA 

A R f1 Ren. Lake Ayg. Incid. yg. e • C f 
Eley. Wove Ht. Wave Ht. Hili 
it ft it I 

+2.0 6.00 1.25 .21 
.+2.0 6.50 1.50 .23 
+2.0 6.00 1.00 .17 
+2.0 6.00 1.25 .21 
+2.0 6.00 1.00 .17 
+2.0 6.00 1.25 .21 
+2.0 6.00 . 1.25 .21 
+2.0 6.00 1.25 .21 

+6.4 6.00 1.00 .17 
+6.4 6.00 1.25 .21 
+6.4 5.75 1.00 .17 

.+6.4 6.00 1.25 .21 
+6.4 5.50 1.00 .18 
+6.4 6.00 1.25 .21 
+6.4 5.75 ·1.25 .22 
+6.4 5.50 1.00 .18 

+6.4 11.50 4.00 .35 
+6.-4 12.00 4.00 .33 
+6.4 12.00 4.00 .33 
+6.4 12.00 4.00 .33 

+6.4 18.00 5.50 .31 
+6.4 18.00 5.00 .28 
+6.4 18.00 5.50 .31 
+6.4 18.00 5.25 .29. 

WAVE REFLECTIONS FROM TYPE FDIKE 
Wave profiles obtained usIng a 2-wlre 
capacitance type wave probe. 

. Over-
tepping 
c:fs/ft 

0.07 

0.59 

7.6. 

22~2 

I' I _Wavm 

I \---r 1125 ft I R = . 42:8ft 

Plat 

Tep layer of storm - 26 tens, 
inner I ayers grodo<l 0-... 

ElevatTcn 

-BETHLEHEM STEa COl<PCRATION 
Lackawanna Plant 

Lackawanna~ New YCr!c 
LAKE ERIE DIKE 

Time Scale jn Seconds SAlIlT AliTIIOHY FALLS HYDRAuue t.uo;UroRY 0 o 5 . 0 50 UNIVERSITY 01' MINHOOT.. ::r: 
but' 11 I '11,,1 1 t I DRAmw OF CH~ r :~ ~ 

Model Prototype 7-31-70 1 .... 18334.82-91.. ,.... 
. ..0 .. 
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5UMY.ARY OF DATA 
. 6 It x 4 ..,e Waves - lake Erie Elev!ltion = +2.0 ft 

~fI 
.:::;~~~:::::: 
~?0f:·~-+ 

=''f:::~ 

6 It x 4.see Wav~",,- lake Erie Elevation = +6.4 ft 

. ::~r_i:!_~~~~~~::~11111 
:..-::! §f:=-~~~;'·~:':'i:!~;:.I;-=2:·:=:~~g:--=-:b·~~-':::::::?:';r~ 

1~~~1~~ti~~~ 

Meas. 
Dist. from 
Bulkhead 

ft 

1000 
500 

1000 
.500 
1000 
500 

1000 
500 

1000 
500 . 

1000 
500 

1000 
SOO 

1000 
500 

1000 
seo 

1000 
.500 

1000 
1000. 
1000 
1000 

1000 
1000 
1000 
1000 
1000 

Lake 
Elev. 
ft 

+2.0 
+2.0 
+2.0 
+2.0 
+2.0 
+2.0 
+2.0 
+2.0 
+2.0 
+2.0 

+6.4 
+6.4 
+6."-
+6."-
+6.4 
+6."-
+6."-
+6.4 
+6.4 
+6.4 

+6.4 
+6.4 
+6.4 
+6.4 

+6.4 
+6.4 
+6.4 
+6.4 
+6.4 

1~ .. 1' 

rl .. 
. Curb. 

Time . ii= .. ,n 

Avg. Incid. 
Wave Ht. 

ft· 

6.00 
6.00 
6.25 
6.00 
6.50 
5.75. 
6.25 
5.75. 
6.50 
6.SO 

6.25 
6.SO 
6 .. 00 
6.00 
6.25 
6.25 
6.00 
6.00 
6.00 
6.00 

12.50 
12.50 
12.25 
12.50 

18.00 
17.00 
17.75 
17.25 
17.00 

A' R FI ReFl. vg. e • C f 
WE: Ht. HiH', 

1.25 .21 
1.50 .25 
1.25 .20 
1.50 . .25 
1.50 .23 
1.50 .26 
1.25 .20 
2.00 ' .35 
1.25 .19 
1.50 .23 

1.25 .20 
1.50 .23 

. 1.25 .21 
1.25 .21 
1.25 .20 
1.50 .24 
1.25 .21 
1.SO .25 
1.25 .21 
1.25 .21 

3.50 .28 
3.75 .30 
3.75 .31 
3.75 .30 

4.75 .26 
4.50 .26 
4.75 .27 
4.75 .• 28 
4.75 .28 

~ 
I I~ 

~lft 
lLS -. . 2 

Raughness on 
51 cpa - Steps 

Over-
tcpping 
cfS/ft 

0 

o 

1.3 

8.0 

~ 
j: 

~ 
i 

I 
! 

IIII 
I 

,.Waves 

125 ft 

e.-1= See detail of curb 
and wave screen 

" +20 ft 
i. See roughness 

+4 ft de tail . 
o ftlWD 

Elev. 568.6 ft 

Rubble Mound - Top layer of stones 
26 tons, inner layers graded down 

Elevation 

IC Jft II ~ I I --is ft 3ft 

.5 ft '1 I r:== --i. 5.5 Ft . I' _ . f--!S ft 

Wave Sere';n 

BETHlEHEM STEEl CORPORATION 
LClCkawanna Plant 

Lackawanna; NewYorlc: 
lAKE ERIE DIKE 

WAVE REFLECTIONS FROM TYPE G DIKE 
Wt'fVA nl"t"lfilpc ,.;hn.ined using a 2-wire 
--:--------- -:,p8 wave probe. capacitance typ- .... __ . 

TIme Scale in Seconds g 
o 5 0 50 > 
Tn,,' ttl bw' I t ~ 

L. .... ________ ~ ________ _=M:ode::I~ ________ ~p:r~::Oryp~S~ ______ ~--------------~--------------------~------------------~~----~~~~~-U~~~~~~O 
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500 ft from Bulkhead 

:"!i1[4~'~~E~:~~~~~~fIJli-ii 
1 000 ft frem Bulkhead 

Plan 

6 ft x 4 see Waves - loke Erie Ejevatio.' = +6.4 ft . . 

42ft 

20.5 
ft 

&!!!!!~II. 
···· ... T~~~;ili~JJiJ~~~:::!::;~--- .~-. 

500 ft Frcm Bulkhead Tim .. 

!" '~:':r . 
~ 

+13ft 
I __ +4ft . 

21 --OftlWD 
Waves 

125 ft 
: EIIIY.56B.6ft 
1 
1 
I 

1 I":¥;;$¥=!': 30 it 

flevation 

WAVE REfl.fCTlONS FROM TYPE.A DIKE 
Wan> groupo at 1000 and 500 ft. 

Wavo profiles obtained using a 2-wire 
cq>aCitanca Iyp<I WCMI probe. 

8eTHLEHEM STEa CORPORATION 
lackawanna Plant 

loekawanna, New Ym!c 
LAKE ERIE DIKE 

Time Scale in Seconds SAlIlT AIITHOlIY FALLS HVORAUUC l..AIlORATOR'f Q o 5 0 50 UN'VERS'TY 0,. M'NNHOTA > 
1."J 1 ( (J (""I J I , """_ MG cH"""""DE.=F • .......,.,.,.. ::I 

Model Prototype _,) I-/U ""'. 13361tsZ-_Y~_ _ I _ 



:9_ 
0_ 
:1;0 

J-

~ 
:J!.::: 
00 
>-

~ 

=~===-cT;-c_6;;.;-:fI'cc..:x::-4-"-· sec Waves - Lake Erie Elevet;",., = +2.0 ft 
1.,,1: ~'IJ ~_~-=;'::'-::~::::-~_~~_~_.';:.:: __ ~ __ .--: .. _~-.;::.:.::-.;_" ___ ~._.;; __ ~~_~~ 

~ 
it_-;~-fleCtiOO Coef. = ~= 0.17:i~~~~ 

~".~ ::~c~c ~.~~~~~:S~~;:i~~71 

~~;~;Jf~!:~~]i~~11 
500 ft from Sulkheod 

SOO ft from B~lkheod Time 

6 ft x 4 sec Waves - Lake Erie Elevation = +6.4 ft 

Plori 

TIme Scale 
o 5 
\",,1 I J I I 

IvI.:xle I 

....:Waves 

~125 ft 

a41 •Sft 

. 18 Ft F 

.j +13 ft 

~o +4ft 2: --OftLWD 
I fI<'v) Elev. 568.6 ft , , 

~--...!.'--l}ef_MI,f'n~ ~-30 ft 

8evation Rub15le Mound-Top layar of stones 
26 ton>, inner layers :graded dow". 

WAVE REFLECTIONS FROM TYPE F DIKE 

Wove groups at 1000 and 500 ft. 

Wove profiles obtained using a 2-wire 
capacitance type Wove probe. 

BETHLEHEM STEEl CORPORATION 
Lackawanna Plant 

Lackawanna, New York\ 
L,\KE ERIE DIKE 
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~ -0 _ 
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~-

====-c-,~-,,--6--,-ft~xc-'4~ ... c Waves - Lake Erie Elevation = +2.0 ft 

f'~~~_Ji~~~~~ 
,'. ~'----::-;~~'::-~":'~_- ~.~---7: ~~:~~=:._:~~.:=~;:~~-_ -~-::- ~~_=~~~~ 

. _. . __ _ _ . - ' ..•. _;;:- -~,' -; -.;-.• _ ",' _ ... ,-: :-:7-: ~..:-:..- _....::::_':::....:.--:-=--=...:. ~:-_ -:. ___ ~_ J'. :: 

7~~::~-:C ._-- - ----~~;_~~~-:!;-:---.--~~--s-.:-=-= .. ~~--~-=::~- ~ -1 

1000 ft fran Bulkhead 

500 ft fran Bulkhead 

12 ft x 7 sec Waves- lake &ie Elevation = +6.4 Ft 
:t:::i::---"4 ._~:,"""-:::::!::-::~~ ........ -'- -.... • - - - .. -.---. -

"!."" ... " . " -.. .,.,-o-~ - , --- .' . !i ,--= .-:--~~ ~' .,. , .. ,'. ~ . '" ..... --~ ~-ll !, ..;, 
'L,.I"";i!: • ' • ' , J i,j '* - 4....t 

' .. ' I ,-- - - 1 'f ,. 'I ,:c·b--~},' 
1: a·r,I,..c ']d--, -, 4 jlj idl 11 !1-J: ltWl-111 '" \, .' , 14 . j " il ,} • II 
c;_ f· r

_, --;-- j 111lJilHiJ'tflnr 
~~ ~-; ~ :~-<~~.~, . - '11rnljiH-j~+nnt; 
3: : i-, 1 ~:----: 1 -- • : +.--: . ·U-J,V -1-:1"1 V-'hi)-l 

~: ~ ~ ~~~~~ :~~a5~~tk;Jt21~-~II~~ .. ~~i~~g 
500 ft from Bulkhead TIme 

6 ft x 4 sec Waves - Lake Erie Elevation'= +6.4. ft 

Plan 

Time $cole 
o 5 
1",,1 I ! I ! 

Model 

42 ft 

20.5 
ft 

1000 ft frornBulkhGad 

~~-j~~;.:t:4~: 

=: 
500 ft from Bulkheocl 

~Waves 

125 ft 

~
41'5ft .' 

18 ft 

1.· +13 ft 111 +4ft· 
2: ====0 ftlWD 

; Elev. 568.6 ft 
I 
I 
I 

I '~y.~::,".",,-3G-ft 
Elevation 

WAVE REflECTIONS FROM 1YPE A DIKE 

Co.,tinuous waves at 1000 end 500 ft. 
Wave profiles obtained c-sing a 2-wira 
capacitance fype wave prcbe; 

BETHLEHEM STEEL CORPORATlON 
lackawanna Plant 

Lockawan=; New Yorlc 
LAKE ERIE DIKE 
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6 ft x 4 sec Waves - Lake Erie Elevation =. +2.0 ft 
;. "r;f; ~ ~;:. -.~. :jJ" 

12 ft x 7 sec Waves - Lake Erie Elevati;'" = +6.4 .ft 

R= 
42.8 ft 

i~_30ft 

S~'O<1 Ribble Maund - Top layer of stones 
'. 26 tons, inner laye .. graded clown. 

)','AVE REflECTIONS FROM TYPE F DIKE 

Continuous wav,.. at 1000 and 500 ft. 
Wave profiles obtained using a 2_i .. 
eopoeitance type wave probe. 

BETHLEHEM STEa CORPORATION 
Lackawanna Plant 

LackGwonna, New YOrk 
LAKE ERIE DIKE 

n .... Scale In Seconds -SAirrr AIrri!oity FAUS HYDRAUUC LAOORATORY o 5 0 50 UN1VK.RJIITY OF MINNE1roTA· n 
1 .... 1 I J I h,l.' I I , OF CHEeIttO F ~VII:'D 5 

Model Protatypo NO. ~ ~ .' • 
.,.. 

-; 
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MAXIMUM PRESSURE 'FlUCTUATIONS ON BULKHEAD 125 ft 

\. 

Wave Wave Lalce 
Height Period . Elev. 

ft see ft 

'6 ... +2.0 
6 ... +6 .... 

12- 7 +6 .... 
18. 7 +6 .... 

Max. I'reaure 
Ructuatlons 

ft 

2.1 . 
3.0 
8.5 
8.4 

.... 

I 

42 ft 

20.5 
ft 

I I.,>.. .. . . -30 Ft 

Elevation 

:;. 

PRESSURE FLUCTUATIONS' ON TYPE A DIKE SETHLEHEM STEEL CORPORATION 
• Lackaw<l1na Plant 

Pressure fluctuations recarded with Lackawanna; N_ Yorio: 
Ti".. a 5 psl'pressure cell mounted on LAKE ERIE DIKE 

the slaping face of the bulkhead. 
TIme Scale In Seconds SAINT ArmiOIIY FALlS HYDRAUUC LAIIORAlORY n o 5 0 . . 50 UNIVERSITY CW MINNEGOTA :l: 

lJ~ I r 1",,1 f 1 f f > 
el Prototype ...... - CH7-31_70 . ::"1 MS2- : 

C>! 

/. 
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1. 

· 6 ft X 4 ....: Wows - t.eka Erie Elevation - +2.0 ft' 

.llf!"lfr·?C~7!~:1jijt~~~11 
-'.;';;'~/;'.1f,~"L1~[;;~~1~r:~.~£f!; 

ml 

~. 

Time 
ilime Scale 

o 5 
, •• ) , I; I 

McdI!iI 

in Seconds 
o 50 
III ,,' J I I 

Prototype 

MAXIMUM PRESSURE flUCTUATIONS ON BUlKHEAD 
" 

Wove Wave ldcs Max. Pres;ure 
Height Period Elav; Fluctuations 

ft 5eC ft ft 
6 4- +2.0 5.5 
6' 4 +6.4 4.7 

12 7 +6.4 9.7 
18 7 +6.4 13.2 

PRESSURE FLUCTUATIONS ON TYPE 81 DIKE 

Presure Auctuetiom recorded with 
a 5 psi pressure cell mounted on 
tho slcp1i19 foee of tho bulkhead. 

Cell 

To 
Roeorder 

·2 ft 

20.5 
ft 

.. Woves 

125 ft 

~,;.~p.~", ,-30 ft 

Efevation 

8ETHLEHEM STEel CORPORATION 
lock_anna Plant 

lcd:owanna, New York 
LAKE ERIE DIKE I SAln A!frHOlCY FAUS HYORAUUC UliORilTORY 1''') 

UHrVXJlt8rTY OP" MINNItGOTA :x: 
""'...,. MGIC<<CKCoCFF jA~ ~ 

""T_~1_7n _ lRlRAX7_W -. 

~ 
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MAXIMUM PRESSURE FlUCTl,lATIONS ON BUlKHEAD 

Wave 
Height 

ft 

6 
6 

12 
18 

WaVe lake 
Period . a ..... 

sec ft 
4 +2.0 
4 +6.4. 
'1 +6.4 
7 +6.4 

,~ 
1\tt"L 
.rl··· . 

. Curb 

N-. Pressu .. 
fluctUations 

ft 
2.0 
6.4 
9.S 

14.0 

41.5 ft 

·2 ft 

20.5 
ft 

125ft 

~ ~ datan of curt. . and wave screen 
. +20 ft 

__ ~,r.;;>:'- -30 ft 

elevation 

II ~ 1 r:::= 1 ft· 

! --r5ft3ft 

.5 ft I r== ~ I. 5.5 ft .11--.5 ft . 

Wave5creen 

PRESSURE FlUCTUATIONS ON TYPE B2 DIKE BETHLEHEM STEa CORPORATION 
Lackawanna Plant 

Pressure fluctuations recorded with Lackawanna; New YorI< 
Ti iii' a 5 psi pressure cell mounted on LAKE ERIE DIKE 

~' 

.me . the sloping . face of the bulkhead. . 
lime Scale In Seccncls SAUlT AKTHOIIY FALLS HYDRAUUC LABORATORY 0 o 5 0 . 50 ._ UNIVERSITY OP'MINNEIJOTA ): 

1. 'd;a' I I I,.", I I I 1 """,.,. MGICH=><EO.DcF ___ ~ 
l ei Prototype. Ioc.u; lOATC 7-31-70 .... 183B482-1OC _ 

. ~ 


